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Abstract we investigate the evolution of olivine crystal preferred orientation (CPO) and its effect on
local shear wave splitting (SWS) in the mantle wedge of oblique subduction zones. Based on model-predicted
3-D mantle wedge flow fields, we compute the A-type and E-type olivine CPO distribution for a range of
subduction obliquity. The results show that the seismically fast axis does not necessarily align with the flow
direction. To model the local SWS parameter distribution for oblique subduction zones, we apply a full range
of initial polarization to multilayer models that approximate the model-predicted CPO distributions. These
models result in a bimodal SWS parameter distribution, which relaxes as subduction obliquity increases. Unlike
non-oblique subduction models, these models indicate considerable variations in the SWS parameters with
subduction obliquity and initial polarization and also among the forearc, arc, and backarc regions. Because

of this variability, a single SWS measurement cannot constrain the CPO distribution, and shear waves with

a range of initial polarization are required to interpret the SWS parameters in oblique subduction zones. Our
results indicate that 3-D mantle wedge flow due to oblique subduction cannot explain commonly observed
margin-parallel fast direction in the forearc region but can explain margin-normal fast directions that are
observed in the arc and backarc regions of oblique subduction zones.

Plain Language Summary In many subduction zones, the sinking oceanic plate moves obliquely
relative to the plate margin, causing 3-D mantle flow in the overlying wedge-shaped region of the mantle.

We calculate how olivine crystals become oriented in this 3-D flow for a range of subduction obliquity and
examine how the crystal orientation impacts the polarization of shear waves that travel through it. The results
show that the relation between the crystal orientation and the flow direction is not uniform in many parts of
the mantle wedge. Further, when the crystal orientation varies along the raypath of shear waves, the direction
of their fast component and the delay time between the fast and slow components vary significantly with the
initial polarization of the shear wave, and the delay time peaks at two different fast directions over the full range
of the initial polarization. The distribution of the fast direction and the delay time also vary with obliquity and
distance from the margin, but the margin-normal fast direction is dominant in all models and can explain the
fast directions that are commonly observed in the arc and backarc of many subduction zones.

1. Introduction

The subduction of oceanic plates induces solid-state flow of the upper mantle in the wedge-shaped region above
the subducting plate (Figure 1). The mantle wedge flow brings in hot mantle from the backarc region and is a key
factor that affects the thermal structure of the subduction zone and many important processes, such as metamor-
phic reactions, volatile cycles, arc volcanism, and earthquakes. The pattern of mantle wedge flow and its thermal
impact have been quantified using both analytical and numerical models, often assuming a 2-D mantle wedge
flow (e.g., Currie et al., 2004; England & Katz, 2010; Furukawa, 1993; Molnar & England, 1990; Syracuse
et al., 2010; van Keken et al., 2019, 2002; Wada & Wang, 2009). This assumption is reasonable in some subduc-
tion zones where the subduction kinematics and geometry are relatively simple. However, given that mantle
wedge flow is driven by mechanical coupling with the subducting plate, its pattern is likely three-dimensional
where the subduction direction is not normal to the margin or the slab geometry varies along the margin. Such
theoretical predictions have been reported by studies that employ 3-D numerical thermomechanical models (e.g.,
Bengtson & van Keken, 2012; Jadamec & Billen, 2012; Ji & Yoshioka, 2015; Kneller & van Keken, 2008;
Plunder et al., 2018; Wada, 2021; Wada et al., 2015) and analogue models (e.g., Funiciello et al., 2006; Kincaid
& Griffiths, 2004; Schellart, 2004). However, the validation of such model predictions remains difficult due to
lack of observations that can directly constrain the mantle wedge flow pattern.
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Oceanic plate

The direction of mantle flow has been inferred indirectly from observations

of shear wave splitting (SWS), in which shear waves (S waves) become polar-
ized into two orthogonal components that travel at different speeds through an
elastically anisotropic medium and thus arrive at a seismic station with some

- time offset between their arrivals, which is referred to as the delay time (e.g.,

Christensen, 1984; Savage, 1999; Silver, 1996; Zhang & Karato, 1995). We

2\ refer to the polarization direction of the fast component as the fast direction.

J Gl X SWS in the mantle wedge is commonly studied using SKS and local S waves.

_______ =\ I ) I A : SKS waves originate from teleseismic earthquakes as downgoing S waves,
\/ which travel through the outer core as P waves, reemerge as S waves at the

4 \/ 4 core-mantle boundary, and travel up through the entire mantle and through

the descending slab before traveling through the mantle wedge (e.g., Greve

(I Subducting slab ] et al., 2008; Long & Silver, 2008). Local S waves originate from earthquakes
within the descending slab, traveling through part of the slab before traveling

Figure 1. Schematic diagram of a mantle wedge flow pattern (dotted through the mantle wedge (e.g., Long & Wirth, 2013, and references within).

arrows) at an oblique subduction zone, where an oceanic plate (yellow
domain) subducts obliquely to the strike-normal axis of the margin. Solid
and translucent green domains indicate the overriding crust. Translucent

The incidence of SKS waves is nearly vertical at recording seismic stations
whereas local § waves have more variable incidence angles as they may not

red domain between the overriding crust and the subducting slab indicates originate directly below a seismic station. The splitting observations of both
stagnant mantle wedge corner. Red thick lines schematically illustrate some SKS and local § waves carry information about the elastic properties of the
possible spatial variations in fast directions from the forearc to the backarc mantle wedge (and the overriding crust), but the former also contains the

(e.g., Abt et al., 2009). Thin arrows on the incoming and subducting plate

information on the mantle below the subducting slab.

indicate the plate motion relative to the overriding plate.

