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Abstract

Bridgmanite, the main mineralogical phase in the Earth’s lower mantle, is intrinsically
anisotropic and may therefore generate seismic anisotropy in actively-deforming regions,
particularly subduction zones. Bulk of the lower mantle is widely regarded as well-mixed but
recent seismic observations suggest structures at mid-mantle depths whose origin remains
unclear. Here, we propose a new mechanism that could generate seismic discontinuities
beneath subduction zones with depth distributions consistent with some of the observed
mid-mantle reflectors. By coupling thermo-mechanical subduction models with pressure-
dependent fabric calculations, we show that gradual slip transitions in bridgmanite with
depth can manifest anisotropic discontinuities near 1000 km, which can deepen depending
on the extent of accumulated deformation. This discontinuity is most pronounced in regions
of strong slab-driven flow as revealed by its reflection coefficients, the strength of which
varies with distance and azimuth. While our models predict ~1.5% contrast in fast versus
slow shear wave velocities in terms of radial anisotropy, our full waveform simulations
show that the discontinuity is detectable with array seismological methods. These results
suggest that mid-mantle reflectors near subduction zones may be strain-induced, providing

an additional mechanism that links mantle flow, mineral physics, and seismic observations.
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Introduction

The dynamics of descending plates plays a central role in the mixing of recycled material into the
mantle by imposing intense deformation on the surrounding rocks. This deformation fosters the
evolution of textured fabrics and, should dissolution processes be limited, a mechanically-mixed
mantle leads to the formation of laminated structures with distinct contrasts in densities and
seismic properties. Such heterogeneities, spanning a wide range of length scales, are potential
sites for the reflection and conversion of seismic waves. Understanding where these seismic reflec-
tions and conversions originate therefore provides key insight into the nature of the underlying
mineralogical boundaries and their relationship to mantle dynamics.

Unlike mantle transition zone (MTZ) discontinuities™® which are governed by pressure-
induced phase transformations in the olivine system?, the origin of mid-mantle (660 — 2000
km) seismic structures is poorly understood. In subduction settings, reflectors and scatterers
within this depth range are well-documented using SS precursors (i.e., S-wave underside reflec-
tions off depth d)* 7, hereafter referred to as S%S, as well as converted waves® 3. These signals,
inclusively, span a broad depth interval (~ 750 — 1700 km), with some sparse detections below
1900 km'2. The variability is unclear whether the signals reflect coherent discontinuities or in-
stead originate from small-scale heterogeneities that scatter seismic energy. As such, they are

oftentimes attributed to reflections off the slab interface®, accumulations of neutrally-buoyant

t14 5

subducted crust!'®, and/or phase transition of secondary phases™5. However, this interpreta-

16 underscoring the

tion cannot account for observations occurring far beneath slab interfaces®
enigmatic nature of these mid-mantle features.

In subduction zones, S?S also consistently reveal a prominent seismic discontinuity across
1000 km, and have thus often been associated with the so-called mid-mantle discontinuity* %17,
Global tomographic models, in regions including beneath Indonesia and the Marianas, likewise
show sharp velocity contrasts at similar depths'”. These features are commonly interpreted as

1819 “and in a different tectonic environ-

the depth at which some sinking slabs tend to flatten
ment, buoyant upwellings tend to deflect?. Efforts to explain the nature of the mid-mantle

discontinuity span a range of hypotheses that are all of thermo-chemical in origin?'2?3. Evidence
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for the existence of such a layer appears robust although it does not seem to be a global feature®.
Seismic anisotropy arising from crystallographic preferred orientation (CPO) of intrinsically
anisotropic mantle minerals has long been recognized?!. The robust evidence for large-scale

25,26 indicates that deformation-driven fabrics persist

(>100 km) anisotropy in high-stress regions
to great depths?’. This implies that some mid-mantle features may owe their seismic expres-
sion to anisotropic layering rather than solely to compositional contrasts. In the upper mantle
(< 410 km), the Lehmann discontinuity has been suggested to be due to changes in the intrinsic
anisotropy of olivine because of a shift in its deformation mechanism (dislocation to diffusion) at
~ 200 km?®??. Subsequent studies further explored this idea®”, showing that S?S can help char-
acterize anisotropic discontinuities through amplitude and polarity variations. In the lowermost
mantle (>2800 km), an interface consisting of isotropic bridgmanite over (100)[010] bridgmanite
was one of the candidate models to explain deep reflections and splitting adjacent to large-low
velocity provinces®'. In the mid-mantle — which is the scope of this study — some seismologi-
cal observations were linked to anisotropic discontinuities resulting from entrainment of mantle
material via subduction®.

Seismic anisotropy in the mid-mantle is not uniformly distributed but is particularly pro-

26,32-34

nounced beneath subduction zones , with some even reporting its existence below 1900

35

km®°. Bridgmanite ([Mg,Fe]SiO3) which comprises ~ 80% of the lower mantle in the pyrolite

135 is intrinsically anisotropic and likely the primary phase that manifests CPO during

mode
dislocation creep3™38. While diffusion creep is cited as the dominant mechanism in the average
lower mantle®?, numerical models suggest that dislocation creep remains an active process in re-
gions associated with large tectonic stresses?”2%40. This motivated the re-evaluation of the active
slip systems of bridgmanite in a pyrolitic composition by conducting deformation experiments at

41,42

in situ pressures and temperatures . Their findings reveal a deformation pattern previously

43,44

predicted in atomic scale Peierls stress calculations , characterized by a depth-dependent

behavior driven by pressure-induced slip transitions under lower mantle conditions.

