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SUMMARY

Observations of large-scale seismic anisotropy can be used as a marker for past and current
deformation in the Earth’s mantle. Nonetheless, global features such as the decrease of the
strength of anisotropy between ~150 and 410 km in the upper mantle and weaker anisotropy
observations in the transition zone remain ill-understood. Here, we report a proof of concept
method that can help understand anisotropy observations by integrating pressure-dependent
microscopic flow properties in mantle minerals particularly olivine and wadsleyite into geo-
dynamic simulations. The model is built against a plate-driven semi-analytical corner flow
solution underneath the oceanic plate in a subduction setting spanning down to 660 km depth
with a non-Newtonian » = 3 rheology. We then compute the crystallographic preferred orien-
tation (CPO) of olivine aggregates in the upper mantle (UM), and wadsleyite aggregates in the
upper transition zone (UTZ) using a viscoplastic self-consistent (VPSC) method, with the lower
transition zone (LTZ, below 520 km) assumed isotropic. Finally, we apply a tomographic filter
that accounts for finite-frequency seismic data using a fast-Fourier homogenization algorithm,
with the aim of providing mantle models comparable with seismic tomography observations.
Our results show that anisotropy observations in the UM can be well understood by introduc-
ing gradual shifts in strain accommodation mechanism with increasing depths induced by a
pressure-dependent plasticity model in olivine, in contrast with simple A-type olivine fabric
that fails to reproduce the decrease in anisotropy strength observed in the UM. Across the UTZ,
recent mineral physics studies highlight the strong effect of water content on both wadsleyite
plastic and elastic properties. Both dry and hydrous wadsleyite models predict reasonably low
anisotropy in the UTZ, in agreement with observations, with a slightly better match for the dry
wadsleyite models. Our calculations show that, despite the relatively primitive geodynamic
setup, models of plate-driven corner flows can be sufficient in explaining first-order observa-
tions of mantle seismic anisotropy. This requires, however, incorporating the effect of pressure
on mineralogy and mineral plasticity models.

Key words: Composition and structure of the mantle; Phase transitions; Seismic anisotropy;
Seismic discontinuities.

some occasions, they can be detected across the Earth’s crust which

I INTRODUCTION is often attributed to extrinsic anisotropy (Crampin 1994). Sub-

Over the past four decades, seismic studies revealed the ubiquity
of seismic anisotropy (i.e. directional-dependence of seismic wave
velocities) across regions within the Earth’s interior pertaining to
boundary layers where deformation is assumed to be the largest
(e.g. Montagner 1998). Most of the large-scale seismic anisotropy
is observed across the upper-mantle underneath tectonic plates (e.g.
Nataf et al. 1984; Silver 1996; Savage 1999; Boschi & Ekstrom
2002; Debayle & Ricard 2013; Eddy et al. 2022); although on

sidiary observations are identified in the lowermost mantle across
the D” layer (e.g. Kendall & Silver 1998; Panning & Romanow-
icz 2006; Thomas ef al. 2011; Nowacki & Nowacki 2013). At
mid-mantle depths, the presence of seismic anisotropy remains
enigmatic. Some studies suggest that it is nearly isotropic in the
regional-scale (e.g. Kaneshima & Silver 1992; Meade et al. 1995;
Fischer & Wiens 1996) whereas global-scale anisotropic tomog-
raphy revealed a radially anisotropic mid-mantle (e.g. Panning &
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Romanowicz 2006; Chang et al. 2015). Across the mantle transition
zone (~410-660 km), enough evidence has shown the presence of
seismic anisotropy (e.g. Montagner & Kennett 1996; Visser et al.
2008; Panning & Romanowicz 2006; Chang ef al. 2015; Simmons
etal. 2019) especially around subduction zones (Wookey & Kendall
2004; Ferreira et al. 2019; Montagner et al. 2021). In this study, we
take interest in the origins of seismic anisotropy in the upper mantle
(UM: 100410 km) and the upper mantle transition zone (UTZ:
410-520 km).

In terms of the S-wave radial anisotropy parameter (§ =
VZ,/V3,) where Vsy and Vs are both horizontally propagating
but horizontally polarized and vertically polarized shear waves, re-
spectively), there is a consensus among tomographic models of &
that the globally averaged upper mantle (>250 km) exhibits positive
S-wave radial anisotropy (§ > 1) of about ~5 per cent which peaks at
~150 km and smoothly decreases to nearly 0 per cent from ~250 km
down to the 410-km seismic discontinuity (e.g. Dziewonski & An-
derson 1981; Montagner & Kennett 1996; Moulik & Ekstrom 2014;
French & Romanowicz 2014; Chang et al. 2015). This characteristic
peak at 150 km is often attributed to deformation patterns result-
ing from corner-type flows across the low viscosity channel right
underneath the lithosphere (Gung et al. 2003) whereas the rapid
decline in seismic anisotropy below this depth is often interpreted
in terms of a shift in the dominant deformation mechanism (Karato
& Wu 1993). Alternatively, the decrease in anisotropy with depth
could also be explained by a deformation restricted in the upper
part of the asthenosphere such as the receding deformation induced
by a relatively strong migrating overriding lithosphere (e.g. Li et al.
2022). Meanwhile, the average UTZ displays weak negative S-wave
radial anisotropy (§ < 1) of roughly less than 1% where most of
the contribution comes from seismic anisotropy produced around
subducting slabs (Montagner et al. 2021).

Interpreting the ubiquity of radial anisotropy in the UM and UTZ
requires an understanding from where and how it originates. Large-
scale seismic anisotropy mainly results from the crystallographic
preferred orientation (CPO) of mantle minerals as they get pro-
gressively sheared along the convective mantle flow (Nicolas &
Christensen 1987; McNamara et al. 2002). They are called intrin-
sic anisotropy since seismic anisotropy is an inherent property of
the minerals themselves. Sources of seismic anisotropy that cannot
be explained by CPO alone are often called extrinsic anisotropy. It
refers to anisotropic signals present in seismic observations due to
the effective medium averaging of preferentially oriented isotropic
heterogeneities whose scales are much smaller than the wavelength
of the propagating wave (e.g. Backus 1962; Wang et al. 2013). One
such example is the radial anisotropy observed at the base of the
lithosphere which has been interpreted as horizontally laminated
melt that has crystallized during the thickening of the lithosphere
(Auer et al. 2015; Debayle et al. 2020). Thus, extrinsic anisotropy
due to small-scale structures results from the limited frequency band
of seismic data.

Olivine is the most abundant anisotropic mineral in the upper
mantle where it displays shear wave velocity variations of up to 18
per cent (Kumazawa & Anderson 1969). The large-scale seismic
anisotropy observed in the upper mantle may result from the CPO
of olivine aggregates as they get progressively sheared along the
convective mantle flow. Constraints from high-pressure laboratory
experiments of olivine deformation suggest the most active slip
system of anhydrous olivine (type A) to be (010)[100] (Zhang &
Karato 1995). For simple shear deformation, a polycrystal olivine
whose elastic structure can be approximated with hexagonal sym-
metry (Browaeys & Chevrot 2004) may re-orient its symmetry axis
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to the [100] axis of olivine, and ultimately to the direction of flow.
Hence, seismic anisotropy which is often parametrized in terms of
a transversely isotropic (TI) medium in anisotropic imaging serves
as a proxy to deduce the direction of flow in the upper mantle.
The active slip systems of olivine, however, are subjected to varia-
tions in some aspects most notably water content and pressure upon
which their effect on the patterns of seismic anisotropy remains to
be understood (e.g. Zhang & Karato 1995; Mainprice et al. 2005;
Raterron et al. 2007, 2011)

Across the UTZ, the 410-km seismic discontinuity results from
the olivine to wadsleyite pressure-induced phase transformation
(e.g. Katsura et al. 2004). Barring pyroxene which only represents
15 per cent of the volume fraction, wadsleyite is considered the most
abundant anisotropic constituent of the UTZ. At ambient conditions,
single crystal wadsleyite exhibits shear wave velocity variations of
up to 14 per cent (Mainprice et al. 2000). Further down, ringwoodite
and garnet are the dominant phases in the 520-660 km depth range.
They, however, manifest little to no seismic anisotropy (Ringwood
1991). Because of this, it is often argued that the intrinsic seismic
anisotropy observed across the UTZ mainly results from the strain-
induced CPO of wadsleyite aggregates. Unlike dry olivine at low
pressure, there is no definitive proxy that correlates the orientation
of the flow with the preferential alignment of the crystallographic
axes of wadsleyite, and the symmetry axis of'its resulting polycrystal
elastic tensor.