In the flowing part of the mantle wedge, the primary cause of seismic aniso-

tropy is the alignment of olivine crystals, which are elastically anisotropic.
When olivine crystals are oriented randomly, the medium is on average seismically isotropic. However, when the
mantle deforms by dislocation creep, olivine crystals become aligned in the crystal preferred orientation (CPO),
producing seismic anisotropy. The CPO of olivine depends on the condition and the kinematics of deformation
(e.g., simple shear and coaxial), relative activities of different slip systems, and deformation history (Boneh &
Skemer, 2014; Skemer et al., 2012). Olivine CPOs due to simple shear are categorized into A-E types. In the
A-type, D-type, and E-type CPOs, the a axis of olivine is subparallel to the long axis of the finite strain ellip-
soid (Skemer & Hansen, 2016). In contrast, in the B-type and C-type CPOs, the olivine ¢ axis is subparallel to
the long axis of the finite strain ellipsoid, causing the a axis to be perpendicular to the flow direction (Karato
et al., 2008; Skemer & Hansen, 2016). Additionally, AG-type CPO is found in natural samples and results from
coaxial deformation (Michibayashi et al., 2016; Skemer & Hansen, 2016). The conventional approach is to infer
the mantle flow direction from the fast direction by assuming a particular type of olivine CPO and that the fast
direction indicates the average azimuth of the olivine « axis (e.g., Long & Becker, 2010; McPherson et al., 2020;
Savage, 1999).

The fast directions that are measured in subduction zones are spatially variable, both within and among subduction
zones (Figure 1). However, regardless of subduction obliquity, the fast directions in the forearc and arc regions are
more commonly subparallel to the margin than those normal to the margin, and many subduction zones, including
oblique subduction zones, exhibit margin-normal fast directions in the backarc (e.g., Abt et al., 2010; Collings
et al., 2013; Greve & Savage, 2009; Long & Silver, 2008; Long & Wirth, 2013; Nakajima & Hasegawa, 2004;
Richards et al., 2021). Observations of margin-parallel fast directions in the forearc and the arc have been inter-
preted to indicate margin-parallel mantle flow by assuming A-type olivine CPO (e.g., Hoernle et al., 2008; Long
& Silver, 2008). Alternatively, the observations can be explained by margin-normal mantle flow if B-type olivine
CPO is invoked (e.g., Kaminski & Okaya, 2018; Kneller & van Keken, 2007). Other possible mechanisms that
may cause margin-parallel fast directions include the shape-preferred orientation of melt lenses (e.g., Holtzman
et al., 2003) and anisotropy in the overriding crust (e.g., Uchida et al., 2020). The margin-normal fast directions
in the backarcs of Alaska and Sumatra have been interpreted to indicate 2-D mantle wedge corner flow based
on the assumption that the mantle flow direction is parallel to the fast direction (Collings et al., 2013; Richards
et al., 2021). Other studies invoke either more complex flow patterns or other sources of anisotropy for the inter-
pretation of the observed SWS parameters (e.g., Long & Wirth, 2013). Thus, for a given SWS observation, there
are varying interpretations of SWS observations across different subduction zones.
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Another parameter that is useful in inferring the seismic anisotropic structure of the mantle wedge is the delay
time, which indicates the overall effect of the anisotropic medium that S waves travel through. The delay time of
local S waves that travel through the mantle wedge can be relatively long, typically ranging from 0.3 to 1 s, but it
can be as long as ~2 s, indicating a strongly anisotropic medium, given the relatively short distance through the
mantle wedge (Long & Wirth, 2013). The long delay times that are observed over the cold nose of the mantle
wedge in some forearc regions is difficult to explain by olivine anisotropy given the short raypath through the
mantle wedge, requiring other sources of seismic anisotropy, such as the presence of foliated antigorite (e.g.,
Bezacier et al., 2010; Horn et al., 2020; Katayama et al., 2009; Nagaya et al., 2016; Reynard, 2013) and anisotropy
in the overriding crust (e.g., Uchida et al., 2020). In this study, we focus on the effects of olivine CPO on SWS in
the flowing part of the mantle wedge where temperature is too high for antigorite to be stable.

Inferring the seismic anisotropy in the mantle wedge from SWS parameters is further complicated by their
dependence on the propagation direction and the initial polarization of the S waves (Savage, 1999). The propa-
gation direction is described by the back azimuth and the incidence angle of the wave. If the incidence is vertical
(0°), then the propagation direction becomes independent of the back azimuth. In the case of SKS waves, the
back azimuth determines the initial polarization. This is because there is no energy in the Sh component (S wave
component in the horizontal plane) upon the wave leaving the core and entering the mantle, and the azimuth of
the initial polarization of the Sv waves (component of the S wave orthogonal to the Sh component and the prop-
agation direction) is the same as its back azimuth. For local S waves, the initial polarization is dependent on the
moment tensor of the earthquake. However, polarization of both types of waves are likely modified prior to enter-
ing the mantle wedge, given that SKS waves travel through the upper mantle and the subducting lithosphere and
local S waves travel through part of the subducting lithosphere. Thus, there are generally large uncertainties in the
polarization of these waves at the base of the mantle wedge. However, how the uncertainties or the assumptions
about the initial polarization affect the interpretation of local SWS observations is unclear.

Numerical geodynamic models have been used to predict the mantle flow pattern and the orientation of olivine a
axis in subduction zones (e.g., Confal et al., 2018; Faccenda & Capitanio, 2013; Hu et al., 2017; Jadamec, 2016;
Jadamec & Billen, 2010; Li et al., 2014; Zhou et al., 2018). Many of the models are relatively large in scale and
capture mantle flow patterns both below and above the subducting slab, involving specific tectonic conditions,
such as slab edges, slab holes, slab break-off, and slab roll-back. Some of these studies have shown that for
complex 3-D mantle flow, the a axis of A-type (or D-type or E-type) olivine aligns with the finite strain ellipse
(FSE) long axis or the instantaneous strain axis (ISA) and not with the flow velocity vector (e.g., Jadamec &
Billen, 2010; Li et al., 2014). SWS parameters have also been calculated based on geodynamic modeling results,
many of them assuming SKS splitting (e.g., Confal et al., 2018; Faccenda & Capitanio, 2013; Hu et al., 2017;
Zhou et al., 2018). Some numerical modeling studies of subduction focuses on the mantle wedge at a finer reso-
lution using local SWS (Hall et al., 2000; Kaminski & Okaya, 2018; MacDougall et al., 2017), but the effect of
3-D mantle wedge flow pattern due to oblique subduction on local SWS has not been investigated.

