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SUMMARY

The Earth’s mantle transition zone (MTZ) plays a key role in the thermal and compositional in-
teractions between the upper and lower mantle. Seismic anisotropy provides useful information
about mantle deformation and dynamics across the MTZ. However, seismic anisotropy in the
MTZ is difficult to constrain from surface wave or shear wave splitting measurements. Here,
we investigate the sensitivity to anisotropy of a body wave method, SS precursors, through
3-D synthetic modelling and apply it to real data. Our study shows that the SS precursors can
distinguish the anisotropy originating from three depths: shallow upper mantle (80-220 km),
deep upper mantle above 410 km, and MTZ (410-660 km). Synthetic resolution tests indicate
that SS precursors can resolve >3 per cent azimuthal anisotropy where data have an average
signal-to-noise ratio (SNR = 7) and sufficient azimuthal coverage. To investigate regional
sensitivity, we apply the stacking and inversion methods to two densely sampled areas: the
Japan subduction zone and a central Pacific region around the Hawaiian hotspot. We find
evidence for significant Vg anisotropy (15.3 £ 9.2 per cent) with a trench-perpendicular fast
direction (93° 4 5°) in the MTZ near the Japan subduction zone. We attribute the azimuthal
anisotropy to the grain-scale shape-preferred orientation of basaltic materials induced by the
shear deformation within the subducting slab beneath NE China. In the central Pacific study
region, there is a non-detection of MTZ anisotropy, although modelling suggests the data
coverage should allow us to resolve at least 3 per cent anisotropy. Therefore, the Hawaiian
mantle plume has not produced detectable azimuthal anisotropy in the MTZ.

Key words: Composition and structure of the mantle; Numerical modelling; Body waves;
Seismic anisotropy; Hotspots; Subduction zone processes.

bridgmanite + ferropericlase occurs at 660-km depth (Ringwood

I INTRODUCTION 1975; Ita & Stixrude 1992). The opposite Clapeyron slopes of the

Convection in Earth’s mantle is strongly influenced by the prop-
erties of the mantle transition zone (MTZ), a distinct layer that
controls the thermal and compositional exchange between the up-
per and lower mantle (Morgan & Shearer 1993; Bercovici & Karato
2003). The boundary of the MTZ is defined by two sharp seis-
mic discontinuities at 410-km and 660-km depths. The formation
of these discontinuities is a consequence of the pressure-induced
phase changes of the upper mantle mineral olivine. Mineral physics
experiments show that the phase change of olivine to wadsleyite
occurs at 410-km depth, and the dissociation of ringwoodite to

olivine phase changes (Ito & Takahashi 1989; Katsura & Ito 1989)
make them useful for studying the mantle thermal and composi-
tional heterogeneities (Bina & Helffrich 1994; Stixrude 1997; Helf-
frich 2000) via mapping of MTZ topography (Flanagan & Shearer
1998).

The SS precursors are seismic body waves that manifest as shear
wave reflections occurring at the underside of the 410-km and 660-
km discontinuities (Fig. 1). They have served as a primary tool to
investigate topography on these discontinuities at both regional (e.g.
Thomas & Billen 2009; Schmerr et al. 2010; Yu et al. 2017) and
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Figure 1. (a) Ray paths of SS phase and SS precursors at the epicentral distances of 100°, 140° and 180°. The red star and blue triangles represent the source
and receivers, respectively. (b) An example of stacked waveform of SS phase and SS precursors. The amplitudes of S410S and S660S are amplified by 10 times

to facilitate comparisons with the SS phase.

global scales (e.g. Flanagan & Shearer 1998; Deuss & Woodhouse
2002; Gu & Dziewonski 2002; Houser et al. 2008; Lawrence &
Shearer 2008; Huang et al. 2019; Guo & Zhou 2020). The SS pre-
cursors that reflect from the 410-km and 660-km discontinuities are
named as S410S and S660S, respectively, or generally referred to as
SdS where ‘d’ is the depth of discontinuity within the Earth. Several
studies of the SS precursors have detected seismic anisotropy in the
upper mantle and MTZ (Rychert et al. 2012, 2014; Huang et al.
2019). Seismic anisotropy, the dependence of seismic velocity on
propagation direction and polarization, is a useful tool to constrain
mantle deformation and dynamics. It is primarily produced by two
key mechanisms: the lattice-preferred orientation (LPO) of intrinsi-
cally anisotropic minerals under a dislocation creep regime, or the
shape-preferred orientation (SPO) of isotropic materials with dis-
tinct elastic properties (e.g. due to compositional layering or lenses
of melt). Here we further evaluate the sensitivity of the SS precur-
sors to mantle anisotropy, to assess the extent to which these seismic
phases can provide insights into mantle deformation and dynamics
in the MTZ.

Observations of upper mantle anisotropy are traditionally ob-
tained from shear wave splitting (e.g. Silver & Chan 1988; Long
& van der Hilst 2005; Marone & Romanowicz 2007), surface wave
dispersion (e.g. Anderson 1962; Montagner & Nataf 1986; Nettles
& Dziewonski 2008) and global tomography models (e.g. Gung et
al.2003; Moulik & Ekstrom 2014; Chang et al. 2015). Anisotropy in
the uppermost ~250 km of the mantle is typically interpreted as the
LPO of olivine (Karato et al. 2008) caused by the current pattern of
mantle flow in the asthenosphere or the preservation of paleo-flow
directions in the lithosphere (i.e. ‘fossil anisotropy’). In the deep
upper mantle above 410 km, the observed seismic anisotropy is

generally lower with amplitudes <1 per cent (Yuan & Beghein
2013, 2018; Auer et al. 2014; Chang et al. 2014) and the relation
between fast seismic direction and deformation is less straightfor-
ward than at shallower depths (Mainprice et al. 2005). At MTZ
depths, evidence for seismic anisotropy is more limited, but consis-
tently reported from multiple methods: shear wave splitting (Tong
et al. 1994; Fouch & Fischer 1996; Chen & Brudzinski 2003; Fo-
ley & Long 2011), surface wave measurements (Trampert & van
Heijst 2002; Yuan & Beghein 2013, 2014, 2018; Debayle et al.
2016), coupling of normal modes (Beghein et al. 2008), P-to-S
converted phases (Zhang et al. 2021) and inversion of deep earth-
quake focal mechanisms (Li et al. 2018). The surface wave mod-
els that incorporate higher mode surface waves (Yuan & Beghein
2013, 2014; Debayle et al. 2016; Schaeffer et al. 2016) suggest
that ~1-2 per cent azimuthal anisotropy exists in the MTZ glob-
ally, despite regional discrepancies amongst these models. Re-
cently, Ferreira et al. (2019) found ubiquitous radial anisotropy
in the MTZ and uppermost lower mantle in the vicinity of west-
ern Pacific subduction zones. Our previous study using SS pre-
cursors (Huang er al. 2019) also presented regional evidence for
3 per cent azimuthal anisotropy in the MTZ beneath subduction
zones but detected negligible anisotropy (<1 per cent) at a global
scale.

