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Seismic anisotropy provides key information to map the trajectories of man-
tle flow and understand the evolution of our planet. While the presence of
anisotropy in the uppermost mantle is well-established, the existence and na-
ture of anisotropy in the transition zone and uppermost lower mantle are still
debated. Here we use 3-D global seismic tomography images based on a large
data set sensitive to this region to show the ubiquitous presence of anisotropy in
the lower mantle beneath subduction zones. Whereas above the 660-km seis-
mic discontinuity slabs are associated with faster SV anomalies up to about
3%, in the lower mantle faster SH anomalies of about 2% persist near slabs

down to about 1,000-1,200 km. These observations are consistent with 3-D



numerical models of deformation from subducting slabs and the associated
lattice preferred orientation of bridgmanite produced in the dislocation creep
regime in areas subjected to high stresses. This study provides evidence that
dislocation creep may be active in the Earth’s lower mantle, providing new
constraints on the debated nature of deformation in this key but inaccessible

component of the deep Earth.

The Earth’s upper and lower mantle have quite distinct physical properties, with the char-
acteristics of material exchange between them being a long-debated issue. Progress in global
seismic tomography in the 1990s"? showed that the upper and lower mantle interact mainly via
subducting slabs and mantle plumes, albeit subject to the presence of strong resistance along the
upper-lower mantle boundary at ~660 km depth. More recently, enhanced tomography images
showed that amongst the slabs that penetrate into the lower mantle, many of them stagnate down
to about ~1,000 km depth?. Conversely, mantle plumes rising from the deep lower mantle seem
to deflect laterally when they reach this region*. However, the uppermost lower mantle, located
at depths of ~660-1,000 km, remains an enigmatic part of the Earth. It has been suggested that
compositional layering®% or a viscosity increase”® may cause flow stagnation in this region, but
its rheology and role in mantle convection are poorly understood.

The stagnation of subducting slabs at ~660 km depth and their penetration into the lower
mantle lead to intense strain and deformation around the slabs, which in turn can align mineral
aggregates. Since the most abundant lower mantle mineral (bridgmanite) is anisotropic, ob-
servable seismic anisotropy should develop when considering a dislocation creep deformation
mechanism” %!, However, apart from the D” region in the lowermost mantle'2, the presence of
seismic anisotropy in the lower mantle is uncertain and debated'®%15, with most previous seis-
mological models suggesting that the bulk of the uppermost lower mantle is radially isotropic

in shear wavespeed!®. In order to resolve this paradox, it has been proposed that the dominant
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deformation mechanisms in the lower mantle may not produce anisotropy, such as, e.g., through
superplastic flow!” or a pure climb creep mechanism'®.

Observations of anisotropy in the uppermost lower mantle

Some recent regional shear wave splitting studies suggest the presence of anisotropy in the

19=21 " However, the

transition zone and uppermost lower mantle near some subduction zones
limited depth resolution and azimuthal coverage in regional studies together with the difficulty
in isolating lower mantle anisotropy from upper mantle effects can restrict the interpretation
of these studies. While illuminating mostly large-scale features, global anisotropy tomography
overcomes these issues by mapping the whole mantle, which is key to interpret large-scale
processes and global mantle flow in a unified way???3, Nevertheless, several issues such as the
use of different data and modelling approaches, notably when handling crustal effects?*~2, led
to poor agreement between past global mantle anisotropy models.

SGLOBE-rani is a recent whole-mantle shear-wave radially anisotropic model based on a
large seismic data set of over 43M seismic measurements with complementary sensitivity to the
entire Earth’s mantle. It models simultaneously crustal thickness and mantle structure to reduce
artefacts in the retrieved anisotropic structure?”?®, The use of a huge set of over 10M surface
wave overtone measurements, which have sensitivity down to ~1,000 km depth (Supplemen-
tary Fig. S1), enables good data coverage in the transition zone (Supplementary Fig. S2-S4).
Below that, a large set of body-wave travel time measurements assures good data coverage in
the remainder of the lower mantle (Supplementary Fig. S3). However, the poor balance between
SV- and SH-sensitive travel-time data in existing body-wave data sets leads to poorly resolved
lowermost mantle anisotropy and leakage effects®®, in agreement with the findings from other
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previous whole mantle anisotropy studies Thus, we take the conservative approach of
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not interpreting any anisotropic structures below ~1,400 km depth. Chang et al.*® compared

SGLOBE-rani with other recent global anisotropy models and, as expected, found better corre-



lations between the isotropic part of the models than between the anisotropic structure. Yet, a
correlation of about 0.5 was found between the anisotropic structure in SGLOBE-rani and in the
recent model Savani®', which was built with a different modelling scheme. This is a substan-
tial improvement in global anisotropy tomography, since correlations with and between other
models tend to not exceed about 0.32°73!, The correlation between Savani and SGLOBE-rani
is improved possibly because both models use, among other data sets, a large number of surface
wave overtone dispersion measurements. In this study, we focus primarily in SGLOBE-rani,
for which we know the full details of the modelling procedure. Given the improved correlation
with Savani compared to other models, we also show comparisons of key features in these two
models.

Anisotropy beneath subduction zones

We systematically study the patterns of anisotropy in SGLOBE-rani around major global
subduction zones. Average 1-D profiles of radial anisotropy beneath subduction zones show
deviations from the global 1-D average of SGLOBE-rani (Fig. 1). Above 660 km depth slabs
are mostly associated with average faster SV anomalies (Vsy < Vsy) up to 3%, whereas in the
lower mantle average faster SH anomalies (Vsy > Vgy) up to 2% seem to be mostly confined
in the 660-1,200 km depth range. Depth cross-sections of SGLOBE-rani in various subduction
zones (Fig. 2, Supplementary Fig. S5) show the clear fast Vg signature of slabs and a good
match to subduction zone seismicity. Similar to previous tomography models, SGLOBE-rani
shows slabs in various stages: (i) ponding at the bottom of the upper mantle, such as beneath
Honshu (Fig. 2), Bonin and Northern Chile (Supplementary Fig. S5); (i1) trapped in the region
between 660 km and ~1,000 km depth (e.g., beneath the Northern Kuriles, Kermadec, Eastern
Java; see Fig. 2 and Supplementary Fig. S5); and, (iii) penetrating below 1,000 km, such as
beneath Central America, Western Java and possibly Northern Peru (Fig. 2 and Supplementary