Here, we systematically compute local SWS parameters for a range of 3-D mantle wedge flow patterns that result
from oblique subduction (Figure 1) and revisit the interpretation of fast direction and delay time. Further, we
investigate SWS parameters over a full range of the polarization of the incoming S wave at the base of the mantle
wedge, which we refer to as the initial polarization (as opposed to the polarization at the mantle-core boundary or
at the source of local earthquakes). In this process, we use model-predicted 3-D mantle wedge flow for generic
oblique subduction zones with simple slab geometry (Wada, 2021). Using the computed mantle flow field for a
given subduction setting, we compute the distribution of average elastic properties of olivine-enstatite aggregates
for A-type and E-type olivine CPO in the flowing part of the mantle wedge. We use multiple layers of anisotropic
material to approximate the model-predicted distribution of elastic properties in the mantle wedge and compute
the local SWS parameters for a full range of initial polarization. The methods and the results of the CPO calcu-
lations are presented in Section 2, and those of the SWS calculations are presented in Section 3, followed by
discussions in Section 4.
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Figure 2. Model set-up for (a) normal subduction and (b) oblique subduction (simplified from Wada (2021)).

2. Distribution of CPO in the Mantle Wedge
2.1. Methods
2.1.1. Mantle Wedge Flow Field

For the mantle wedge flow field, we adopt the results of 3-D numerical models that were developed by
Wada (2021) using the finite-element code PGCtherm3D for generic subduction systems. The models were
developed to quantify the change in the mantle flow pattern with subduction obliquity. Each model consists
of a nondeforming overriding crust, a rigid mantle wedge corner to 75-km depth, a subducting slab with a
prescribed motion, and a viscous mantle wedge, in which mantle flow is induced by viscous coupling with the
subducting slab (Figure 2). The downdip end of the rigid wedge corner corresponds to the maximum depth of
slab-mantle decoupling (MDD), which has been estimated to be 70-80 km for most subduction zones (Syracuse
et al., 2010; Wada & Wang, 2009; Figure 2). For the viscous part of the mantle wedge, rheological parameters
that are reported for dislocation creep of wet olivine are applied (Hirth & Kohlstedt, 2003).

In all the models that we adopt from Wada (2021), the subducting slab has a planar geometry. For the description
of the calculated mantle flow pattern, we treat the positive x axis as north (0°), and the positive y axis as east
(90°; Figure 3). The subduction velocity of 5 cm/yr is imposed due east, and oblique subduction is simulated by
rotating the orientation of the strike of the trench. Thus, the trench-side vertical boundary is rotated clockwise by
a specified amount of obliquity (¢) while the subduction direction is kept due east. In all cases, the backarc verti-
cal boundary is placed at a 150-km margin-normal distance from the horizontal location of the MDD. The model
length in the x direction is 600 km in all cases. The model width in the y direction and the maximum depth of the
slab surface vary with subduction obliquity and slab dip (8). The geotherm that is applied on the trench-side verti-
cal boundary is calculated by using the GDHI1 plate cooling model (Stein & Stein, 1992) for a 30-Ma slab, and
the geotherm on the backarc-side vertical boundary is calculated by assuming a surface heat flow of 80 mW m~2,
a mantle potential temperature of 1,350 °C, and an adiabatic temperature gradient of 0.3 °C.

In Wada (2021), the subduction obliquity and the slab dip were varied to test their effects on the mantle flow
patterns. We use a model naming convention where S denotes “subduction” with the first numeral indicating the
degree of subduction obliquity and the second indicating the dip angle (Table S1 in Supporting Information S1).
In the model with 0° obliquity and 45° dip (Model S0-45), the azimuthal mantle inflow and outflow directions
are parallel to the subduction direction, resulting in a two-dimensional flow pattern (Figures 3a and 4a). In the
models with 30° and 45° obliquities (Models S30-45 and S45-45, respectively), the mantle flows in from the
southeast quadrant, with a small updip component as in the 0° obliquity model and flows out toward the east
parallel to the motion of the subducting slab (Figure 3). With increasing obliquity, the azimuthal angle between
the inflow and the outflow increases, and in the model with 60° obliquity (Model S60-45), the mantle flows in
approximately from south.

In this study, for the analyses of flow velocities and CPO, we take a vertical cross-section parallel to the subduc-
tion direction through the center of each model (Figure 4). In the cross-section, we distinguish the regions of
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Figure 3. 3-D view of the mantle flow streamlines (thick black lines) and the slab surface temperature (color) for (a) a
normal subduction zone with 45° dip (Model S0-45) and (b) subduction zone with 45° obliquity and 45° dip (Model S45-45).
Thin white lines indicate temperature contours at every 100 °C.

inflow and outflow based on the consistency in the azimuth of flow vectors. For oblique subduction models, the
change in the flow direction is gradual over a relatively narrow region between the inflow to outflow regions. We
refer to this narrow region as the transition region. The outflow region at the bottom of the wedge grows in thick-
ness with increasing depth. At a given depth, the horizontal widths of the transition region and the outflow region
(purple and clear areas, respectively, in the lower panels of Figures 4b—4d) increase with subduction obliquity.
Increasing the dip of the model results in a larger vertical component and a reduced horizontal component of both
the inflow and the outflow velocities (Figure S1 in Supporting Information S1). The thickness of the lithosphere
in the overriding plate also increases with increasing dip of the slab. The azimuthal direction of the flow and thus
the azimuthal angle between inflow and outflow are generally unchanged with the slab dip.

