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John Keith Magali1, Sébastien Merkel2, Angelo Pisconti1, Jeffrey Gay3,

James Wookey4, Christine Thomas1,5

4

1Institute of Geophysics, University of Münster, Corrensstr. 24, 48149 Münster,5

Germany6

2Univ. Lille, CNRS, INRAE, Centrale Lille, UMR 8207 - UMET - Unité7
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Abstract13

Bridgmanite, the main mineralogical phase in the Earth’s lower mantle, is intrinsically14

anisotropic and may therefore generate seismic anisotropy in actively-deforming regions,15

particularly subduction zones. Bulk of the lower mantle is widely regarded as well-mixed but16

recent seismic observations suggest structures at mid-mantle depths whose origin remains17

unclear. Here, we propose a new mechanism that could generate seismic discontinuities18

beneath subduction zones with depth distributions consistent with some of the observed19

mid-mantle reflectors. By coupling thermo-mechanical subduction models with pressure-20

dependent fabric calculations, we show that gradual slip transitions in bridgmanite with21

depth can manifest anisotropic discontinuities near 1000 km, which can deepen depending22

on the extent of accumulated deformation. This discontinuity is most pronounced in regions23

of strong slab-driven flow as revealed by its reflection coefficients, the strength of which24

varies with distance and azimuth. While our models predict ∼1.5% contrast in fast versus25

slow shear wave velocities in terms of radial anisotropy, our full waveform simulations26

show that the discontinuity is detectable with array seismological methods. These results27

suggest that mid-mantle reflectors near subduction zones may be strain-induced, providing28

an additional mechanism that links mantle flow, mineral physics, and seismic observations.29
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Introduction30

The dynamics of descending plates plays a central role in the mixing of recycled material into the31

mantle by imposing intense deformation on the surrounding rocks. This deformation fosters the32

evolution of textured fabrics and, should dissolution processes be limited, a mechanically-mixed33

mantle leads to the formation of laminated structures with distinct contrasts in densities and34

seismic properties. Such heterogeneities, spanning a wide range of length scales, are potential35

sites for the reflection and conversion of seismic waves. Understanding where these seismic reflec-36

tions and conversions originate therefore provides key insight into the nature of the underlying37

mineralogical boundaries and their relationship to mantle dynamics.38

Unlike mantle transition zone (MTZ) discontinuities1,2 which are governed by pressure-39

induced phase transformations in the olivine system3, the origin of mid-mantle (660 − 200040

km) seismic structures is poorly understood. In subduction settings, reflectors and scatterers41

within this depth range are well-documented using SS precursors (i.e., S-wave underside reflec-42

tions off depth d)4–7, hereafter referred to as SdS, as well as converted waves8–13. These signals,43

inclusively, span a broad depth interval (∼ 750 – 1700 km), with some sparse detections below44

1900 km12. The variability is unclear whether the signals reflect coherent discontinuities or in-45

stead originate from small-scale heterogeneities that scatter seismic energy. As such, they are46

oftentimes attributed to reflections off the slab interface6, accumulations of neutrally-buoyant47

subducted crust14, and/or phase transition of secondary phases7,15. However, this interpreta-48

tion cannot account for observations occurring far beneath slab interfaces6,16, underscoring the49

enigmatic nature of these mid-mantle features.50

In subduction zones, SdS also consistently reveal a prominent seismic discontinuity across51

1000 km, and have thus often been associated with the so-called mid-mantle discontinuity4–6,17.52

Global tomographic models, in regions including beneath Indonesia and the Marianas, likewise53

show sharp velocity contrasts at similar depths17. These features are commonly interpreted as54

the depth at which some sinking slabs tend to flatten18,19, and in a different tectonic environ-55

ment, buoyant upwellings tend to deflect20. Efforts to explain the nature of the mid-mantle56

discontinuity span a range of hypotheses that are all of thermo-chemical in origin21–23. Evidence57
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for the existence of such a layer appears robust although it does not seem to be a global feature6.58

Seismic anisotropy arising from crystallographic preferred orientation (CPO) of intrinsically59

anisotropic mantle minerals has long been recognized24. The robust evidence for large-scale60

(>100 km) anisotropy in high-stress regions25,26 indicates that deformation-driven fabrics persist61

to great depths27. This implies that some mid-mantle features may owe their seismic expres-62

sion to anisotropic layering rather than solely to compositional contrasts. In the upper mantle63

(< 410 km), the Lehmann discontinuity has been suggested to be due to changes in the intrinsic64

anisotropy of olivine because of a shift in its deformation mechanism (dislocation to diffusion) at65