Fig. S5). As seen in the 1-D profiles shown in Fig. 1, in general the anisotropy cross-sections



show faster SV anomalies near the slabs in the upper mantle (Fig. 2), whose strength reduces
as depth increases towards the 660-km discontinuity. Below 660 km depth, fast SH anomalies
are imaged near the slabs. These anomalies tend to be observed beneath the steeply dipping
section of the slab and below the slab’s tip (Fig. 2). They appear both in regions with good data
coverage, such as the Western Pacific (Fig. 2 and Supplementary Fig. S5) as well as in regions
with more limited coverage and resolution, such as South America (Supplementary Fig. S5).
Since the resolution of radial anisotropy is lower than for isotropic structure, and the anisotropic
images are susceptible to smearing effects (e.g., Fig. S6), we carried out resolution tests to ver-
ify the robustness of the features imaged (Supplementary Figs. S3, S4, S6), particularly beneath
the Western Pacific, and we verified that the images of uppermost lower mantle anisotropy are
not affected by leakage effects from isotropic structure (Supplementary Fig. S7-S9). More-
over, a F-test suggests that the radial anisotropy anomalies below 660 km depth are significant
(see the supplementary information). Compared with the Savani model and a high-resolution
P-wave model®, SGLOBE-rani agrees very well with their isotropic structure and shows similar
long-wavelength anisotropic features near subduction zones (Supplementary Fig. S10). In ad-
dition, in order to assess in an objective, quantitative way the anisotropic anomalies mapped in

SGLOBE-rani, we performed a statistical K-means cluster analysis?—34

of the radial anisotropy
profiles over the entire globe in the mantle down to 1,200 km depth (Fig. 3). Subduction zones
are clearly captured in the analysis as regions of anisotropy anomalies in the transition zone
and in the uppermost lower mantle, which shows that the observed anomalies near slabs make
a distinct class of features in SGLOBE-rani. When examining differences in anisotropy as a
function of slab stagnation depth we do not find any clear trends. Future higher resolution,
regional studies of specific subduction slabs with different stagnation depths may enable such

detailed analyses.

Geodynamical mantle modelling and fabric calculations



In order to interpret our seismic images, we performed a series of 3-D petrological-thermo-
mechanical simulations and mantle fabric calculations using the modelling strategy of ref. 35.
At high pressures and temperatures, viscous deformation is accommodated by a combined
diffusion-dislocation creep mechanism. For microflow simulations of strain-induced lattice
preferred orientation (LPO), we consider only the fraction of deformation accommodated in
the dislocation creep regime together with a harzburgitic composition in the upper mantle and
a pyrolitic transition zone and lower mantle (see the supplementary information). Slab stagna-
tion at the 660-km discontinuity is promoted by fast trench retreat and the negative Clapeyron
slope of the 660-km discontinuity®®” (Fig. 4e, g, Supplementary Movie S1). On the other
hand, slab penetration into the lower mantle (Fig. 4f, h, Supplementary Movie S2) is achieved
by reducing the viscosity contrast between the upper and lower mantle (see the supplemen-
tary information and Table S1). The rheological model considered includes a viscosity hill in
the mid-mantle around 1,500 km depth. This is consistent with the recently proposed viscos-
ity jump in the mid-mantle” and can also be compatible with compositional layering in this
region®, such as the proposed bridgmanite-enriched ancient mantle structures (BEAMS) in the
lower mantle3®. This feature helps to localise the deformation and thus the fabrics in our mod-
elling of the 660 —1,000 km depth range for stagnating slabs. The radially anisotropic shear
wave structures obtained from the fabric calculations show a good agreement with the seismic
tomography images (Fig. 4a, b). The rigid slab is isotropic because of the low deformation.
Previous numerical studies have calculated the development of lower mantle fabric within the
slab, finding that significant anisotropy can be generated in the lowermost mantle®*4°. Here,
we show that in the uppermost lower mantle anisotropy develops mostly around the rigid slab,
not within it, which is due to high (subduction-induced) strain in the surrounding hot man-
tle. In the upper mantle, fast SV anomalies are observed near the slab, whereas the bottom of

the transition zone (~520-660 km) is isotropic since the dominant phases in these P-T condi-



tions (ringwoodite and garnet) are nearly isotropic! (Fig. 4e-h). In the lower mantle, faster
SH anomalies are observed beneath the slab. As explained previously, these features are also
observed in SGLOBE-rani (Fig. 4a, b). Remarkably, our geodynamical modelling seems to
reproduce well the two lower mantle faster SH anomalies often observed in SGLOBE-rani be-
neath the steeply dipping section of the slab and below its tip (Figs. 2 and 3a, b; Supplementary
Movie S1). In these two areas, dynamic models predict that a dislocation creep mechanism is
activated by the high deviatoric stresses resulting from the early interaction of the slab’s tip with
the lower mantle, and successively from the load transmitted by the dipping portion of the slab,
which is migrating away from the slab’s tip (see the supplementary information). We tested
these results with different sets of elastic constants and found the same conclusions (Fig. S13,
see the supplementary information). In models where the slab penetrates directly into the lower
mantle, a single positive radial anisotropy anomaly was found around the slab tip, which is con-
sistent with the observations in Kermadec I (Fig. 2), Northern Central America and Northern
Peru (Fig. S5). Recently, Girard et al.*? reported grain-scale fabrics at relatively low strains
in a bridgmanite-MgO mixture deformed at uppermost lower mantle conditions, with the weak
MgO crystal elongating quickly along the shear direction. Further deformation would increase
the grain shape-preferred orientation (SPO), possibly generating a penetrative schistosity and
associated apparent seismic anisotropy. We have thus calculated the radial anisotropy resulting
from grain-scale SPO at relatively high deformation (see the supplementary information). Due
to the large contrast in mineral isotropic elastic properties in the region between the post-spinel
and post-garnet reactions, apparent radial anisotropy goes up to ~2.2% just below the 660-km
discontinuity. However, at greater depths the calculated radial anisotropy decreases to about
half of the observed positive anomalies due to the majorite-bridgmanite phase transformation
(Fig. S14). Hence, grain-scale SPO could potentially explain the radial anisotropy found below

stagnating slabs, while the anisotropy observed below penetrating slabs requires an additional



source. Given that the modelled apparent anisotropy provides an upper bound estimate (see the
supplementary information), these results suggest that bridgmanite LPO is present beneath the
slab.