2.1.2. Calculating Anisotropic Elasticity Tensors for the Mantle Wedge

We use D-Rex, a code for calculating CPO and anisotropic elasticity tensors for a given velocity field (Kaminski
et al., 2004). D-Rex calculates accumulated strain along a streamline, assuming dislocation creep, dynamic
recrystallization and grain boundary migration as mechanisms for the CPO development, and it can incorporate
the effect of a secondary phase, such as enstatite. In D-Rex, the dynamics of CPO development are controlled
by three parameters, A*, M*, and y, which represent the nucleation parameter, “intrinsic”” grain boundary mobil-
ity, and a threshold “dimensionless” volume fraction for the activation of grain boundary sliding, respectively
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Figure 4. (a—d) Velocity vector (red arrows) and average transverse isotropy (TI) axis (black bars) projected onto a vertical
plane (top panel) and horizontal planes (bottom three panels) at the depths of 80, 100, and 120 km for models with 0°, 30°,
45°, and 60° obliquity (Models S0-45, S30-45, S45-45, and S60-45), respectively. The overriding lithosphere, approximated
by the shallow region with negligible velocities, is shaded gray. The TI axis is calculated for A-type olivine crystal preferred
orientation (CPO). As 3-D vectors are projected onto a plane, the vectors in the top panels indicate only the vertical and E-W
components of the full vectors, and those in the lower panels indicate only horizontal components; short vectors in a given
panel do not necessarily indicate small magnitudes of the full vector. Inverted triangles at the top indicate the columns for
which shear wave splitting (SWS) calculations are performed and presented in Figures 7 and 8.
(Kaminski et al., 2004). These parameters are calibrated with experimental results on the CPO development and
deformation of olivine aggregates. Laboratory experiments and CPO models indicate that minerals with and
without preexisting textures that are subjected to the same deformation condition exhibit different mineral fabrics
and that M* is 125 + 75 for minerals without preexisting textures (Kaminski et al., 2004) and ~10 for those with
preexisting textures (Boneh et al., 2015). The deformation history prior to the material entering into the region
of our interest can impact the calculated CPO, but choosing a preexisting texture requires further assumptions
of backarc mantle dynamics and assessing these assumptions are beyond the scope of this study. Given these
KENYON AND WADA 6 of 18
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uncertainties and that the relatively large strain that occurs within our study region likely overrides the previous
CPO, we choose to start with random crystal orientations and use an M* value of 125. We use values of 5 for A*
and 0.3 for y in agreement with both Boneh et al. (2015) and Kaminski et al. (2004). The single crystal elastic
moduli for olivine and enstatite are listed in Table S2 in Supporting Information S1. In each D-Rex calculation,
we use 1,000 crystals that consist of 70% olivine and 30% enstatite. The reference resolved shear stresses that are
used in the calculations of elasticity tensors for A-type and E-type olivine are listed in Table S3 in Supporting
Information S1 and example plots of the percent anisotropy for the resulting elastic tensor output for both A-type
and E-type resolved stresses are shown in Figure S2 in Supporting Information S1.

We calculate the CPO and elastic tensors on a 10-km by 10-km grid (CPO grid) along the vertical cross-section
parallel to the subduction direction through each of the 3-D mantle flow fields discussed in Section 2.1.1
(Figure 4). The CPO and the elastic tensor at each node on the CPO grid are calculated based on the 3-D stream-
lines and the strain history that are calculated from the velocity and the velocity gradient on a 3-D velocity grid
that is spaced 10-km by 1-km by 1-km in the x, y, and z directions, respectively (Text S1 in Supporting Infor-
mation S1). The upstream calculation is terminated when one of the following three criteria is met: (a) the total
strain reaches 10, (b) the total time lapsed reaches 5 million years, and (c) the streamline crosses the backarc-side
vertical boundary of the 3-D flow field. The second criterion is most relevant in the lithosphere where the strain
rate is very low and thus it takes an unreasonably long time to meet the first criterion. For each node, D-Rex
calculates the full elastic tensor and also a hexagonally symmetric tensor that best approximates the full elastic
tensor. In visualizing the CPO, the symmetry axis of the best fit hexagonal tensor, hereafter referred to as the
transverse isotropy (TI) axis, is used to represent the average fast axis of the aggregate.

2.2. Results of CPO Calculations

When A-type olivine CPO is assumed and the subduction direction is normal to the margin, the azimuthal direc-
tion of the TI axis generally aligns with the flow direction, consistent with the common assumption (Figure 4a).
However, the plunge of the TI axis deviates from that of the flow vector except in the shallowest part of the inflow
region. The plunge difference in the outflow region is relatively small but occurs broadly. This is likely due to
the low strain rate in the cold, highly viscous outflowing part of the mantle, causing slow CPO evolution and the
downdip propagation of the difference in the plunge angle between the TI axis and the flow vector. The plunge
difference in the deeper part of the inflow region is large, and this is likely caused by the variation in the plunge
of the flow vectors along the streamline. The deviation of the TI axis orientation from the flow direction could
be even larger if the smaller grain boundary mobility M* of 10 is used as the CPO evolution would be slower.

In oblique subduction models with A-type olivine CPO, the azimuthal alignment of the TI axis with the flow
direction varies between the inflow, outflow, and transition regions. The TI axis in the inflow region generally
aligns with the flow vector in map view (light yellow regions in the lower panels of Figures 4b—4d). However,
there is a noticeable difference in their azimuths in the transition zone, where the flow direction changes rapidly,
due to the changing flow direction along the streamline. The magnitude of azimuthal angle offset is similar for
all oblique subduction models, but the width of the transition region where the offset is predicted increases with
increasing subduction obliquity (e.g., ~0.3 and ~0.5 normalized distance for 30° and 60° obliquities, respec-
tively; Figure 5). In the outflow region, the difference remains relatively large, particularly for larger obliquities
and close to the transition region, but it decreases toward the base of the mantle wedge. The difference in the
plunge angle between the TI axis and the flow vector follows the same pattern as in the normal subduction model
as described above.

Models with different slab dips but the same obliquity indicate the same general pattern of the TI axis orienta-
tion relative to the flow vector. In models with larger dip angles, due to geometrical effects, the TI axis plunges
more steeply in both the inflow and outflow regions to be more compatible with the flow vector (Figure S1 in
Supporting Information S1).

With E-type olivine CPO, the pattern in the variation of the TI axis relative to the flow direction is comparable
to A-type CPO (Figure S3 in Supporting Information S1). The azimuth of the TI axis generally follows the flow
direction in the inflow region and the deeper part of the outflow region but deviates from the flow direction in and
near the transition region, as described for A-type CPO. The plunge of the TI axis also follows the same pattern
as in the normal and oblique subduction models with the A-type CPO.
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Figure 5. Azimuthal offset between the mantle flow vector and the average transverse isotropy (TI) axis plotted against the
horizontal distance that is normalized to the distance from the slab surface to the edge of the subduction model at 100-km
depth for each model.

