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Shear-Wave Splitting in the Mantle Wedge: Role of Elastic
Tensor Symmetry of Olivine Aggregates
L. M. Kenyon! (©) and 1. Wada'!

'University of Minnesota Twin Cities, Minneapolis, MN, USA

Abstract Using a 3-D mantle wedge flow field for a generic oblique subduction system, we calculate
elastic tensors of mineral aggregates in the mantle wedge for A-, B-, C-, and E-type olivine crystal preferred
orientations (CPO) and apply the calculated elastic tensor in the forward calculation of shear-wave splitting
(SWS) through the mantle wedge. We find that the hexagonal approximation of the full tensor does not affect
the SWS parameters (the fast direction and the delay time) significantly for all CPO types except that the delay
time for C-type CPO becomes shorter. Additionally, we find that despite the 3-D mantle flow field that results
from oblique subduction, the fast direction is margin-normal for A-, C- and E-type CPOs and margin-parallel
for B-type CPO.

Plain Language Summary As oceanic plates subduct, they drag the overlying mantle material,
inducing mantle wedge flow. As the mantle flows, mineral crystals align in certain directions. Earthquake
waves that pass through the aligned crystals travel faster in one direction than another. As a result, the waves
split into two parts and are characterized by two parameters: fast direction and delay time. We can simplify
how we model this material, but it may impact these parameters. In this study, we test the non-simplified and
simplified material for four different directions of mineral alignment and calculate the fast direction and delay
time for a 3-D mantle flow where the oceanic plate is moving toward the edge of another plate at an angle of
45°. We find that simplifying the material has modest effects on the parameters but simplification can cause
smaller delay times for one mineral alignment direction, underestimating how aligned the minerals are. Overall,
the mineral alignments result in fast directions that are mainly perpendicular to the edge of the overriding plate,
which does not reflect the 3-D mantle wedge flow pattern.

1. Introduction

In the studies of shear wave splitting (SWS), the elastic tensor of mineral aggregates have commonly been approx-
imated by hexagonally symmetric tensors (Browaeys & Chevrot, 2004). It is assumed that the hexagonal approx-
imation is reasonable for aggregates of olivine and enstatite, which are the primary and common secondary
minerals in the upper mantle, respectively, because the majority of the anisotropy comes from the hexagonal
symmetry component of their elastic tensors (Bernard et al., 2021; Browaeys & Chevrot, 2004). Indeed, it has
been shown that this hexagonal approximation is reasonable for estimating the fast polarization direction (hereaf-
ter referred to as the fast direction) and the delay time of SWS under ocean basins where the mantle flow direction
is relatively uniform in the upper mantle (Becker et al., 2006). A similar approach has been applied to model SWS
parameters in the mantle wedge of subduction zones (Confal et al., 2018; Faccenda & Capitanio, 2013; Levin
et al., 2007). In some studies, full anisotropic elastic tensors are adopted in the SWS calculation (Kaminski &
Okaya, 2018), and the difference between the applications of hexagonal approximation and full elastic tensors
has not been quantified.