Reconciling seismic and mineral physics information

Our seismic tomography images provide comprehensive, compelling evidence of the ubiqg-
uitous presence of anisotropy near subducting slabs in the uppermost lower mantle, which has
been thought to be mostly isotropic until recently. This reconciles previous contradictions be-
tween mineral physics and seismological observations of this key region of the Earth. Since it
is quite challenging to fully quantify model uncertainty, currently it is not possible to quantify
whether the anomalies imaged are beyond model errors. Nevertheless, a series of resolution
and robustness tests show that the fast Vgy anomalies imaged near slabs in the uppermost
lower mantle in SGLOBE-rani are robust. Moreover, a statistical clustering analysis demon-
strates that these features make a distinct class of anomalies specific to global subduction zones.
Anisotropy anomalies near subducted slabs in the deep mantle have been previously suggested
in a few, scarce studies'®~2!, but here we have been able to constrain their geometry globally in
a quantitative way.

The imaged anisotropic anomalies in the lower mantle are mostly confined to the ~660—
1,200 km depth range, which may indicate the presence of dominant diffusion creep or a de-
crease in viscous anisotropy of mantle minerals below this depth. Comparisons with results
from 3-D petrological-thermo-mechanical modelling show that the imaged anisotropic anoma-
lies are consistent with strain-induced deformation of the lower mantle surrounding the slab
where dislocation creep is predominant, yielding a LPO of anisotropic bridgmanite. Since sig-
nificant uncertainties of the rheology and the thermodynamic and thermoelastic properties of
lower mantle materials need to be considered, we tested different parameters suggested in the

literature, and still found these same conclusions. In addition, we computed grain-scale SPO



and found that it may partly explain the uppermost lower mantle radial anisotropy observed
near slabs stagnant at the 660-km discontinuity. However, the seismic observations of slabs
penetrating into the lower mantle require an additional source of anisotropy. Thus, our study
brings new physically consistent seismological evidence that dislocation creep may be active in
the Earth’s lower mantle.

Methods

Here we describe the methodology of tomography models, 3-D petrological-thermo-mechanical
simulations and mantle fabric calculations. For figures and tables, we refer the reader to the

main text as well as the Supplementary Information.

Seismic tomography: resolution tests and model comparisons We carried out detailed data

2728 which showed

misfit analyses and resolution tests of SGLOBE-rani in previous studies
good overall resolution of anisotropy in regions with good data coverage down to at least 1,400
km depth. Specifically, we found that the lateral resolution of our model is ~1,000 km?®. In

this study we carry out further resolution tests specifically focused on the retrieved images near

subduction zones in the mid-mantle.

Checkerboard tests for radial anisotropy including noise Figures S2-S4 show checker-
board tests conducted to assess the resolving power of the various datasets used in the con-
struction of SGLOBE-rani (body wave travel-times, and surface wave fundamental mode and
overtone dispersion data). Synthetic data are computed for a given input model with alternating
anomalies using the same source-receiver configuration as in the real data inversions. These
synthetic data are then inverted for isotropic and radially anisotropic structure to check how
well the input model is recovered. Fig. S3 shows that while the overtone data are key to con-
strain radial anisotropy in the transition zone, the body-wave travel-time data help resolve the

radial anisotropy in the uppermost lower mantle. In order to render the tests more realistic,
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Fig. S4 shows the results of a checkerboard test with all the synthetic data considered, with 5%
uncorrelated Gaussian random noise added. This test shows that the radial anisotropy in the

transition zone and uppermost lower mantle are well recovered in the presence of noise.

Backus-Gilbert averaging kernels We compute Backus-Gilbert averaging kernels for twelve
different locations in global subduction regions at a depth of 800 km (Fig. S6). These kernels*46
describe how the velocity or anisotropy perturbation at a given point is a spatial average of the
real structure. Ideally Backus-Gilbert averaging kernels are delta functions, but in practice they
have a finite spatial extent due to incomplete data coverage, model regularisation and the finite-
ness of model parametrisation. Fig. S6 shows horizontal and vertical cross-sections through
these averaging kernels. As expected, isotropic structure (solid lines) is better resolved than
anisotropy (dashed lines), with the anisotropy kernels being broader than the velocity kernels.
Moreover, the regions with good data coverage are better resolved than those with poorer cov-
erage (e.g., Honshu compared to Northern Chile; Figs. S5, S6), but overall the anisotropic

structure is reasonably well resolved.

Leakage effects from isotropic into anisotropic structure in the mid-mantle We also tested
potential leakage effects from isotropic to anisotropic structure in the uppermost lower mantle.
Specifically, we carried out a synthetic test whereby the input isotropic structure is the same
as in SGLOBE-rani and the input anisotropic structure corresponds to SGLOBE-rani in the
upper mantle, with no anisotropy below 660 km depth. We then computed synthetic data for
this model for all the source-receiver data pairs used to build SGLOBE-rani. These synthetic
data were then inverted for isotropic and anisotropic structure in the whole mantle, using the
exact same inversion procedure as that used to build SGLOBE-rani. Fig. S7 presents the re-
sults obtained, showing that, as expected, below 660 km depth there is no coherent pattern of

anisotropic structure in the retrieved model. Thus, the fast SH anomalies observed in SGLOBE-
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rani beneath slabs in the uppermost lower mantle do not seem to be affected by leakage effects
of isotropic structure or of upper mantle anisotropy. In addition, we have also performed addi-
tional leakage tests whereby we force the anisotropy to remain above 300 km depth and above
500 km depth (Figs. S8-S9). Similar to the results in Fig. S7, the test in Fig. S8 shows that
when forcing the anisotropy to remain in the uppermost mantle there is no artificial anisotropy
introduced in the mantle transition zone and uppermost lower mantle. Moreover, the test in Fig.