∼ 200 km28,29. Subsequent studies further explored this idea30, showing that SdS can help char-66

acterize anisotropic discontinuities through amplitude and polarity variations. In the lowermost67

mantle (>2800 km), an interface consisting of isotropic bridgmanite over (100)[010] bridgmanite68

was one of the candidate models to explain deep reflections and splitting adjacent to large-low69

velocity provinces31. In the mid-mantle − which is the scope of this study − some seismologi-70

cal observations were linked to anisotropic discontinuities resulting from entrainment of mantle71

material via subduction9.72

Seismic anisotropy in the mid-mantle is not uniformly distributed but is particularly pro-73

nounced beneath subduction zones26,32–34, with some even reporting its existence below 190074

km35. Bridgmanite ([Mg,Fe]SiO3) which comprises ∼ 80% of the lower mantle in the pyrolite75

model36, is intrinsically anisotropic and likely the primary phase that manifests CPO during76

dislocation creep37,38. While diffusion creep is cited as the dominant mechanism in the average77

lower mantle39, numerical models suggest that dislocation creep remains an active process in re-78

gions associated with large tectonic stresses27,35,40. This motivated the re-evaluation of the active79

slip systems of bridgmanite in a pyrolitic composition by conducting deformation experiments at80

in situ pressures and temperatures41,42. Their findings reveal a deformation pattern previously81

predicted in atomic scale Peierls stress calculations43,44, characterized by a depth-dependent82

behavior driven by pressure-induced slip transitions under lower mantle conditions.83

Here, we investigate the effect of the depth-dependent deformation behavior of bridgmanite84

on large-scale seismic anisotropy in the mid-mantle beneath a subduction zone. We use the85
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recently-constrained pressure-dependent bridgmanite fabric to perform self-consistent forward86

modeling that combines 2D thermo-chemical modeling of intraoceanic subduction with mantle87

fabric modeling. We report how pressure-induced slip transitions in bridgmanite could produce88

a seismic discontinuity in the mid-mantle. We then evaluate seismic wave reflections at the89

discontinuity, and further test its detectability using full waveform modeling. Finally, we present90

the implications of a pressure-dependent fabric on large-scale S-wave anisotropy, and compare our91

results with single-fabric calculations from current literature, seismic tomography, and shear wave92

splitting observations. In light of our findings, we propose a new mechanism that could generate93

seismic discontinuities in the mid-mantle beneath subduction zones whose depth distribution94

broadly matches mid-mantle seismic observations. These discontinuities are purely deformation-95

driven, providing an additional mechanism to explain mid-mantle reflectors in high-stress regions.96

Results97

Deformation-induced seismic discontinuity in the mid-mantle98

Using a pressure(P )-dependent bridgmanite fabric42 (Fig. 1c), we couple a 2D thermo-mechanical99

free-subduction model with mantle fabric calculations to predict large-scale anisotropy generated100

by a slab penetrating the lower mantle (see Methods). In addition, we also explore a stagnant slab101

scenario in which the slab flattens near the 660-km discontinuity; results from this configuration102

are presented in the Supplementary Material. We assume a pyrolitic lower mantle where bridg-103

manite solely controls CPO development, as that of davemaoite (Ca-perovskite) and ferroperi-104

clase remains incoherent under lower mantle conditions42. The latter phases are, thus, treated105

as isotropic. Random textures are prescribed in the ambient mantle (Fig. 1a), while intraslab106

anisotropy is computed by imposing initial transformation textures (i.e., the CPO developed dur-107

ing the ringwoodite–bridgmanite phase transformation)41 (Fig. 1b). We refer the reader to the108

Supplementary Material for a detailed discussion of the modeled intraslab anisotropy. Because109

the dominant deformation mechanism is difficult to constrain45, we apply the total macroscopic110

velocity gradient to compute CPO. The computed natural strains (i.e., amount of accumulated111
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deformation in terms of the ratio between the long and short axes of the finite strain ellipse)112

(Fig. 1a), nonetheless, correlates with the fraction of deformation accommodated by dislocation113

creep in the lower mantle46. Finally, we use the viscoplastic self-consistent (VPSC) model47 for114

CPO calculations. While this does not incorporate dynamic recrystallization, models based on115

VPSC theory capture the primary features of the observed anisotropy despite the exclusion of116

recrystallization textures48–51.117

When the entrained mantle accumulates strain due to slab-driven deformation, the P -induced118

slip transitions in bridgmanite mainly produce an anisotropic discontinuity around the slab that119

progressively weakens with distance into the surrounding mantle. Mapping the anisotropy index120

α (i.e., a scalar value that quantifies the percentage of total anisotropy in the elastic tensor; see121

Methods) reveals this feature as zones where the anisotropy strength is drastically reduced (Fig.122

2a).123

In the mantle wedge and subslab regions, the anisotropic discontinuity starts to emerge at124

∼ 1000 km. Coincidentally, this is also the same depth where the critically-resolved shear stress125

(CRSS) values of the (100)[001] and (010)[100] slip systems switch, marking the onset of a126

transition in the dominant slip system that accommodates strain. Approaching the slab, the127

discontinuity deepens progressively, eventually reaching its greatest depth of ∼ 1400 km directly128

beneath the slab. Its sharpness is well-correlated with increasing deformation in the surrounding129

mantle despite the smooth transition in bridgmanite slip systems with pressure. For instance,130

Locations A and B (purple circles in Fig. 2a) exhibit a sharper contrast (α ∼ 1.3% and ∼ 1.4%,131

respectively) owing to larger natural strains at the interface (E0 > 2) than that of Location C132

(α ∼ 0.8%), consistent with its lower strain (E0 ∼ 1.4). Consistent with this observation, the133

stagnant slab model exhibits a markedly weaker discontinuity at ∼1000 km (Supplementary Fig.134

2a) under reduced lower-mantle strains (Supplementary Fig. 1), despite its persistence at that135

depth.136
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Seismic detectability of the anisotropic discontinuity137