To provide an adequate explanation for the observations of seis-
mic anisotropy, it is valuable to compare them with geodynamic
predictions with constraints from mineral physics (e.g. Magali et
al. 2021). In recent years, much work has been done to couple man-
tle flow models with CPO calculations for the prediction of seismic
anisotropy in the upper and mid mantle in subduction or mid-ocean
ridge settings (e.g. Faccenda 2014; Hedjazian et al. 2017; Sturgeon
et al. 2019). Strong CPO is not predicted to form during diffusion
creep. In purely viscous geodynamic simulations, strain is parti-
tioned between diffusion and dislocation creep, and only part of
the strain accommodated by dislocation creep is used to compute
CPO (Karato & Wu 1993). While the aforementioned studies prac-
tised strain partitioning, simpler models where all deformation is
accommodated by dislocation creep still predicted the observed dis-
tribution of large-scale anisotropy provided that the deformation is
confined in the shallow part of the subplate mantle (Faccenda &
Capitanio 2012, 2013). These geodynamic simulations, however,
ignored the pressure-dependence of olivine textures which could
be a potentially viable explanation for the decrease of the observed
radial anisotropy parameter & between 250 and 410 km (Mainprice
et al. 2005).

In this study, we investigate the effect of pressure on the observed
large-scale radial anisotropy in the upper mantle and the upper
part of the transition zone by implementing pressure-induced slip
transitions and the most recent dislocation slip data of wadsleyite in
CPO computations. We test this method for a non-Newtonian corner
flow model of the entrained mantle underneath the oceanic plate
and of the subslab mantle. We then apply a tomographic filtering
technique, called elastic homogenization, based on the minimum
wavelength considered in seismic tomography (Capdeville et al.
2015; Magali et al. 2021). The output is a smooth model of radial
anisotropy that is compatible with seismic tomography assuming
perfect data coverage (Capdeville & Métivier 2018). This work is
not intended to completely unravel the origin of large-scale seismic
anisotropy in the mantle by exploring variations in some parameters
that would change its pattern such as plate speeds and the subduction
angle. Rather, we showcase a method that adds pressure-induced
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slip transitions of anisotropic minerals in geodynamic modelling,
and establish that pressure effects on plastic deformation in these
minerals are visible even in the tomographic version of the mantle.

2 BACKGROUND: ELASTIC
HOMOGENIZATION

Elastic homogenization refers to a class of methods that aims to
average the fine-scale properties of an elastic medium possessing
small-scale spatial heterogeneities and retrieve their large-scale ex-
pression using a set of highly non-linear upscaling relations (e.g.
Backus 1962; Hashin & Shtrikman 1963; Sanchez-Palencia 1980;
Allaire 1992; Capdeville et al. 2010; Guillot et al. 2010). In wave
propagation theory, homogenization removes spatial heterogeneities
in density p and in the elastic tensor ¢ of a medium whose scales are
smaller than the minimum wavelength A,;, of the observed seismic
wavefield, and instead replace them with the effective properties p*
and c¢*. In this way, standard wave equation solvers operate on a
medium containing p* and ¢*, and, in theory, yield displacements
similar to the fine-scale medium sampled by A, up to a certain
error limit. For 1-D stratified media, Backus (1962) derived analyti-
cal upscaling relations where a vertically transverse isotropic (VTI)
medium is the long-wavelength equivalent of a horizontally layered
isotropic medium (Fig. 1a). Homogenization techniques have also
been developed for stochastic (Blanc ez al. 2007; Bensoussan et al.
2011) and non-layered media (McLaughlin 1977; Hornby et al.
1994) among others.

The true Earth, however, is a non-periodic and multiscale
medium. This motivated Capdeville et al. (2015) to develop a fast-
Fourier homogenization (FFH) algorithm for a 3-D fine-scale elastic
medium with no natural scale separation. The iterative algorithm
is heavily based on the extensive usage of fast Fourier transforms
to solve the periodic Lippman—Schwinger equation (Moulinec &
Suquet 1998). The output is a simple mesh-less upscaled elastic
medium (i.e. the effective elastic properties). The method initially
served as a pre-processing step to compute synthetic seismograms
in a fast and efficient manner. It has been applied in recent years
to quantify extrinsic anisotropy due to small-scale isotropic het-
erogeneities (Alder et al. 2017). For instance, Alder et al. (2017)
demonstrated that in a 2-D mechanically mixed isotropic mantle,
horizontal laminations produce positive radial anisotropy (§ > 1)
whereas vertical laminations produce negative radial anisotropy (&
< 1) (Fig. 1b). It has also been applied to estimate the contribution
of structural layering and CPO to the effective radial anisotropy in a
tomographic image of the upper mantle underneath oceanic plates
(Magali et al. 2021). It was also used for downscaling to recover
fine-scale properties from a synthetic tomographic model inferred
from a full waveform inversion (Hedjazian et al. 2021).

Seismic tomography poses two main difficulties that hinder the
recovery of the true elastic medium: (i) uneven distribution of ray
path coverage and (ii) limited frequency band of seismic data. In
practice, (i) can be be accounted for by operating the resolution
matrix R constructed from a global tomographic model (Simmons
et al. 2019) onto our models of seismic anisotropy derived from
geodynamic and CPO evolution calculations. For simplicity, we ig-
nore the effect of limited data coverage in this study. By considering
(ii), Capdeville & Métivier (2018) verified numerically that a tomo-
graphic model obtained from a full-waveform inversion converges
towards the effective elastic medium recovered from the FFH algo-
rithm at spatial wavelengths longer than ). The upscaling relations

built from the FFH algorithm can be viewed as a first-order tomo-
graphic operator H that when applied to the true elastic medium c,
yields the effective elastic medium c*:

¢ = H(c) (1)

Hence, we can treat ¢* as the best possible image one could obtain
from seismic tomography assuming perfect data coverage. Follow-
ing the work of Magali et al. (2021), we apply this ‘tomographic
operator’ hypothesis to filter our predicted models of strain-induced
seismic anisotropy. The result is a smooth version, one that is com-
parable to a seismic tomography model

3 METHODS

3.1 Corner flow representation of plate-driven mantle flow

Corner flow solutions, albeit rudimentary, offer a fast and efficient
way to compute velocity fields that mimic the general patterns of
plate-driven motion. Assuming incompressibility and neglecting
inertial and buoyancy forces, we begin by seeking a semi-analytical
solution of subslab flow to the conservation of mass and momentum
equation for viscous fluid flow (Tovish ez al. 1978; Batchelor 2000):

V.u=0,
Vp—V . 2n-éu)=0, (2)

where u is velocity, p is total pressure, ¢ is strain rate and 7 is effec-
tive viscosity whose form follows a strain rate-dependent rheology
given by (Ribe 1989):

1—n
n=mo [ﬁ] ; 3)
€0

with 71, being the reference viscosity, ¢y the second invariant of the
strain rate tensor and » the power-law index. Our corner flow model
does not take into account the pressure and temperature dependence
of viscosity. Although an n &~ 3.5 is suggested to properly model
deformation by dislocation creep of olivine (e.g. Hirth & Kohlstedt
2003), here we select » = 3 to obtain analytical non-Newtonian
corner flow solutions that is representative of passive mantle flows
(Tovish et al. 1978; Hedjazian & Kaminski 2014). In-plane polar
coordinates [r, 6], the solution to eq. (2) is given by the analytical
stream function f{r, 0) = r®(#) (Batchelor 2000), where © is a
transcendental equation whose form depends on the stress exponent
(Tovish et al. 1978). For n = 3, this gives (Hedjazian & Kaminski
2014):

O(60) = ay sin 6 + a> cos 6 + a;TI(0, as), )
with:

3
116, a) = 27 cos %(9 + as) — cos /560 + ay), )

where a;_4 are constant coefficients that are determined numerically
from the mechanical boundary conditions imposed (Tovish et al.
1978). For subslab flow, Fig. 2(a) shows the boundary conditions
as well as some streamlines traced by the flow. Here, we choose a
subduction angle of & = 45° and a plate velocity of v, = 1 cmyr~!.
Such values may represent a slow-moving oceanic lithosphere where
we expect penetration at the 660-km seismic discontinuity due to
the negative trade-off between slab buoyancy and backward trench
migration speed (Christensen 1996).

Mantle aggregates subjected to a macroscopic velocity gradient
along flow streamlines experience progressive deformation leading
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Figure 1. Extrinsic anisotropy is induced under two conditions: (i) when the wavelength of the propagating wave Amin is much larger than the scale of the
heterogeneities Lg and (ii) when the contrast in elastic moduli is sufficiently large. (a) Schematic diagram depicting Backus’ homogenization (Backus 1962). A
horizontal-layered isotropic medium is ‘seen’ as a vertically transverse isotropic medium (VTI) with Vsy > Vsy (and hence & > 1) for Ag > >Lg. (b) Extrinsic
radial anisotropy produced from a 2-D non-periodic isotropic medium for several Ao using the fast-Fourier homogenization algorithm of Capdeville et al.
(2015). Stretching and thinning due to convection generate horizontal and vertical fine laminations with £ > 1 and & < 1, respectively. This 2-D medium can
be regarded as an amalgamation of Backus’ layers with two distinctive orientations: vertical and horizontal layering. Ao shorter than the scale of laminations
(e.g. 1o = 1 km) does not generate any extrinsic anisotropy.