Unlike the upper mantle, where deformation is expressed as the
LPO of the mineral olivine, the MTZ may have several possible
mechanisms for accommodating seismic anisotropy. For example,
the MTZ anisotropy in subduction zones has primarily been at-
tributed to the LPO of wadsleyite (Kawazoe et al. 2013), although
the SPO of subducting slabs has also been proposed (Faccenda et
al. 2019). In the upper transition zone (410-520 km), wadsleyite
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has up to ~14 per cent single-crystal Vs anisotropy (Sawamoto et
al. 1984; Zha et al. 1997, Sinogeikin et al. 1998), making wads-
leyite the main candidate mineral for accommodating anisotropy at
these depths. Below 520 km, ringwoodite is nearly isotropic with a
cubic structure (Weidner et al. 1984; Kiefer et al. 1997; Sinogeikin
et al. 2003; Li et al. 2006). Other minerals such as majorite gar-
net and clinopyroxene have either weak single-crystal anisotropy, or
not enough mineral fraction abundance to accommodate the seismic
observations of MTZ anisotropy (Bass & Kanzaki 1990; Sang &
Bass 2014; Pamato et al. 2016). Slab mineralogy and layering may
provide an alternative mechanism for accommodating anisotropy
in the deep transition zone (Faccenda et al. 2019). Although wad-
sleyite can accommodate up to 14 per cent anisotropy, it must be
aligned by mantle dynamics into a fabric detectable by seismic
waves. Numerical simulations of strain-induced fabric of mantle
mineral aggregates are therefore key to understanding the relation-
ship between mantle flow direction (or strength) and fast direction
(or strength) of seismic anisotropy in the MTZ. Previous modelling
has primarily focused on the upper mantle anisotropy (Becker 2006),
whereas few studies explore deeper anisotropy in the MTZ and up-
permost lower mantle (Faccenda 2014; Sturgeon et al. 2019). For
example, Sturgeon et al. (2019) predicts that up to ~2 per cent
Vs radial anisotropy may form in the MTZ beneath subduction
zones. Mineral physics modelling by Tommasi ez al. (2004) pre-
dicts that ~1 per cent V5 azimuthal anisotropy can exist within the
MTZ.

Although the sensitivities of SS precursors to the topography of
410-km and 660-km discontinuities have been investigated (Zhao
& Chevrot 2003; Bai et al. 2012; Koroni & Trampert 2016), their
sensitivities to azimuthal anisotropy at MTZ depths remain unex-
plored. Motivated by both geodynamic and mineral physics predic-
tions, we use SS precursors to better constrain anisotropy at MTZ
depths, thereby illuminating the dynamics of the upper mantle. In
this study, we construct 3-D models of anisotropy and propagate
synthetic seismic waves through the models to test the sensitivity
of SS precursors to azimuthal anisotropy. We next compare the re-
sults of our modelling to observations in the central Pacific region
and Japan subduction zone to determine the detectability and sen-
sitivity of the SS precursory phases to MTZ anisotropy. Finally,
we interpret mantle deformation in the MTZ in the context of our
observations.

2 METHODS

2.1 SS data set

We expanded a global hand-picked SS data set described in Huang
et al. (2019) and Waszek et al. (2018) to include large earthquakes
(M,, > 6.0) from 1988 to 2017 in the depth range 0—75 km (previ-
ously only 0-30 km) recorded at broadband stations with epicentral
distances between 100° and 180°. The signal-to-noise ratio (SNR)
was computed from the amplitude of SS phase over the maximum
amplitude in a noise window (65275 s before SS phase. Records
with SNR lower than 2.5 were removed from the data set. The final
SS data set consists of 58 566 seismograms. We used the trans-
verse component of the data to study the azimuthal anisotropy. To
remove seismic noise, we filtered the data between 15 and 50 s
using a Butterworth bandpass filter and aligned the waveform at
the peak amplitude of the SS phase. Each SS seismogram was then
normalized to unity to equalize the SS arrivals across events and
stations.

2.2 3-D synthetics

We used the spectral element code SPECFEM3D_GLOBE (Ko-
matitsch & Tromp 2002a,b) to compute 3-D synthetic SS precursor
waveforms. The mesh consisted of six domains with 320 spectral
elements on each side. Therefore, the minimum resolvable period
of the synthetics was 13.6 s. We turned on attenuation, Earth’s ro-
tation and gravity for the simulations, and turned off the ellipticity,
topography, and ocean flags to implement a 1-D crust model. We
created 13 earthquakes around the target region and synthesized a
dense array to provide ideal azimuthal coverage (Figs 2 and 3). The
focal mechanism of each earthquake was designed to maximize
the SH energy in the receiver direction. We set the half duration
of the Gaussian source-time function to be 10 s. The length of
each seismogram was set to be one hour, and they were rotated to
radial and transverse components automatically. Each simulation
took ~4 hr by using 384 CPUs on a High Performance Computing
(HPC) cluster. After computing the synthetics, we generated ran-
dom noise based on the realistic power spectrum of Earth’s noise
(Peterson 1993) and added it to the synthetics. The synthetics were
then processed in the same way as the data which was described in
Section 2.1.

We chose two study regions that are densely sampled by the SS
phase: (1) the central Pacific region near Hawaii (Fig. 2) and (2)
the Japan subduction zone (Fig. 3). The goal was to simulate the
azimuthal anisotropy generated by a mantle plume versus a subduct-
ing slab. In each region, we created two types of source-receiver
geometries: idealized and realistic geometry. The idealized geome-
try provided at least 100 records in each 15° azimuthal bin to ensure
enough data for the stacking of SS precursors. The realistic geom-
etry was a subset of the idealized geometry designed to mimic the
actual azimuthal coverage of the data that sample each region. This
anisotropic structure was introduced over the Preliminary Refer-
ence Earth Model (PREM, Dziewonski & Anderson 1981) at three
depth ranges: (1) the shallow upper mantle (80-220 km); (2) the
deep upper mantle (250—400 km) and (3) the MTZ (400-670 km).
The boundaries of these layers coincide with the discontinuities in
PREM such as 220-, 400- and 670-km discontinuities. The models
at each depth included three strengths of anisotropy: 1, 3 and 5 per
cent. The input fast directions were due north (0°) in the central
Pacific bin and trench perpendicular (270°) in the Japan bin. The
models outside the target depth ranges (e.g. crust and lower man-
tle) kept the 1-D PREM structures. We set the radius of the central
Pacific bin to 10° (~1100 km) and the size of the Japan bin to
1500 x 1000 km. The choice in size of the central Pacific structure
was controlled by the standard deviation of normal distribution, and
we explored the effects of lateral size of anisotropic structures on
resolution using 5° and 2.5° radius.

2.3 Stacking and corrections

The SS precursors are typically similar in amplitude to background
noise or less, thus their retrieval requires stacking when noise is
present. Here, we followed the stacking methods of Schmerr &
Garnero (2006) to stack the precursors along the predicted travel-
time curves from PREM. We chose 125° as our reference distance,
and applied moveout corrections to align the SS precursors on the
predicted traveltime at the reference distance using PREM. We also
applied distance exclusion windows (0°—100° and 135°-145° for
S410S; 0°—115° and 165°—180° for S660S) to avoid interferences
with topside reflections (e.g. Sv660sS) and ScS reverberations (e.g.
ScS"660ScS). We stacked the data by azimuth of the ray path at
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Figure 2. (a) Source-receiver geometry for the model in the central Pacific region. The red stars denote the earthquake sources. The input fast direction is due
north (0°). The triangles represent all the stations: the light blue + dark blue stations are the ones used for the idealized geometry; the dark blue stations only
are the ones used for the realistic geometry; the grey stations are the unused ones. The white points in the centre are the SS bounce points with a bin radius of
10° (~1100 km). (b) The SS bounce points in the idealized geometry (left-hand panel) and their azimuthal distribution (right-hand panel). The orientations of
the red sticks (left-hand panel) represent the azimuths of the SS bounce points. (c) The SS bounce points in the realistic geometry (left-hand panel) and the
azimuthal distribution of the bounce points (right-hand panel) which mimics the azimuthal coverage of data in this region.
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Figure 3. (a) Source-receiver geometry for the model in the Japan subduction zone. The source, receiver and bounce point legends are the same as Fig. 2.
The study region is highlighted by the red box and the size is 1500 km x 1000 km. The strength of anisotropy is a uniform value thus represented in black
colour and the fast direction is trench-perpendicular (270°). The values of slab depths are from Slab 1.0 model (Hayes et al. 2012). (b) The SS bounce points
in the idealized geometry (left-hand panel) and their azimuthal distribution (right-hand panel). The orientations of the red sticks (left-hand panel) represent the
azimuths of the SS bounce points. (¢) The SS bounce points in the realistic geometry (left-hand panel) and their azimuthal distribution (right-hand panel).