Reflection coefficients at selected interfaces along the discontinuity138

At an anisotropic interface, the elastic properties of a medium vary with propagation direction139

depending on the orientation of the preferentially-aligned minerals, such that the reflection coef-140

ficients vary as a function of azimuth52–54. We therefore investigate the local seismic properties of141

the anisotropic discontinuity by calculating azimuthally-varying reflection coefficients. We base142

our computations on SdS phases, whose occurrence across multiple period bands6,7,55 enables143

sensitivity to even subtle discontinuities5,30, such as the anisotropic discontinuity examined here.144

For each azimuth, we compute reflection coefficients at the underside of the anisotropic dis-145

continuity following the formulations of refs.52,56–58 (see Methods). Calculations are performed at146

selected interfaces defined by Locations A, B, and C (Fig. 2a), where (1) strong anisotropy con-147

trasts are expected, and (2) different flow orientations are anticipated to produce distinct CPO148

patterns. Epicentral distances of 90◦−160◦ are considered, corresponding to the range over which149

SdS phases are commonly observed. To visualize the reflection coefficients as functions of both150

distance and azimuth, we present the results using a pole-figure representation adapted from151

ref.54 (Fig. 2b). Similar calculations were performed for the PdP phase (i.e., P-wave underside152

reflection at depth d) − for which we found negligible reflection coefficients (Supplementary Fig.153

3a). This indicates a predominantly shear-wave sensitivity to the anisotropic discontinuity.154

Our results show that quasi(q)-S wave (i.e., S-wave propagating in anisotropic media with155

direction-dependent velocity and particle motion59) reflections exhibit distance and polarity vari-156

ations that are unique to each deformation pattern. At Location A, where deformation is dom-157

inated by poloidal flow, qSH-qSH reflections display negative polarities, for all azimuths, that158

become weaker with epicentral distance. In contrast at Location B, slab-driven flattening of159

entrained mantle aggregates produces predominantly positive qSH-qSH reflections over most160

azimuths, with negative polarities confined to narrow girdles along the NE–SW and NW–SE161

directions at larger distances. Finally, at Location C, smaller accumulated strain results in162

a weaker discontinuity, yielding the smallest reflection coefficients among the three locations163
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(RqSH−qSH ∼< 0.005) and may thus fall below its seismic detectability limit. Notably, the164

values at Location B are of similar order of magnitude to the reflection coefficients computed165

for a bridgmanite-bridgmanite textural interface, previously used to interpret SdS phases in the166

lowermost mantle31, and to that of SdS phases generated by MTZ discontinuities53. We also re-167

port negligible reflection coefficients at the anisotropic discontinuity for the stagnant slab model168

(Supplementary Fig. 2b) due to low deformation in the surrounding mantle beneath it (Supple-169

mentary Fig. 1). These results suggest that deformation-induced anisotropic discontinuities in170

the mid-mantle may be seismically observable where strain is sufficiently accumulated.171

Detectability using array analysis of synthetic SS precursors172

Our anisotropic discontinuity model produces azimuthally-varying reflection coefficients for SdS173

phases with reflection amplitudes reaching up to RqSH−qSH ∼ 0.02 where E0 >2.0. Determining174

whether such reflection amplitudes are visible in seismic data requires array analysis to enhance175

the SdS signal. To test its seismic detectability, we perform 3D full waveform simulations of176

mid-mantle anisotropy60. We analyze synthetic waveforms between the Sdiff and the SS time177

window to search for the SdS phase using array seismological methods61 (see Methods).178

Fig. 3 shows slowness vespagrams of the processed synthetics. For a purely anisotropic mantle179

model without any isotropic perturbations coming from the slab, the anisotropic discontinuity180

generates a clear SdS phase at 112◦ (Fig. 3a). At a slightly larger epicentral distance (117◦),181

we also detect the discontinuity at a slightly shallower depth, but with a reversed SdS polarity182

(Supplementary Fig. 4a). At this distance, the reflection coefficients predict negative polarities183

for all azimuths (Supplementary Fig. 4b). No signal from the anisotropic discontinuity is detected184

at shorter distances (< 110◦). For the same mantle model but purely isotropic with perturbations185

relative to PREM restricted to the harzburgitic slab, a much shallower SdS phase emerges at a186

shorter distance (∼ 105◦)(Fig. 3b), arising from the impedance contrast across the slab–mantle187

interface. Their theoretical ray paths are shown in Fig. 3c.188

For this specific geodynamical setup, our results imply that the observability and apparent189

depth of the SdS phase not only depend on epicentral distance, but also on slab geometry, and190
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the geometry of the anisotropic discontinuity associated with slab-induced deformation. For191

example, prolonged horizontal slab flattening in the mid-mantle could reshape the discontinuity192

to align roughly parallel to the base of the slab. In such a case, both the slab–mantle interface193

and the anisotropic discontinuity could simultaneously produce a shallow and a deep reflector,194

respectively, offering a plausible explanation for the observed double reflectors at mid-mantle195

depths6.196

Implications for large-scale S-wave anisotropy197

Comparisons with predictions from single-fabric models and radial anisotropy to-198

mography199

In the uppermost lower mantle (660 - 1200 km), our predictions of S-wave radial anisotropy in200

terms of the parameter ξ = V 2
SH/V

2
SV (Fig. 4a) based on a P -dependent fabric generally match201

tomographic images of ξ around slabs that impinge the lower MTZ such as the Western Java202

subduction zone62 which exhibits a similar subduction style (Fig. 4b). Likewise, our predictions203

for the stagnant slab model also correlate well with that of subduction zones that exhibit similar204

styles such as beneath Honshu (Supplementary Fig. 5). In general, faster VSH anomalies are205

localized beneath the slab that extend towards the subslab region while faster VSV , whose largest206

values concentrate near the slab tip, can mostly be found in the mantle wedge.207