3. Shear Wave Splitting
3.1. Methods

We choose eight horizontal sampling locations that are spread out from the forearc to the backarc region and
divide each vertical column through the mantle wedge into 10-km-thick horizontal anisotropic layers, each with
a uniform elasticity tensor. We compute SWS parameters for each column, using a SWS code (Kenyon and
Wada, 2022), which is built on the MATLAB Seismic Anisotropy Toolkit (MSAT) for seismic and elastic anisot-
ropy (Walker & Wookey, 2012) with the Gaussian wavelet method, based on the ray theory approach for splitting
parameter calculations (Bonnin et al., 2012). The choice of the sampling locations and therefore the placement of
the layers affect the exact orientations of the fast axes in a given column and the outcome of the SWS calculations.
What is being assumed here is that the variation in the fast axis orientation within the given layer is relatively
small. Modeling results (not shown) indicate that discretizing the vertical column into thinner layers does not
change the overall pattern of the SWS parameter distributions significantly, and therefore the variation in the
elastic tensor within a given layer is indeed expected to be relatively small. The calculations are performed for
layers with sufficient anisotropy, which is quantified based on the ratio of the slow component (Vs,) to the fast
component (Vs)) of the § waves. We exclude layers with Vs,/Vs, > 0.99 (Vs, & Vs,) in the splitting calculations.
All layers where we find Vs, ~ Vs, are located in the lithosphere (gray shaded areas noted in Figure 4). We also
neglect any impact of “frozen-in” anisotropy in the lithosphere. We use a relatively high frequency of 0.5 Hz,
suitable for local S waves (Long & Wirth, 2013).

In the studies of seismic anisotropy, elasticity tensors of the mantle material are commonly assumed to be of
hexagonal or orthorhombic symmetry (e.g., Abt & Fischer, 2008; Becker et al., 2006). Although the elasticity
tensor for single crystal olivine is indeed orthorhombic (Figure 6; Browaeys & Chevrot, 2004), the elasticity
tensor for an aggregate of olivine and enstatite crystals contains more complex symmetries than hexagonal or
orthorhombic. The impact of simplifying the tensor symmetry can be investigated by decomposing the tensor
into several symmetry classes (e.g., Browaeys & Chevrot, 2004), and the full tensor and its best fit hexagonal
approximation, for example, can have notably different maximum percent anisotropy. In this study, we choose to
use the full tensor calculated by D-Rex in Section 2 for each layer.

With the MSAT toolbox and the Gaussian wavelet method, a wavelet with initially linear particle motion is split
as it encounters and travels through an anisotropic layer. The resulting particle motion at the surface is used to
determine the fast direction and delay time for the whole path (Figure S4 in Supporting Information S1). If the
particle motion at the surface is linear, it indicates that the material underneath is isotropic and the wave was not
split. In this case the covariance matrix of the two components of the wavelet has one eigenvalue. If the particle
motion at the surface is nonlinear, it indicates that the material underneath is anisotropic and the covariance
matrix from the two components of the split wavelet has two eigenvalues. From the nonlinear particle motion, the
initial linear particle motion can be recovered in an ideal situation by Silver and Chan's (1991) method of mini-
mizing the second eigenvalue. This is equivalent to removing and thus identifying the overall impact of the SWS
as a result of the anisotropic medium, and the impact is described by a fast direction and a delay time. By applying
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Figure 6. (a) P wave velocities (values for the dashed lines) and the fast and slow components of S wave velocities (values for double-headed arrows) in km/s through
an olivine crystal that are calculated by using the elastic moduli from Abramson et al. (1997), and fast direction (thin black bars) overlain on S wave anisotropy (color)
for (b) a single crystal olivine and (c) a D-Rex full elastic tensor for an aggregate of 70% olivine and 30% enstatite and (d) the hexagonal approximation to the tensor in
(c). The olivine crystal outline in (a) is from Babuska and Cara (1991).

this approach to constrain the SWS parameters for a medium that consists of multiple anisotropic layers, as in real
solid Earth, the overall impact of the anisotropic medium is represented by a single set of splitting parameters as if
the entire medium was uniformly anisotropic. Due to this assumption, the fast direction from a single SWS meas-
urement does not reflect the anisotropic property of any particular one of the layers that constitute the medium.

Further, applying the Silver and Chan's (1991) eigenvalue minimization method, which assumes a single set of
SWS parameters, to an anisotropic medium with two or more layers is known to result in overestimation of delay
times and is further impacted by inadvertent time shifting of the wavelets by a half-wavelength, whose conse-
quence is referred to as “cycle skipping” (Riimpker & Silver, 1998; Walsh et al., 2013). There are other approaches
to constraining the splitting parameters, such as the cross-convolution method (e.g., Menke & Levin, 2003) and
the splitting intensity method (e.g., Chevrot, 2000), but the approach that we adopt here has been widely used in
forward modeling studies (e.g., MacDougall et al., 2017) and in subduction zones SWS studies (e.g., Wirth &
Long, 2010).

The effects of the a axis orientation, percent olivine and enstatite, and the incidence angle on SWS parame-
ters in one-layers and two-layers models have been examined and described in Text S2 in Supporting Informa-
tion S1, and the resulting SWS parameters are summarized in Tables S4 and S5 and plotted in Figures S5-S8 in
Supporting Information S1. To present the calculated SWS parameters for all SWS models, we use azimuth polar
plots, indicating the distribution of the fast direction with the delay time for the full range of initial polarization
(Figure 7 and Figures S5-S10 in Supporting Information S1). These plots are neither rose plots that bin the data
by counts nor lower hemisphere projections that are often used to plot SWS results in seismic studies.

The particle motion at the surface depends on the initial polarization direction of the wavelet. Using multilayer
models, we test the effect of the initial polarization direction over its full 7/2 (90°) range at a one-degree interval.
This results in the periodicity of the SWS parameters of /2. This periodicity of SWS parameters with the initial
polarization is different from the periodicity of the fast direction, which is always =, resulting in a pattern of fast
directions on an azimuthal polar plot that is antisymmetric about an axis whose orientation depends on the aniso-
tropy of the medium (Figure 7). Nonvertical incidence results further in the dependence of the SWS parameters
on the back azimuth of the wave (Text S2 in Supporting Information S1). Given the complex variations in the
SWS parameters with incidence angles, we use vertical incidence, focusing on the effects of subduction obliquity
and initial polarization without the impact of back azimuth. However, a small incidence angle (<10°) would not
change the results significantly (Text S2 in Supporting Information S1).
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3.2. Results of SWS Calculations

Across all obliquities and slab depths, the pattern of variations in the SWS parameters are similar for both A-type
and E-type olivine CPO when vertical incidence is used (Figures 7 and S10 in Supporting Information S1). Given
the similarity between the two olivine CPOs, we focus our discussion on A-type CPO. However, the delay time
can be longer for E-type olivine, particularly if the a axis is plunged by 30-45° as shown by the one-layer models
(Figures S5 and S6 in Supporting Information S1).