the central bounce-point of SS to study the azimuthal variations We applied a series of traveltime and amplitude corrections to
of SS precursor traveltimes and amplitudes. The 20" uncertainties ensure that precursor traveltimes and amplitudes were not con-
of traveltime and amplitude measurements were estimated from a taminated by factors other than anisotropy, and then inverted for
bootstrapping technique that implemented 300 resamples, allowing azimuthal anisotropy. Full details regarding traveltime and am-

replacements within each bin (Efron & Tibshirani 1986). plitude correction methods are contained in Huang et al. (2019).
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(1) The traveltimes of SS precursors are affected by the lateral het-
erogeneities of crustal and upper mantle structures. We used the
CRUST 2.0 model (Bassin ef al. 2000) for the crustal corrections
and the S40RTS model (Ritsema ef al. 2011) for the tomogra-
phy corrections. We computed traveltime residuals with respect to
PREM based on 1-D ray tracing as pre-stacking traveltime cor-
rections for each individual record. However, global tomography
models such as S40RTS tend to average structures across a large re-
gion and likely underestimate the Vs anomalies associated with the
slab. Therefore, we used a regional tomography model, EARA2014
(Chen et al. 2015), in the Japan subduction zone to correct for the
sharper and stronger Vs anomalies caused by the subducting slab.
(2) We also corrected for the traveltime perturbations caused by
topography of 410-km and 660-km discontinuities using the MTZ
topography measurements by Huang ez a/. (2019). We computed
the topography corrections based on the differences between the
local S410S—SS times, S660S—SS times and their global mean
values. The S410S—SS and S660S—SS times were measured from
the global stacking results after crust and tomography corrections.
(3) The amplitudes of SS precursors were corrected for attenua-
tion, geometrical spreading, and focusing and defocusing effects
using the 1-D synthetics generated by GEMINI code (Friederich &
Dalkolmo 1995). We calculated the amplitude ratios between the
stacking results of data and corresponding 1-D synthetics and mul-
tiplied by the amplitudes at the reference distance (125°) to remove
these effects on amplitudes. The observed data were corrected for
both traveltimes and amplitudes, but the 3-D SPECFEM synthetics
were only corrected for amplitudes.

2.4 Inversion for azimuthal anisotropy

After applying the amplitude and traveltime corrections, we inverted
for the strength and fast direction of azimuthal anisotropy from SdS
traveltimes and amplitudes. Here, we consider azimuthal anisotropy
as transverse isotropy with a horizontal symmetry axis (Fig. 4a).
Therefore, in an anisotropic medium, we can express the velocity of
vertically propagating SH wave as the following equations (Crampin
1984; Montagner & Nataf 1986):

pVjsy =L — Gecos2y — Gy sin 2y, 1)

1
L=pV} = 3 (Cas + Css), 2

where V, 5y is the quasi-SH wave velocity, p is density, i represents
the azimuth of wave propagation direction, L is a combination of
elastic coefficients Cy;, and G, and G, are the azimuthal terms of L
(Montagner et al. 2000). We can derive the strength of anisotropy
(G) and fast direction (®) from the G, and G, parameters:

¢=Ja+ao, 3)

1 Gy
® = —arctan (—) . 4)
2 G,
Here, we define dinG = G/L as the relative perturbations of az-
imuthal anisotropy (Yuan & Beghein 2018). In our inversion, we
first built models with a homogeneous layer of anisotropy at three
depth ranges as described in Section 2.2. Then, we computed the
SdS traveltimes and amplitudes as a function of azimuth () us-
ing SH velocities expressed in eqs (1) and (2). Finally, we used a
grid-search method to find the best-fitting G. and G, values and
used eqs (3) and (4) to compute the fast direction (®) and strength
of anisotropy (G). During the grid-search process, we calculated the

chi-squared values using the following equation:

N (t.(’bs _ Z.pre)Z

=) )
i=1 i

where £ is the observed traveltime of SS precursors, £’ is the

predicted traveltime, o; is the standard deviation of t["bs, N is the
total number of azimuthal bins. The uncertainties of the best-fitting
model were estimated from the chi-squared statistics using p-values
for two standard deviations.

3 RESULTS

We first investigated the effects of depth, strength and size of
anisotropy on measurement resolution using clean synthetics (i.e.
no noise) in the central Pacific region. Next, we examined the data
in the central Pacific region and Japan subduction zone from which
we inverted for azimuthal anisotropy and quantified the uncertain-
ties. Finally, we added realistic noise to the 3-D synthetics for direct
comparison to the data, and we also explored the effect of source—
receiver geometry on the resolutions.

3.1 Effects of depth, strength and size of anisotropy

Unlike shear wave splitting measurements, SS precursors can distin-
guish the depths of anisotropy structures based on the combinations
of five differential traveltime and amplitude ratio measurements:
S410S—SS time, S660S—SS time, S660S—S410S time, S410S/SS
and S660S/SS amplitude ratios (Fig. 4). Measurements of SdS dif-
ferential times are traveltime residuals with respect to the corre-
sponding mean values in each geographical bin. In order to under-
stand the effect of depth, we fixed the size of anisotropic region to
be 10° in radius and varied in depth extent. We then performed the
synthetic tests described below.

Test (1): Shallow Upper Mantle, Fixed Size. The first experiment
simulates anisotropy in the asthenosphere (80-220 km), which is
often attributed to the LPO of olivine (Fig. 4a). The SS traveltimes
are sensitive to the asthenospheric anisotropy and their variations
are mapped to S410S—SS (Fig. 4b) and S660S—SS traveltimes
(Fig. 4c) since SS is our reference phase. The S660S—S410S time
(Fig. 4d) and amplitudes (Fig. 4e) remain constant because their ray
paths do not encounter the anisotropic layer.

Test (2): Deep Upper Mantle, Fixed Size. The second case creates
the scenario where anisotropy is only present in the deep upper
mantle (250400 km, Fig. 5a), which can still be caused by the
fabric of olivine (Mainprice et al. 2005; Mondal & Long 2020). In
this model, the S410S/SS amplitude starts to vary with azimuth due
to the change of reflection coefficients at 410-km (Fig. 5e), whereas
the S660S—S410S time (Fig. 5d) and S660S/SS amplitudes (Fig. 5¢)
remain constant.

Test (3): MTZ Anisotropy, Fixed Size. The third scenario mod-
els an anisotropic layer in the MTZ where the LPO of wads-
leyite and ringwoodite are formed (Fig. 6a). The S660S—S410S
time becomes an independent measurement for MTZ anisotropy
(Fig. 6d) which is not affected by the upper mantle anisotropy.
This model includes anisotropy throughout the whole MTZ so both
S410S/SS and S660S/SS amplitudes (Fig. 6e) display variations
with azimuth. These two amplitudes have opposite trends because
the MTZ anisotropy is below the 410-km but above the 660-km
discontinuity, thereby changing the signs of reflection coefficients.

Test (4): Two Layers of Anisotropy, Fixed Size. In reality, seismic
anisotropy is likely to exist at multiple depths. We combined test
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Figure 4. (a) The anisotropy model in the shallow upper mantle (80—220 km). The green bars represent the LPO of olivine. The black curves are the ray paths
of SS precursors beneath the bounce point region. The black arrows denote the symmetry axis of azimuthal anisotropy and wave propagation direction. The
red and blue arrows show the polarization directions of SH and SV waves, respectively. The measurements of (b) S410S—SS time residuals, (¢) S660—SS
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as a function of bounce point azimuths. The solid curves are the best-fitting models for 1, 3 and 5 per cent input anisotropy. The dashed lines denote the mean

values of each measurement.