Previous studies using kinematic approaches to mantle fabric calculation explored various208

bridgmanite slip systems to explain observed radial anisotropy patterns in the lower mantle27,46,63.209

First, by imposing (100)[001] as the softest slip system in bridgmanite, they reproduced many210

large-scale features but did not capture the pronounced VSH > VSV between 660–1000 km ob-211

served in the subslab mantle. Secondly, shifting the softest slip system to (100)[010] improved212

their subslab radial anisotropy predictions, but also produced strong VSH > VSV everywhere,213

including the mantle wedge where observations indicate VSV > VSH . Finally, applying (010)[001]214

or (001)[010] yielded VSV > VSH everywhere, eliminating the strong VSH > VSV subslab signature215

altogether. By incorporating P -dependent bridgmanite fabrics, our models allow smooth tran-216
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sitions between deformation modes, resulting in a closer match to seismic seismic tomography .217

This suggests that the pressure-dependent behavior of bridgmanite deformation plays a key role218

in the formation of radially-anisotropic structures in the lower mantle.219

Comparisons with observed shear wave splitting patterns220

Source-side shear wave splitting (SWS) in the subslab mantle beneath Western Java generally221

reveal trench-parallel fast directions for downdip ray paths while nearing trench-perpendicular222

fast directions for updip ray paths (i.e., propagation direction opposite to subduction geometry)223

(Fig. 5b)33,64–66. Effective SWS predictions in the subslab region of our anisotropy model are224

consistent with these observations as shown by the trench-parallel and trench-perpendicular fast225

polarization axes in both downdip and updip directions, respectively (Fig. 5a). By inspecting226

an elastic tensor at one location in the subslab mantle, we further find that the fast axes of227

S-wave anisotropy exhibit trench-parallel in the downdip and trench-perpendicular in the updip228

directions for piercing S-waves originating at epicentral distances between 50◦ and 90◦ (Fig. 5c).229

Because the effective fast polarization reflects the path-integrated CPO across multiple layers230

making up the subslab anisotropy region67, a P -dependent bridgmanite fabric is thus sufficient231

to explain the observed SWS patterns.232

The predicted delay times, however, appear underestimated (Supplementary Fig. 6). This233

discrepancy likely reflects the inherently large uncertainties surrounding its estimates in both234

modeling and observations: (1) Other minerals may coexist in the subslab mantle such as aki-235

motoite68 and phase D69. While their depth extent and stability remain uncertain, these phases236

are largely anisotropic under mid-mantle conditions70,71. Assuming the mantle velocity gra-237

dients permit spatially-coherent fast axis orientations from these minerals, their effects could238

interfere constructively among layers with different fabrics, leading to increased delay times. (2)239

Grain-scale shape preferred orientation (SPO) such as preferentially-aligned conduits with highly-240

contrasting seismic velocities may also generate extrinsic anisotropy due to finite frequency effects241

in seismic data. In the mid-mantle, effective medium theory predicts that SPO-induced fabrics242

generate radial anisotropy patterns similar to that of a (100)[001] bridgmanite beneath subduc-243
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tion zones27,46. This implies that combined CPO and SPO sources can increase the effective244

anisotropy51, thus also leading to increased delay times. (3) Complex receiver-side anisotropy245

(i.e., those that deviate from an isotropic or a horizontally-transverse isotropic medium) biases246

delay-time estimates, even after corrections for upper mantle anisotropy72. (4) Finally, source-247

side SWS assumes similar receiver-side ray paths for S and SK(K)S phases. This assumption248

may break down at shorter epicentral distances wherein the estimates become potentially vul-249

nerable to contamination from receiver-side anisotropy65.250

Discussion251

Because the frequency band considered in our waveform modeling overlaps with the dominant252

frequency of SdS, whether the discontinuity persists at higher frequencies is beyond this work.253

Nevertheless, a previous study demonstrated that lower frequencies spatially-average over larger254

regions and may integrate incoherent CPO directions, whereas higher frequencies tend to sample255

more locally coherent CPO, thereby increasing the signature of anisotropy in the seismic signals73.256

Mid-mantle scattering around slabs, for instance, is typically investigated in the 0.2 − 2 Hz257

band9,12. Although our anisotropic discontinuity mechanism can reasonably explain the depth258

range of such observations, reproducing scattering at such frequencies would likely require a259

sharper discontinuity.260

Several geodynamic scenarios could result in a sharper anisotropic discontinuity. Prolonged261

lateral gliding of a flattened slab near 1000 km, as in the case of the Cocos slab18, can intensify262