(a) (b) Pressure (GPa)
5 10 15 20 25

50 0=0:v,=-1cm/yr; v, =0 e
200
E 253 F g
= [UM: Ol = 100 =
=
7 6 e . T o TEeEeE vEEE nEe e Jtsu
AP0tz Whgrt=60:40 N &
660 (LTZ: Rw:grt = 60:40 500
600

1000 1200 1400 1600 1800
Temperature (K)

Figure 2. (a) Corner flow representation of subslab mantle flow. Boundary conditions include a subduction angle of & = 45° and a plate velocity of v, =
1 ecmyr~". Solid black lines are some streamlines traced by the flow. Dashed orange lines indicate the 410 and 520 km phase transition boundaries. For depths
z < 410 km (upper mantle), anisotropy development is dictated by the plastic deformation of olivine aggregates. For 410 < z < 520 km (UTZ), anisotropy
development is governed by wadsleyite. Below 520 km, the LTZ is assumed isotropic. Modal abundancies in the transition zone replicate a pyrolitic mantle
composition. (b) Pressure and temperature profiles included in our synthetic mantle models for olivine CRSS and single crystal elastic moduli calculations.
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to CPO development. In the case of mantle corner flows, there
exists an analytical macroscopic velocity gradient tensor L. In polar
coordinates, it simply corresponds to a simple shear about the 0
direction in the [, 6] plane (Hedjazian & Kaminski 2014):

_ M(O 1) ©6)

re

00

7

where ®” denotes the second derivative in 6.

3.2 Calculating strain-induced seismic anisotropy

3.2.1 Modelling texture evolution

To model texture evolution, we first trace streamlines using a fourth-
order Runge—Kutta integration scheme and then compute local ve-
locity gradients via eq. (6) at each discrete step along the streamline.
Polycrystal aggregates are then assigned at the initial time step. Each
aggregate is composed of 3000 grains with initial non-random CPO
that were computed from a mantle corner flow model underneath a
mid-ocean ridge. The governing and constitutive equations for this
model are identical to eqs (2) and (3), and the boundary conditions
and the solution for » = 3 is listed in Hedjazian & Kaminski (2014).
The modal abundancies are as follows: UM (z < 410 km): 60 per
cent olivine and 40 per cent pyroxene, UTZ (410 < z < 520 km):
60 per cent wadsleyite and 40 per cent garnet, and lower transition
zone (LTZ) (520 < z < 660 km): 60 per cent ringwoodite and 40
per cent garnet (Fig. 2a). From their initial positions (i.e. the first
time step), we allow strain evolution in the aggregates forward in
time along the streamlines traced earlier using a method to be dis-
cussed in the succeeding section. We then set an arbitrary boundary
at 410 and 520 km corresponding to the phase transition boundary
between olivine and wadsleyite, and wadsleyite and ringwoodite,
respectively. Each time an aggregate crosses such boundaries, the
crystallographic orientations are randomized to mimic the erasure
of textures when a material crosses a phase transition boundary, as
demonstrated by experiments in Smyth ez al. (2012) and Ledoux et
al. (2023). Upon erasure at 410 km, strain evolution is re-initialized,
whereas at 520 km, the random orientations are retained to simulate
an isotropic LTZ. Note that we also consider the garnet phase in the
UTZ to be isotropic due to its isotropic elasticity and plasticity be-
haviour (Pamato et al. 2016; Girard et al. 2020; Vennari et al. 2021).
Similarly, we model the pyroxene phase in the UM as isotropic due to
our limited understanding of its rheological properties (e.g. Hansen
et al 2021).

To compute the strain-induced anisotropy of a given mineral
aggregate, we use the viscoplastic self-consistent (VPSC) method
(Molinari et al. 1987; Lebensohn & Tomé 1993). It uses an ‘average
field” formalism where individual grains are treated as an ellipsoidal
inclusion making up the polycrystalline aggregate. The core of
the algorithm is finding an Eshelby solution to the self-consistent
equations by routinely computing the macroscopic stress X, single
crystal strain rate &;;, and the viscoplastic compliance tensor ]\71,- ki
(i.e. a tensor that depends on the rheology of the aggregate and the
shape of the grain) at each time step:

— aMijulon — Zu) = é&; — &;. ™

Here, &;; is an input which refers to the symmetric part of the macro-
scopic velocity gradient tensor (i.e. macroscopic strain rate) com-
puted from eq. (6) for each step along the streamline. Other inputs
include the slip and twinning systems s and the corresponding criti-
cally resolved shear stresses (CRSS) 7 that control the deformation

response of a single crystal due to the grain-scale stress o, and
the parameter « which regulates grain interaction. We choose o =
1 after the tangent model which provides a sufficient representation
of the viscoplastic behaviour of polycrystalline aggregates (Leben-
sohn & Tomé 1993). Once the macroscopic states (X, &) conform
with the average of the microscopic states (o, &) in the effective ag-
gregate to a certain tolerance level which we set to 0.001 by default,
the code outputs the textures in terms of three Euler angles that
describe the orientation of each crystal making up the aggregate at
each step along the streamline. In this work, CPO computation is
terminated once strains accrued for roughly 10 Myr.

3.2.2 Pressure-induced slip transitions of olivine

Traditional practices of joint geodynamic and texture evolution
modelling involve the implementation of a single set of olivine
slip systems to study strain-induced seismic anisotropy in the up-
per mantle using a kinematic approach (e.g. Faccenda & Capitanio
2013; MacDougall ez al. 2017; Hedjazian et al. 2017; Sturgeon et al.
2019; Fraters & Billen 2021, to name a few) or the average field
kind (e.g. Li et al. 2014). It is, however, observed experimentally
that olivine displays plastic behaviour that will depend on pressure
and hence depth in the Earth’s mantle (e.g. Couvy et al. 2004; Rater-
ron et al. 2007; Jung et al. 2009; Ohuchi et al. 2011) which may
explain the decrease of seismic anisotropy commencing at ~200 km
observed in seismic tomography models (e.g. Simmons et al. 2019).

Dominant slip systems of olivine given by [100](010) and
[001](010) have shown to be promoted individually by compres-
sion and simple shear experiments. Under low pressure condi-
tions, Raterron et al. (2012) reported that the coupled activities of
[100](001) and [001](100) complement the [100](010) slip system,
yielding a substantial amount of seismic anisotropy akin to those that
are observed across the low viscosity channel underneath oceanic
ridges. At larger pressures comparable to ~250-km depth and be-
low, the [001](010) slip system is favoured yielding much lower
levels of seismic anisotropy. Tielke et al. (2016) performed direct
simple shear experiments to measure individually the [100](001)
and [001](100) slip systems. They later revealed that under litho-
spheric mantle conditions, [100](001) exhibits larger activity than
[001](100). Under asthenospheric conditions, [001](100)]gradually
takes over with increasing depths. To our knowledge, individual ac-
tivations of the [100](021) and [001]{110} slip systems were never
observed experimentally to this date. Pressure dependence of their
CRSS are estimated via a numerical framework based on ab ini-
tio density functional theory (Durinck et al. 2007). Raterron et al.
(2014) then used these experimental flow laws and theoretical esti-
mates to lay the groundwork of predicting the CRSS of olivine slip
systems representing a 20 My oceanic geotherm at a strain rate of
~107"15 57! (refer to table 1 of Raterron et al. 2014).

To include pressure-induced slip transitions in olivine, we first in-
terpolate density p inferred from PREM (Dziewonski & Anderson
1981) with depth z and then compute the hydrostatic pressure to add
depth profiles of pressure in our corner flow models (Fig. 2b). We
then fit second-order polynomial functions to the CRSS reported by
Raterron et al. (2014) with P. Coefficients are tabulated in Table 1.
Afterwards, we integrate these functions into VPSC so that a new
CRSS is initialized each time strain accumulates along the stream-
line traced by the aggregate. Finally, we establish the relationship
between the local shear rate y in a slip system s of a given crystal
at the current step along the streamline with pressure through the
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Table 1. Coefficients of the second-order polynomials that fit the critically resolved
shear stress (CRSS) 7 as a function of pressure P for a given slip system of olivine
reported in Raterron et al. (2014). The function takes the form 7o(P) ) {iksy = 1 P?
+ w2P + w3 where (uvw){hkl} denotes a given slip system. Note the CRSS values
in this table are relative as VPSC calculations are only sensitive to relative and not
absolute values.