Here, we investigate the effect of the depth-dependent deformation behavior of bridgmanite

on large-scale seismic anisotropy in the mid-mantle beneath a subduction zone. We use the
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recently-constrained pressure-dependent bridgmanite fabric to perform self-consistent forward
modeling that combines 2D thermo-chemical modeling of intraoceanic subduction with mantle
fabric modeling. We report how pressure-induced slip transitions in bridgmanite could produce
a seismic discontinuity in the mid-mantle. We then evaluate seismic wave reflections at the
discontinuity, and further test its detectability using full waveform modeling. Finally, we present
the implications of a pressure-dependent fabric on large-scale S-wave anisotropy, and compare our
results with single-fabric calculations from current literature, seismic tomography, and shear wave
splitting observations. In light of our findings, we propose a new mechanism that could generate
seismic discontinuities in the mid-mantle beneath subduction zones whose depth distribution
broadly matches mid-mantle seismic observations. These discontinuities are purely deformation-

driven, providing an additional mechanism to explain mid-mantle reflectors in high-stress regions.

Results

Deformation-induced seismic discontinuity in the mid-mantle

Using a pressure( P)-dependent bridgmanite fabric*? (Fig. 1c), we couple a 2D thermo-mechanical
free-subduction model with mantle fabric calculations to predict large-scale anisotropy generated
by a slab penetrating the lower mantle (see Methods). In addition, we also explore a stagnant slab
scenario in which the slab flattens near the 660-km discontinuity; results from this configuration
are presented in the Supplementary Material. We assume a pyrolitic lower mantle where bridg-
manite solely controls CPO development, as that of davemaoite (Ca-perovskite) and ferroperi-
clase remains incoherent under lower mantle conditions*?. The latter phases are, thus, treated
as isotropic. Random textures are prescribed in the ambient mantle (Fig. 1a), while intraslab
anisotropy is computed by imposing initial transformation textures (i.e., the CPO developed dur-
ing the ringwoodite-bridgmanite phase transformation)*! (Fig. 1b). We refer the reader to the
Supplementary Material for a detailed discussion of the modeled intraslab anisotropy. Because

45

the dominant deformation mechanism is difficult to constrain®’, we apply the total macroscopic

velocity gradient to compute CPO. The computed natural strains (i.e., amount of accumulated
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deformation in terms of the ratio between the long and short axes of the finite strain ellipse)
(Fig. 1a), nonetheless, correlates with the fraction of deformation accommodated by dislocation
creep in the lower mantle?®. Finally, we use the viscoplastic self-consistent (VPSC) model*" for
CPO calculations. While this does not incorporate dynamic recrystallization, models based on
VPSC theory capture the primary features of the observed anisotropy despite the exclusion of
recrystallization textures® 5!,

When the entrained mantle accumulates strain due to slab-driven deformation, the P-induced
slip transitions in bridgmanite mainly produce an anisotropic discontinuity around the slab that
progressively weakens with distance into the surrounding mantle. Mapping the anisotropy index
« (i.e., a scalar value that quantifies the percentage of total anisotropy in the elastic tensor; see
Methods) reveals this feature as zones where the anisotropy strength is drastically reduced (Fig.
2a).

In the mantle wedge and subslab regions, the anisotropic discontinuity starts to emerge at
~ 1000 km. Coincidentally, this is also the same depth where the critically-resolved shear stress
(CRSS) values of the (100)[001] and (010)[100] slip systems switch, marking the onset of a
transition in the dominant slip system that accommodates strain. Approaching the slab, the
discontinuity deepens progressively, eventually reaching its greatest depth of ~ 1400 km directly
beneath the slab. Its sharpness is well-correlated with increasing deformation in the surrounding
mantle despite the smooth transition in bridgmanite slip systems with pressure. For instance,
Locations A and B (purple circles in Fig. 2a) exhibit a sharper contrast (a ~ 1.3% and ~ 1.4%,
respectively) owing to larger natural strains at the interface (Ey > 2) than that of Location C
(o ~ 0.8%), consistent with its lower strain (Ey ~ 1.4). Consistent with this observation, the
stagnant slab model exhibits a markedly weaker discontinuity at ~1000 km (Supplementary Fig.
2a) under reduced lower-mantle strains (Supplementary Fig. 1), despite its persistence at that

depth.
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Seismic detectability of the anisotropic discontinuity
Reflection coefficients at selected interfaces along the discontinuity

At an anisotropic interface, the elastic properties of a medium vary with propagation direction
depending on the orientation of the preferentially-aligned minerals, such that the reflection coef-
ficients vary as a function of azimuth®? 4. We therefore investigate the local seismic properties of
the anisotropic discontinuity by calculating azimuthally-varying reflection coefficients. We base

6,755 enables

our computations on S?S phases, whose occurrence across multiple period bands
sensitivity to even subtle discontinuities®3Y, such as the anisotropic discontinuity examined here.

For each azimuth, we compute reflection coefficients at the underside of the anisotropic dis-
continuity following the formulations of refs.?%°058 (see Methods). Calculations are performed at
selected interfaces defined by Locations A, B, and C (Fig. 2a), where (1) strong anisotropy con-
trasts are expected, and (2) different flow orientations are anticipated to produce distinct CPO
patterns. Epicentral distances of 90°—160° are considered, corresponding to the range over which
S?S phases are commonly observed. To visualize the reflection coefficients as functions of both
distance and azimuth, we present the results using a pole-figure representation adapted from
ref.>* (Fig. 2b). Similar calculations were performed for the PP phase (i.e., P-wave underside
reflection at depth d) — for which we found negligible reflection coefficients (Supplementary Fig.
3a). This indicates a predominantly shear-wave sensitivity to the anisotropic discontinuity.