(100)[001] bridgmanite textures immediately beneath the slab due to progressive shear deforma-263

tion. This potentially creates a sharper anisotropic discontinuity beneath the entrained mantle264

from above, and a moderately developed (010)[100] bridgmanite textures below it as in the cur-265

rent model. A viscosity jump near 1000 km can also promote flattening by forcing the slab266

to drape across the high viscosity layer18. This localizes larger strains beneath it which could267

help form stronger (100)[00] textures46, but this time, over nearly untextured bridgmanite across268

the viscosity jump. Additional mechanisms such as imbricated convection associated with slab-269
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plume interactions in the mid-mantle74, or highly-time dependent flow during slab buckling75,270

provides another pathway for large strain accumulation assuming a constant transition stress271

(i.e., threshold at which dislocation and diffusion creep have identical viscosities)76, thereby in-272

creasing the sharpness of the discontinuity. Finally, a composite CPO and SPO-induced fabric in273

the mid-mantle could also likely increase the impedance contrast associated with the anisotropic274

discontinuity27,46,73.275

Our models can also explain radial anisotropy in subduction zones, building on earlier single-276

fabric models by allowing strain accommodation respond dynamically to mantle flow. Although277

topotactical relationships during phase transitions in the olivine system77 could, in principle,278

influence bridgmanite CPO in the surrounding mantle, such effects would remain insignificant279

upon crossing the 660 km boundary. In the upper MTZ, the olivine–wadsleyite and wads-280

leyite–ringwoodite transitions act as textural “filters” where coherent textures serve as host281

sites in the growth of incoherent textures with faster nucleation rates78,79. And with the lower282

transition zone being generally isotropic80,81, slab-entrained aggregates should therefore acquire283

near-random textures by the time they enter the lower mantle, rendering their prior deformation284

history negligible. Within the slab, metastable olivine may still modulate anisotropy indirectly285

by altering slab dynamics. Its persistence enhances down-dip compression and positive buoy-286

ancy above the ∼ 660 km boundary, promoting slab stagnation82,83. Our results show that slab287

stagnation localizes deformation above ∼ 800 km and substantially reduces accumulated strains,288

resulting in an extremely weak anisotropic discontinuity at 1000 km. Because metastable olivine289

is expected mainly in old, thick lithosphere83, such sites may be excluded in the search for290

mid-mantle reflectors associated with anisotropic discontinuities.291

Barring full penetration into the lowermost mantle, subduction behavior is typically classified292

into three modes: (1) penetration, (2) stagnation near 660 km, and (3) trapping near 1000 km18.293

The existence of mode (3), however, remains debated as the flattened slab morphology in the294

present time might be ascribed to its previous resistance to impinge the 660-km boundary19,84.295

Prior geodynamic studies have nonetheless examined trapped-slab scenarios, showing sufficient296

CPO evolution despite increased resistance to deformation due to the imposed mid-mantle vis-297
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cosity jump27,46. Although we do not model the trapped-slab case here, its exclusion does not298

undermine the general implications of our results. We expect that the same mechanism responsi-299

ble for generating an anisotropic discontinuity would remain active under such conditions, and, as300

discussed earlier, a viscosity increase would likely sharpen the resulting anisotropic discontinuity.301

Apart from Western Java, several subduction zones that have interacted with the mid-302

mantle are plausible candidates for generating large-scale anisotropy, including Cocos, Northern303

Peru, and Kamchatka26. These systems commonly exhibit slab flattening18, and in our simula-304

tions, flattened geometries distribute strain over broader regions, producing laterally extensive305

anisotropic discontinuities that could contribute to the observed variability in mid-mantle reflec-306

tors beneath subduction zones4,6. In contrast, settings characterized by vertically penetrating307

slabs, such as the Marianas18,19, are expected to generate narrower and slightly dipping dis-308

continuities that border the slab tip. Although dipping chemical reservoirs have been proposed309

for reflectors observed in this region10, we suggest an anisotropic discontinuity offers an equally310

plausible and dynamically consistent explanation.311

The 1000-km discontinuity has been hypothesized to represent a viscosity “hill” that facilitates312

the flattening of slabs at mid-mantle depths85 which would explain the ubiquity of reflectors in313

subduction zones5,6. Since the most abundant lower-mantle phases are not known to undergo314

phase transformation at mid-mantle depths, it has been suggested that variations in the grain315

size of bridgmanite-enriched ancient mantle structures account for this viscosity increase22,23. In316

practice, such structures are challenging to image since primordial bridgmanite exhibits velocities317

that are only marginally different to a pyrolitic mantle; not to mention the trade-offs associated318

with their thermo-elastic properties with temperature86,87. Alternatively, there is experimental319

evidence that the viscosity of a periclase-enriched region at lower mantle conditions is two orders320

of magnitude larger than the surrounding mantle which may cause slabs to flatten and settle321

at ∼1000 km21. Constraining such structures in high-stress regions, however, remains elusive85.322