S9 shows only weak smearing at 600 km depth from anisotropy anomalies at shallower depths.

Comparisons with other tomographic analyses Fig. S10 compares the isotropic structure
in SGLOBE-rani beneath several subduction zones with that in the GAP_P43 and Savani®' mod-
els, where GAP_P4 is a high-resolution isotropic P-wave model with good resolution beneath
subduction zones®. Fig. S10 shows that SGLOBE-rani resolves subducting slabs well, show-
ing very similar features to those in GAP_P4 and in Savani. The same figure compares the
anisotropic structure in SGLOBE-rani and Savani, clearly showing that both models show faster
SV anomalies near subducting slabs in the upper mantle and faster SH anomalies beneath the
slabs in the uppermost lower mantle. These anomalies are constrained by the surface wave
overtone data as well as by the body-wave travel-time measurements used in the tomographic

inversions (Fig. S3).

Clustering analysis In order to assess the fast SH anomalies in the uppermost lower mantle
in an objective, quantitative way, we performed a K-means cluster analysis®?>~3* of the radial
anisotropy profiles over the entire globe in the mantle down to 1,200 km depth in SGLOBE-
rani (Fig. 3). K-means cluster analysis is an automatic statistical tool that partitions a set of
objects into k groups of similar objects, where k is a pre-assigned integer, which in our case
goes from 2 to 4. Since the analysis is easily reproducible and automated, clustering techniques

are becoming increasingly popular in seismological studies®***. Here, we apply the MATLAB
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implementation of the K-means cluster analysis to vertical profiles of radial anisotropy () in
SGLOBE-rani. We use an iterative approach whereby the squared Euclidean distance measure
is used to group & profiles according to their similarity; after five iterations convergence is
achieved. We find that the analysis clearly captures clusters of anisotropic anomalies in the
transition zone and in the uppermost lower mantle beneath subduction zones in SGLOBE-rani
(blue regions), notably when £ = 3. Different colours represent different regions identified
(blue, red, brown and orange). Thus, the observed fast SH anomalies in the uppermost lower

mantle make a distinct family of anomalies within SGLOBE-rani.

Data misfit considerations Chang et al.?® reported that when including lateral variations in
radial anisotropy and crustal thickness perturbations in the construction of SGLOBE-rani led to
a misfit reduction of 8% compared to an inversion with no anisotropy beyond that in PREM,
and with exactly the same number of free parameters. Since globally on average the uppermost
lower mantle is isotropic and the transition zone is only slightly anisotropic (Fig. 1), there is
only a slight reduction in the overall data misfit compared to isotropic inversions when including
these regions in global tomographic inversions?*:*°. Nevertheless, we performed a statistical F-
test on SGLOBE-rani by comparing it to a model obtained by inverting for isotropic and crustal

thickness structure without allowing lateral variations in anisotropy below 660 km depth, which

DA (r)—x2(@)]/(p—r)
x2(p)/(n—p)

where X2 is the misfit function, n is the number of data points used in the inversions, and p

we refer to as SGLOBE-rani-B. We performed the F-test by computing: F' =

and 7 are the numbers of model parameters for the two models which are under comparison
(p > r). By calculating the integral probability Pr(F';p — r,n — p) we can get the probability
of how much the two models are different statistically*”. Since errors in the data and in the
modeling employed in our inversions are essentially unknown, here we use a misfit function x?

based on the sum of the squares of the residuals (variance) following, e.g., Forsyth, 1975%. The
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variance reductions of SGLOBE-rani and SGLOBE-rani-B are 0.763 and 0.754, respectively.
The probability that the improved fit of SGLOBE-rani compared to SGLOBE-rani-B occurs by
chance is less than 1% (i.e., the two models differ at the p=0.01 level). Thus, the F-tests support
the significance of the radial anisotropy anomalies below 660 km depth.

In order to ensure good global data coverage, source-receiver paths used in the analyses
are typically long, which makes it difficult to isolate the effect of a specific region, such as the
uppermost lower mantle, on the data fit. Future regional studies performing forward modelling
of the imaged anisotropy in subduction regions should enable us to quantitatively assess how
well our images of uppermost lower mantle anisotropy fit regional data. However, such analyses

involve intense numerical calculations and are thus well beyond the scope of this study.

3-D petrological-thermo-mechanical simulations We use the same modelling scheme as in
ref. 35 and in ref. 23, with some modifications. For conciseness and to avoid unnecessary
repetition, here we briefly explain the technique used; for further details, we refer the reader to
the studies of ref. 35 and ref. 23.

The simulations were produced using I3MG, which is a 3D geodynamic framework based

49 The model domain was defined

on a mixed Eulerian-Lagrangian finite difference scheme
as 6,000 x 3,000 x 3,000 km with 293 x 293 x 69 Eulerian nodes (x, y, z co-ordinates,
respectively). Subduction is driven self-consistently by a 80-Myr-old, 90 km-thick oceanic
plate slab, 3,260 km long and 1,000 km wide, juxtaposed on a 1 Myr-old mantle. An adiabatic
geotherm of 0.5 K/km is applied below 90 km, while above this depth we define the thermal
structure with a half-space cooling model. The stagnancy and penetration behaviour of slabs is
strongly affected by mantle phase transitions, which are included in the modelling via density

and enthalpy maps obtained from PERPLE_X as a function of pressure and temperature for

pyrolite.
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A composite visco-plastic rheology is used in which the effective viscosity combines low-

T Peierls creep and high-T dislocation and diffusion creep mechanisms. The mantle effective

ViScosity peg 1s computed as:

1 1 1 -1
Heff = < + + ) s
Hdiff Hdist H Peierls
where:
1 H g
) _A % ( )
Hdify 5 diff €XP RT
1 / —-n Hdzsl
Hdist = §Ad¢510 Ifr exXp < RT >
1 r_ HPeierls U/ PN\ 4
vioris = ~ A poiortsT 1exp< (1 — (¢> ) ) forT < 1,373 K
. l 2 d H RT O Peierls ( )

The pseudo-plastic viscosity is computed as:

Tyield
26'[]

Hoyield =

where the yield stress is given by the Drucker-Prager criterion:

Tyield = Cpp + P .