Our results show that quasi(q)-S wave (i.e., S-wave propagating in anisotropic media with
direction-dependent velocity and particle motion®) reflections exhibit distance and polarity vari-
ations that are unique to each deformation pattern. At Location A, where deformation is dom-
inated by poloidal flow, qSH-qSH reflections display negative polarities, for all azimuths, that
become weaker with epicentral distance. In contrast at Location B, slab-driven flattening of
entrained mantle aggregates produces predominantly positive qSH-qSH reflections over most
azimuths, with negative polarities confined to narrow girdles along the NE-SW and NW-SE
directions at larger distances. Finally, at Location C, smaller accumulated strain results in

a weaker discontinuity, yielding the smallest reflection coefficients among the three locations
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(Rys—gsu ~< 0.005) and may thus fall below its seismic detectability limit. Notably, the
values at Location B are of similar order of magnitude to the reflection coefficients computed
for a bridgmanite-bridgmanite textural interface, previously used to interpret SdS phases in the
lowermost mantle®', and to that of S?S phases generated by MTZ discontinuities®. We also re-
port negligible reflection coefficients at the anisotropic discontinuity for the stagnant slab model
(Supplementary Fig. 2b) due to low deformation in the surrounding mantle beneath it (Supple-
mentary Fig. 1). These results suggest that deformation-induced anisotropic discontinuities in

the mid-mantle may be seismically observable where strain is sufficiently accumulated.

Detectability using array analysis of synthetic SS precursors

Our anisotropic discontinuity model produces azimuthally-varying reflection coefficients for S?S
phases with reflection amplitudes reaching up to Rysm—q5m ~ 0.02 where Ey >2.0. Determining
whether such reflection amplitudes are visible in seismic data requires array analysis to enhance
the S9S signal. To test its seismic detectability, we perform 3D full waveform simulations of
mid-mantle anisotropy®. We analyze synthetic waveforms between the Sdiff and the SS time
window to search for the S?S phase using array seismological methods®! (see Methods).

Fig. 3 shows slowness vespagrams of the processed synthetics. For a purely anisotropic mantle
model without any isotropic perturbations coming from the slab, the anisotropic discontinuity
generates a clear S?S phase at 112° (Fig. 3a). At a slightly larger epicentral distance (117°),
we also detect the discontinuity at a slightly shallower depth, but with a reversed S¢S polarity
(Supplementary Fig. 4a). At this distance, the reflection coefficients predict negative polarities
for all azimuths (Supplementary Fig. 4b). No signal from the anisotropic discontinuity is detected
at shorter distances (< 110°). For the same mantle model but purely isotropic with perturbations
relative to PREM restricted to the harzburgitic slab, a much shallower S?S phase emerges at a
shorter distance (~ 105°)(Fig. 3b), arising from the impedance contrast across the slab-mantle
interface. Their theoretical ray paths are shown in Fig. 3c.

For this specific geodynamical setup, our results imply that the observability and apparent

depth of the SYS phase not only depend on epicentral distance, but also on slab geometry, and
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the geometry of the anisotropic discontinuity associated with slab-induced deformation. For
example, prolonged horizontal slab flattening in the mid-mantle could reshape the discontinuity
to align roughly parallel to the base of the slab. In such a case, both the slab-mantle interface
and the anisotropic discontinuity could simultaneously produce a shallow and a deep reflector,

respectively, offering a plausible explanation for the observed double reflectors at mid-mantle

depths®.

Implications for large-scale S-wave anisotropy

Comparisons with predictions from single-fabric models and radial anisotropy to-

mography

In the uppermost lower mantle (660 - 1200 km), our predictions of S-wave radial anisotropy in
terms of the parameter £ = V2, /V&, (Fig. 4a) based on a P-dependent fabric generally match
tomographic images of £ around slabs that impinge the lower MTZ such as the Western Java
subduction zone%? which exhibits a similar subduction style (Fig. 4b). Likewise, our predictions
for the stagnant slab model also correlate well with that of subduction zones that exhibit similar
styles such as beneath Honshu (Supplementary Fig. 5). In general, faster Vsy anomalies are
localized beneath the slab that extend towards the subslab region while faster Vs, whose largest
values concentrate near the slab tip, can mostly be found in the mantle wedge.

Previous studies using kinematic approaches to mantle fabric calculation explored various
bridgmanite slip systems to explain observed radial anisotropy patterns in the lower mantle 274663,
First, by imposing (100)[001] as the softest slip system in bridgmanite, they reproduced many
large-scale features but did not capture the pronounced Vgy > Vg between 660-1000 km ob-
served in the subslab mantle. Secondly, shifting the softest slip system to (100)[010] improved
their subslab radial anisotropy predictions, but also produced strong Vsy > Vsy everywhere,
including the mantle wedge where observations indicate Vgy > Vsy. Finally, applying (010)[001]
or (001)[010] yielded Vs > Vg everywhere, eliminating the strong Vs > Vg subslab signature

altogether. By incorporating P-dependent bridgmanite fabrics, our models allow smooth tran-
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sitions between deformation modes, resulting in a closer match to seismic seismic tomography .
This suggests that the pressure-dependent behavior of bridgmanite deformation plays a key role

in the formation of radially-anisotropic structures in the lower mantle.