Another explanation could be the inefficient phase transformation (i.e., slow diffusion suppresses323

the dissolution of a phase at equilibrium PT conditions) of pyroxene to majoritic garnet which324

causes thicker and colder slabs to be more vulnerable to stagnation at mid-mantle depths88.325
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Our models based on a P -dependent bridgmanite fabric suggest that mid-mantle discontinu-326

ities near subduction zones may originate from deformation-induced seismic anisotropy, rather327

than from thermal and/or compositional heterogeneities (for our rendition, see Fig. 6). More-328

over, our models also help reconcile anisotropy observations in the uppermost lower mantle329

with experimental data on bridgmanite deformation. Together, these results expand the range330

of mechanisms that may account for these seismic observations, thus, highlighting the role of331

texture evolution in shaping Earth’s deep structure. We stress, however, that the anisotropic332

discontinuity mechanism is unlikely the sole cause of these observations, but instead offers a333

complementary mechanism to existing thermo-chemical interpretations.334

Looking ahead, coupling anisotropic viscosity feedback and depth-dependent bridgmanite335

deformation may further reveal how deep mantle fabrics influence slab behavior - whether they336

penetrate deeper or stagnate in the upper lower mantle. Similar to how olivine CPO in the337

asthenosphere facilitates plate motion through reduced viscosity89, we propose that the CPO338

evolution of bridgmanite could exert a comparable control on slab dynamics at depth.339

Methods340

Thermo-chemical modeling of intraoceanic subduction341

The geodynamic modeling scheme is adopted from previous work51, with some modifications in342

the model parameters to also allow for slab penetration. To avoid redundancy, we refer the reader343

to ref51 that describes the modeling strategy in complete detail including the implementation of344

latent heating and P -induced phase transformations in the MTZ, as well as composite viscoplastic345

- depth-dependent rheology.346

We construct 2D subduction models using the open source geodynamic software ASPECT90–92
347

whose framework is based on a finite element model with adaptive mesh refinements and a variety348

of non-linear rheologies included as modules. The domain spans 6000 km×2000 km with spatial349

resolutions that vary adaptively from 5 km×5 km close to the slab and along the discontinuities350

in the MTZ up to 325 km×325 km in zones of quiescence (i.e., very far from the slab). The plates351
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follow a half-space cooling model93 with a surface adiabatic temperature of 1573 K. Below the352

presumed lithosphere-asthenosphere boundary depth, a 0.53 K ·km−1 linear gradient is imposed.353

Slab penetration or stagnation initiates depending on the chosen values of the parameters for354

the latent heating mechanism94, as well as the value of the imposed viscosity jump at 660 km355

that is harmonic averaged with the viscoplastic rheology51. Phase transition Clapeyron slopes,356

and viscoplastic rheology parameter values are indicated in Supplementary Tables 1 and 2 of the357

Supplementary Material.358

Depth-dependent deformation and anisotropy in bridgmanite359

A previous work conducted a series of laser-heated diamond anvil cell experiments to deform360

polycrystalline pyrolite at in situ lower-mantle pressures and temperatures42. While no apparent361

textures were observed in davemaoite and ferropericlase under lower mantle conditions, three362

regimes are observed in bridgmanite deformation: (1) strong [001] orientations at 660 km depth363

conditions, induced by preferential growth of bridgmanite under stress, (2) weak re-orientation364

towards [100] at pressures below 50 GPa, corresponding to the depth range 660− 1250 km, (3)365

followed by a smooth transition towards [010] with minor preferential alignments at [001] past366

50 GPa. At increasing pressures, strong [010] textures remain. Full details about the experiment367

and interpretation of the experimental results have been documented in ref.42.368

Visco-plastic self-consistent47 (VPSC) modeling of the experimental data of ref.42 leads to369

the following result: below 50 GPa, primary activity is observed in (100)[001] with secondary370

activities at (100)[010], (010)[001] and (001)[010] that are consistent with the literature38,95.371

Above 50 GPa, P -induced slip transitions now occur with primary and secondary activities at372

(010)[100] and (010)[001], respectively (Fig. 1), in agreement with Peierls-Nabarro predictions373

of critically-resolved shear stresses (CRSS) in bridgmanite44 (Supplementary Fig. 7). VPSC374

simulation of P -dependent bridgmanite under simple shear is also shown in Supplementary Fig. 8.375

We subsequently fit a linear model to the relative CRSS of each active slip system in bridgmanite376

as a function of pressure up to 50 GPa, beyond which the CRSS values remain constant (Fig.377

1c; Supplementary Table 3).378

15



Lower-mantle fabric modeling379

Following the method of ref.51, we model P -induced phase transformations to determine the380

depth extent of MTZ boundaries for appropriate mineral assignments when computing CPO.381

To do so, we employ Perple X96,97 to determine the mineral equilibrium assemblage of pyrolite382

at PT conditions relevant to the mantle. Arbitrary density crossover associated with the phase383

transition boundary at 660 km is computed using the latest thermodynamic database of ref.98.384

For a pyrolitic composition, the density ρ crossover at the 660 km boundary is ρ660 = 4170 kg ·m3.385

As we are only interested in lower-mantle anisotropy, we only perform fabric calculations past386

ρ660 = 4170 kg ·m3. Aggregates are treated as Lagrangian tracers that are advected forward in387

time using the flow velocity computed from ASPECT. At each step along the pathline followed388

by the tracer, we calculate the CPO of 3000 grains with a modified version of the VPSC model389

that incorporates P -induced slip transitions99. Here, P -dependence is established by computing390

the local shear rate γ̇ in a slip system s of a grain using the linear relationship between the391

relative CRSS τ s0 and P (Supplementary Table 3):392

γ̇s = γ̇0

[

τ sr
τ s0 (p)