(D

2)

3)

4)

&)

(6)

Table S1 defines all the physical parameters involved in equations (1)—(6) and shows all the

values used in the simulations for both scenarios of slab stagnation at the 660-km discontinuity

and of penetration into the lower mantle. The effective viscosity and the fraction of deformation

accommodated by dislocation creep along the initial geotherm are plotted in Fig. S11. The

high-temperature viscous rheological model based on a depth-dependent activation enthalpy
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and pre-exponential factor®!>2

yields a low viscosity asthenosphere, a viscosity jump at 660
km depth at medium to high stresses and a viscosity hill in the mid mantle around 1,500 km
depth”. Dislocation creep accommodates most of the deformation in the upper mantle and
transition zone®®, while in the lower mantle it is active only at deviatoric stresses above 10-20
MPa (Fig. S12). Given the relatively low horizontal and vertical resolution (~20 and 10 km
along the x- and y-co-ordinates, respectively), the plate and background mantle have a 30 km
thick crust with a strain-dependent low coefficient of friction, which is required to ensure the
plate interface’s lubrication at shallow depths. The low coefficient of friction of the plate’s crust

is then increased at 100 km, simulating slab dehydration. Density in the crust is computed in

the same way as for the mantle.

Mantle fabric modelling After the geodynamical simulations, the mantle polycrystalline ag-
gregates are advected using the velocity field obtained in the macro-flow calculations. At each
time step we compute fabric development of each aggregate using a modified version of D-
REX?%3% which takes into account non-steady-state deformation and deformation history®®54,
combined diffusion-dislocation creep mechanisms and strain-induced LPO of the mid-mantle
aggregate. The fabric is computed only for the fraction of viscous deformation accommodated
by dislocation creep and only for mineral phases that have substantial single-crystal visco-
elastic anisotropy, such as olivine, enstatite, wadsleiyte and bridgmanite. Thus, for aggregates
of cubic phases such as ringwoodite, garnet and MgO-periclase, which are mostly isotropic
above 1,500 km depth®, we keep their crystal orientation random. We use the normalised
Critical Resolved Shear Stress (CRSS) for slip systems of olivine, enstatite and wadsleiyte re-
ported in laboratory experimental studies*®. Regarding bridgmanite, we have tested the case of

[001](100) easy slip system, a condition which was recently found in simple shear deformation

experiments in Kawai type deformation-DIA apparatus reported by Tsujino et al.!’. The lower
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mantle fabrics were calibrated according to those of ref. 10 by imposing a CRSS five times
lower than for all the others slip systems®®. The full elastic tensor of each aggregate is then
computed as a function of the single crystal elastic constants (scaled at local P-T conditions),
crystal orientation and volume fraction. For bridgmanite, we have tested elastic constants from
two independent ab-initio simulations: those reported by Wentzcovitch et al.’®, and those ob-
tained from interpolation of data reported by Zhang et al.’” (see Fig. S13). The two sets of
elastic constants yield similar patterns of shear wave anisotropy in the uppermost lower man-
tle. However, the magnitude of shear wave anisotropy is about 40-50% higher when using the
elastic constants reported in ref. 53 (Fig. S13).

Extrinsic (apparent) radial anisotropy resulting from grain-scale SPO has been calculated
with the effective medium theory developed by Backus®®, thus assuming planar schistosity for
those mantle aggregates with a bulk Finite Strain Ellipsoid (FSE) characterised by the arbitrary
ln(Z—;) > 4, where a; and a3 are the maximum and minimum FSE semi-axes. This logarith-
mic ratio corresponds to a bulk simple shear strain €, = 3.6 accumulated by mantle aggregates
throughout the simulation. Since the uppermost lower mantle fabrics are mostly formed within
the entrained subslab asthenosphere, this implies assuming that pre-existing micro-structures
are not significantly destroyed by phase transformations occurring across the transition zone.
The smooth transversely isotropic long-wavelength equivalent (STILWE) medium has been
computed using the P-T-dependent isotropic elastic moduli and volume fractions of the differ-
ent crystal components in a pyrolitic mantle calculated using the mantle thermodynamics model
HeFESTo*. The resulting elastic tensor is then rotated so that the layering is normal to the
shortest axis of the FSE (Fig. S13). It is important to note that since a perfectly layered medium
is assumed, the STILWE provides an upper bound estimate of the anisotropy. Thus, considering
also that the micro-structures could be substantially weakened by the different phase transfor-

mation within the entrained subslab asthenosphere, the strength of the micro-fabrics and of the
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associated apparent anisotropy on Earth are probably lower than this study’s calculations.

Data availability. The data that support the findings of this study are available from the cor-
responding author upon request. The tomography model SGLOBE-rani used in this study is

available in the IRIS Data Services Products (http://ds.iris.edu/ds/products/emc-earthmodels/).

Code availability. The large scale subduction models were built using the code I3MG, which
is not freely available and was kindly provided by Taras Gerya.
The mantle fabrics calculations used a modified version of the code D-REX available at

http://www.ipgp.fr/~kaminski/web_doudoud/DRex.tar.gz .

References

1. Spakman, W., van der Lee, S. & van der Hilst, R.D. Travel-time tomography
of the European-Mediterranean mantle down to 1400 km. Phys. Earth Planet.

Inter. 79, 3-74 (1993).

2. Van der Hilst, R. D., Widiyantoro, S. & Engdahl, E. R. Evidence for deep

mantle circulation from global tomography. Nature 386, 578-584 (1997).