Comparisons with observed shear wave splitting patterns

Source-side shear wave splitting (SWS) in the subslab mantle beneath Western Java generally
reveal trench-parallel fast directions for downdip ray paths while nearing trench-perpendicular
fast directions for updip ray paths (i.e., propagation direction opposite to subduction geometry)
(Fig. 5b)336466  Effective SWS predictions in the subslab region of our anisotropy model are
consistent with these observations as shown by the trench-parallel and trench-perpendicular fast
polarization axes in both downdip and updip directions, respectively (Fig. 5a). By inspecting
an elastic tensor at one location in the subslab mantle, we further find that the fast axes of
S-wave anisotropy exhibit trench-parallel in the downdip and trench-perpendicular in the updip
directions for piercing S-waves originating at epicentral distances between 50° and 90° (Fig. 5c¢).
Because the effective fast polarization reflects the path-integrated CPO across multiple layers
making up the subslab anisotropy region®’, a P-dependent bridgmanite fabric is thus sufficient
to explain the observed SWS patterns.

The predicted delay times, however, appear underestimated (Supplementary Fig. 6). This
discrepancy likely reflects the inherently large uncertainties surrounding its estimates in both
modeling and observations: (1) Other minerals may coexist in the subslab mantle such as aki-
motoite® and phase D%. While their depth extent and stability remain uncertain, these phases

0.7 Assuming the mantle velocity gra-

are largely anisotropic under mid-mantle conditions
dients permit spatially-coherent fast axis orientations from these minerals, their effects could
interfere constructively among layers with different fabrics, leading to increased delay times. (2)
Grain-scale shape preferred orientation (SPO) such as preferentially-aligned conduits with highly-
contrasting seismic velocities may also generate extrinsic anisotropy due to finite frequency effects

in seismic data. In the mid-mantle, effective medium theory predicts that SPO-induced fabrics

generate radial anisotropy patterns similar to that of a (100)[001] bridgmanite beneath subduc-

10
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2746 This implies that combined CPO and SPO sources can increase the effective

tion zones
anisotropy®!, thus also leading to increased delay times. (3) Complex receiver-side anisotropy
(i.e., those that deviate from an isotropic or a horizontally-transverse isotropic medium) biases
delay-time estimates, even after corrections for upper mantle anisotropy . (4) Finally, source-
side SWS assumes similar receiver-side ray paths for S and SK(K)S phases. This assumption

may break down at shorter epicentral distances wherein the estimates become potentially vul-

nerable to contamination from receiver-side anisotropy®.

Discussion

Because the frequency band considered in our waveform modeling overlaps with the dominant
frequency of S¢S, whether the discontinuity persists at higher frequencies is beyond this work.
Nevertheless, a previous study demonstrated that lower frequencies spatially-average over larger
regions and may integrate incoherent CPO directions, whereas higher frequencies tend to sample
more locally coherent CPO, thereby increasing the signature of anisotropy in the seismic signals .
Mid-mantle scattering around slabs, for instance, is typically investigated in the 0.2 — 2 Hz
band®!2. Although our anisotropic discontinuity mechanism can reasonably explain the depth
range of such observations, reproducing scattering at such frequencies would likely require a
sharper discontinuity.

Several geodynamic scenarios could result in a sharper anisotropic discontinuity. Prolonged
lateral gliding of a flattened slab near 1000 km, as in the case of the Cocos slab!®, can intensify
(100)[001] bridgmanite textures immediately beneath the slab due to progressive shear deforma-
tion. This potentially creates a sharper anisotropic discontinuity beneath the entrained mantle
from above, and a moderately developed (010)[100] bridgmanite textures below it as in the cur-
rent model. A viscosity jump near 1000 km can also promote flattening by forcing the slab

to drape across the high viscosity layer!s.

This localizes larger strains beneath it which could
help form stronger (100)[00] textures®®, but this time, over nearly untextured bridgmanite across

the viscosity jump. Additional mechanisms such as imbricated convection associated with slab-

11
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plume interactions in the mid-mantle™, or highly-time dependent flow during slab buckling™,
provides another pathway for large strain accumulation assuming a constant transition stress
(i.e., threshold at which dislocation and diffusion creep have identical viscosities) ", thereby in-
creasing the sharpness of the discontinuity. Finally, a composite CPO and SPO-induced fabric in
the mid-mantle could also likely increase the impedance contrast associated with the anisotropic
discontinuity 2746:73,

Our models can also explain radial anisotropy in subduction zones, building on earlier single-
fabric models by allowing strain accommodation respond dynamically to mantle flow. Although
topotactical relationships during phase transitions in the olivine system” could, in principle,
influence bridgmanite CPO in the surrounding mantle, such effects would remain insignificant
upon crossing the 660 km boundary. In the upper MTZ, the olivine-wadsleyite and wads-
leyite-ringwoodite transitions act as textural “filters” where coherent textures serve as host
sites in the growth of incoherent textures with faster nucleation rates™™. And with the lower

8081 "slab-entrained aggregates should therefore acquire

transition zone being generally isotropic
near-random textures by the time they enter the lower mantle, rendering their prior deformation
history negligible. Within the slab, metastable olivine may still modulate anisotropy indirectly
by altering slab dynamics. Its persistence enhances down-dip compression and positive buoy-
ancy above the ~ 660 km boundary, promoting slab stagnation®*®3. Our results show that slab
stagnation localizes deformation above ~ 800 km and substantially reduces accumulated strains,
resulting in an extremely weak anisotropic discontinuity at 1000 km. Because metastable olivine
is expected mainly in old, thick lithosphere®®, such sites may be excluded in the search for
mid-mantle reflectors associated with anisotropic discontinuities.