(1) and test (3) to create a model with anisotropy existing in both
shallow upper mantle and MTZ (Fig. S1a). We rotated the fast axis
in the shallow upper mantle (®,) while fixing the fast axis in the
MTZ (©,). The goal is to examine the constructive/destructive in-
terferences between upper mantle and MTZ anisotropy. S410S—SS
time shows different sinusoidal patterns associated with the change
of ©, but the peak-to-peak amplitudes remain the same (Fig. S1b).
S660S—SS time transitions from constructive interference to
destructive interference as ®; — ®, increases from 0° to 90°
(Fig. Slc). On the contrary, S660S—S410S time (Fig. S1d) and
SdS amplitudes (Fig. Sle) are unaffected by the changes in up-
per mantle anisotropy. This further demonstrates that we can use
these measurements to detect MTZ anisotropy unambiguously with-
out contaminations from upper mantle anisotropy. We also tested

the effect of two sublayers existing in the upper and lower MTZ
(Fig. S2a). In this case, we fixed the fast axis (®,) in the lower MTZ
while changing the fast axis (®,) in the upper MTZ. S660S—S410S
time starts to exhibit destructive interference as ®; — ®, increases
to 90° (Fig. S2d). The S660S—S410S time can only constrain the
bulk structure of MTZ anisotropy, so this measurement alone can-
not distinguish two sublayers of anisotropy within the MTZ. How-
ever, SAS amplitudes can provide further constraints on the depth
of anisotropy if the structures are located near the discontinuities
(Fig. S2e).

Test (5): Fixed Depth in the MTZ, Varied Size. The strength
and size of anisotropy control the peak-to-peak amplitudes of SdS
traveltime and amplitude variations. In this test, the bin radius was
fixed at 10° and the anisotropy layer was in the MTZ. Then, we varied
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Figure 5. (a) Same as Fig. 4 but for the anisotropy model in the deep upper mantle (250400 km). The measurements of (b) S410S—SS time residuals,
(c) S660S—SS time residuals, (d) S660S—S410S time residuals and (e) S410S/SS and S660S/SS amplitudes from the azimuthal stacking of SPECFEM3D

synthetics are shown as a function of bounce point azimuths.

the strength and size of anisotropy and identified four measurements
that were sensitive to MTZ anisotropy: S660S—SS time (Fig. 7a),
S660S—S410S time (Fig. 7b), S410S/SS and S660S/SS amplitude
(Fig. 7¢).

The first column of Fig. 7 shows that 3—5 per cent MTZ anisotropy
with 10° radius can translate into 0.9-1.5 s traveltime variations,
respectively. Generally, the variations caused by anisotropy need to
be greater than the corresponding uncertainties of SdS traveltimes
or amplitudes to become detectable. The amplitudes of uncertainties
are directly related to the noise level in the data or synthetics. We
estimated the average 2 o uncertainties by adding random noise
(SNR = 7, the average noise level of our SS data set) to synthetics
before stacking (see Section 2.2). The average uncertainties, which
are shown as grey shaded regions in Fig. 7, can be used as detection
thresholds for SdS traveltimes and amplitudes. When the radius is
10°, Fig. 7 illustrates that the S660S—SS and S660S—S410S times
can both detect >3 per cent anisotropy. The uncertainties of SdS

amplitudes are generally larger in terms of percentage so anisotropy
is more difficult to detect, requiring over 5 per cent anisotropy to
be detectable. Moving from left to right in Fig. 7, the peak-to-peak
amplitudes of SdS traveltimes and amplitudes both decrease as the
size of the structure is reduced. When the radius is decreased to
5°, the S660S—SS and S660S—S410S times can only detect >5 per
cent anisotropy, whereas the variations of SdS amplitudes are below
the detection thresholds. The 2.5° radius structures are too small to
be detected because all the variations become much lower than the
detection thresholds.

3.2 Central pacific data and resolution test

Following the depth, strength and size 3-D synthetic tests, we used
our modelling to study the detectability of anisotropy for an SS
precursor data set sampling the central Pacific region. In Fig. 8(a),
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the MTZ thickness beneath the central Pacific bin is thinner than
average predominantly due to the hot thermal anomalies caused
by the Hawaiian hotspot (Schmerr et al. 2010). In the S40RTS to-
mography model (Ritsema et al. 2011), the Hawaiian hotspot is
associated with slow Vg anomalies in the mantle, which has been
interpreted as a mantle plume rising from the core mantle boundary
(Fig. 8b). Our goal is to detect signatures of mantle deformation
associated with the Hawaiian plume from the constraints on MTZ
anisotropy. We divided the data into 30° bins based on the bounce
point azimuths. This study region has sufficient azimuthal coverage,
and number of records (NR) are greater than 100 in five azimuthal
bins (Fig. 8a). Therefore, both S410S and S660S are clearly ob-
served in data (Fig. 8c) and synthetics (Fig. 8d) from azimuthal
stacking. We measured the S660S—S410S time residuals and SdS
amplitudes from the azimuthally stacked data. The S660S—S410S
time residuals for each azimuthal bin are calculated as the traveltime

differences between the stacking results of all data in the central Pa-
cific region and the respective bins. We then inverted for azimuthal
anisotropy after removing the topography effect on traveltime and
applying amplitude corrections as well. Here, we do not consider the
S660S—SS and S410S—SS times for anisotropy inversion because
they can be contaminated by upper mantle anisotropy.

The best-fitting model for S660S—S410S time indicates that the
traveltime variations can be associated with ~3 per cent MTZ
anisotropy in this region (Fig. 9a). However, the chi-squared sta-
tistical test suggests that this signal (dInG = 2.9 =+ 3.4 per cent) is
not significantly above zero due to the large uncertainty (Fig. 9d). We
also performed the inversions for S410S/SS (Fig. 9b) and S660S/SS
amplitudes (Fig. 9¢) to search for anisotropy near the discontinu-
ities. Anisotropy uncertainties from amplitude inversions (Figs 9¢
and f) are approximately three times larger than traveltime inver-
sions. Therefore, the anisotropy inverted from amplitudes are not
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Figure 7. Effects of anisotropy size and strength on SS precursors. The measurements of (a) S660S—SS time residuals, (b) S660S—S410S time residuals, (c)
S410S/SS and S660S/SS amplitudes are shown as a function of bounce point azimuths. The radius of anisotropy decreases from 10° to 5° and 2.5° from left
to right, whereas the bin radius remains 10°. The depth of anisotropy is in the MTZ (400-670 km). The solid curves represent the best-fitting models for 1, 3
and 5 per cent input anisotropy. The dashed lines denote the mean values of each measurement. The grey shaded regions represent the detection thresholds for
SdS traveltimes and amplitudes estimated from the stacking of synthetics with an average noise level (SNR = 7).

significantly above zero either. The inversions suggest that the MTZ
anisotropy is very weak in the central Pacific, and we cannot distin-
guish the signal from a null result.

To further test the weak anisotropy hypothesis, we added noise
to the 3-D synthetics (see Section 2.2) with different SNR values,
using both idealized and realistic geometries to explore the effect
of data coverage in the central Pacific region (Fig. 2). The goal
was to test the resolution of the SS precursors in the central Pa-
cific region, and determine the minimum strength of anisotropy
that would provide a detectable signal in the data. To quantify
detectability of anisotropy, we define a parameter ¢ as the total
misfit of the best-fitting model compared to the input anisotropy
model:

dInG oy — dinGy, \ > 206\’
= ) 6
= / ( dinGy, ) * (dlnGom> ©
®out - ®in ’ 20@ g
= _— N 7
e \/< ) (0 @
where e5 and gg are the total misfit for strength of anisotropy and
fast direction, respectively, dInGj, and ®;, are the input strength

of anisotropy and input fast direction, respectively, dinG,, and
o are the best-fitting strength of anisotropy and lo error from
inversions, respectively, ®,, and og are the best-fitting fast direc-
tion and lo error, respectively. ¢ can quantify the detectability of
anisotropy as it takes into account the misfit between the input and
best-fitting anisotropy parameters, and the uncertainties of the best-
fitting model as well. ¢ is a positive value, and if ¢ < 1, we define
this scenario as a detectable case. Conversely, if ¢ > 1, we define
this scenario as a non-detectable case. Since ¢ represents the mis-
fit of the best-fitting model, the larger this value is, the lower the
detectability.