[100](010) [001](010) [001](100) [100](001) [100]{021} [001]{110}

| 0.0026 0.0006 0.0017 0.002 0.0026 0.0017
> -0.018 -0.022 0.001 0.0014  -0.018 -0.066
ws 0.188 0.34 0.152 0.184 0.188 1.02
CRSS 75 (P): some arguing for microstructures controlled by (111){101} and
R [100](0kl) (Thurel & Cordier 2003; Tommasi et al. 2004; Ritter-
7= )70|: o :| (8) bex et al. 2020), [001](010) (Kawazoe et al. 2013), a combina-
7 (P) tion of (111){101}, [100](0kl), and [001](010) (Demouchy et al.

where y is the reference shear rate, n® is the stress exponent of
the slip system, and 7’ its resolved shear stress. For a given system
s, T, refers to the component of the applied stress that causes dis-
location slip whereas t is simply the minimum amount of stress
required to initiate it. The sum of y over all possible slip systems s
is the strain rate é;; of the grain appearing in eq. (7). Although our
functions only depend on pressure, the CRSS of olivine reported by
Raterron et al. (2014) also varies with temperature that is typical
to a 20 Myr oceanic geotherm. Under this circumstance, comput-
ing seismic anisotropy might lead to poor predictions in regions
that are not representative of such a temperature profile. Because of
this, we set an arbitrary temperature gradient starting from a surface
adiabatic temperature of 293 K up to 1580 K corresponding to the
base of the lithosphere (z = 90 km), and another linear gradient
from 1580 K at z = 90 km up to 1900 K at z = 660 km to match
the temperature profile found in Raterron er al. (2014) (Fig. 2b).
These temperature and pressure profiles are used to introduce P —
T dependence of the elastic moduli.

Olivine lacks four independent slip systems and hence may fail
to accommodate an arbitrarily imposed macroscopic deformation.
To remedy this, we adopt the procedure of Tommasi et al. (2000) by
including some fictitious slip systems: <110 > {111} and <111 >
{110} which replicates an isotropic relaxation mechanism. Castel-
nau et al. (2008) showed these fake slip systems provide a negligi-
ble contribution to the overall strain, however, they are necessary
to simulate the texture evolution of olivine unless a more realis-
tic relaxation mechanism is implemented such as those found in
the second-order VPSC method. In essence, fictitious slip systems
or isotropic relaxation mechanisms tend to reduce the strength of
texture, and hence seismic anisotropy, without modifying its main
features (e.g. orientation distribution, direction of fast wave propa-
gation, etc., Castelnau et al. 2010).

In this work, we consider two cases: (i) an upper mantle con-
sisting of an A-type olivine where we adopt the slip systems of
Tommasi et al. (2000) and (ii) an upper mantle with P-dependent
olivine textures. We then compare the resulting strain-induced seis-
mic anisotropy before and after the application of homogenization.
Table 2 lists the active slip systems and the corresponding CRSS of
A-type olivine and the P-dependent scenario at selected pressures
relevant to the upper mantle.

3.2.3 Slip mechanisms in wadsleyite

We perform similar VPSC simulations to model the evolution of
microstructures of wadsleyite. Reports of dominant slip systems
and microstructural types have been inconsistent in the literature,

2011), with an effect of water content and temperature (Ohuchi
et al. 2014). Recently, (Ledoux et al. 2023) proposed a combined
and comprehensive analysis of wadsleyite microstructures, based
on new in situ high-pressure high-temperature multigrain crystal-
lography experiments and results from the literature. Wadsleyite
microstructures are sorted into a set of five temperature and water-
dependent types. Most notably, model B,4-type, with dominant slip
on (111){101}, [100]{0k1}, [001](010) in which [001](010) con-
trols the microstructure is found to dominate in somewhat dry re-
gions of the mantle transition zone, model 4,4-type with dominant
slipon (111){101} and [100]{0kl} prevails in cold regions such as
subducting slabs, and model Cyq-type, dominant slipon (111){101}
and [001](010) applies to regions with high water content (greater
than 600 wt ppm). This paper focuses on average properties of the
mantle transition zone and, thus, on streamlines outside of sub-
duction zones. For this, we choose Byq-type and Cyg-type wads-
leyite, for modelling a dry and a wet transition zone, respectively.
The active slip systems and their respective CRSS are tabulated in
Table 2.

3.2.4 Elastic constants and quantifying seismic anisotropy

Once textures are calculated, we apply a Voigt—Reuss—Hill aver-
aging scheme with respect to a P- and 7-dependent single crystal
elastic constant ¢, according to the orientation and the volume
fraction of the grains to get a local polycrystalline elastic tensor
¢(P, T) (Mainprice 1990). Here, the P- and 7-dependence of ¢
are estimated using corrections to ¢y at ambient conditions. These
corrections are often characterized in terms of first-order partial
derivatives of ¢ with 7'and up to second-order with P to include the
non-linear dependence of ¢, with P at high pressures. In prac-
tice, the elastic constants are measured experimentally through
Brillouin spectroscopy or theoretically through first-principles
calculations.

We take the single crystal elastic constants of olivine from Mao
et al. (2015) where they measured the elastic constants up to 900 K
and 20 GPa using Brillouin spectroscopy in an externally heated
diamond anvil cell. We then extrapolate the values to 7' > 900 K
by estimating the first-order 7 derivative and then interpolate in the
given pressure range by computing P derivatives up to the second
order. Meanwhile, those of ringwoodite and garnet are retrieved
from Sinogeikin et al. (2003), Chai et al. (1997) and Sinogeikin
& Bass (2002) which are summarized in Table 3 of Faccenda
(2014).

The combined pressure—temperature dependence of the single
crystal elastic constants of wadsleyite are not as widely constrained
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Table 2. Active slip systems and their corresponding CRSS of: (a) P-dependent olivine, (b) A-type olivine (i.e. dry and low pressure),
() Bwd-type wadsleyite (i.e. dry), and d) Cyq-type wadsleyite (i.e. hydrous).

Slip system P-dependent olivine?

A-type olivine?

Buwd-type wadsleyite®  Cyq-type wadsleyite?

Pressure (GPa)*

345 79 133
[100](010) 0.15 021 042
[001](010) 027 02 015
[001](100) 0.17 026 046
[100](001) 021 032 056
[001]{110} 0.8 0.61 045
[1007{011} - - -
[100]{031} - - -
[100]{021} 0.15 021 042
<111 > {101} - - -
<111 > {110} + <110 > {110} 1 1 1

0.1 1 10
0.2 0.1 1

0.3 — —
0.1 1 10
0.6 — —
0.4 1 10
0.4 — —
- 1 10
— 0.5 0.5

1 _ _

* The pressure values shown here are representative of depths: ~100 km, 240 km, 405 km, and temperatures: ~1600 K, 1670 K,

1760 K.

T Fictitious slip systems to accommodate crystal rotations in olivine.

Table 3. P-T derivatives of dry and wet (1.63 wt. per cent H,O) Fe-bearing wadsleyite single crystal elastic constants estimated from a simple

polynomial fit with reference values set at 7p = 300 K and Py = 0 GPa.

Wadsleyite P-T derivatives Units cli [e7%) 33 Ca4 Css C66 cl2 c13 23
Dry dey/dT GPa-K~! —0.036 —0.041 —0.034 —0.014 —0.013 —0.012 —0.008 —0.009 —0.011
dcyldP - 7.12 7.6 7.2 1.45 1.51 13 3.26 3.25 3.95
82c;j/oP? GPa—2 —0.09 —0.1 —0.11  —0.035 —0.028 —0.029 0 0 —0.085
Wet dcy/dT GPa-K~!  —0.029 —003 —0.037 —0017 —0.011 —0.014 —0.005 —0.008 —0.012
dcyldP — 7.48 5.66 8.8 0.91 0.86 237 3.68 236 3.7
82c;j/oP? GPa~2 —0.18 0 —0.19 0 0 —0.034 0 0 0

as those of olivine, nor the effect of Fe and water content. In fact,
Kawazoe et al. (2013) used 300 K elastic constants for estimating
anisotropy and Saki et al. (2018) built an isotropic composite model
based on data for olivine. Nunez-Valdez et al. (2013) evaluated the
elastic moduli and their P-T dependence for dry Mg,SiO4 wads-
leyite using first-principles calculations. More recently, Zhou et al.
(2022) measured the single crystal elastic constants of hydrous Fe-
bearing wadsleyite (Fe# = 9.4(2), 0.15(4) wt.% H,O) up to 700 K
and 20 GPa using Brillouin scattering, which can be compared with
the results of Wang et al. (2019) who performed computations for
1.63 wt per cent H,O-bearing wadsleyite. Ledoux et al. (2023)
showed the computed seismic anisotropy in a wadsleyite polycrys-
tal using the elastic constants of Zhou et al. (2022) is consistent
with that of Wang et al. (2019). From these studies, it appears that
the large-scale seismic anisotropy in the UTZ is strongly affected
by water. It may hence be imperative to build two models of elas-
tic properties, one against the calculations of Nufez-Valdez et al.
(2013), relevant for a dry mantle transition zone, and one against
the measurements of Zhou et al. (2022), relevant for a hydrous
mantle transition zone. Fig. 3 summarizes these two sets of elastic
moduli with P and T in the following ranges P: 0—25 GPa and T:
1600—1800 K, and Table 3 lists the P—T derivatives estimated from
a simple polynomial fit.