Barring full penetration into the lowermost mantle, subduction behavior is typically classified
into three modes: (1) penetration, (2) stagnation near 660 km, and (3) trapping near 1000 km'®.
The existence of mode (3), however, remains debated as the flattened slab morphology in the
present time might be ascribed to its previous resistance to impinge the 660-km boundary'%%4.

Prior geodynamic studies have nonetheless examined trapped-slab scenarios, showing sufficient

CPO evolution despite increased resistance to deformation due to the imposed mid-mantle vis-

12
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2746 Although we do not model the trapped-slab case here, its exclusion does not

cosity jump
undermine the general implications of our results. We expect that the same mechanism responsi-
ble for generating an anisotropic discontinuity would remain active under such conditions, and, as
discussed earlier, a viscosity increase would likely sharpen the resulting anisotropic discontinuity.

Apart from Western Java, several subduction zones that have interacted with the mid-
mantle are plausible candidates for generating large-scale anisotropy, including Cocos, Northern
Peru, and Kamchatka?. These systems commonly exhibit slab flattening'®, and in our simula-
tions, flattened geometries distribute strain over broader regions, producing laterally extensive
anisotropic discontinuities that could contribute to the observed variability in mid-mantle reflec-

6

tors beneath subduction zones?®. In contrast, settings characterized by vertically penetrating

18,19

slabs, such as the Marianas , are expected to generate narrower and slightly dipping dis-

continuities that border the slab tip. Although dipping chemical reservoirs have been proposed

0 we suggest an anisotropic discontinuity offers an equally

for reflectors observed in this region®
plausible and dynamically consistent explanation.

The 1000-km discontinuity has been hypothesized to represent a viscosity “hill” that facilitates
the flattening of slabs at mid-mantle depths® which would explain the ubiquity of reflectors in

6

subduction zones®®. Since the most abundant lower-mantle phases are not known to undergo

phase transformation at mid-mantle depths, it has been suggested that variations in the grain
size of bridgmanite-enriched ancient mantle structures account for this viscosity increase?*23. In
practice, such structures are challenging to image since primordial bridgmanite exhibits velocities
that are only marginally different to a pyrolitic mantle; not to mention the trade-offs associated
with their thermo-elastic properties with temperature®-87. Alternatively, there is experimental
evidence that the viscosity of a periclase-enriched region at lower mantle conditions is two orders
of magnitude larger than the surrounding mantle which may cause slabs to flatten and settle
at ~1000 km?'. Constraining such structures in high-stress regions, however, remains elusive®.
Another explanation could be the inefficient phase transformation (i.e., slow diffusion suppresses

the dissolution of a phase at equilibrium P7T conditions) of pyroxene to majoritic garnet which

causes thicker and colder slabs to be more vulnerable to stagnation at mid-mantle depths®.

13
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Our models based on a P-dependent bridgmanite fabric suggest that mid-mantle discontinu-
ities near subduction zones may originate from deformation-induced seismic anisotropy, rather
than from thermal and/or compositional heterogeneities (for our rendition, see Fig. 6). More-
over, our models also help reconcile anisotropy observations in the uppermost lower mantle
with experimental data on bridgmanite deformation. Together, these results expand the range
of mechanisms that may account for these seismic observations, thus, highlighting the role of
texture evolution in shaping Earth’s deep structure. We stress, however, that the anisotropic
discontinuity mechanism is unlikely the sole cause of these observations, but instead offers a
complementary mechanism to existing thermo-chemical interpretations.

Looking ahead, coupling anisotropic viscosity feedback and depth-dependent bridgmanite
deformation may further reveal how deep mantle fabrics influence slab behavior - whether they
penetrate deeper or stagnate in the upper lower mantle. Similar to how olivine CPO in the
asthenosphere facilitates plate motion through reduced viscosity®’, we propose that the CPO

evolution of bridgmanite could exert a comparable control on slab dynamics at depth.

Methods

Thermo-chemical modeling of intraoceanic subduction

The geodynamic modeling scheme is adopted from previous work®!, with some modifications in
the model parameters to also allow for slab penetration. To avoid redundancy, we refer the reader

2! that describes the modeling strategy in complete detail including the implementation of

to re
latent heating and P-induced phase transformations in the MTZ, as well as composite viscoplastic
- depth-dependent rheology.

We construct 2D subduction models using the open source geodynamic software ASPECT 9092
whose framework is based on a finite element model with adaptive mesh refinements and a variety
of non-linear rheologies included as modules. The domain spans 6000 km x 2000 km with spatial

resolutions that vary adaptively from 5 km x 5 km close to the slab and along the discontinuities

in the MTZ up to 325 km x 325 km in zones of quiescence (i.e., very far from the slab). The plates
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193 with a surface adiabatic temperature of 1573 K. Below the

follow a half-space cooling mode
presumed lithosphere-asthenosphere boundary depth, a 0.53 K -km™" linear gradient is imposed.
Slab penetration or stagnation initiates depending on the chosen values of the parameters for

94 as well as the value of the imposed viscosity jump at 660 km

the latent heating mechanism
that is harmonic averaged with the viscoplastic rheology®'. Phase transition Clapeyron slopes,
and viscoplastic rheology parameter values are indicated in Supplementary Tables 1 and 2 of the

Supplementary Material.