For the idealized geometry models, the detectability of
anisotropic variations from SdS traveltimes and amplitudes are
shown in Fig. 10. Generally, the detectability of anisotropy in-
creases as the input anisotropy increases or the noise level decreases.
Fig. 10(a) illustrates that the S660S—S410S time can detect 3 per
cent anisotropy with an intermediate level of noise (SNR = 7).
Fig. 10b suggests that the S660S—SS time has better resolution and
can detect 3 per cent anisotropy even with higher levels of noise
(SNR = 4). However, our tests with shallow anisotropy demonstrate
that S660S—SS time is also potentially affected by the upper mantle
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the bin is 2000 km. The pink circles denote the earthquakes and the green triangles represent the stations. The green curves are the plate boundaries (DeMets
et al. 1990). The rose diagram shows the azimuthal coverage of SS bounce points in log scale. The cyan line highlights the location of cross-section AB. (b)
A cross-section of S40RTS tomography model (Ritsema ez al. 2011) illustrating the slow Vs anomalies beneath Hawaiian hotspot that has been interpreted as
a mantle plume rising from the core mantle boundary. The red triangle denotes the location of Hawaii. The azimuthal stacking results of the (c) data and (d)
synthetics in the central Pacific bin. The number of records (NR) of each azimuthal bin is labelled beside the waveform. The dashed lines highlight the average
SdS traveltimes from the stacking of all data or synthetics in this region, which are shown in the right-hand panels.

structure (Fig. 4c), so it is not an independent indicator for MTZ
anisotropy. The test also indicates that S410S and S660S amplitudes
have lowered resolutions compared to the traveltime metrics. The
S410S amplitude can only resolve 5 per cent anisotropy with inter-
mediate level of noise (Fig. 10c), and the detectability of anisotropy
with the S660S amplitude is always low even when noise is absent
(Fig. 10d). When using a more realistic geometry model, detectabil-
ity is further degraded due to the lack of stations in the southern
Pacific (Fig. S3). However, despite the incomplete azimuthal cov-
erage, our tests prove that the S660S—S410S time should present a
detectable traveltime anomaly where there is 3 per cent anisotropy
in the central Pacific region (Fig. S3a). The conclusion is that the
central Pacific data have the potential to resolve 3 per cent or greater

anisotropy but did not detect an anomaly of this magnitude. As a
result, the azimuthal anisotropy in this region is likely to be smaller
than 3 per cent.

3.3 Japan subduction zone

In our previous study (Huang et al. 2019), we found evidence for
~3 per cent MTZ anisotropy beneath the circum-Pacific subduction
zones. However, the results were based on the stacking of multiple
subduction zones, so there was ambiguity about where the signal
originated, or if it was ubiquitous amongst all subduction zones.
Due to the relatively high density of data, we identified the Honshu
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Figure 9. Measurements of (a) S660S—S410S time residuals, (b) S410S/SS amplitude and (c) S660S/SS amplitude are shown as a function of bounce point
azimuths from the stacking results in the central Pacific region. The error bars denote the 2 o uncertainties of each measurement. The dashed lines represent the
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best-fitting anisotropy models from grid-search. The dInG and ® values in each panel are the best-fitting strength of anisotropy and fast direction, respectively.
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red cross denotes the best-fitting model and black cross represents the zero-anisotropy model. The error ellipses represent the 1 o and 20 uncertainties of the

best-fitting model based on chi-squared statistics.

subduction zone near Japan as a study region to uniquely determine
the character of MTZ anisotropy. The Honshu subduction zone is
located in a region where the MTZ is thickened primarily due to the
coldslab (e.g. Tian et al. 2016; Fig. 11a). The EARA2014 tomogra-
phy model (Chen et al. 2015) shows that the subducting slab appears
to be lying horizontally above the 660-km discontinuity beneath
Northeast (NE) China (Fig. 11b). Other regional tomography mod-
els also show a similar flat feature of the slab (e.g. Huang & Zhao
2006; Fukao & Obayashi 2013; Wei et al. 2015; Tao et al. 2018).

We chose this region to study the mantle deformation associated
with the flat slab, since it is the best-sampled subduction zone in our
SS data set. Similar to the central Pacific region, we also divided the
data into 30° azimuthal bins. However, the azimuthal coverage is
relatively poor, with only four usable azimuthal bins for stacking and
especially lacking the data with east-west orientations (Fig. 11a).
The azimuthal stacking results of data and synthetics are illustrated
in Figs 11(c) and (d), respectively. Despite limited data coverage,
the S410S and S660S are still recovered from stacking in all these
four bins, noting that the S410S in the 90° bin (NR = 3) is relatively
noisier.

We first inverted the strength of anisotropy and fast direction from
the S660S—S410S time residuals (Fig. 12a). The S660S—S410S
time residuals for each azimuthal bin are calculated as the travel-
time differences between the stacking results of all data in the Japan
subduction zone and the respective bins. The inversion suggests
that strong MTZ anisotropy (dInG = 15.3 &£ 2.7 per cent) exists

in this region with a trench-perpendicular fast direction (® = 93°
=+ 5°). Unlike the central Pacific region, the chi-squared statistical
test indicates that the MTZ anisotropy is significantly above zero
(Fig. 12d). To test if our result is biased by the EARA2014 model,
we also used another high-resolution tomography model FWEA18
(Tao et al. 2018) as well as a global model S40RTS (Ritsema et al.
2011) for additional tomography corrections. The comparisons be-
tween these two regional models and S40RTS model are illustrated
in Figs S4 and S5. We find that the strength of anisotropy is depen-
dent on the tomography corrections. From the inversions, we obtain
a slightly weaker anisotropy (dInG = 11.4 £ 7.9 per cent, Fig. S6a)
using the S40RTS model, but a stronger signal (dInG = 17.5 + 4.4
per cent, Fig. S6¢) using the FWEA18 model. These discrepan-
cies arise from the different amplitudes of Vg anomalies in these
tomography models: a global tomography model like S40RTS is
generally smoother than regional tomography models, and likely
underestimates the Vs anomalies near the slab (Figs S4-S5). There-
fore, we recomputed the uncertainty of dInG by accounting for the
Vs uncertainties from the tomography models, and the new esti-
mate is dInG = 15.3 £ 9.2 per cent. The inversion results for fast
directions are very similar among these three models: ® = 92° +
23° for S40RTS model (Fig. S6a) and ® = 92° £ 8° for FWEA
model (Fig. S6c). The chi-squared statistical tests show that all
three anisotropy inversions are significantly above zero (Figs S6d—
f), which further supports that the observed MTZ anisotropy is a
robust signal.
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Figure 10. Detectability matrix for the central Pacific bin using an idealized source—receiver geometry. The dInG detectability matrix for (a) S660S—S410S
time, (b) S660S—SS time, (c) S410S/SS amplitude and (d) S660S/SS amplitude. SNR = 7 is the average noise level of our SS data set. The total misfit G of
dInG is negatively correlated with the detectability. When ¢ is greater than 1 (saturated in the plot), the model is considered as non-detectable.

The inversions for S410S/SS and S660S/SS amplitudes are shown
in Figs 12(b) and (c), respectively. The strength of anisotropy
(dInG = 19.2 £ 18.0 per cent) inverted from S410S/SS ampli-
tudes is significantly above zero (Fig. 12e), and this value is con-
sistent with the one inverted from S660S—S410S time. On the
contrary, the inversions for S660S/SS amplitudes show larger un-
certainties, thus not significantly above zero (Fig. 12f). This suggests
that the MTZ anisotropy likely exists in the upper transition zone
right below the 410-km discontinuity, thereby causing the change
of reflection coefficients of S410S with azimuths. Similar to the
S660S—S410S time, we also tested other two tomography mod-
els to validate this anisotropy signal. However, the inversions for
S410S/SS amplitudes based on other two tomography models are
not significantly above zero (Figs S7d and f). We therefore con-
clude that the MTZ anisotropy constrained from S410S/SS ampli-
tudes is not a robust signal, and this should not be used for further
interpretations.