Several different types of olivine crystal preferred orientation (CPO) are observed both in natural samples and
in lab experiments (Jung, 2017). With A- and E-type olivine CPOs that develop under simple shear, the a-axis
of olivine crystals aligns sub-parallel to the long axis of the finite strain ellipsoid (FSE), but the orientations of
the b- and c-axes differ between the two types (Skemer & Hansen, 2016). A-type CPO develops at relatively
low stress and low water content, and E-type CPO develops at similarly low stress but higher water content
(Jung & Karato, 2001; Karato et al., 2008). With B- and C-type CPOs, the olivine c-axis aligns sub-parallel to
the FSE long axis, but the orientations of a- and b-axes differ between the two types. B-type CPO develops at
high stress and moderate to high water content, and C-type CPO develops at low stress and high water content.
With D-type CPO, the a-axis aligns sub-parallel to the FSE long axis, and it has multiple possible slip planes
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that include those of A- and E-type CPOs (Jung & Karato, 2001; Karato et al., 2008). The multiple active slip
planes result in a natural hexagonal symmetry where the b-axis and c-axis form girdles on pole plots, which is
theoretically identical to the hexagonal approximation for both A- and E-type CPOs. For this reason, we exclude
D-type in this study, which otherwise would be expected to form at high stress and low water content. In the
mantle wedge, higher shear stresses and water contents may be present due to the corner flow and the dehydration
of the subducting slab, and B-, C-, and E-type CPOs are most likely to form. However, CPO type is dependent
on the strain history, rather than the amount of stress or water present at a given location, and the development of
A-type CPO in the mantle wedge is possible (Bernard et al., 2019). Previous studies that performed forward
SWS calculations for the mantle wedge indicate that A-, C- and E-type olivine CPOs result in margin-normal
fast directions whereas B-type results in margin-parallel fast directions (Faccenda & Capitanio, 2013; Kaminski
& Okaya, 2018). However, varying parameterization and assumptions in the calculations make it difficult to
compare the impacts of different CPO types on SWS in the mantle wedge.

The choice of olivine CPO type and aggregates' elastic tensor symmetry can impact the forward SWS calcula-
tions. Using a velocity field that was calculated by Wada (2021) for three-dimensional (3-D) mantle wedge flow
at oblique subduction zones, we calculate both the full elastic tensors and the tensors that consist of the hexagonal
and isotropic components of the full tensors (hereafter referred to as the hexagonal tensors) in the mantle wedge
for each of the A-, B-, C-, and E-type CPOs. We then perform forward calculation of the SWS parameters for
the forearc, arc, and back-arc regions, using the calculated elastic tensors for the mantle wedge, and examine the
variability in the SWS parameters with tensor symmetry and olivine CPO type.

2. Methods

Following Kenyon and Wada (2022a, 2022b), we first calculate the CPO in the mantle wedge for a given 3-D
mantle wedge flow field, using a modified version of D-Rex (Kaminski et al., 2004). The obliquity of the incom-
ing plate motion, which is measured relative to the margin-perpendicular direction in this study, has a primary
control on the azimuthal directions of the mantle wedge inflow and outflow (Wada, 2021). In this study, we use
the mantle flow model from Wada (2021) for a subduction zone with an obliquity of 45° and a true slab dip of 45°
(apparent slab dip of 35° parallel to the subduction direction). The D-Rex calculation is performed for an aggre-
gate of 1,000 crystals that are 70% olivine and 30% enstatite. We begin the calculation with crystals in random
orientation and track the strain that accumulates along flow streamlines until either the strain reaches 10 or the
elapsed time reaches 5 million years. The latter time constraint prevents unreasonable accumulation of strain in
the nearly stagnant mantle immediately below the crust. We calculate the full anisotropic elasticity tensors on a
10-km by 10-km grid on a vertical plane parallel to the subduction direction. Increasing pressure and temperature
have competing effects on elastic moduli (Abramson et al., 1997; Anderson & Isaak, 1995), and their effects are
likely to be small along an adiabatic temperature gradient (Abt & Fischer, 2008; Faccenda & Capitanio, 2013;
Mainprice, 2007). We use elastic moduli that are reported by Abramson et al. (1997) and Weidner et al. (1978) for
olivine and enstatite, respectively, for all depths (Table S1 in Supporting Information S1). A CPO type is chosen
as input to the calculation for D-Rex by assigning reference dimensionless resolved shear stresses (RSS) (Table
S2 in Supporting Information S1). Multiple slip systems have been reported for enstatite (Bernard et al., 2021;
Jung et al., 2010). If more than 40% of the aggregate is olivine, the effect of enstatite on the orientation of aggre-
gates' anisotropy is relatively small while it may impact the strength of anisotropy (Bernard et al., 2021). For
simplicity, we choose to use one CPO for enstatite for all calculations and neglect the variation in the strength of
anisotropy due to the choice of enstatite CPO. Other D-Rex free parameters are listed in Table S3 in Supporting
Information S1.