Depth-dependent deformation and anisotropy in bridgmanite

A previous work conducted a series of laser-heated diamond anvil cell experiments to deform
polycrystalline pyrolite at in situ lower-mantle pressures and temperatures??. While no apparent
textures were observed in davemaoite and ferropericlase under lower mantle conditions, three
regimes are observed in bridgmanite deformation: (1) strong [001] orientations at 660 km depth
conditions, induced by preferential growth of bridgmanite under stress, (2) weak re-orientation
towards [100] at pressures below 50 GPa, corresponding to the depth range 660 — 1250 km, (3)
followed by a smooth transition towards [010] with minor preferential alignments at [001] past
50 GPa. At increasing pressures, strong [010] textures remain. Full details about the experiment
and interpretation of the experimental results have been documented in ref.2.

Visco-plastic self-consistent” (VPSC) modeling of the experimental data of ref.** leads to
the following result: below 50 GPa, primary activity is observed in (100)[001] with secondary
activities at (100)[010], (010)[001] and (001)[010] that are consistent with the literature3®%.
Above 50 GPa, P-induced slip transitions now occur with primary and secondary activities at
(010)[100] and (010)[001], respectively (Fig. 1), in agreement with Peierls-Nabarro predictions
of critically-resolved shear stresses (CRSS) in bridgmanite?* (Supplementary Fig. 7). VPSC
simulation of P-dependent bridgmanite under simple shear is also shown in Supplementary Fig. 8.
We subsequently fit a linear model to the relative CRSS of each active slip system in bridgmanite

as a function of pressure up to 50 GPa, beyond which the CRSS values remain constant (Fig.

1lc; Supplementary Table 3).
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Lower-mantle fabric modeling

Following the method of ref.?!, we model P-induced phase transformations to determine the
depth extent of MTZ boundaries for appropriate mineral assignments when computing CPO.
To do so, we employ Perple_ X7 to determine the mineral equilibrium assemblage of pyrolite
at PT conditions relevant to the mantle. Arbitrary density crossover associated with the phase
transition boundary at 660 km is computed using the latest thermodynamic database of ref..
For a pyrolitic composition, the density p crossover at the 660 km boundary is pggo = 4170 kg - m3.

As we are only interested in lower-mantle anisotropy, we only perform fabric calculations past
peso = 4170 kg - m3. Aggregates are treated as Lagrangian tracers that are advected forward in
time using the flow velocity computed from ASPECT. At each step along the pathline followed
by the tracer, we calculate the CPO of 3000 grains with a modified version of the VPSC model
that incorporates P-induced slip transitions®. Here, P-dependence is established by computing
the local shear rate 4 in a slip system s of a grain using the linear relationship between the

relative CRSS 7§ and P (Supplementary Table 3):

s 1"

¥ =io| =] (1)
where 7y is the reference shear rate, 77 is the resolved shear stress, and n is the stress
exponent in slip system s. For simplicity, we set a constant value n = 3 for all slip systems.
Under our modeling conditions, variations in n would have a negligible impact on the resulting
conclusions. We perform CPO calculations without the need for strain partitioning (i.e., full
velocity gradient tensor is used to deform the aggregate), and only for the bridgmanite phase as
it solely exhibits significant intrinsic visco-elastic anisotropy in a pyrolitic material at upper lower-
mantle depths**!%, Random textures are, henceforth, imposed on davemaoite and ferropericlase.
Crystallographic orientations are initially random-oriented in the background mantle. Inside the
slab, we apply the orientated growth mechanism of ref.#! for bridgmanite. Each time pathlines

cross the 660 km boundary, textures of aggregates are re-randomized.

Polycrystal elastic tensors are computed based on a two-phase aggregate composed of 80%
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bridgmanite and 20% ferropericlase using a Voigt-Reuss-Hill averaging technique!®'. Bridg-
manite single crystal elastic constants are computed for a given P and T using a lookup table
produced from first-principles calculations of thermoelasticity based on the Wu-Wentzcovitch
semi-analytical method 2. Meanwhile, that of ferropericlase are computed using the PT" deriva-

f.193 Finally, given the full elastic tensors, radial anisotropy is computed

tives provided by re
at each point in space using the method of ref'®*. We also express our results in terms of the
anisotropy index, a scalar quantity that measures the total amount of anisotropy present in the

elastic tensor ¢™1%. The anisotropy index is defined as:

%:(Cz‘j — )’
anisotropy index = W, (2)
ij
where c? is the isotropic part of the elastic tensor extracted using the method of ref!%.

In the models presented here, we observe a smooth transition in the appearance of the
anisotropic discontinuity, which mainly results from gradual shifts in slip system activities in-
troduced via a linear dependence of bridgmanite CRSS on pressure. In contrast, Supplementary
Fig. 9 illustrates the predicted anisotropy produced by an instantaneous change in slip system
CRSS at 50GPa, revealing unrealistic anisotropy patterns such as the presence of a rather sharp
anisotropic discontinuity. In future work, the sharpness of the anisotropic discontinuity could
be better constrained by increasing the number of Lagrangian tracer aggregates that make up
the elastic medium, although this would require substantially greater computational resources.
Because tracer density is also limited by the spatial resolution of the mantle flow model, resolving
sharper discontinuities would additionally require a finer numerical mesh. Under such conditions,

sharper anisotropic contrasts could emerge even with smooth pressure-induced slip transitions

in bridgmanite.
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Shear wave splitting calculations

We calculate the effective shear wave splitting (SWS) parameters for a stack of horizontal layers
(each defined by a full elastic tensor ¢ with a 25-km spacing) that samples the subslab mantle
between 660-1200 km (Dashed vertical line in Fig. 3a: Right panel) for all plausible ray prop-
agation directions strictly characterized by azimuth relative to the xr—axis and incidence angle.
The chosen depth profile best captures the layer of positive radial anisotropy (Vsyg > Vsy in
the subslab mantle and ensures that there is no interference with the anisotropy coming from
the transformation textures within the slab when computing the effective SWS. To compare our
predictions with published source-side SWS measurements underneath Western Java, epicentral
distances between 50° — 90° are converted to incidence angles of the direct S phase for each
horizontal layer using the TauP Toolkit " and PREM %, Using the Matlab Seismic Anisotropy
Toolbox % (MSAT), we apply the method of ref. % to compute the effective splitting operator of
the direct S wave propagating from all azimuths from the splitting parameters of each horizontal

layer.