Numerous seismic tomography studies parametrize seismic
anisotropy in terms of the S-wave radial anisotropy parameter &.
It quantifies the relative speed of a horizontally propagating, hori-
zontally polarized S wave (V) versus a horizontally propagating,
vertically polarized S wave (V). Given our elastic tensor ¢ in Voigt
notation, we can compute & by first expressing Vs and Vy in terms
of linear combinations of ¢. By decomposing ¢ into an azimuthally

averaged vertically transverse isotropic (VTI) medium, we have
(Montagner & Nataf 1986):

Py = o (en+em) — i +
SH — 20\ 4 Ci1 T € 2C12 Ce6 |»
1
Viy = 5(044 + ¢s5)s )
and & is henceforth:
V2
g = Lo, (10)
Viy

From this point forward, radial anisotropy pertains to the
parameter &.

3.3 Homogenization of the mantle model

The fast-Fourier homogenization (FFH) algorithm works under the
assumption that the observed wavefield sampling the true elas-
tic medium contains a minimum wavelength A,,;,, designated to
a maximum frequency fm.x and the slowest S-wave velocity Vs min
(Capdeville & Marigo 2007; Capdeville ef al. 2010; Guillot et al.
2010). Instead of A, however, the algorithm inputs user-defined
parameters Ay and & called homogenization wavelength and scale-
separation parameter, respectively, with A,,;, = A¢/€¢. These param-
eters are described in complete detail in Capdeville et al. (2010,
2015). Using the tomographic operator hypothesis of Guillot et al.
(2010); Capdeville et al. (2015), we can invoke eq. (1) to the spatial
distribution of elastic tensors ¢ making up the mantle model. We
then obtain an effective elastic medium ¢* that is smooth and devoid
of small-scale heterogeneities up to the homogenization wavelength
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Figure 3. Pressure and temperature dependence of the single crystal elastic constants of dry wadsleyite (Nufiez-Valdez et al. 2011, 2013, in black) and hydrous

wadsleyite (Zhou et al. 2022, in red).

Xo. This effective medium is then compatible, to first order, with
tomographic models recovered from a full waveform inversion as-
suming perfect data coverage (Capdeville & Métivier 2018; Magali
et al. 2021). After obtaining ¢*, the effective radial anisotropy (i.e.
the homogenized counterpart of &) can be computed through eqs (9)
and (10) accordingly. In this work, we fix the scale separation pa-
rameter to &9 = 0.5, and set the homogenization wavelength to X,
=100 km.

4 RESULTS

The rheology of olivine aggregates are a function of some key pa-
rameters such as grain size, pressure P, temperature 7 and water
content (Hirth & Kohlstedt 2003). Empirical rheological laws can
be established that when extrapolated to upper mantle conditions,
they display a composite diffusion-dislocation creep as a deforma-
tion mechanism. Karato & Wu (1993) showed that intracrystalline
plasticity by dislocation creep promotes the development of CPO,
whereas isotropic mechanisms related to diffusion creep do not
produce any CPO. Thus, the weakening of seismic anisotropy with
depth observed in tomographic models of the upper mantle is often
associated with the shift in the dominant deformation mechanism
(i.e. from dislocation to diffusion creep). For this reason, rheological

parameters used in mantle flow models are often fine-tuned to match
seismological observations (e.g. Boneh et al. 2015; Hedjazian et al.
2017). As previously mentioned, the standard approach to do this is
to scale the macroscopic velocity gradient tensor by the fraction of
the effective viscosity accommodated by dislocation creep, and then
compute the CPO for a single type of olivine fabric. However, the
weakening of seismic anisotropy with depth can also be explained
by the pressure-dependence of olivine plasticity (Mainprice ef al.
2005; Raterron et al. 2007; Ohuchi et al. 2011; Raterron et al. 2011;
Jung et al. 2009) which can be implemented numerically by formu-
lating the CRSS as a function of pressure (Raterron et al. 2014).
When accounted in geodynamic flow simulations, this presents a
CPO model whose dislocation slip activities vary with pressure, and
hence a dynamic representation of mantle fabric transitions.

Before we test this hypothesis, one must first consider that the
deformation patterns are well-distributed and extend down to the
base of the upper mantle. In this way, the pressure-dependent mech-
anism remains an active process throughout the modelling domain.
We estimate the amount of strain accumulated across the subplate
and subslab mantle by calculating the natural strain £, through the
formula:

1
Ey= Elﬂ(fl/Ql (11)
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where ¢ and ¢, are the long and short axes, respectively, of the finite
strain ellipse (FSE). Fig. 4(a) illustrates how the second invariant
of the strain rate tensor &}y is localized close to the trench which
resulted from changes in flow direction at the trench. The strength
of &)1 spreads and aggressively fades with depth across the subslab
mantle while it is minimal across the subplate mantle which could be
explained by small velocity gradients stemming from the imposition
of plate-driven motion. To better characterize the current state of
deformation in our mantle model, we calculate the amount of strain
accrued for 10 My through the natural strain £, (Fig. 4b). The
FSE of the tracers were already initially deformed as they entered
the current modelling domain (i.e. subplate and subslab mantles).
Once the tracers entered the domain, the small velocity gradients
within the subplate mantle provided a small contribution to the
deformation of the FSE. Because of this, the deformation patterns
predicted from the ridge model are preserved across the subplate
mantle. Relatively large natural strains stretching down to the deep
upper mantle (i.e.~300—410 km) can be observed in Fig. 4(b), which
are enough to generate strain-induced seismic anisotropy down to
these depths (Ribe 1992).

We now compare the CPO and the resulting seismic anisotropy
from the standard approach of using a single olivine fabric type (in
this case an A-type fabric) and from the P-induced olivine dislo-
cation slip transitions. Fig. 5 (middle panels) illustrates the effect
of pressure-induced slip transitions to the CPO of an olivine poly-
crystal as it becomes progressively sheared along a streamline (path
1). Along the same streamline, the standard approach using A-type
olivine is also displayed in Fig. 5 (left-hand panels). Here, CRSS
values are constant regardless of the position of the aggregate (de-
noted by roman numerals) along path 1. By comparing the pole
figures for the [100], [010] and [001] crystallographic axes between
the A-type and P-dependent olivine fabrics, we observe a substan-
tial decrease in their probability densities at a given position (e.g.
position I) along path 1 which implies less prominent textures and
hence, weaker anisotropy for the P-dependent fabric. In both A-type
and P-dependent models, the pole figures almost do not vary for
positions I, I and III. For instance, we observe the [100] axes to be
subparallel to the direction of flow whereas the [010] axes are nearly
normal to it at these positions. The crystallographic orientations of
the P-dependent fabric appear slightly incoherent, almost existing
in girdles. Upon the descent of the material from position IV to VI,
pressure accumulation gradually switches the dominant slip activity
from [100](010) to [001](010) (resembling a B-type fabric) making
the [100] axes slightly fade away from a subparallel to a ~45° from
the flow direction.

As the olivine aggregate crosses the 410-km seismic discontinu-
ity along path 1, the preferential orientations are erased and as a
result, a weak texture is developed for wadsleyite across the UTZ.
For this reason, we pick a different streamline (path 2 in Fig. 5) that
completely navigates the UTZ to examine the texture evolution of
wadsleyite. Results show that for all points along path 2, the distri-
butions of the crystallographic axes almost remain unchanged for
both fabric types. This is reasonable since the streamline is practi-
cally flat and the flow is mostly towards the +x direction. Focusing
on By4-type wadsleyite, the [001] axes tend to congregate towards
the flow direction whereas the [100] axes are aligned perpendicular
to it albeit more diffused than [001]. The [010] axes appear to be
more dispersed. However, they exhibit slight sensitivity to changes
in flow direction from positions IV through VI contrary to [100] and
[001]. Primary and secondary strain accommodations at <111 >
{101} and [001](010) slip systems, respectively are responsible for

these orientations. As for a wet UTZ (i.e. Cyq-type fabric), orienta-
tions exhibit similar patterns with By4-type but with a significantly
stronger texture (Ledoux et al. 2023).

We now examine the effect of P-induced olivine slip transitions
and the choice of wadsleyite single crystal elastic constants con-
strained for dry (Nufiez-Valdez er al. 2011, 2013) and hydrous
wadsleyite (Zhou et al. 2022) onto the large-scale S-wave radial
anisotropy &. To do so, we compare four mantle models, each
of which is composed of an upper mantle fabric either with a
P-dependent olivine (designated as ‘P-dep OI’) or low pressure
olivine (as ‘low-P OI’) and a wet UTZ (as ‘Hyd Wd’) or dry UTZ
(as ‘Dry Wd’). The specification of each model is tabulated in
Table 4.