We construct vertical columns that extend from the slab surface to the Moho. Each column consists of 10-km-thick
uniformly anisotropic horizontal layers that are assumed to be infinitely wide for the calculation purpose, and
each layer is assigned a calculated full elastic tensor (Kenyon & Wada, 2022a, 2022b). We calculate the SWS
parameters, assuming vertical S wave propagation through the vertical columns. We perform the same SWS
calculations using the hexagonal tensors, which are calculated from the full tensors by using the principles of
decomposition of the elastic tensor (Browaeys & Chevrot, 2004) and the Gaussian wavelet method implemented
in the MSAT toolbox (Walker & Wookey, 2012). The SWS parameters are calculated at a frequency of 0.5 Hz
to simulate local S waves (Long & Wirth, 2013). The SWS calculation is based on the eigenvalue minimization
method of Silver and Chan (1991). The SWS parameters vary with the initial polarization of the shear waves and
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the incidence angle of the ray path (Silver & Savage, 1994). We calculate the SWS parameters over a full range
of initial polarization but for a vertical ray path (0° incidence angles) to reduce the number of model parameters.
However, the impact of the incidence angle on the SWS parameters is relatively small if the angle is 10° (Kenyon
& Wada, 2022a). In some layers, particularly in the shallowest portion of the domain, the speeds of the fast and

slow components of S waves (Vs and Vs . respectively) are nearly identical and thus isotropic. In our SWS

slow”

calculations, any layers with Vs /Vs, > 0.99 are removed for computational efficiency.

slow

In this paper, SWS calculations are performed for the forearc, arc, and back-arc regions, which we defined to
be where the slab surface depth is 80-90, 100-110, and 120 km, respectively. The slab surface depth does not
correspond to the thickness of the anisotropic material that overlies the subducting slab in our calculation as we
exclude the overriding crust and the layers that are nearly isotropic.

3. Results

To present the calculated CPO, we use the axis of symmetry of the hexagonal component of the full tensor, which
is referred to as the transverse isotropic (TI) axis (Figure 1). The TI axis approximately corresponds to the fast
axis of the full tensor and thus the average fast axis of the mineral aggregates unless the tensor is nearly isotropic
(Figure 2). For hexagonal tensors, the TI axis is the fast axis.

The distributions of A- and E-type CPOs in the mantle wedge are similar, and in map view, their TI axes do not
align with the mantle flow azimuth in many parts of the mantle wedge and are highly spatially variable (Figure 1).
This is attributed to the 3-D mantle wedge flow pattern due to oblique subduction, making the common assump-
tion of their alignment with the flow direction invalid as previously reported (Faccenda & Capitanio, 2013;
Jadamec & Billen, 2010; Kenyon & Wada, 2022a). The TI axis of B-type CPO is largely perpendicular to the
flow direction and horizontal whereas that of C-type CPO is also perpendicular to the flow direction but is nearly
vertical, consistent with the results of previous studies (Skemer & Hansen, 2016).

To examine the impact of the hexagonal approximation for each CPO type, we calculate the strength of anisotropy
for both the full and hexagonal tensors at a location in the mantle wedge where the strain history is largely of
horizontal shear and relatively simple to make the comparison between CPO types and tensor symmetries easier
(Figure 2). The hexagonal approximation results in a modest change to the overall distribution of the strength
of anisotropy for A- and E-type CPOs but a more significant change for B- and C-type CPOs. In particular, the
strength of anisotropy is noticeably reduced for some wave propagation directions for B- and C-type CPOs rela-
tive to the full tensor, potentially leading to underestimation of the delay time.