Anisotropic reflection calculations

We select three points along the anisotropic discontinuity where the degree of natural strain
exceeds Fy > 0.5%7, namely Locations A, B, and C in Fig. 2a, to ensure strong contrasts in
anisotropy. Each point represents an interface where the top and bottom layers share identical
isotropic elastic coefficients and densities, differing only in their anisotropic components to avoid
bias towards sharp isotropic velocity contrasts. To enforce this, the middle node defines the
interface containing the local minima of the anisotropy index (i.e., Locations A, B, and C), while
the adjacent vertical nodes represent the top and bottom layers. Using the elastic decomposition

106 we extract the isotropic component of the elastic tensors for the top and

technique of re
bottom layers (while retaining their anisotropic components) and replace them with that of the
middle node. The top and bottom layer densities are also set to match that of the middle node

(see Supplementary Material for further details).
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We compute reflection coefficients at these interfaces using the REFVEC subroutine of the
anisotropic ray tracer package ATRAK!! for a range of azimuths and incidence angles relative
to the model z direction. We treat the problem as S?S reflections in the underside of the
anisotropic discontinuity where d pertains to the depth at which reflection occurs. With this,
the bottom layer effectively becomes the incident layer within REFVEC. Locations A, B, and
C are at depths d = 1150, 1400, 1250 km, respectively. Mid-mantle reflections typically occur at
epicentral distances ~ 90° —160°%112. To account for this, we use the TauP Toolkit!°7 to convert
distances to incidence angles, with each conversion performed using a modified PREM % that
includes a discontinuity imposed at d. The resulting reflection coefficients thus represent the
behavior of S'99S, 14005 "and S'259S phases in the vicinity of the anisotropic discontinuity. We
also show qSV-qSH reflection coefficients owing to the cross coupling of SV and SH motions in

113

the incident anisotropic layer'™® (Supplementary Fig. 3b).

Full waveform modeling and array analysis

We construct the 3D anisotropy model by extending the 2D anisotropy model in the along-strike
direction such that the 2D structure is replicated uniformly along strike. The background model
is isotropic PREM'%. 'We consider two test cases: (1) fully anisotropic mantle model. Note that
because the numerical resolution in fabric modeling is constrained by the limited number of La-
grangian tracers, the modeled discontinuity appears smoother. For the waveform simulations, we
represent the transition as a sharper interface by assigning untextured bridgmanite at the discon-
tinuity depth. To ensure that the seismic waves are perturbed solely by the anisotropic structure,

106 “and replace

we apply the elastic decomposition technique of Browaeys and Chevrot (2004)
the isotropic part of our 3D mantle model with that of PREM. (2) Isotropic mantle model. In
this test case, we consider isotropic perturbations associated wit the slab by modeling its velocity

14 PT—dependent seismic velocities and density of

structure using a harzburgite composition?
the slab are modeled using Perple X (Supplementary Fig. 10)%%. The resulting model is then
transformed from Cartesian coordinates [z, vy, z] to geographic coordinates [lat,lon, z| using a

linear mapping before meshing.
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We compute synthetic seismograms at the global scale using the SEM code AxiSEM3D®.
The 3D subduction model is centered at [0,0] with the slab dipping East—West (E-W), and the
trench axis oriented North-South (N-S). We design a square seismic array centered at [0,52°]
spanning 20° laterally. The array is composed of 3000 stations with variable inter-station spacing
capped at a minimum of 11 km®'. The source is a pure left-lateral strike-slip mechanism whose
nodal plane orients E-W, located at [0,-58°] and a depth of 10 km. We use a Gaussian source-
time function with a half-duration of 3 s. Simulations are performed at a minimum period of 4
s with a record length of one hour.

Because most ray paths lie close to the equator, errors from the axis-symmetric approximation
are contained®’. In addition, wavefield scanning shows that fewer than 400 Fourier coefficients
are sufficient in both the in-plane and off-plane directions (Supplementary Fig. 11). We therefore
use an expansion order of 400 to further suppress spurious signals.

For the array analysis, we define a circular sub-array within the main array with an aper-
ture radius of 2.5° (~140 stations), measured from a reference receiver at the sub-array center.
Processing of the noise-free synthetic waveforms is performed on the transverse component using
ObsPy!!5. As a pre-processing step we apply a second-order zero-phase Butterworth bandpass
filter between 4 and 11 s. To test the detectability of the anisotropic discontinuity using SS
precursors, we first apply 4th-root stacking® to enhance their amplitudes, and subsequently

compute slowness vespagrams®! between the Sdiff and the main SS phase time window.