Following the Central Pacific study region methodology, we ran a
similar resolution test for the Japan subduction zone using both ide-
alized and realistic source and receiver geometries (Fig. 3) but with
stronger anisotropy. The resolution of the idealized geometry model
is very similar to that of the central Pacific region although the bin
size is smaller. However, the realistic geometry model using the

actual azimuthal coverage of Japan bin displays poorer detectability
in Fig. 13. Despite the lower resolution, Fig. 13(a) demonstrates
that S660S—S410S time can detect ~15 per cent anisotropy with
intermediate level of noise (SNR = 7). Fig. 13(b) reveals that the de-
tectability of fast direction is even higher: S660S—S410S time can
reconstruct the input fast direction as long as anisotropy is greater
than 5 per cent. This resolution test and chi-squared statistical test
both suggest that the MTZ anisotropy observed in the Japan sub-
duction zone is a robust feature. On the contrary, the detectabilities
of S410S/SS (Fig. 13c) and S660S/SS amplitudes (Fig. 13d) are
much lower, which is consistent with the non-detection of MTZ
anisotropy from the amplitude inversions in Fig. 12.

4 DISCUSSION

4.1 Proof of concept: resolutions and limitations of SS
precursors

Currently, the two major tools to constrain deep mantle anisotropy
are shear wave splitting and higher mode surface waves. However,
the shear wave splitting method has limited vertical resolution to
distinguish the depth distribution of anisotropy, while surface waves
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are shown in the right panels.

have low horizontal resolution (~6500 km in the MTZ from Visser
et al. 2008; Yuan & Beghein 2018) and cannot detect small-scale
anisotropy such as the structures near subduction zones. For com-
parison, the horizontal resolutions of long-period SS precursors (i.e.
Fresnel zone) are ~1000 km in radius (e.g. Dahlen 2005; Lawrence
& Shearer 2008). We have demonstrated that stacks of the SS pre-
cursors have sensitivity to azimuthal anisotropy in the upper mantle
and MTZ through 3-D synthetic modelling. The traveltimes of SS
precursors can detect >3 per cent azimuthal anisotropy in the MTZ
with intermediate level of noise (SNR = 7). The amplitudes of SS
precursors can shed light on the anisotropy change across a seismic
discontinuity such as the 410-km discontinuity (Saki et al. 2018).
Due to the effect of stacking, the uncertainties of SdS amplitudes
are often larger than traveltime measurements so they can only de-
tect >5 per cent azimuthal anisotropy in the MTZ. However, we can
apply this method to a shallower upper mantle discontinuity with
stronger anisotropy such as the lithosphere-asthenosphere boundary
(LAB) or mid-lithosphere discontinuity (MLD) where the polarity
change of the amplitudes can take place (e.g. Rychert et al. 2014;
Wirth & Long 2014).

Sufficient azimuthal coverage is key to successfully applying SS
precursors to anisotropy studies. This method requires at least 4-5
different azimuths with NR > 100 in each azimuthal bin to ob-
tain a robust estimate of strength and fast direction of anisotropy.
However, insufficient azimuthal coverage is common in our SS
data set, and we only identify four candidate locations suitable
for constraining azimuthal anisotropy: (1) the northwestern Pacific,

(2) the central Pacific, (3) the central Atlantic and (4) Greenland
(Huang et al. 2019). This is primarily due to the uneven distri-
butions of large earthquakes concentrated near plate boundaries
and dense stations mostly in North America (e.g. USArray). This
means that although the western Pacific subduction zones have large
numbers of records sampling the region, azimuthal coverage is ac-
tually quite limited. However, in the Japan subduction zone, we
have demonstrated that a strong anisotropy (> 10 per cent) can still
be detected by SS precursors when azimuthal coverage is limited.
The data could be augmented by future ocean bottom seismometers
(OBS) deployed across the Pacific Ocean (e.g. Kawakatsu et al.
2009).

A second challenge identified in this approach is the determi-
nation of the depth and thickness of the anisotropic layer. Our
tests show that the SS precursors cannot resolve multiple sublay-
ers of anisotropy structures in the target depth range (Fig. S2).
For example, the SS precursors cannot distinguish whether MTZ
anisotropy is located in the upper or lower MTZ, or the whole MTZ.
Thus, in our modelling and data analysis, we only assume uniform
anisotropy across the whole MTZ, which may underestimate the
strength of anisotropy if it is only localized in a sublayer. The fi-
nal challenge is that we focus only on the SH waves to constrain
azimuthal anisotropy, but SV waves can also provide useful infor-
mation about anisotropy, via the splitting of the SS phase and its
precursors (e.g. Wolfe & Silver 1998). Furthermore, there might
be potential contaminations from the leakage of SV waves (e.g.
SKKKS phase) to the transverse component due to the inaccurate
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Figure 12. Measurements of (a) S660S—S410S time residuals, (b) S410S/SS amplitude and (c) S660S/SS amplitude are shown as a function of bounce point
azimuths from the stacking results in the Japan subduction zone. The legends are the same as Fig. 9. The red curves denote the best-fitting anisotropy
models. The grid-search results for S660S—S410S time, S410S/SS amplitude and S660S/SS amplitude are shown in panels (d), (e) and (f), respectively. The
red cross denotes the best-fitting model and black cross represents the zero-anisotropy model. The error ellipses represent the 1 o and 20 uncertainties of
the best-fitting model derived from chi-squared statistics. The azimuthal anisotropy inverted from S660—S410S time is significantly above zero and shows a

trench-perpendicular fast direction.

rotations of horizontal components. However, even if the inaccurate
rotations exist, the amplitudes of these phases are still much smaller
than that of SS precursors on the transverse component, thus would
only cause negligible interference (Waszek er al. 2018). Despite
these limitations, SS precursors can serve as a new method to con-
strain seismic anisotropy in the upper and mid-mantle, especially
beneath oceanic regions where seismic stations are underpopulated
for shear wave splitting measurements.

4.2 Mantle deformation in the transition zone

4.2.1 Hawaiian hotspot

In the central Pacific region, we did not find definitive evidence
for MTZ anisotropy beneath the Hawaiian hotspot. Few shear-wave
splitting studies have reported evidence for MTZ anisotropy in this
region, either due to the interference of strong lithosphere and as-
thenosphere anisotropy (e.g. Collins et al. 2012) or simply lack of
data. Therefore, we compare our results to three higher mode sur-
face wave models at 500-km depth: YB13SVani (Yuan & Beghein
2013), SL2016SvA (Schaeffer et al. 2016), and 3D2017_09Sv (De-
bayle et al. 2016). These three models only show 0.5-1.0 per cent
azimuthal anisotropy near Hawaiian hot spot. Ideally, the SS pre-
cursors can only detect 1 per cent azimuthal anisotropy with very
clean data (SNR > 12, Fig. 10). In this case, the strength of MTZ
anisotropy beneath Hawaiian hot spot is likely below our resolu-
tion. This suggests that the vertical mantle flow associated with

the Hawaiian plume has not produced significant MTZ azimuthal
anisotropy (Fig. 14).