The SWS calculations indicate that for both full and hexagonal tensors of A- and E-type CPOs, the fast direc-
tion is generally margin-perpendicular (Figures 3a and 4). However, when the initial polarization direction is
approximately 25°-50°, sub-parallel to the margin, the fast direction in the forearc and the arc region shifts
toward the margin-parallel direction. The delay time can vary with the initial polarization by a factor of 3—10 at a
given location, but it generally increases from the forearc to the back-arc (Figure 3b). For A-type CPO, the SWS
parameters for the hexagonal tensors are identical to those for the full tensor across the system and over the full
range of initial polarizations, indicating that the hexagonal approximation is reasonable (Figures 3a and 3b). For
E-type CPO, the SWS parameters for the hexagonal and full tensors are also similar, but those for the hexagonal
tensors are more similar to those for A-type CPO (either full or hexagonal) tensors than to those for E-type CPO
full tensors (Figures 3a and 3b). This indicates that under the hexagonal approximation, A- and E-type CPOs are
largely indistinguishable. The larger difference between the full and the hexagonal tensors for E-type CPO likely
indicates that there is a larger contribution from non-hexagonal symmetry components to the full tensor than for
A-type CPO, for example, due to the presence of enstatite. A large difference between the hexagonal and full
tensors for E-type CPO can result over a narrow range of initial polarization (e.g., ~80° difference for 38° initial
polarization in the arc region). The eigenvalue minimization method that is employed in this study is known to
result in overestimation of delay times and inadvertent time shifting of the wavelets by a half-wavelength, whose
consequence is referred to as “cycle skipping” (Riimpker & Silver, 1998; Walsh et al., 2013). These may exagger-
ate the magnitude of the differences in the fast direction and the delay time between the hexagonal and full tensors
at a given initial polarization (Kenyon & Wada, 2022a).
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Figure 1. Velocity vector (red arrows) and average transverse isotropic axis (black bars) projected onto a vertical plane (top
panel) and horizontal planes (bottom panel) at 80-, 100-, and 120-km depths for (a) A-type, (b) E-type, (c) B-type and (d)
C-type olivine crystal preferred orientations. Gray square indicates the location used for the sample calculations of anisotropy
strength (Figure 2). Blue, purple, and orange inverted triangles at the top indicate the columns for which shear-wave splitting
calculations are performed for the forearc, arc, and back-arc regions, respectively (Figure 3).
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Figure 2. S-wave anisotropy (%) based on (top) the full elastic tensor and (bottom) the hexagonal tensor of olivine-enstatite aggregates with (a) A-type, (b) E-type, (c)
B-type, and (d) C-type olivine crystal preferred orientations at a location shown in Figure 1.

The full and hexagonal tensors of B-type CPO result in similar SWS parameter values regardless of the location.
The fast direction is generally margin-parallel except when the initial polarization direction is approximately
25°-50°, sub-parallel to the margin (Figures 3c and 4). Compared to A- and E-type CPOs, there is less variation
in the fast direction with location for B-type CPO. The delay time varies with initial polarization but generally
increases from the forearc to back-arc as in A- and E-type CPOs. However, the delay time is for the most part
shorter than A- or E-type CPO at a given location (Figure 3d), which is consistent with the expectation that
B-type CPO is generally less anisotropic (Figure 2).

For both full and hexagonal tensors of C-type CPOs, the fast direction is generally margin-normal except when
the initial polarization direction is approximately 25-50°, sub-parallel to the margin (Figures 3c and 4). Overall,
there is less variation in the fast direction in the back-arc than in the forearc, but back-arc delay times are gener-
ally larger than in the forearc and arc regions (Figure 3f). Compared to A- and E-type CPOs, the delay times for
C-type CPO is smaller (Figure 3). This is expected given the nearly vertical fast axis, which results in a smaller
difference between Vs, and Vs
VSaow
The C-type hexagonal tensors result in even smaller delay times than full tensor C-type CPO at all locations.

In our study, in particular, layers with small difference between Vs, and

slow”

are excluded from the SWS calculations, potentially making the delay time even smaller in some locations.