Data availability

Subduction modeling was carried out using the open software ASPECT? 2 Mantle fabric
calculations were performed using VPSC*’. Full waveform modeling was implemented using the
open software AxiSEM3D®, and processing of synthetic waveforms was completed in Obspy 1.
Decomposition, processing of elastic tensors, and shear wave splitting calculations were performed
using MSAT ', The anisotropic reflection calculation code REFVEC - which is a subroutine of

ATRAK!! - is available upon reasonable request from J.W. All model parameters used to run
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the geodynamic simulations are available in the Supplementary Material.
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Figure 1: Some properties of the anisotropy model presented in this study. a, Amount
of accumulated deformation induced by slab penetration in terms of the natural strain Ey defined

as Fy = 5 In((1/¢3) where (; and (3 are the long and short axes, respectively, of the finite strain

ellipse (fse). Red arrow-less vectors correspond to the orientation of the fse with its length
scaled by Ey. When computing CPO, initial random textures are prescribed in the surrounding
mantle whereas initial transformation textures (b) are inside the slab. b, Pole figures of the
transformation texture used in this study expressed in multiples of uniform distribution (mud).
c, Relative critically-resolved shear stress (CRSS, 79) in a given slip system as a function of
pressure P inferred from ref.*?. Note that all active slip systems CRSS vary with P, only that
the four most active ones are plotted to avoid clutter. The transition in slip system is progressive
between 24 and 50 GPa, corresponding to depths between 670 and 1250 km, with an inversion
of CRSS between easiest slip on (100)[001] to (010)[100] at 40 GPa (i.e., 1050 km depth).
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Figure 2: Deformation-induced seismic discontinuity in the mid-mantle. a, Anisotropy
index (i.e., percentage of total anisotropy) expressed as the norm of the deviatoric part of the
elastic tensor relative to the norm of its isotropic part (see Methods). Solid purple circles are the
selected interfaces: Location A, Location B, and Location C along the anisotropic discontinuity
where reflection coefficients are to be computed. b, Pole figure representations, in each location,
of qSH-qSH reflection coefficients as a function of azimuth and epicentral distance (90° — 160°)
reminiscent of S%S phases. Azimuth is measured clockwise relative to the x axis of the geodynamic
model. Diagrams above are cartoon representations of underside reflections off the discontinuity
separated by a layer of (100)[001] bridgmanite over (010)[100] bridgmanite. Note the apparently
sharp seismic boundary despite a continuous transition in bridgmanite slip systems in Fig. 1c.
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Figure 3: Detectability of the anisotropic discontinuity using SS precursors. a, Slowness
vespagram for the fully-anisotropic mantle model. b, Same as (a) but for an isotropic model
with harzburgitic slab velocity perturbations included. Insets indicate phase arrivals predicted
using 1D ray tracing over isotropic PREM. Purple circles in (a) and (b) refer to the maximum
amplitude of the phase arrivals. ¢, Theoretical ray paths of S!3°S and S'489S,
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Figure 4: Radial anisotropy in the lower mantle beneath a subduction zone. a, Pre-
dicted patterns of large-scale radial anisotropy & in the lower mantle around a penetrating slab
from pressure-dependent bridgmanite fabrics. b, Cross section of ¢ in the Western Java subduc-
tion zone from SGLOBE-Rani®?. Solid black contours delineate the slab which is defined by Vs
anomalies in the range +0.75 - 5.0% also obtained from SGLOBE-Rani.
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Figure 5: Shear wave splitting in the subslab mantle. a, Left panel: Masked ¢ in regions
where natural strains Fy exceed 0.5. Vertical dashed line refers to the depth distribution of
anisotropy in the subslab mantle used to compute effective shear wave splitting (SWS). Right
panel: Effective SWS as a function of epicentral distance (A = 50° —90°) and azimuth (0 —360°)
projected at the surface near the trench (the red inverted triangle of the left panel). Arrow-less
vectors in the polar plot refer to fast polarizations relative to zero azimuth (i.e., z axis), whereas
color gradients pertain to delay time strength d¢ in second (s). Horizontal projection of slab
dip is guided by the yellow arrow. b, General source-side SWS patterns observed underneath
Western Java adapted from ref.%¢. Fast polarizations vary depending on the direction of the ray
traversing through the subslab mantle; blue in the case of updip (i.e., propagation direction of
direct S opposite to the horizontal projection of the slab dip), and red for downdip ray paths).
¢, Spherical plot of S-wave anisotropy at a chosen location in the subslab mantle. Anisotropy
amplitude is expressed in percent; whereas orientations are indicated by the dark arrow-less
vectors. Arrows piercing through the sphere pertain to the direction of rays incident to this
region for epicentral distances A = 50° and 90° (i.e., the distance range typically used in source-
side SWS studies).
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Figure 6: Mid-mantle discontinuities in subduction zones interpreted as a
deformation-induced seismic feature. Schematic diagram illustrating the distribution of the
anisotropic discontinuity and the general pattern of radial anisotropy induced by two subduc-
tion styles: slab penetration and stagnation. The entrained mantle surrounding slabs generally
exhibits larger accumulated strains, and hence, the clustering of large-scale anisotropy around
them; whilst the rest of the mantle remains isotropic (in yellow). Slab penetration (e.g., West-
ern Java subduction zone) results in a deeper distribution of anisotropy. Above 1000 km, CPO
evolution is primarily influenced by (100)[001] bridgmanite (in green). Slip transition occurs at
1000 km, and past this depth, (010)[100] bridgmanite now controls the depth distribution of
anisotropy (in blue). This creates a deformation-induced anisotropic discontinuity that deepens
in the presence of a slab. Red streaks, that perhaps could be more extensive, denote the potential
location of mid-mantle reflectors in the underside of the anisotropic discontinuity. In the case
of a stagnant slab (e.g., Honshu subduction zone), the anisotropic discontinuity persists at 1000
km, but appears faint due to weak deformation

39



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

* revisedSupplementaryMaterialv5.pdf


https://assets-eu.researchsquare.com/files/rs-7039328/v1/3f989f04fac7911729e266c6.pdf