4.1 P-dep Ol + Hyd Wd

Fig. 6(a) displays the radial anisotropy before homogenization.
Slightly faster Vg, are found just above 100 km with & close to
unity. The most visible feature is the thick layer of positive radial
anisotropy (£ ~ 1.04) between 150 and 300 km. This is due to the
heavy influence of the initial non-random textures acquired from
the ridge model. Under the corner flow assumption, the ridge model
loosely displays a low viscosity channel as evidenced by the con-
finement of large strains above ~300 km (Hedjazian & Kaminski
2014). Boundary layer-type flow along this channel then produces
strong signatures of positive & (Hedjazian & Kaminski 2014; Hed-
jazian et al. 2017; Kendall et al. 2022) which may then be inherited
across the subplate mantle as aggregates get progressively sheared
towards the trench (Fig. 6a). Between 300 and 410 km, we observe a
very weak layer of negative radial anisotropy (& ~ 0.99). P-induced
olivine slip transitions are solely responsible for such a distribu-
tion of radial anisotropy in the upper mantle. By considering a wet
UTZ using a C,4-type fabric and the single crystal elastic constants
from Zhou et al. (2022) (410-520 km), we observe modest levels
of negative radial anisotropy amounting to & ~ 0.97 away from
the line of subduction. Next to this layer, there exists weak pos-
itive radial anisotropy (§ ~ 1.01) which may reflect a change in
the deformation pattern that includes rigid body rotation as soon
as aggregates cross the 410-km phase transition boundary. Finally,
very small amount of negative radial anisotropy, leaning towards
& ~ 1 can be seen adjacent to the line of subduction indicating
that monotonic deformation may not be sufficient to produce any
CPO for a wadsleyite aggregate starting at a random texture at
410 km.

Fig. 6(b) shows the radial anisotropy after homogenization, that
is, the large-scale/smooth version of & when sampled by a wave-
field whose minimum wavelength is Ao = 100 km. Here, the general
patterns of & are preserved. However, applying the tomographic op-
erator removes small-scale spatial heterogeneities which eventually
tones down the overall strength of radial anisotropy. This effect can
be recognized in the spatial distribution of £ in between 150 and
300 km and in between 410 and 520 km. It also replaces the sharp
boundaries between positive and negative & with smoother transi-
tions. Perhaps the most striking feature is the presence of positive
& that traces the 410-km and 520-km seismic discontinuities. Here,
horizontal isotropic layering (such as the 410 and 520 km disconti-
nuities) induces positive extrinsic radial anisotropy & (~1.02). The
520-km discontinuity though induces subdued levels of positive
& compared to 410 km due to weaker contrasts in the polycrys-
tal elastic moduli of the UTZ and the LTZ just above and below
520 km.
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Figure 4. (a) Second invariant of the strain rate tensor £f; and (b) magnitude of the finite strain tensor, also conventionally called natural strain Ey. At the initial
time step, tracers are already deformed from a mid-ocean ridge model giving the characteristic well-distributed behaviour of Ey in (b).

4.2 Low-P Ol + Hyd Wd

We next consider a model with an A-type olivine fabric correspond-
ing to a dry upper mantle with slip system activities constrained at
low pressures. Model Low-P Ol + Hyd Wd is characterized with
a drastic increase in the amplitude of radial anisotropy & > 1.1 at
~220 km depth compared to P-dep Ol + Hyd Wd (Fig. 7a). In fact,
the depth distribution of positive radial anisotropy encompasses the
whole upper mantle (100410 km), a direct consequence of a man-
tle model built from a single type of fabric. Next to the line of
subduction, there exists a thin layer of negative radial anisotropy
(& ~ 0.95) that is more prominent than in model P-dep Ol + Hyd
Wd. Thus discounting P-induced slip transitions fosters continued
strain accommodation by the [100](010) slip system (regardless of
pressure changes) at each point along the stream line traced by
the aggregate which in turn results in the overestimation of the
strength of & and overextension of its vertical distribution. Upon
homogenization, patterns of & are essentially the same in the upper
mantle since the fast axes of seismic anisotropy are predominantly
horizontal. A decrease in the strength of radial anisotropy can be
observed adjacent to the line of subduction due to the non-linear
spatial averaging of horizontal and vertical fast axes (Fig. 7b).

4.3 P-dep Ol + Dry Wd

With a dry UTZ represented by wadsleyite polycrystals built from
By4-type textures and single crystal elastic constants from Nuilez-
Valdez et al. (2013), we predict faint amplitudes of negative ra-
dial anisotropy & ~ 0.99 in regions away from the line of subduc-
tion (Fig. 8a). The suppression in the strength of negative radial
anisotropy in these regions can be explained by the apparent resis-
tance of wadsleyite polycrystals to progressive shear deformation
due to weaker activation of the primary slip system <111 > {101}
of'a Byq-type fabric. Furthermore, the computed anisotropy not only
depends on the texture but is also heavily influenced by the choice
of the single crystal elastic constants used in the calculations. Upon

homogenization, the extrinsic radial anisotropy delineating the 410-
km discontinuity yields slightly higher intensities (§ ~ 1.035) than
in model P-dep Ol + Hyd Wd (Fig. 6b). Larger contrasts in seismic
velocities due to the use of dry UTZ fabrics amplify the strength of
extrinsic radial anisotropy in this mantle model.

4.4 Low-P Ol + Dry Wd

Our final mantle model consists of an upper mantle with an A-type
olivine fabric and the same UTZ as in the preceding case. Similar
to model P-dep Ol + Dry Wd, upon homogenization, we notice
the amplification of extrinsic radial anisotropy along the 410-km
seismic discontinuity due to large seismic velocity contrasts at the
discontinuity (Fig. 9b). This results in the over-extension of the
positive radial anisotropy & layer beyond 410 km and the inhibition
of negative & across the UTZ.

5 DISCUSSION

5.1 Predictions of large-scale subplate and subslab radial
anisotropy

Large-scale seismic anisotropy in the upper mantle (UM) and the
upper transition zone (UTZ) have been associated with regions of
strong deformation that is related to the preferential alignment of
intrinsically anisotropic minerals or rock-scale mechanical layering
brought by differentiation (e.g. Montagner 1998; Faccenda et al.
2019). To recap, maximum gradient of positive radial anisotropy &
in the average UM lies at ~150 km which then gradually declines
starting at ~200 km (e.g. Panning & Romanowicz 2006). The av-
erage UTZ, on the other hand, displays weak negative & probably
due to the fact that most of the observed seismic anisotropy are
confined close to subduction zones (Montagner et al. 2021). In the
regional scale, radial anisotropy distributions in the UM and the
UTZ are subjected to variations especially within the proximity of
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Figure 5. Development of CPO along streamlines traced by a plate-driven mantle flow. In the upper mantle (50410 km), we study two cases of olivine CPO
evolution along path 1:100 per cent A-type olivine (Tommasi et al. 2000, left-hand panels) versus 100 per cent P-dependent olivine (Raterron ef al. 2014,
middle panels). Across the upper transition zone (UTZ, 410-520 km), we consider the CPO evolution of Byq- (i.e. dry) and Cyg-type (i.e. hydrous) wadsleyite
along path 2. Provided are the multiples of uniform distribution (m.u.d.) for the [100], [010] and [001] crystallographic axes in stereographic projection at a
given point (e.g. I, II, . . . ) along paths 1 and 2. Dashed red lines mark the 410 and 520 km seismic discontinuities.

Table 4. Combined plasticity and elasticity models for olivine and wadsleyite used in the simulations. The garnet phase in the UTZ and the
lower transition zone are deemed isotropic by imposing random textures. P7-dependent single crystal elastic constants of ringwoodite and garnet

are taken from Sinogeikin et al. (2003) and Chai et al. (1997); Sinogeikin & Bass (2002), respectively.

Mantle model

Upper mantle (100 per cent olivine)

Specifications
Upper transition zone (60 per cent wadsleyite, 40 per cent
garnet)

Ol fabric type Ol elastic constants Wd fabric type Wd elastic constants
P-dep Ol + Hyd Wd P-dependent CRSS Mao et al. (2015) Cya-type Zhou et al. (2022)
Low-P Ol + Hyd Wd A-type Mao et al. (2015) Cyd-type Zhou et al. (2022)
P-dep Ol + Dry Wd P-dependent CRSS Mao et al. (2015) Byq-type Nuiez-Valdez et al. (2011, 2013)
Low-P Ol + Dry Wd A-type Mao et al. (2015) Byd-type Nuiiez-Valdez et al. (2011, 2013)

subduction zones due to several factors such as stronger deforma-
tion, bigger contribution in the modal abundance of the anisotropic
phase and imbricated convection adjacent to stagnant slabs which
impedes phase transformations of mid-mantle aggregates crossing
the 660-km seismic discontinuity. The likely distribution of large-
scale radial anisotropy & inferred from seismic observations are
summarized in Fig. 10.

Our mantle models, albeit simple, still capture the general pat-
terns of radial anisotropy to some extent. In models with P-induced
olivine slip transitions, the UM is characterized by a positive radial

anisotropy & down to a depth of ~300 km in contrast to an A-type
olivine fabric where the vertical distribution of positive & stretches
down to the 410-km seismic discontinuity. Because of the continuity
of flow underneath a mid-ocean ridge towards the subslab mantle,
both mantle models already exhibit strong CPO at the initial time
step of our current modelling domain. Our mantle models are there-
fore relevant beneath oceanic plates where steady-state flow may be
anticipated; but may fail to explain CPO formation from transient
flows such as regions proximal to migrating trenches, as well as the
formation of frozen-in CPO across the lithosphere.
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Figure 6. (a) Predicted S-wave radial anisotropy in terms of the parameter & for an upper-mantle consisting of 60 per cent P-dependent olivine aggregates, a
wet upper transition zone (410-520 km) with 60 per cent Cyq4-type wadsleyite and single crystal elastic constants from Zhou et al. (2022), and a seismically

isotropic lower transition zone (520-660 km). (b) Long-wavelength equivalent of the predicted radial anisotropy in (a) using a homogenization wavelength of

Ao = 100 km.
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Figure 7. Same as Fig. 6 but with 60 per cent A-type olivine fabric for the upper mantle.