4. Discussion

Our results indicate that the differences in SWS parameters between full and hexagonal tensors are relatively
small, and the hexagonal approximation is reasonable for most CPO types and initial polarization. However, over
a relatively narrow range of initial polarization, the SWS parameters for B-, C-, and E-type CPOs can be notice-
ably different from those for the full tensor, and therefore the knowledge of initial polarization can be important
when comparing the observed SWS parameters to predicted SWS parameters based on hexagonal approxima-
tion. Further, our study indicates that the hexagonal approximation impacts the delay time more than the fast
directions. This is consistent with a previous SWS tomography study that examines the effects of hexagonal
and orthorhombic symmetries on SWS splitting (Abt & Fischer, 2008). They found that assuming a hexagonal
symmetry for the elastic tensor instead of orthorhombic symmetry leads to nearly identical fast directions, but up
to 25% difference in the delay time.

In the forward modeling of SWS in subduction zones, there are some instances where the hexagonal approxima-
tion to the full tensors should be avoided. First, the hexagonal approximation of a single crystal olivine elastic
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Figure 3. (a, c, e) Fast directions and (b, d, f) delay times over a full range of initial polarizations with a vertical incidence for (a)-(b) A- and E-type, (c)-(d) B-type,
and (e)—(f) C-type olivine CPOs. Thick and thin lines indicate the full and hexagonal tensors, respectively. Color indicates the approximate depth to the slab surface and
corresponds to the color of the inverted triangles in Figure 2. Lines for A-type full tensors and hexagonal tensors are nearly identical and overlap in both (a) and (b).
Solid and dashed gray lines in (a, c, e) indicate margin-parallel and margin-normal directions, respectively.
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Figure 4. Calculated fast directions and delay times for (a) the full tensors and (b) the hexagonal tensors in map view for different locations and initial polarizations.
Black, blue, green, and red bars indicate A-, E-, B-, and C-type olivine CPOs, respectively.

tensor results in an identical tensor for A- and E-type CPOs as the olivine b- and c-axes are averaged together.
The hexagonal approximation to the aggregates' tensors are not identical for A- and E-type CPOs because of the
difference in their slip systems and the presence of an anisotropic secondary phase, but they are very similar
(Figure 2). Therefore, one should not use the hexagonal approximation for assessing the contributions of A- and
E-type CPOs on SWS as they become indifferentiable. Second, for olivine aggregates with weak or undeveloped
CPO, a hexagonal symmetry with the TI axis representing the fast axis is not a good approximation because the
full tensor may be nearly isotropic and the fast axis may not be appropriately represented by the TI axis of its
hexagonal component (Faccenda & Capitanio, 2013). In our model, weakly strained, nearly isotropic mantle
material in the top few layers are excluded from the SWS calculations.

Previous local SWS studies indicate that the fast direction in the Alaska and Sumatra subduction zones is
margin-normal in the arc and back-arc and margin-parallel in the forearc and that the delay times range from
~0.05 to 0.8 s with a weak positive correlation with the travel distance through the mantle wedge (Collings
etal., 2013; Richards et al., 2021). Our study also indicates an overall increase in delay times with the depth to the
slab surface regardless of the variation in the fast direction with depth as the delay time accumulates along the ray
path unless the fast axis of a given layer coincides with the slow axis of another (i.e., the fast axis orientation is
offset by ~90°), canceling out each other's anisotropy. The local SWS studies assume A-type olivine and attribute
the margin-normal fast direction to 2-D margin-normal mantle wedge flow despite oblique subduction that likely
results in 3-D mantle wedge flow. Our results show that in 3-D mantle wedge flow at oblique subduction zones,
A-, C- and E-type CPOs all result in mainly margin-normal fast directions for both full and hexagonal tensors.
B-type CPO could explain the margin-parallel fast directions in the forearc.