3. Fukao, Y., & Obayashi, M. Subducted slabs stagnant above, penetrating through,
and trapped below the 660 km discontinuity. J. Geophys. Res. 118, 5920—
5938, doi:10.1002/2013JB010466 (2013).

4. French, S. W. & Romanowicz, B. Broad plumes rooted at the base of the

Earth’s mantle beneath major hotspots. Nature 525, 95-99 (2015).

5. Ballmer, M. D., Schmerr, N. C., Nakagawa, T. & Ritsema, J. Compositional
mantle layering revealed by slab stagnation at ~1,000 km depth, Science Ad-

vances doi:10.1126/sciadv.1500815 (2015)

17



10.

11.

12.

13.

14.

King, S. D., Frost, D. J. & Rubie, D. C. Why cold slabs stagnate in the transi-

tion zone, Geology 43, 231-234 (2015).

. Rudolph, M. L., Lekic, V. & Lithgow-Bertelloni, C. Viscosity jump in Earth’s

mid-mantle, Science 350, 1349 doi: 10.1126/science.aad1929 (2015).

. Marquardt, H., & Miyagi, L. Slab stagnation in the shallow lower mantle

linked to an increase in mantle viscosity, Nat. Geosci. 8, 311-314 (2015).

. Miyagi, L. & Wenk, H.-R. Texture development and slip systems in bridg-

manite and bridgmanite + ferropericlase aggregates. Phys. Chem. Miner. 43,

597-613 (2016).

Tsujino, N., Yamazaki, D., Seto, Y., Higo, Y. & Takahashi, E. Mantle dynam-
ics inferred from the crystallographic preferred orientation of bridgmanite,

Nature doi:10.1038/nature19777 (2016).

Yamazaki, D. & Karato, S.-1. Fabric development in (Mg,Fe)O during large
strain, shear deformation: Implications for seismic anisotropy in earth’s lower

mantle, Phys. Earth Planet. Inter. 131, 251-267 (2002).

Lay, T., Williams, Q., Garnero, E. J., Kellogg, L. & Wysession, M. E. Seis-
mic wave anisotropy in the D” region and its implications. In: Gurnis, M.,
Wysession, M.E., Knittle, E., Buffett, B.A. (Eds.), The Core-Mantle Bound-
ary Region. Geodynamics Series, vol. 28. American Geophysical Union,

Washington, D.C., USA, pp. 299-318 (1998).

Beghein, C. & Trampert, J. Probability density functions for radial anisotropy:
implications for the upper 1200 km of the mantle. Earth Planet. Sci. Lett.

217, 151-162 (2003).
Panning, M., & B. Romanowicz. A three-dimensional radially anisotropic

18



15.

16.

17.

18.

19.

20.

21.

model of shear velocity in the whole mantle. Geophys. J. Int., 167, 361-379,
doi:10.1111/j.1365-246X.2006.03100.x (2006).

Panning, M., Lekic, V. & Romanowicz, B. Importance of crustal corrections
in the development of a new global model of radial anisotropy. J. Geophys.

Res. 115, B12325, doi:10.1029/2010JB007520 (2010).

Chang, S.-J., Ferreira, A. M. G., Ritsema, J., van Heijst, H. J. & Woodhouse,
J. H. Global radially anisotropic mantle structure from multiple datasets: a

review, current challenges, and outlook. 7ectonophysics 617, 1-19 (2014).

Karato, S.-I., Zhang, S. & Wenk, H.-R. Superplasticity in Earth’s lower man-
tle: evidence from seismic anisotropy and rock physics. Science 270 (5235),

458-461 (1995).

Boioli, E,, Carrez, P., Cordier, P., Devincre, B., Gouriet, K., Hirel, P., Kraych,
A. & Ritterbex, S. Pure climb creep mechanism drives flow in Earth’s lower

mantle. Science Advances 3: ¢160195 (2017).

Wookey, J. & Kendall, J.-M. Evidence of midmantle anisotropy from shear
wave splitting and the influence of shear-coupled P wave. J. Geophys. Res.

109, BO7309 (2004).

Walpole, J., Wookey, J., Kendall, J.-M. & Masters, T.G. Seismic anisotropy
and mantle flow below subducting slabs. Earth Planet. Sci. Lett. 465, 155—

167 (2017).

Nowacki, A., Kendall, J. M., Wookey, J. & Pemberton, A. Mid-mantle anisotropy
in subduction zones and deep water transport. Geochem. Geophys. Geosys.

16, 764-784 (2015).

19



22.

23.

24.

25.

26.

27.

28.

29.

30.

Montagner, J.-P. Can seismology tell us anything about convection in the man-

tle? Rev. Geophys. 32, (2), 115-137 (1994).

Chang, S.-J., Ferreira, A.M.G. & Faccenda, M. Upper- and mid-mantle in-
teraction between the Samoan plume and the Tonga-Kermadec slabs. Nat.

Comms. 7, 10799, doi: 10.1038/ncomms10799 (2016).

Marone, F. & Romanowicz, B. Non-linear crustal corrections in high-resolution

waveform seismic tomography, Geophys. J. Int. 170, 460—467 (2007).

Bozdag, E. & Trampert, J. On crustal corrections in surface wave tomography,

Geophys. J. Int. 172,(3), 10761088 (2007).

Ferreira, A. M. G., Woodhouse, J. H., Visser, K. & Trampert, J. On the ro-
bustness of global radially anisotropic surface wave tomography. J. Geophys.

Res. 115, B04313 (2010).

Chang, S.-J. & Ferreira, A. M. G. Improving global radial anisotropy to-
mography: the importance of simultaneously inverting for crustal and mantle

structure. Bull. Seism. Soc. Am. 107, 624-638 (2017).

Chang, S.-J., Ferreira, A. M. G., Ritsema, J., van Heijst, H. J. & Woodhouse, J.
H. Joint inversion for global isotropic and radially anisotropic mantle structure
including crustal thickness perturbations. J. Geophys. Res. 120, 4278-4300
(2015).

Kustowski, B., Ekstrom, G. & Dziewonski, A. M. Anisotropic shear-wave
velocity structure of the earth’s mantle: A global model, J. Geophys. Res.