Upon homogenization, both models lose resolution power at
scales smaller than Ay = 100 km which is the typical order of mag-
nitude of the correlation length used in surface wave tomography
(e.g. Debayle & Ricard 2013; Durand ef al. 2015). The non-linear
spatial averaging reduces the amplitude of radial anisotropy by a
small amount in regions covered by the same pattern of &, and by
a moderate to a large amount in regions where we observe both
horizontal and vertical fast axes of anisotropy. This removes areas

of sharp contrasts in £ and replace them with smoother transitions.
Even so, the effect of P-induced olivine slip transitions is still evi-
dent in the large-scale version of these mantle models. Thus, in light
of our numerical simulations, the dependence of slip system activ-
ities with pressure prove to be a sensible candidate to explain the
attenuation of the observed seismic anisotropy of the UM such as
those found in the SEMUCB-WMI1 (French & Romanowicz 2014)
and SPiRaL (Simmons et al. 2021) global tomographic models.
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Figure 8. Same as Fig. 6 but with a dry upper transition zone (i.e. Byg-type fabric and wadsleyite polycrystal elastic tensor built around the single crystal

elastic constants of Nufiez-Valdez et al. (2011, 2013).
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Figure 9. Same as Fig. 6 but with an A-type olivine for the upper mantle and a dry upper transition zone.

Probing deeper depths, the UTZ is generally characterized by
a very weak negative radial anisotropy £ assuming dry wadsleyite
fabrics modelled from B,4-type textures and single crystal elastic
constants extrapolated from Nufiez-Valdez et al. (2013), and by a
moderate negative & when using wet fabrics [i.e. Cyg-type textures
and single crystal elastic constants from Zhou et al. (2022)]. In-
deed, the intrinsic seismic anisotropy present in the elastic tensor
of an orthorhombic mineral such as wadsleyite controls the pre-
diction of large-scale anisotropy apart from CPO. Nevertheless,
the patterns of & are consistent with observations indicating the
ubiquity of ¢ss > cg6 (i.€. after a tensor decomposition into an az-
imuthally averaged VTI tensor) across the ambient UTZ. Adjacent

to the line of subduction, the region is nearly isotropic indicating
the neglect of topotaxy in our simulations as the aggregates un-
dergo P-induced phase transformation from olivine to wadsleyite at
410 km. To summarize, the strong sensitivity of wadsleyite elastic-
ity on water content directly translates to significant variations in the
amplitude of large-scale seismic anisotropy. As such, more experi-
ments are probably required to fully understand the effect of water
on elasticity and hence, be integrated in computational models of
mantle anisotropy. This offers an opportunity to constrain the defor-
mation patterns associated with water-rich minerals in the mantle
transition zone thanks to these empirical data and computational
models.
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Figure 10. Diagram depicting the likely spatial distribution of large-scale subplate and subslab radial anisotropy & inferred from tomographic observations.
Regions in blue pertain to positive radial anisotropy (§ > 1) whereas those in red denote negative radial anisotropy (£ < 1) with colour gradients representing

their strength.

5.2 Layering-induced extrinsic anisotropy at 410 km

At least two conditions must be satisfied to generate extrinsic
anisotropy from small-scale isotropic heterogeneities: (1) when seis-
mic velocity contrasts are large and (2) when the minimum wave-
length of the observed wavefield is larger than the scale of the het-
erogeneities. Imaging phase transition boundaries with long-period
seismic waves is a particularly interesting subject as it may meet
such criteria. For example, average 1-D profiles of radial anisotropy
& underneath the Indian Ocean recovered from the inversion of phase
velocity measurements show a positive gradient of & at roughly
~410-km depth which almost vanishes upon the inclusion of group
velocity data (Weidner et al. 2022). Ricard et al. (2005) showed
that seismic velocity variations could reach at most 5% at the 410-
km boundary as seen in synthetic tomography images constructed
from mineral physics and thermodynamic calculations. Based on
the empirical results of Alder et al. (2017), this produces up to 1 per
cent extrinsic radial anisotropy & which is in good agreement with
the extrinsic & produced at 410 km from our mantle model with
a hydrous UTZ. Interestingly, Faccenda et al. (2019) also showed
that major phase transitions produce up to 1 per cent positive radial
anisotropy that is extrinsic in origin. Meanwhile, a dry UTZ, based
on our computations, tends to produce up to 3 per cent extrinsic &
at 410 km. Such observations are reasonable since dry fabrics tend
to exhibit larger seismic velocities than hydrous ones, and hence,
sharper velocity contrasts at 410 km. Based on our results, this
begs the question of whether layering-induced extrinsic anisotropy
at phase transition boundaries could be a good first-order proxy to
estimate the amount of water present in the mantle transition zone.
Further tests are therefore required which is beyond the scope of
this study.

5.3 Comparison with observations of average radial
anisotropy versus depth

For each homogenized radial anisotropy model presented in the pre-
vious section, we take its horizontal average, plot it with depth and
then compare it with global tomographic observations of & derived
from Visser et al. (2008), SEMUCB-WM1 (French & Romanow-
icz 2014) and SPiRaL (Simmons et al. 2021; Fig. 11). Across the
UM, our models with A-type olivine fabric (solid green and dashed
orange lines) predict & values that strongly deviate from tomo-
graphic observations. Contrastingly, those with P-induced olivine
slip transitions (solid blue and dashed red lines) predict values com-
parable to tomographic observations. From this, we again reiterate
that P-dependent fabrics modulate the strength of large-scale ra-
dial anisotropy similar to mantle models with composite rheologies
and low grain boundary mobility values corresponding to slow-
developing textures such as in Hedjazian ef al. (2017). Our mantle
models, both of the P-dependent and A-type kind exhibit maxi-
mum & strength at ~220 km different from observations which
are typically located at ~100—150 km depth. This may result from
the simplicity of our mantle flow model where we only consider
the strain rate-dependence of the effective viscosity. In reality, the
rheology of the mantle depends on several factors including temper-
ature, pressure and grain size (e.g. Hirth & Kohlstedt 2003). Both
pressure and grain size regulate the relative strength of diffusion
versus dislocation creep mechanisms, and the temperature increase
with depth across the subplate mantle tends to decrease the effec-
tive viscosity (Mainprice 2007). As a result, this repositions the
vertical distribution of the low viscosity channel depending on the
values of these rheological parameters and in turn, also the vertical
distribution of positive &.
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Figure 11. Comparison between 1-D depth profiles of average radial
anisotropy from models P-dep Ol + Hyd Wd, P-dep Ol + Dry Wd, Low-P
Ol + Hyd Wd and Low-P Ol + Dry Wd. Superimposed are globally av-
eraged radial anisotropy profiles derived from tomographic models Visser
et al. (2008), SEMUCB-WMI1 (French & Romanowicz 2014), and SPiRaLL
(Simmons et al. 2021). Even with a simple geodynamic setup, introducing
P- —dependent fabrics fit the observations to some extent. Contrastingly,
using a single fabric type clearly overestimates the strength of anisotropy.

Across the UTZ, using dry wadsleyite (for both elasticity and
plasticity) appear to fit tomographic observations of & (i.e. Visser
et al. 2008, SEMUCB-WMI1 and SPiRal) more effectively than
hydrous wadsleyite (Fig. 11). Zhou et al. (2022) found that regions
close to subducting slabs exhibit higher water content than the rest
of the ambient UTZ. Keep in mind that the observations of & dis-
played here are global averages of Visser et al. (2008), French &
Romanowicz (2014) and Simmons ef al. (2021). As such, the areas
underneath oceanic and continental lithospheres that are relatively
dry occupy a larger volume than convergent margins resulting in
smaller amplitudes of negative radial anisotropy (§ < 1) when glob-
ally averaged. Because our mantle models with dry UTZ fabrics tend
to produce weaker levels of radial anisotropy, this may sufficiently
explain why it matches the observations better than the other.