4.2.2 Deformation in the flat slab

In the Japan subduction zone, we found evidence for strong az-
imuthal anisotropy (15.3 = 9.2 per cent) in the MTZ with a trench-
perpendicular fast direction. We note that the uncertainty of MTZ
anisotropy is as large as 9.2 per cent due to the limited data cover-
age in Japan as well as the additional uncertainties arising from the
tomography models used for the traveltime corrections. The lower
bound of MTZ anisotropy (~6 per cent) approaches the mineral
physics constraints on the maximum anisotropy expected from the
MTZ minerals. Although wadsleyite is considered as the main con-
tributor to MTZ anisotropy, a > 6 per cent anisotropy signal cannot
be readily explained solely by LPO of wadsleyite. Furthermore, the
addition of water near the slab would decrease the elastic anisotropy
of wadsleyite (Zhang et al. 2018; Zhou et al. 2021), making it more
difficult to explain such a strong anisotropic signal. Similarly, LPO
of metastable olivine wedge within the slab is not predicted to pro-
duce a >6 per cent anisotropy signature either (e.g. Kawakatsu &
Yoshioka 2011). Another seismological study by Li et al. (2018) ob-
served even stronger Vg anisotropy (1525 per cent) in the MTZ near
Japan, which was attributed to the presence of highly anisotropic
mineral magnesite (~40 per cent Vs anisotropy, Yang et al. 2014)
layered into the slab. As discussed in Section 4.1, long-period SS
precursors would likely underestimate the strength of anisotropy
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Figure 13. Detectability matrix for the Japan subduction zone using a realistic source-receiver geometry. The (a) dInG and (b) ® detectability matrix for
S660S—S410S time. The dInG detectability matrix for (c) S410S/SS amplitude and (d) S660S/SS amplitude.

from the 10 to 100 km small-scale structures as observed by Li
et al. (2018). Given the complex chemical heterogeneities present
in subduction zones, it is likely that more than one mineralogical
mechanism contributed to these complex systems.

For example, the presence of other highly anisotropic minerals,
such as stishovite in the upper basalt layer or akimotoite in the lower
harzburgite layer, would be expected in the flat slab beneath NE
China, and thus might contribute to the observed MTZ anisotropy.
Stishovite would form in the mid-ocean ridge basalt at 10-20 vol
per cent, and it has a single crystal Vs anisotropy that can reach up
to ~49 per cent (e.g. Cordier et al. 2004; Jiang et al. 2009; Xu et
al.2020). Geodynamic modelling demonstrates that the MTZ could
be a basalt-enriched reservoir with a basalt fraction between 30 and
50 per cent (Yan et al. 2020). However, even given the potential
basalt enrichment, the volume fraction of stishovite could only reach
up to ~10 per cent across the MTZ, so the resulting anisotropy
caused by the LPO of stishovite would be less than 1 per cent
(Faccenda et al. 2019). Another possibility is that akimotoite could
be stable in the lower MTZ, especially in cold subduction zones, and
it has been proposed to be a contributor to MTZ anisotropy observed
in the Tonga subduction zone due to its large Vs anisotropy between
18 and 25 per cent (e.g. Shiraishi e al. 2008; Hao et al. 2019).

However, the volume fraction of akimotoite is estimated to be only
~15 per cent in harzburgite (Ishii ez al. 2019), thereby again yielding
less than 1 per cent anisotropy in the MTZ. Since the subducting
slab can potentially transport water into the MTZ, hydrous phases
(e.g. Nowacki et al. 2015) and extremely anisotropic mineral ice-
VII (70 per cent Vs anisotropy, Zhang et al. 2019) are candidates
for contributing to the observed anisotropy as well. However, the
scales of these structures are likely small, thereby not producing
detectable anisotropy by SS precursors. Owing to their low expected
abundances, the LPO of highly anisotropic minerals within the slab
alone do not seem to explain the strong MTZ anisotropy either.
An alternative mechanism is that the SPO associated with the
compositional layering in the slab could explain the observed
MTZ anisotropy. Theoretical calculations show that the extrinsic
Vs anisotropy caused by the grain-scale SPO in the basaltic mate-
rials could reach up to 6 per cent (Faccenda et al. 2019). This is
compatible with the lower bound of observed MTZ anisotropy be-
neath NE China. Furthermore, global thermochemical convection
models show that the lower MTZ is potentially enriched in basalt
(Ballmer et al. 2015; Yan et al. 2020), thus providing sufficient
source of extrinsic anisotropy. Therefore, the grain-scale SPO of
basaltic materials induced by the shear deformation within the flat
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Figure 14. A schematic diagram depicting the deformation in the upper mantle and transition zone observed from SS precursors. The red lines on the left
represent the grain-scale SPO of basaltic materials (Faccenda ef al. 2019) that produced the strong azimuthal anisotropy (15.3 &£ 9.2 per cent) in the flat slab
beneath NE China. The pink arrows denote the inferred mantle flow direction from azimuthal anisotropy assuming A-type olivine in the upper mantle and
[001] (010) slip system of wadsleyite in the MTZ (Kawazoe et al. 2013). On the left, the trench-parallel flow consistently exists in the subslab upper mantle
and MTZ beneath the Japan subduction zone (Huang et al. 2019). The mantle wedge is likely dominated by the trench-perpendicular corner flow (e.g. Zhao et
al. 2009) which is not observed in our study. On the right, the Hawaiian mantle plume can only produce very weak azimuthal anisotropy (~1 per cent) which is
not detectable from SS precursors. The asthenosphere beneath Hawaii show strong azimuthal anisotropy (~4 per cent) with a fast direction parallel to the plate
motion direction (Huang ef al. 2019). The azimuthal anisotropy is negligible (<1 per cent) in the ambient mantle. The red triangles represent the volcanoes

associated with hotspots or subduction zones.

slab is a plausible mechanism to explain the strong MTZ anisotropy
beneath NE China (Fig. 14). However, we cannot rule out that the
LPO of anisotropic minerals (e.g. wadsleyite, stishovite and akimo-
toite) also contributes to the observed MTZ anisotropy, even though
their influence could be small. Since the grain-scale SPO is only
compatible with the lower bound of MTZ anisotropy, it is very likely
that a combination of LPO and SPO or other mechanisms together
all contributed to the observed MTZ anisotropy. Joint modelling of
LPO and SPO mechanisms within the MTZ is required to determine
whether larger degrees of anisotropy can be achieved with complex
compositional heterogeneities.

The trench-perpendicular fast direction is consistent with previ-
ous observations using source-side shear wave splitting measure-
ments of deep earthquakes beneath NE China (e.g. Lynner & Long
2015; Nowacki et al. 2015). Lynner & Long (2015) found evidence
for azimuthal anisotropy originating from the MTZ and uppermost
lower mantle beneath NE China, and the fast splitting direction
is also trench-perpendicular. The P-wave anisotropic tomography
study also detected trench-perpendicular fast direction located in
the flat slab (Wei et al. 2015). The consistency among these three
different methods combined with our 3-D synthetic modelling sug-
gests that trench-perpendicular anisotropy is a definitive feature of
the MTZ beneath NE China. However, the fast splitting directions in
the MTZ display a heterogeneous pattern across different subduc-
tion zones around the Pacific Ocean. Beneath the Tonga subduction
zone, the dominant fast direction is trench-parallel (Foley & Long
2011; Mohiuddin et al. 2015); whereas the Sumatra and South
America subduction zones show both trench-parallel and trench-
perpendicular fast directions (di Leo ef al. 2012; Lynner & Long
2015; Nowacki et al. 2015). Our previous study (Huang ez al. 2019)
combined all the data in the circum-Pacific subduction zones for
stacking and concluded that trench-perpendicular fast direction is
the most coherent pattern, however our data could have been biased
by the regions in Japan and South America where the data coverage
is the densest. The variability of fast directions also suggests het-
erogeneous flow patterns associated with different subducting slabs
(penetrating or stagnant) in the mid-mantle, and may be indicative

of which underlying physical mechanisms are responsible for the
observed anisotropy.