113, B06306, doi:10.1029/2007JB005169 (2008).

Moulik, P. & Ekstrom, G. An anisotropic shear velocity model of the Earth’s

mantle using normal modes, body waves, surface waves and long-period wave-

20



31.

32.

33.

34.

35.

36.

37.

38.

forms, J. Geophys. Res. 199, 1713—-1738 (2014).

Auer, L., Boschi, L., Becker, T. W., Nissen-Meyer, T. & Giardini, D. Sa-
vani: A variable resolution whole-mantle model of anisotropic shear velocity
variations based on multiple data sets, J. Geophys. Res. 119, 3006-3034,
doi:10.1002/2013JB010773 (2014).

MacQueen, J. Some methods for classification and analysis of multivariate
observations. In: Proceedings of the Fifth Berkeley Symposium on Mathe-

matical Statistics and Probability, vol.1, 281-297 (1967).

Houser, C., Masters, G., Shearer, P. & Laske, G. Shear and compressional
velocity models of the mantle from cluster analysis of long-period waveforms.

Geophys. J. Int. 174, 195-212 (2008).

Lekic, V. & Romanowicz, B. Tectonic regionalization without a priori infor-
mation: a cluster analysis of upper mantle tomography. Earth Planet. Sci.

Lett. 308, (1-2), 151-160 (2011).

Faccenda, M. Mid mantle seismic anisotropy around subduction zones, Phys.

Earth Planet. Inter. 227, 1-19 (2014).

Christensen, U. R. The influence of trench migration on slab penetration into

the lower mantle. Earth Planet. Sci. Lett. 140, 27-39 (1996).

Faccenda, M. & Dal Zilio, L. The role of solid-solid phase transitions in man-

tle convection. Lithos 268-271, 198-224 (2017).

Ballmer, M. D., C. Houser, J. W. Hernlund, R. Wentzcovich, & Hirose, K.
Persistence of Strong Silica-Enriched Domains in the Earth’s Lower Mantle.

Nat. Geosci. 10, 236-240, doi:10.1038/nge02898 (2017).

21



39.

40.

41.

42.

43.

44.

45.

46.

47.

McNamara, A. K., van Keken, P. E. & Karato, S.-1. Development of anisotropic
structure in the Earth’s lower mantle by solid-state convection. Nature 416,

(6878), 310-314 (2002).

Wenk, H. R., Speziale, S., McNamara, A. K. & Garnero, E. J. Modeling lower
mantle anisotropy development in a subducting slab. Earth Planet. Sci. Lett.
245 (1-2), 302-314 (2006).

Mainprice, D. Seismic anisotropy of the deep earth from a mineral and rock
physics perspective. In: Treatise on Geophysics Vol. 2 (ed. Schubert, G.)
437-492 (Elsevier, 2007).

Girard, J., Amulele, G., Farla, R., Mohiuddin, A. & Karato, S.-I. Shear de-

formation of bridgmanite and magnesiowiistite aggregates at lower mantle

conditions. Science 351, 6269, 144-147 (2016).

Dziewonski, A. M. & Anderson, D. L. Preliminary reference Earth model.

Phys. Earth Planet. Inter. 25, 297-356 (1981).

Engdahl, E. R., Van der Hilst, R. D. & Buland, R. Global teleseismic earth-
quake relocation with improved travel times and procedures for depth deter-

mination. Bull. Seism. Soc. Am. 88, 722-743 (1998).

Takeuchi, H. & Saito, M. Seismic surface waves, in Methods of Computa-
tional Physics, vol. 11, edited by B.A. Bolt, pp. 217-295, Academic Press,
New York (1972).

Backus, G. E., & Gilbert, J. F. The resolving power of gross Earth data. Geo-
phys. J. R. Astron. Soc. 16, 169-205 (1968).

Bevington, P.R. & Robinson, D.K. Data Reduction and Error Analysis for the
Physical Sciences, 3rd ed., McGraw-Hill (2002).

22



48.

49.

50.

51.

52.

53.

54.

55.

Forsyth, D. The early structural evolution and anisotropy of the oceanic upper
mantle, Geophysical Journal of the Royal Astronomical Society, 43, 103—162
(1975).

Gerya, T. V. Introduction to Numerical Geodynamic Modelling, 358, Cam-
bridge University Press, (2009).

Connolly, J. A. D. Computation of phase equilibria by linear programming: a
tool for geodynamic modelling and its application to subduction zone decar-

bonation. Earth Planet. Sci. Lett. 236, 524-541 (2005).

McNamara, A. K., Karato, S.-H., & van Keken, P. Localization of dislocation
creep in the lower mantle: implications for the origin of seismic anisotropy.

Earth Planet. Sci. Lert. 191, 85-99 (2001).

Nakagawa, T., Tackley, P. J. Deschamps, F. & Connolly, J.A.D. Incorporat-
ing self-consistently calculated mineral physics into thermochemical mantle
convection simulations in a 3-D spherical shell and its influence on seis-
mic anomalies in Earth’s mantle. Geochem. Geophys. Geosys. 10, doi:

10.1029/2008GC002280 (2009).

Faccenda, M. & Capitanio, F. A. Seismic anisotropy around subduction zones:
Insights from three-dimensional modelling of upper mantle deformation and
SKS splitting calculations. Geochem. Geophys. Geosyst. 14, 243-262
(2013).

Faccenda, M. & Capitanio, F. A. Development of mantle seismic anisotropy

during subduction-induced 3-D flow. Geophys. Res. Lett. 39, L11305 (2012).

Tommasi, A., Mainprice, D., Cordier, P., Thoroval, C. & Couvy, H. Strain-

induced seismic anisotropy of Wadsleyite polycrystals and flow patterns in the

23



mantle transition zone. J. Geophys. Res. 109, doi: 10.1029/2004JB003158
(2004).

56. Wentzcovitch, R.M., Karki, B.B., Cococcioni, M., & de Gironcoli, S. Ther-
moelastic Properties of MgSiOs-Perovskite: Insights on the Nature of the

Earth’s Lower Mantle. Phys. Rev. Lett. 92 (2004).