5.4 On the influence of pressure and the decrease in
anisotropy past ~150 km depth

Our results show that one can model a decrease in radial anisotropy
strength past ~150 km due to the role of hydrostatic pressure in the

large-scale imprint of mantle fabric transitions (i.e. radial anisotropy
distribution) as proposed by Raterron et al. (2007) and Mainprice
et al. (2005). In retrospect, Karato et al. (2008) argued, however,
that there was insufficient evidence that pressure has an intrinsic
influence on olivine slip transitions. This is because deformation
experiments in olivine at high pressures were also characterized by
relatively high deviatoric stresses which could have potentially al-
tered its microstructures (see Hansen et al. 2021, for areview). From
amodelling standpoint, this has led to the association of the decrease
in anisotropy principally in terms of changes in the dominant creep-
ing mechanism at the base of the upper mantle (e.g. Karato & Wu
1993; Behn et al. 2009; Hedjazian et al. 2017). Even so, one could
not completely rule out the intrinsic influence of pressure as it has
been demonstrated that even at high deviatoric stresses, olivine de-
forms primarily via dislocation creep rather than low-temperature
plasticity as initially hypothesized by Goetze & Poirier (1978). Fur-
thermore, fabric transitions due to pressure influence could also be
an active process at differential stresses reminiscent of that of the
deep upper mantle (Raterron ef al. 2012). While we acknowledge
pressure influence on CPO is a disputed topic, our goal is not to
reconcile both explanations for it; rather, we solely perform a test
of the hypothesis on how changes in pressure affect CPO evolution,
and ultimately, the distribution of large-scale anisotropy.

The geodynamic model implemented in this study involves an
asthenosphere that is passively deformed by a moving oceanic
plate which fosters a symmetric distribution of deformation lat-
erally and with depth (Figure 4b). However, active upwelling and
lateral spreading of mantle materials could be present, at least lo-
cally, which cannot be replicated using passive models of man-
tle flow. Masalu (2007) reported that faster-moving plates such
as those observed across the Pacific-Antarctic and Pacific-Nazca
ridges tend to generate shallow-rooted convection cells. This would
subsequently introduce local disturbances that could potentially in-
crease the magnitude of velocity gradients leading to a decrease
in dislocation creep viscosity. This process would then develop a
deeper anisotropy than underneath slow-moving plates although
its vertical distribution would still likely be confined in the upper
~300 km of the asthenosphere (Kendall et al. 2022). Finally, lat-
eral variations in pressure could prompt active channel flow within
the upper mantle which could facilitate trench and slab migration
(Heuret & Lallemand 2005). While subduction style and its cor-
responding mode switching depend on migration velocities (e.g.
Agrusta et al. 2017), Sturgeon et al. (2019) predicted that astheno-
spheric anisotropy would also not exceed ~300 km.

As stated earlier, the employed homogenization technique de-
livers an effective medium that is compatible with a tomographic
model obtained from a full waveform inversion assuming perfect
data coverage. Upper mantle (an)isotropic structure, however, is tra-
ditionally illuminated using surface waves since most of its energy is
concentrated close to the Earth’s surface. As it is extracted from the
low-frequency component of the seismogram, surface wave tomog-
raphy offers the capability to robustly capture the long-wavelength
lateral S-wave structure, including the azimuthal and radial compo-
nents of its anisotropy. When using its fundamental mode, however,
surface tomography yields poor vertical resolution below ~300 km
due to its decreasing sensitivity with depth (e.g. Bodin ez al. 2015).
Because of this, the weakening in the strength of anisotropy ob-
served in the deep upper mantle could partly be explained by the
decrease of the sensitivity of surface waves with depth. Thankfully,
modern advances in surface wave tomography incorporate overtone
data which then greatly increases its depth coverage such as down to
the mantle transition zone (e.g. Debayle & Ricard 2012; Montagner
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et al. 2021). It is thus safe to assume that long-period tomography
cannot completely explain the decline in anisotropy, especially with
the recent implementation of techniques that automatically update
tomographic models upon the increase in the amount of available
seismic data (e.g. Debayle et al. 2016).

5.5 Modelling limitations

This work is not intended to comprehensively examine the origins of
large-scale radial anisotropy in the upper and mid-mantle. It, instead,
serves as a foundation of implementing a multiscale approach that
incorporates P-induced olivine slip transitions and strain-induced
seismic anisotropy computation of polycrystalline wadsleyite using
its most recent dislocation slip systems. Our method is applied
in a simple geodynamic setup of a 2-D plate-driven motion with
non-Newtonian rheology. Barring the simplicity of our geodynamic
model, we acknowledge some of the most important limitations our
approach does not cover.

Firstly, our models of the upper mantle (UM) large-scale radial
anisotropy & disregard the contribution of pyroxene phases in the
aggregates. By modelling the CPO of such phases, we anticipate the
total seismic anisotropy within the aggregate to be changed to some
degree (Maupin ez al. 2007). A pyrolitic upper mantle, for instance,
constitutes 60 per cent olivine and 40 per cent pyroxene (Ringwood
1962). The 40 per cent coming from the pyroxene phase would likely
contradict the preferential alignment of the [100] crystallographic
axes of the olivine phase resulting in the dilution of the strength
of anisotropy (Tommasi ef al. 2000). Regardless, the patterns of
the large-scale version of seismic anisotropy in our pyrolitic mantle
model, or any other model composition of periodotite as long as the
bulk of its volume fraction is allocated to olivine, are consistent, to
first-order, with observations.

Secondly, the average seismic anisotropy in the transition zone
(TZ) cannot be reproduced by the hypothesized TZ fabrics with a
marginally anisotropic UTZ and anisotropic LTZ in a subduction
zone setting (Montagner & Kennett 1996; Visser ef al. 2008; Yuan
& Beghein 2013; French & Romanowicz 2014). Fortunately, the
effective medium averaging of Capdeville et al. (2015) accounts
for extrinsic anisotropy due to structural layering. Such structures
may be brought by the differentiation of the subducting crust into
enriched layers of garnet and ringwoodite (Karato 1998). In our
mantle models, we have demonstrated the production of layering-
induced extrinsic anisotropy resulting from the 410- and 520-km
seismic discontinuities. Apart from this, we also could not rule out
the existence of other intrinsically anisotropic mineral phases such
as akimotoite. Shiraishi et al. (2008) performed deformation ex-
periments on such minerals and found the existence of substantial
CPO at small strains. Recently, Guan et al. (2022) conducted an-
other deformation experiment on akimotoite, but this time at PT
conditions relevant to regions close to a cold subducting slab in the
LTZ. There they found that the observed seismic anisotropy at these
depths can be explained by the CPO of akimotoite. Notwithstanding
such experiments, however, it is still a subject of debate whether the
strains are large enough to produce such a CPO when the slab is
often characterized as rigid and poorly deforming.

Finally, although we addressed the issue of limited frequency
band of seismic data to tomographic filter our mantle models, we
have done so assuming perfect ray path coverage. An additional pre-
processing step is required to account for the inhomogeneous distri-
bution of source-station pairs by constructing a resolution matrix R
and then subsequently applied to our mantle models (Simmons e? al.
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2019). Recently, Kendall et al. (2022) implemented such a technique
using the SGLOBE-Rani tomographic filter (Chang ef al. 2015) to
study the effect of tectonic stresses on large-scale radial anisotropy
underneath ridges. They, however, neglected finite frequency ef-
fects. One future avenue to explore is the implementation of both
methods to improve the comparison between the predicted seis-
mic anisotropy and observations. Furthermore, most long-period
tomographic schemes are inferred from seismic data that possess
variable sensitivity to certain structures. Surface wave tomography,
for instance, possesses variable sensitivity with depth. Our current
homogenization technique, however, precludes variable sensitivity
and is instead fixed across the whole domain. A future improvement
of the work is to implement variable homogenization wavelengths
which could provide a more useful comparison with tomographic
models.

6 CONCLUSION

We have presented a method that integrates the effect of pressure
on mineral phases, slip systems, and elastic properties down to
520-km depth within the VPSC approach combined with simple
flow models and elastic homogenization approach. The method is
applied to compute the strain-induced seismic anisotropy coming
from a 2-D plate-driven corner flow model with a non-Newtonian (n
= 3) rheology. We then apply a tomographic filter based on a non-
periodic homogenization approach to account for finite-frequency
seismic data, and then view our computational models as a seismic
tomography image assuming perfect data coverage.

Contrary to common practice that computes CPO using a single
type of mantle fabric, implementing slip system CRSS as a function
of pressure allows for the evolution of mantle fabrics with variations
in pressure. Thus when implemented with realistic geodynamic
models in the future, the Lagrangian approach can be applied to
follow not only the trajectory of the aggregate but also keep track of
its texture evolution in response to changes in dynamic pressure. The
method can now be expanded to more complex geodynamic settings
such as exploring the origins of the observed seismic anisotropy
associated with strong deformation around a subduction zone. Still,
even when coupled with a simple mantle corner flow model, we
report the capability of our technique to produce radial anisotropy
patterns that resemble global tomographic observations.

Unlike using a single fabric type (e.g. A-type olivine), P-induced
olivine slip transitions allow for the weakening of £ with depth in the
upper mantle. Further testing, of course, is required to support this
finding, particularly in realistic geodynamic settings where complex
deformation patterns may obscure the distribution of large-scale
anisotropy. With the correct choice of wadsleyite elastic constants,
the CPO coming from the newly constrained dislocation slip sys-
tems of wadsleyite reproduces the ubiquity of negative & observed
in tomographic models of the upper transition zone.
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