4.2.3 Trench-parallel flow in the subslab mantle

To provide a holistic view of mantle flow and deformation pattern
near or within the subducting slabs, we combined this study with
our previous observations of MTZ anisotropy using SS precursors
(Huang et al. 2019) for further discussions. In this study, we used
a regional data set which is mainly sensitive to the slab deforma-
tion beneath NE China. However, in Huang ez al. (2019), our data
were more sensitive to the subslab mantle anisotropy rather than the
subducting slab itself, thus shedding more light on the mantle flow
patterns beneath the slab. The strength of subslab MTZ anisotropy is
only ~3 per cent which is much weaker than the observed anisotropy
in the flat slab. Therefore, unlike the interpretations above, we can
assume that LPO of wadsleyite is the primary contributor to the
MTZ anisotropy in the subslab mantle beneath Japan. The inter-
pretation of mantle flow direction from the fast direction of mantle
anisotropy requires the experimental data of wadsleyite’s dominant
slip systems (Sharp et al. 1994; Thurel & Cordier 2003; Demouchy
etal.2011; Kawazoe et al. 2013; Ohuchi et al. 2014). Kawazoe et al.
(2013) reported that the dominant slip system of wadsleyite is [001]
(010), therefore the mantle flow direction is perpendicular to the fast
polarization direction of shear wave, which is the same as B-type
olivine (e.g. Jung & Karato 2001). Under the assumption of a [001]
(010) slip system for wadsleyite, the seismic trench-perpendicular
fast direction then infers trench-parallel flow in the subslab MTZ
(Fig. 14). The inferred flow also agrees well with the trench-parallel
flow directions in the subslab MTZ predicted by 3-D geodynamic
modelling (Faccenda 2014).

Our previous study (Huang et al. 2019) also reported that trench-
parallel fast direction is dominant in the upper mantle (<410 km)
beneath the slab, which is consistent with trench-parallel flow as-
suming A-type olivine fabric (e.g. Karato ef al. 2008). The trench-
parallel flow around slabs agrees well with the toroidal flow induced
by trench migration (Faccenda & Capitanio 2012). Consequently,
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our results suggest that the mantle flow direction remains consis-
tently trench-parallel throughout the entire subslab upper mantle
and transition zone beneath Japan (Fig. 14). Alternatively, the flow
direction in the transition zone can rotate by 90° and become trench-
perpendicular if we assume a different type of slip system of wad-
sleyite (e.g. Demouchy ez al. 2011), but this is less consistent with
geodynamic modelling (Faccenda 2014).

5 CONCLUSIONS

We have investigated the sensitivity of SS precursors to
azimuthal anisotropy using 3-D synthetics computed from
SPECFEM3D_GLOBE. We tested the following factors that af-
fect the sensitivity of SS precursors: the depth of anisotropy, size
and strength of anisotropy, source and receiver geometry, and noise
level. We demonstrate that the SS precursors can distinguish be-
tween anisotropy in the upper mantle versus the MTZ via the az-
imuthal variations of SdS traveltimes and amplitudes. The source
and receiver geometry (i.e. azimuthal coverage) plays a key role
in constraining the strength of anisotropy and fast direction. When
data coverage is sufficient (i.e. NR > 100 in each azimuthal bin), the
SS precursors can resolve >3 per cent azimuthal anisotropy in the
MTZ where stacked data have an average level of noise (SNR = 7).
In case of biased or limited azimuthal coverage (e.g. Japan), the
strength of anisotropy and fast direction were still recovered from
our analysis of S660S—S410S time when the local anisotropy is
strong (>10 per cent).

We used our approach to search for evidence for mantle flow
associated with a mantle plume or subducting slab in the MTZ be-
neath the central Pacific region and the Japan subduction zone. In the
Japan subduction zone, we detected significant azimuthal anisotropy
(dInG = 15.3 £ 9.2 per cent) with a trench-perpendicular fast direc-
tion (® = 93° &£ 5°) in the MTZ. We attribute this Vs anisotropy to
the grain-scale SPO of basaltic materials induced by the shear de-
formation in the flat slab beneath NE China. It is likely that the LPO
of wadsleyite and other highly anisotropic minerals (e.g. stishovite
and akimotoite) introduced by the subducting slab also contributed
to this anisotropic signal. The relatively weaker anisotropy (~3 per
cent) observed in the subslab MTZ is attributed to the LPO of wad-
sleyite such that the trench-perpendicular fast direction in Japan is
interpreted as trench-parallel mantle flow based on the dominant
slip system of wadsleyite. We infer that the mantle flow direc-
tion beneath Japan is likely to remain consistently trench-parallel
throughout the entire subslab upper mantle and transition zone. In
the central Pacific region, the resolution test suggests that our data
can resolve 3 per cent anisotropy, but no anisotropy is detected. The
MTZ anisotropy is probably <<3 per cent beneath central Pacific,
which is consistent with ~1 per cent anisotropy from the surface
wave models, and therefore below the detection threshold of SS
precursors. This implies that the vertical flow associated with the
mantle plume beneath Hawaiian hotspot has not produced strong
azimuthal anisotropy in the MTZ.
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SUPPORTING INFORMATION

Supplementary data are available at G.JI online.

Figure S1. (a) Same as Fig. 4 but for the model with two layers
of anisotropy: first layer in shallow upper mantle (80-220 km) and
second layer in the MTZ (400-670 km). The light green bars repre-
sent the LPO of olivine with fast axis ®;. The dark green and blue
bars denote the LPO of wadsleyite and ringwoodite, respectively.
These two minerals have the same fast axis ®,. The measurements
of (b) S410S—SS time residuals, (¢) S660S—SS time residuals, (d)
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S660S—S410S time residuals, (e) S410S/SS and S660S/SS ampli-
tudes from the azimuthal stacking of SPECFEM3D synthetics are
shown as a function of bounce point azimuths.

Figure S2. (a) Same as Fig. 4 but for the model with two sublayers of
anisotropy in the upper MTZ (400-520 km) and lower MTZ (520—
670 km). The green bars represent the LPO of wadsleyite with fast
axis Oy, and the blue bars represent the LPO of ringwoodite with
fast axis ©,. The measurements of (b) S410S—SS time residuals,
(c) S660S—SS time residuals, (d) S660S—S410S time residuals, (e)
S410S/SS and S660S/SS amplitudes from the azimuthal stacking
of SPECFEM3D synthetics are shown as a function of bounce point
azimuths.

Figure S3. Same as Fig. 10 but using a realistic source-receiver
geometry. The dInG detectability matrix for (a) S660S—S410S time,
(b) S660S—SS time, (c) S410S/SS amplitude and (d) S660S/SS
amplitude.

Figure S4. Comparisons between a global tomography model
S40RTS (Ritsema et al. 2011) and two regional tomography mod-
els: EARA2014 (Chen et al. 2015) and FWEA18 (Tao et al. 2018)
in the upper mantle. The magenta box highlights our study region
in the Japan subduction zone. The regional models can better image
the shape of subducting slab as well as the low Vs anomalies in the
upper mantle.

Figure S5. Same as Fig. S4 but for the MTZ depth (410-660 km).
In the MTZ, S40RTS underestimates the V5 anomalies associated
with stagnant slab compared to the two regional models.

Figure S6. Comparisons of S660S—S410S time residuals and MTZ
anisotropy inversions in the Japan subduction zone after tomography
corrections using three different models: (a) S40RTS (Ritsema et
al.2011), (b) EARA2014 (Chen et al. 2015) and (c) FWEA18 (Tao
et al. 2018). The grid-search results of the best-fitting models and
error ellipses are shown in bottom panels (d), (¢) and (f) for S40RTS,
EARA2014 and FWEA1S, respectively. The legends are the same
as Fig. 12.

Figure S7. Comparisons of S410S/SS amplitudes and MTZ
anisotropy inversions in the Japan subduction zone after tomogra-
phy corrections using three different models: (a) S40RTS (Ritsema
et al. 2011), (b) EARA2014 (Chen ef al. 2015) and (c) FWEA18
(Tao et al. 2018). The grid-search results of the best-fitting models
and error ellipses are shown in bottom panels (d), (¢) and (f) for
S40RTS, EARA2014 and FWEA1S8, respectively. The legends are
the same as Fig. 12.
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