57. Zhang, Z., Stixrude, L. & Brodholt, J. Elastic properties of MgSiOs-perovskite
under lower mantle conditions and the composition of the deep Earth. Earth

Planet. Sci. Lett. 379, 1-12 (2013).

58. Backus, G. E. Long-wave elastic anisotropy produced by horizontal layering.

J. Geophys. Res. 67, 4427-4440 (1962).

59. Stixrude, L. & Lithgow-Bertelloni, C. Thermodynamics of mantle minerals

II. Phase equilibria. Geophys. J. Int. 184, 11801213 (2011).

Corresponding author. Correspondence and requests for materials should be addressed to

A.M.G.F. (A.Ferreira@ucl.ac.uk).

Acknowledgements. This research was initially supported by the Leverhulme Trust (project
F/00 204/AS), followed by support by NERC project NE/K005669/1 and the Korea Meteo-
rological Administration Research and Development Program under grant KMI2018-09312.
A.M.G.F also thanks discussions supported by COST Action ES1401-TIDES. M.F. was sup-
ported by the Progetto di Ateneo FACCPTRAT12 granted by the Universita di Padova. We
gratefully acknowledge the availability of global seismograms from the IRIS Data Services and
the II, IU, GEOSCOPE and GEOFON networks. The inversions were carried out initially on
the High Performance Computing Cluster supported by the Research and Specialist Computing

Support services at the University of East Anglia followed by the national UK supercomputing

24



facilities HECToR and Archer. Geodynamic simulations were performed on Galileo Computing
Cluster, CINECA, Italy, thanks to the computational time assigned to M.FE. under the NUMA-
COP and NUMACOP2 projects. We thank John Brodholt for fruitful discussions and for his
valuable suggestions. We also thank our colleagues David Dobson and Alex Song for fruitful
discussions, and we are grateful to Carolina Lithgow-Bertelloni and Lars Stixrude for providing
HeFESTo’s results. We are grateful to Zhigang Zhang for providing bridgmanite’s full elastic

constants from ab-initio calculations.

Author contributions. A.M.G.F. designed this study, performed analyses of the tomography
images, interpreted the results and wrote the first draft of the manuscript. M.F. contributed to
the design of this study, performed and analysed geodynamic models, mantle fabric and SPO
calculations, and wrote the text on the geodynamics part of the study. W.S. performed geody-
namic models and mantle fabric calculations. S.-J.C. performed analyses of the tomography
images and statistical tests of the seismic images. L.S. assisted the analyses of the tomography

images and composing the figures.

25



Figure captions

Figure 1. Comparison of 1-D averages of radial anisotropy beneath various subduction
zones. Left: Location of the profiles used to compute the depth-dependent 1-D average of radial
anisotropy in nine different subducting regions (N. Kurile, S. Kurile, Honshu, S. Bonin, E. Java,
W. Java, Kermadec, C. America and N. Peru). The coloured lines correspond to locations close
to the cross-sections shown in Fig. 2 and Supplementary Fig. S5. Right: Depth-dependent 1-D
average of radial anisotropy (§ = %) in the model SGLOBE-rani?® for the nine subduction
regions considered. The black line shows the global average in SGLOBE-rani. The averages of
radial anisotropy are computed over 1-D depth profiles every 2° along the coloured lines shown

for each region on the left. The locations of the cross-sections are based on those used in ref. 3.

Figure 2. Cross-sections of perturbations in Voigt average and anisotropic structure.

Cross-sections of the global tomography model SGLOBE-rani beneath Honshu, N. Kurile, W.

2 2
Java and Kermadec. Vg denotes perturbations in the Voigt average model (V‘gm-gt = %)

with respect to PREM*3 down to the core-mantle boundary and ¢ denotes perturbations in radial

KSEH ) down to 1,400 km depth (below this depth the resolution is more limited,
SV

anisotropy (¢ =
ref. 28). Focal depths from EHB data** with an upper bound of 60 km are superimposed in the
cross-sections as grey circles. The depths of 410 km, 660 km and 1,000 km are represented by
solid black lines. For reference, we use the same geographical locations and codes (Honshu D,

W. Java G, N. Kurile I and Kermadec I) as in ref. 3.

Figure 3. K-means clustering analysis of the radially anisotropic structure in SGLOBE-
rani. K-means clustering analysis of the radially anisotropic structure in SGLOBE-rani whereby

32—-34

the radial anisotropy £ is grouped into k families , where £ is a pre-assigned integer, which

in our case goes from 2 to 4. We find that clusters comprising subduction zones are captured in
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the transition zone and in the uppermost lower mantle, notably when using k£ = 3 (blue regions).

Different colours represent different regions identified (blue, red, brown and orange).

Figure 4. Cross-sections of perturbations in anisotropic structure and corresponding
geodynamic models. Comparison between cross-sections of radially anisotropic structure from
SGLOBE-rani?® beneath Honshu (a, ¢) and W. Java (b, d), and results from geodynamical sim-
ulations for a slab stagnant at the 660-km discontinuity (left column; e, g) and a slab penetrating
into the lower mantle (right column; f, h). We calculated radial anisotropy resulting from: (i)
LPO due to dislocation creep (e, f); and (ii) grain-scale SPO (g, h) assuming a perfectly layered
medium for a pyrolitic medium (see Supplementary Information). The slip system considered
for bridgmanite in this example of LPO calculations is [001](100), which is reported in ref. 10.
The green contours in (a, b) correspond to an outline of Voigt average fast anomalies in the
range of 1.25%-1.5%. For each fabric in (e) and (f) we show in the bottom right corner dVs
(km/s) calculated at lower mantle P-T conditions and for a 80:20=Brd:MgO mixture deformed
in horizontal simple shear (¢ = 1.0); red is minimum; blue is maximum. Cubic MgO crystals
are random. The bars in the dVs maps indicate the polarisation of the fast shear wave compo-
nent for different propagation directions. The cartoons in the bottom right corner of (g) and (h)
highlight that SPO is computed using 1-D Backus averaging for perfectly horizontally layered

media.
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