In the following, we describe the pattern of variations in the SWS parameters with initial polarization, subduction
obliquity, and the location relative to the arc, using the following characteristics: (a) the bimodality of the distri-
bution of the fast direction and (b) the fast directions with the peak delay time (PDT) and the secondary peak
delay time (SDT; Figure 7d). A bimodal distribution of the fast direction refers to those in which the delay time
is negligibly small except for those around the PDT and SDT fast directions. Long off-peak delay times result in
a relaxed bimodal distribution or a skewed ribbon-like distribution. As discussed in Section 3.1, using the Silver
and Chan's (1991) approach can result in overestimation of the delay times and therefore PDT and SDT that are
longer than the sum of the maximum delay times of all layers due to cycle skipping, requiring some caution in
relating the delay times to the amount of anisotropy present. However, the distribution of the SWS parameters
is still useful in constraining the anisotropic structure (e.g., Aragon et al., 2017), particularly when the initial
polarization is spread over a wide range.

There is considerable variation in the pattern of the SWS parameters among the forearc, arc and backarc regions,
and the spatial variability also varies with subduction obliquity (Figure 7). Overall, our SWS modeling results
indicate that the fast direction is predominantly margin-normal although some initial polarizations do result in
margin-parallel and margin-oblique fast directions (Figures 7 and 8).

In the forearc region, beneath which the slab surface lies at 70-90 km depth, the distribution of the fast direc-
tion is bimodal, and the PDT and SDT fast directions are nearly perpendicular and parallel to the margin,
respectively, for all obliquities, resulting in a fast direction range of ~90° (Figure 7a). Models that consist of
just two anisotropic layers indicate that the bimodal distribution becomes more prominent when the two layers
contribute unevenly to SWS (e.g., the layer thickness or the anisotropy strength are unevenly distributed, Text S2
and Figures S8a—S8b, S8d—S8e in Supporting Information S1) or when the fast axis in the top or bottom layer
is steeply plunged, effectively reducing the azimuthal anisotropy (Figure S8j in Supporting Information S1).
The tight bimodal distribution in the forearc region (and elsewhere), therefore, may be indicative of uneven
contributions from different layers, such as the inflow and outflow regions. The off-peak delay times at low
obliquities are very small (<0.1 s) and may not be large enough to be resolved by SWS observation, potentially
limiting the observed fast directions to perpendicular and parallel to the margin in the forearc. The bimodal
distribution becomes more relaxed with increasing obliquity as the PDT decreases and the off-peak delay times
increase (Figure 7). A wider range of initial polarizations results in the margin-normal fast direction than in the
margin-parallel fast direction, and therefore the margin-normal fast direction should be more dominant if initial
polarization is randomly distributed. If the initial polarization is biased in a particular direction, it will determine
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whether the observed fast direction is perpendicular or parallel to the margin, making the initial polarization a
critical factor.

In the arc region, beneath which the slab is at depths of 100-110 km, the PDT fast direction is less dependent
on the subduction obliquity than the forearc and varies by only ~25° among models with different subduction
obliquities, and all are approximately margin-normal (Figure 7b). The SDT fast direction is 80°-90° from the
PDT fast direction. With increasing slab depth and wedge thickness, the SDT decreases while the PDT increases,
resulting in a relatively large difference between PDT and SDT. Compared to the forearc region, the off-peak
delay times are longer, and the bimodal distribution is more relaxed, resulting in a ribbon-like distribution in
some cases (Figures 7b, 110 km slab depth). With increasing obliquity, the off-peak delay times increase, but
the increase in PDT and the decrease in SDT with slab depth are less pronounced. However, SDT and off-peak
delay times are relatively short, and they result from a relatively narrow range of initial polarizations. Thus, their
measurements may potentially become overshadowed by measurements of PDT and near-PDT fast directions,
which are within ~15° of the margin-normal axis for all obliquities. The range of fast directions narrows from
~90° to ~60°-80° with increasing depth for all obliquities. The overall pattern of fast direction and delay time
in the arc region is remarkably similar to the ones observed in the two-layer models (Text S2 in Supporting
Information S1) with 30-60° a axis azimuthal offset, and thus two-layer models with horizontal anisotropy may
provide a reasonable approximation to the subarc mantle. For regions with sufficient observations, potentially
with a range of initial polarizations, such as in NE Japan (e.g., Uchida et al., 2020), the characteristics of the
two layers may be constrained based on the SWS parameter distribution; a similar approach has been applied for
resolving mantle anisotropy in other tectonic settings (for example, beneath the central Appalachians by Aragon
et al. (2017)).

In the backarc region, beneath which the slab reaches a depth of 120-150 km, the delay times are less bimodal,
more ribbon-like, and the SDT is smaller than that for the forearc or arc regions for all obliquities (Figure 7c).
The distribution of the SWS parameters in the backarc is notably different from those in the forearc and arc
regions. The angle between the PDT and SDT fast directions is highly variable, depending on the subduction
obliquity, whereas the SDT fast direction is nearly perpendicular to the PDT fast direction in the forearc and arc
regions. The SDT disappears completely for 30° obliquity in the backarc region. Where present, the SDT fast
direction is no longer margin-parallel and is generally margin-oblique. The range of fast directions increases
with obliquity: from ~20° for 30° obliquity to ~80° for 60° obliquity. The fast directions in the backarc for all
obliquities are margin-normal to margin-oblique (with two exceptions in E-type results, but it does not appear
systematic; Figure S10 in Supporting Information S1). The delay times generally range from ~0.2 s to longer
than 1 s (e.g., PDT for 30° obliquity). At the backarc locations with slab depths of 140-150 km, the 45° oblig-
uity models have relatively long (>1 s) PDT and delay times with similar fast directions that are oblique to the
margin. These delay times are likely overestimated due to cycle skipping (Text S2 and Figures S9c and S9d in
Supporting Information S1).