Anisotropy sources other than olivine likely contribute to observed SWS parameters. For example, some minerals
in the crust, the cold nose of the mantle wedge, and along the subduction interface, such as amphibolite, chlorite,
antigorite, phengite and talc, are strongly anisotropic and may contribute to margin-parallel fast directions (Ha
et al., 2019; Jung, 2017; Katayama et al., 2009; Lee et al., 2020; Uchida et al., 2020). Many of the predicted
delay times in this study are relatively small, particularly in the forearc. Small delay times in observed SWS data
would be difficult to interpret in terms of mantle wedge anisotropy, given the noise and other potential sources of
anisotropy. The predicted differences in delay times due to CPO types (and tensor symmetries) are even smaller,
making it difficult to differentiate their variations in observed data based on delay times.

Our results indicate that any one of the four CPO types cannot explain the observed variation in SWS parameters
between subduction zones and from the forearc to the back-arc within a subduction zone. The olivine CPO type
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within the mantle wedge is likely to vary spatially as stress, water content, temperature, and strain geometry can
vary over relatively short distances (Bernard et al., 2019; Karato et al., 2008). A 2-D study that incorporates
spatial variation of olivine CPO type in the mantle wedge predicts spatial changes in the SWS fast direction that
are similar to those observed in the Lau back-arc basin in the Tonga subduction zone (Kaminski & Okaya, 2018).
In our model, the effect of spatial variation of CPO type is not included. Multiple CPO types can be incorporated
to explain observations, but their variation should be consistent with the stress, water content, temperature, and
strain geometry based the experimental data. In such a study, the hexagonal approximation can exaggerate the
similarity or differences between different CPO types and may potentially contribute to the overall uncertainties.

In anisotropic P-wave seismic tomography, hexagonal tenors are used for 3-D ray tracing in the inversion with a
priori anisotropy (Bezada et al., 2016; Confal et al., 2020; Lee et al., 2021), and in the inversion for the anisotropic
field, hexagonal tensors must be assumed to reduce the number of free parameters (Huang et al., 2015; Wang &
Zhao, 2013). Some recent studies solve for the 3-D orientation of a hexagonal tensor but assume the TI axis to be
the slow axis and a fast plane orthogonal to the TI axis (Wang & Zhao, 2021; Wang et al., 2022). This assumption
is reasonable for anisotropy caused by parallel faults and melt lenses. For anisotropy caused by olivine CPO, the
TI axis corresponds more closely to the fast axis of olivine aggregates (Figure 2). Future studies that solve for
the fast axis will allow direct comparisons of the results to those based on forward modeling of olivine CPO in
the mantle wedge.

5. Conclusions

For a given 3-D mantle wedge flow field, we calculate the elastic tensors of mineral aggregates for four different
olivine CPO types and SWS parameters using the full and simplified hexagonal tensors. The calculated CPO
distributions indicate that the fast axis of the mineral aggregates in the inflow region of the mantle wedge is
generally sub-parallel to the flow direction for A- and E-type CPOs and perpendicular to the flow direction for
B- and C-type CPOs. However, in other parts of the mantle wedge, the orientation of the fast axis relative to the
flow direction is more variable. In the SWS calculation, the hexagonal approximation is generally reasonable
for the fast directions of all CPO types, but the impact of the approximation is larger for B-, C-, and E-type
CPOs compared to that for A-type. In particular, hexagonal approximation for C-type CPO can reduce delay
times, leading to underestimation of anisotropy strength. The hexagonal approximation of E-type CPO results in
nearly identical SWS results to those of A-type CPO. The margin-normal fast direction that is observed in some
subduction zones with oblique convergence could be explained by either of A-, E- or C-type CPO whereas the
margin-parallel fast direction could be explained by B-type CPO.

Data Availability Statement

The codes that were used in this study are the modified versions of D-Rex (Kaminski et al., 2004) and MATLAB
Seismic Anisotropy Toolkit (Walker & Wookey, 2012), both of which are available on Zenodo (https://doi.
org/10.5281/zenodo.7153285; Kenyon & Wada, 2022b). Some figures were generated using Generic Mapping
Tool (Wessel et al., 2013) and MSAT. The tables that summarize the elastic moduli for olivine and enstatite
and the reference dimensionless RSS for different olivine CPO types and enstatite are found in Supporting
Information S1.
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