]ns

, (1)

where γ̇0 is the reference shear rate, τ sr is the resolved shear stress, and n is the stress393

exponent in slip system s. For simplicity, we set a constant value n = 3 for all slip systems.394

Under our modeling conditions, variations in n would have a negligible impact on the resulting395

conclusions. We perform CPO calculations without the need for strain partitioning (i.e., full396

velocity gradient tensor is used to deform the aggregate), and only for the bridgmanite phase as397

it solely exhibits significant intrinsic visco-elastic anisotropy in a pyrolitic material at upper lower-398

mantle depths42,100. Random textures are, henceforth, imposed on davemaoite and ferropericlase.399

Crystallographic orientations are initially random-oriented in the background mantle. Inside the400

slab, we apply the orientated growth mechanism of ref.41 for bridgmanite. Each time pathlines401

cross the 660 km boundary, textures of aggregates are re-randomized.402

Polycrystal elastic tensors are computed based on a two-phase aggregate composed of 80%403
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bridgmanite and 20% ferropericlase using a Voigt-Reuss-Hill averaging technique101. Bridg-404

manite single crystal elastic constants are computed for a given P and T using a lookup table405

produced from first-principles calculations of thermoelasticity based on the Wu-Wentzcovitch406

semi-analytical method102. Meanwhile, that of ferropericlase are computed using the PT deriva-407

tives provided by ref.103. Finally, given the full elastic tensors, radial anisotropy is computed408

at each point in space using the method of ref104. We also express our results in terms of the409

anisotropy index, a scalar quantity that measures the total amount of anisotropy present in the410

elastic tensor c73,105. The anisotropy index is defined as:411

anisotropy index =

√

√

√

√

√

√

∑

ij

(cij − c0ij)
2

∑

ij

(c0ij)
2

, (2)

where c0 is the isotropic part of the elastic tensor extracted using the method of ref106.412

In the models presented here, we observe a smooth transition in the appearance of the413

anisotropic discontinuity, which mainly results from gradual shifts in slip system activities in-414

troduced via a linear dependence of bridgmanite CRSS on pressure. In contrast, Supplementary415

Fig. 9 illustrates the predicted anisotropy produced by an instantaneous change in slip system416

CRSS at 50GPa, revealing unrealistic anisotropy patterns such as the presence of a rather sharp417

anisotropic discontinuity. In future work, the sharpness of the anisotropic discontinuity could418

be better constrained by increasing the number of Lagrangian tracer aggregates that make up419

the elastic medium, although this would require substantially greater computational resources.420

Because tracer density is also limited by the spatial resolution of the mantle flow model, resolving421

sharper discontinuities would additionally require a finer numerical mesh. Under such conditions,422

sharper anisotropic contrasts could emerge even with smooth pressure-induced slip transitions423

in bridgmanite.424
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Shear wave splitting calculations425

We calculate the effective shear wave splitting (SWS) parameters for a stack of horizontal layers426

(each defined by a full elastic tensor c with a 25-km spacing) that samples the subslab mantle427

between 660-1200 km (Dashed vertical line in Fig. 3a: Right panel) for all plausible ray prop-428

agation directions strictly characterized by azimuth relative to the x−axis and incidence angle.429

The chosen depth profile best captures the layer of positive radial anisotropy (VSH > VSV in430

the subslab mantle and ensures that there is no interference with the anisotropy coming from431

the transformation textures within the slab when computing the effective SWS. To compare our432

predictions with published source-side SWS measurements underneath Western Java, epicentral433

distances between 50◦ − 90◦ are converted to incidence angles of the direct S phase for each434

horizontal layer using the TauP Toolkit107 and PREM108. Using the Matlab Seismic Anisotropy435

Toolbox109 (MSAT), we apply the method of ref.110 to compute the effective splitting operator of436

the direct S wave propagating from all azimuths from the splitting parameters of each horizontal437

layer.438

Anisotropic reflection calculations439

We select three points along the anisotropic discontinuity where the degree of natural strain440

exceeds E0 > 0.527, namely Locations A, B, and C in Fig. 2a, to ensure strong contrasts in441

anisotropy. Each point represents an interface where the top and bottom layers share identical442

isotropic elastic coefficients and densities, differing only in their anisotropic components to avoid443

bias towards sharp isotropic velocity contrasts. To enforce this, the middle node defines the444

interface containing the local minima of the anisotropy index (i.e., Locations A, B, and C), while445

the adjacent vertical nodes represent the top and bottom layers. Using the elastic decomposition446

technique of ref106, we extract the isotropic component of the elastic tensors for the top and447

bottom layers (while retaining their anisotropic components) and replace them with that of the448

middle node. The top and bottom layer densities are also set to match that of the middle node449

(see Supplementary Material for further details).450
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We compute reflection coefficients at these interfaces using the REFVEC subroutine of the451

anisotropic ray tracer package ATRAK111 for a range of azimuths and incidence angles relative452

to the model x direction. We treat the problem as SdS reflections in the underside of the453

anisotropic discontinuity where d pertains to the depth at which reflection occurs. With this,454

the bottom layer effectively becomes the incident layer within REFVEC. Locations A, B, and455