At all slab depths, an increase in obliquity leads to a more relaxed bimodal distribution with longer off-peak
delay times. A similar trend is observed in the two-layer models with increasing offset between the a axes of the
two layers (Text S2 in Supporting Information S1). These modeling results indicate that observable fast direc-
tions (i.e., those with measurable delay times) tend to be limited to either margin-normal or margin-parallel in
subduction zones with little obliquity. With increasing obliquity, there is likely more variation in observable fast
directions. Comparison between SWS observations at a given station and the SWS parameter distributions that
are presented here should provide the sense of the range of initial polarization and the significance of individual
measurements. However, the direct comparison to observations may be difficult when the results of observations
are expressed using a rose diagram, for which the radius indicates the number of measurements in the respective
fast direction bin instead of the delay time.

There is no clear systematic variation in SWS parameter results from variation in the slab dip. The fast directions
and delay times are not strongly dependent on the plunges of the fast axes of the layers as long as the plunges are
no greater than 60° (Text S2 and Figure S1 in Supporting Information S1). If the fast axis is plunged steeply in
any of the layers, such as above a steeply dipping slab, the azimuthal anisotropy would be weak, and it would not
contribute significantly to SWS.
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Although the PDT fast direction is generally close to margin-normal across the system, depending on the initial
polarization (and the back azimuth for nonvertical incidence), the fast direction can vary by up to ~90°, and the
delay time can also vary from null to ~1 s. The potential range of variation in the SWS parameters from forearc to
backarc is illustrated in Figure 8 by assuming a given initial polarization and near vertical incidence of incoming
S waves at all observation locations. For normal subduction, the fast direction is margin-normal, independent of
the initial polarization, and the delay time increases from the forearc to the backarc as expected (Figure 8a). For
oblique subduction, the fast direction is also largely normal to the margin, and the delay time generally increases
from the forearc to the backarc with some exceptions.
In the forearc region of oblique models, there are some margin-parallel fast directions with a relatively short
delay time (Figure 8). As in most other cases, the margin-parallel fast direction falls close to the SDT fast
direction, and thus the delay times for the margin-parallel fast directions are generally shorter than the delay
times for margin-normal fast directions. Only Model S60-45, with the greatest obliquity, shows margin-
oblique fast directions in the forearc, but these fast directions are off-peak fast directions and thus have very
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Figure 8. Possible shear wave splitting (SWS) parameters with depth to slab for various initial polarizations (15°-90° in 15° increments) in the (a) S0-45, (b) S30-45,
(c) S45-45, and (d) S60-45 multilayer models. Bars in plot a have been shifted vertically to eliminate overlap. Red and blue shaded areas denote the forearc and the
backarc regions, respectively, with the arc region located between them. See the main text regarding the likely overestimation of delay times for initial polarizations of

60° and 75° in subplot (c).
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short delay times (e.g., 0.13s). If only off-peak fast directions are to be measured in real observations, they
may give the impression that the medium below is not strongly anisotropic. Model S30-45, with less oblig-
uity, shows only margin-normal fast directions in the arc region. The models with more obliquity (Models
S45-45 and S60-45) result in margin-parallel or margin-oblique fast directions, respectively, in addition to
margin-normal fast directions. In the arc region, both the margin-parallel and margin-oblique fast directions
have smaller delay times (~0.15s), than the margin-normal fast directions (~0.15-0.7s) as the latter are
generally associated with the PDT. Model S30-45 shows only margin-normal fast directions in the backarc
region, like in the arc region. However, for the initial polarization directions that we tested, larger obliquity
results in only margin-normal and margin-oblique fast directions in the backarc. The delay times for the
margin-normal fast direction vary greatly (0.3—1s) but are in large part longer than those in the forearc and arc
regions. The margin-oblique fast directions have smaller delay times than the margin-normal fast directions
in the backarc with the exception of a few margin-oblique fast directions with >1 s delay time that are likely
overestimated due to cycle skipping.

4. Discussion

Our CPO calculation results indicate that the fast axis does not always align with the mantle flow vector in 3-D
flow due to oblique subduction. This is consistent with previous numerical work that performed FSE, ISA or
CPO calculations for complex mantle flow patterns (e.g., Faccenda & Capitanio, 2013; Hall et al., 2000; Hu
et al., 2017; Jadamec, 2016; Jadamec & Billen, 2010; Li et al., 2014), and as discussed earlier, the assumption
that the fast axis is parallel to the flow direction is not appropriate for regions where the mantle flow direction
changes quickly.

In this study, the SWS calculations are performed for S waves with a relatively high frequency that is suitable
for local S waves, to which the contribution from the material below the mantle wedge is much smaller than
SKS waves. Further, the given the vertical dimension of the mantle wedge beneath the forearc and the arc, the
shorter wavelengths of the local § waves are more likely to resolve the vertical variation in anisotropy. Many
previous numerical studies that calculate both the CPO distribution and SWS parameters for subduction zones
aim to address larger-scale mantle flow patterns and assume SKS waves (e.g., Faccenda & Capitanio, 2013; Hu
et al., 2017). Their calculations typically produce single set of SWS parameters for a given location through some
averaging from multiple waves, and the calculated fast direction is generally consistent with the predominant
orientation of fast axes in the medium that the waves travel through. In this study, we incorporate variations in the
mantle flow and CPO at a finer scale to resolve the impact of seismic anisotropy in a relatively small region on
the SWS parameters. There are generally at least two predominant fast axis orientations within a vertical column
that are associated with mantle inflow and outflow. Our modeling results indicate that over the full range of initial
polarization, a wide range of fast directions can result from the mantle wedge flow in oblique subduction zones,
compared to normal subduction.

Our modeling results show that 3-D mantle wedge flow due to oblique subduction can also results in
margin-normal fast directions that cannot be distinguished from those that result from 2-D flow patterns
(i.e., margin-normal flow). An SWS study that uses local S waves for the Alaska subduction zone, for
example, indicates margin-parallel fast direction above the cold mantle wedge nose and predominantly
margin-normal fast directions with some variability in the arc and backarc regions (Richards et al., 2021).
Another local SWS study on the Sumatra subduction zone indicates margin-parallel fast directions in the arc
region and the margin-normal fast directions in the backarc (Collings et al., 2013). In our study, we do not
model CPO or SWS through the cold mantle wedge nose, where olivine CPO may not be the main cause of
seismic anisotropy, and therefore we do not have results to compare with these observations. In Sumatra,
the margin-parallel fast direction is attributed to a strike-slip fault system (Collings et al., 2013). In both
subduction zones, the delay times that are associated with margin-normal fast directions increase with the
thickness of the mantle wedge, and these observations have been interpreted to indicate a 2-D mantle wedge
flow (Collings et al., 2013; Richards et al., 2021). However, the subduction direction in these two regions
is oblique to the margin, and the margin-normal fast directions and increasing delay times with the mantle
wedge thickness are consistent with the SWS results for 3-D mantle wedge flow patterns due to oblique
subduction.
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Given the wide range of fast directions that can result in oblique subduction zones, the SWS observation at a
station from a single earthquake event is difficult to interpret in terms of the mantle flow pattern and the aniso-
tropy structure. It cannot be known for certain if the observation represents the PDT, SDT or an off-peak fast
direction without the knowledge of the distribution of SWS with initial polarization. Even if there are a large
number of observations, if the initial polarization directions all fall within a relatively narrow range, the SWS
observations would be biased toward having a certain fast direction and delay time. Thus, availability of shear
waves with a range of initial polarization to map out the full distribution of SWS parameters is critical to the
interpretation of the results for oblique subduction zones.

As discussed in Section 1, margin-parallel fast directions are commonly observed in the forearc and arc regions
regardless of subduction obliquity. Our analyses indicate that in the forearc and arc regions of oblique subduc-
tion zones, there are a wider range of initial polarizations that result in a margin-normal fast direction than in a
margin-parallel fast direction (Figures 7 and 8). It is possible that the fast direction can be biased toward being
margin-parallel in the forearc or arc at a particular station or even a particular oblique subduction zone due to the
distribution of initial polarization. However, such bias is unlikely to occur consistently across subduction zones
and would not explain the commonly observed margin-parallel fast directions.

To assess whether SWS observations are biased, one could compare the distribution of the observed SWS param-
eters with those presented in this study by producing the azimuthal polar plots that are introduced here. When
the SWS parameters appear narrowly distributed, it may indicate a narrow range of initial polarization or insuf-
ficient observations. If there are sufficient observations with a wide range of observations, PDT and SDT can be
identified, which can help to constrain the anisotropy structure. Although the delay times do generally increase
from forearc to the backarc region in oblique subduction models, reflecting the increasing thickness of the aniso-
tropic medium, they do not follow this trend for some initial polarization directions (Figure 8). This may explain
why in some oblique subduction zones the delay time does not increase with the mantle wedge thickness (e.g.,
Levin et al., 2004). If there are sufficient data for statistical evaluations, such as in NE Japan (e.g., Nakajima &
Hasegawa, 2004), it might be possible to observe the correlation between the delay time and the mantle wedge
thickness. However, our models do not include the effects of an evolving subducting slab, along-strike variation
in slab geometry, and other three-dimensional effects, and therefore the spatial variation in the observed SWS
parameters is likely more complex than predicted by our calculations.

Our SWS calculations also indicate that even if the mantle wedge is highly anisotropic, due to the variation in
the fast axis orientation along the raypath, the resulting SWS observations may not be indicative of strong aniso-
tropy. This occurs because wavelets can interfere destructively through the medium, particularly in the forearc
and arc regions as presented above, and also with the material above or below the mantle wedge. Consistently
significant SWS or SWS with larger delay times may indicate sources of anisotropy besides the olivine CPO in
the mantle wedge, such as the CPO and shape-preferred orientations in the overriding crust (Uchida et al., 2020),
the hydrated or partially molten part of the mantle wedge (e.g., Holtzman et al., 2003; Katayama et al., 2009),
and the subslab mantle.

5. Conclusions

Using model-predicted 3-D mantle wedge flow fields, we calculate the CPO of the olivine-enstatite aggregate
using D-Rex for a suite of generic, kinematic-dynamic subduction models with varying obliquity and dip for
both A-type and E-type CPO. In contrast to normal subduction, oblique subduction results in spatial variation
of the flow direction and the fast axis; the flow is largely margin-normal in the inflow region, margin-parallel in
the transition region, and parallel to the subduction direction in the outflow region. We find that there are only
modest differences in the distribution of the fast axis orientation between A-type and E-type CPO, and we focus
on A-type. The fast axes of mineral aggregates are generally subparallel to the mantle flow direction in the inflow
region but become significantly misaligned with the flow direction in the transition region and remain slightly
offset in the outflow region. The results are in agreement with the previous work that show the assumption that
the fast axis aligns with the flow direction is not appropriate for regions where the mantle flow direction changes
rapidly.

In the SWS calculations, we use the predicted distribution of olivine CPO in the mantle wedge. We find that SWS
parameters are highly dependent on the initial polarization and when they are plotted on an azimuth polar plot,
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their distribution changes from highly bimodal in the forearc and arc regions, which are more relaxed with larger
obliquity, to less bimodal in the backarc with the range of fast directions that is more dependent on subduction
obliquity. Off-peak delay times vary in magnitudes and may be too small to be resolvable in some forearc and
arc locations. The majority of initial polarizations in the forearc and arc regions result in the margin-normal
fast direction, but margin-parallel fast directions are also present. Fast directions in the backarc are limited to
margin-normal and margin-oblique orientations and generally have longer delay times than in the forearc and
arc regions.

For oblique subduction models, there is considerable variation in the fast direction which ranges from
margin-normal to margin-parallel and in the delay times which range from null to >1 s. Due to the wide range
of fast directions and delay times that result from a dependence on initial polarization, a single SWS measure-
ment cannot be used to constrain the mantle wedge CPO or mantle wedge flow in an oblique subduction zone.
Observations from shear waves with a wide range of initial polarizations are required to interpret SWS param-
eters at oblique subduction zones and to compare them to our plotted distributions. However, across all multi-
layer oblique subduction models, a wider range of initial polarization results in the margin-normal fast direction
than in the margin-parallel fast direction, and the delay time increases with the thickness of the mantle wedge,
adequately explaining the local SWS observations in the backarc for some oblique subduction zones. Our results
also indicate that margin-parallel fast directions can result from olivine CPO in oblique subduction zones if initial
polarizations happen to fall in a particular range. However, this is unlikely to explain the commonly observed
margin-parallel fast directions in many oblique and normal subduction zones. With unconstrained variations in
the initial polarization and the incidence angle and uncertainties in the CPO distribution, the interpretation of
SWS parameters remains challenging.
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