C are at depths d = 1150, 1400, 1250 km, respectively. Mid-mantle reflections typically occur at456

epicentral distances ∼ 90◦−160◦ 6,112. To account for this, we use the TauP Toolkit107 to convert457

distances to incidence angles, with each conversion performed using a modified PREM108 that458

includes a discontinuity imposed at d. The resulting reflection coefficients thus represent the459

behavior of S1150S, S1400S, and S1250S phases in the vicinity of the anisotropic discontinuity. We460

also show qSV-qSH reflection coefficients owing to the cross coupling of SV and SH motions in461

the incident anisotropic layer113 (Supplementary Fig. 3b).462

Full waveform modeling and array analysis463

We construct the 3D anisotropy model by extending the 2D anisotropy model in the along-strike464

direction such that the 2D structure is replicated uniformly along strike. The background model465

is isotropic PREM108. We consider two test cases: (1) fully anisotropic mantle model. Note that466

because the numerical resolution in fabric modeling is constrained by the limited number of La-467

grangian tracers, the modeled discontinuity appears smoother. For the waveform simulations, we468

represent the transition as a sharper interface by assigning untextured bridgmanite at the discon-469

tinuity depth. To ensure that the seismic waves are perturbed solely by the anisotropic structure,470

we apply the elastic decomposition technique of Browaeys and Chevrot (2004)106, and replace471

the isotropic part of our 3D mantle model with that of PREM. (2) Isotropic mantle model. In472

this test case, we consider isotropic perturbations associated wit the slab by modeling its velocity473

structure using a harzburgite composition114. PT−dependent seismic velocities and density of474

the slab are modeled using Perple X (Supplementary Fig. 10)96–98. The resulting model is then475

transformed from Cartesian coordinates [x, y, z] to geographic coordinates [lat, lon, z] using a476

linear mapping before meshing.477

19



We compute synthetic seismograms at the global scale using the SEM code AxiSEM3D60.478

The 3D subduction model is centered at [0,0] with the slab dipping East–West (E–W), and the479

trench axis oriented North–South (N–S). We design a square seismic array centered at [0,52◦]480

spanning 20◦ laterally. The array is composed of 3000 stations with variable inter-station spacing481

capped at a minimum of 11 km61. The source is a pure left-lateral strike-slip mechanism whose482

nodal plane orients E–W, located at [0,-58◦] and a depth of 10 km. We use a Gaussian source-483

time function with a half-duration of 3 s. Simulations are performed at a minimum period of 4484

s with a record length of one hour.485

Because most ray paths lie close to the equator, errors from the axis-symmetric approximation486

are contained60. In addition, wavefield scanning shows that fewer than 400 Fourier coefficients487

are sufficient in both the in-plane and off-plane directions (Supplementary Fig. 11). We therefore488

use an expansion order of 400 to further suppress spurious signals.489

For the array analysis, we define a circular sub-array within the main array with an aper-490

ture radius of 2.5◦ (∼140 stations), measured from a reference receiver at the sub-array center.491

Processing of the noise-free synthetic waveforms is performed on the transverse component using492

ObsPy115. As a pre-processing step we apply a second-order zero-phase Butterworth bandpass493

filter between 4 and 11 s. To test the detectability of the anisotropic discontinuity using SS494

precursors, we first apply 4th-root stacking61 to enhance their amplitudes, and subsequently495

compute slowness vespagrams61 between the Sdiff and the main SS phase time window.496

Data availability497

Subduction modeling was carried out using the open software ASPECT90–92. Mantle fabric498

calculations were performed using VPSC47. Full waveform modeling was implemented using the499

open software AxiSEM3D60, and processing of synthetic waveforms was completed in Obspy115.500

Decomposition, processing of elastic tensors, and shear wave splitting calculations were performed501

using MSAT109. The anisotropic reflection calculation code REFVEC - which is a subroutine of502

ATRAK111 - is available upon reasonable request from J.W. All model parameters used to run503
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the geodynamic simulations are available in the Supplementary Material.504
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[85] Rudolph, M. L., Lekić, V. & Lithgow-Bertelloni, C. Viscosity jump in earth’s mid-mantle.719

Science 350, 1349–1352 (2015).720

29



[86] Gülcher, A. J. P., Ballmer, M. D. & Tackley, P. J. Coupled dynamics and evolution of721

primordial and recycled heterogeneity in earth’s lower mantle. Solid Earth 12, 2087–2107722

(2021).723

[87] Murakami, M., Khan, A., Sossi, P. A., Ballmer, M. D. & Saha, P. The composition of724

earth’s lower mantle. Annual Review of Earth and Planetary Sciences 52, 605–638 (2024).725

[88] King, S. D., Frost, D. J. & Rubie, D. C. Why cold slabs stagnate in the transition zone.726

Geology 43, 231–234 (2015).727
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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 E0 defined

as E0 =
1

2
ln(ζ1/ζ3) where ζ1 and ζ3 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 E0. 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, τ0) in a given slip system as a function of
pressure P inferred from ref.42. 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 SdS 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. c, Theoretical ray paths of S1130S and S1480S.
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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 ξ in the lower mantle around a penetrating slab
from pressure-dependent bridgmanite fabrics. b, Cross section of ξ in the Western Java subduc-
tion zone from SGLOBE-Rani62. 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 ξ in regions
where natural strains E0 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 (∆ = 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., x axis), whereas
color gradients pertain to delay time strength δt 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.66. 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).
c, 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 ∆ = 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
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