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Abstract Seismic anisotropy is a powerful tool to map deformation processes in the deep Earth. Below
660 km, however, observations are scarce and conflicting. In addition, the underlying crystal scale mechanisms,
leading to microstructures and crystal orientations, remain poorly constrained. Here, we use multigrain X-ray
diffraction in the laser-heated diamond anvil cell to investigate the orientations of hundreds of grains in pyrolite,
a model composition of the Earth's mantle, at in situ pressure and temperature. Bridgmanite in pyrolite exhibits
three regimes of microstructures, due to transformation and deformation at low and high pressure. These
microstructures result in predictions of 1.5%—2% shear wave splitting between 660 and 2,000 km with reversals
in fast S-wave polarization direction at about 1,300 km depth. Anisotropy can develop in pyrolite at lower
mantle conditions, but pressure has a significant impact on the plastic behavior of bridgmanite, and hence
seismic observations, which may explain conflicting anisotropy observations.

Plain Language Summary Seismologists rely on observable data to construct models that describe
the dynamic state of the Earth's lower mantle. These models, however, require constraints such as mantle
composition and material behavior at high pressures and temperatures, which can be provided through
experimental mineral physics. In this study, we use a high pressure devices and X-rays to impose deformation
and image the state of our sample with increasing pressure and temperature. We are able to extract information
of individual mineral grains within our assemblage, such as the number of grains per phase and their
orientations. Using this experimental data, we identify three regimes of grain orientations in bridgmanite in the
lower mantle, corresponding to transformation from lower pressure phases, and deformation at low and high
pressure. With this information, we are able to make predictions about how seismic waves travel and behave
based on the deformation state of the lower mantle.

1. Introduction

Pyrolite, a model mantle composition containing olivine, orthopyroxene, clinopyroxene, and garnet (Ring-
wood, 1962), is a model composition of the Earth's mantle (Irifune & Ringwood, 1987). Below 660 km depth,
pyrolite consists predominately of (Mg,Fe)SiO5 bridgmanite, CaSiO; davemaoite, and (Mg,Fe)O ferropericlase
(Murakami et al., 2007; Komabayashi et al., 2010; X. Wang et al., 2015). Subjected to deformation, minerals in
pyrolite could develop crystallographic preferred orientations (CPO) and be responsible for observations of
seismic anisotropy (de Wit & Trampert, 2015; Ferreira et al., 2019; Wookey et al., 2002). If they do arise from
CPO, our ability to interpret these seismic observations, however, relies on understanding texture development
and active slip systems at appropriate conditions.

Experimentally, the development of texture requires deformation, preferably at mantle pressures and tempera-
tures. The deformation behavior of bridgmanite (Cordier et al., 2004; Merkel et al., 2003; Miyagi & Wenk, 2016;
Tsujino et al., 2016; Wenk et al., 2004), davemaoite (Immoor et al., 2022; Miyagi et al., 2009), and ferropericlase
(Immoor et al., 2018; Merkel et al., 2002; Miyagi & Wenk, 2016) have been investigated under high pressures
and, sometimes, high temperatures. These experiments have helped in constraining plasticity and deformation
mechanisms in minerals (Cordier et al., 2004; Miyagi et al., 2010; Miyajima et al., 2009) with the addition of
numerical models, allowing for studies on the effects of composition, temperature, and strain rate (Boioli
et al., 2017; Carrez et al., 2007, 2017; Ferré et al., 2007; Mainprice et al., 2008) that cannot be addressed
experimentally. Those, however, were not performed on a true pyrolitic composition, nor both at mantle pressures
and temperatures and deserve a new investigation.
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Seismic observations indicate that the lower mantle appears largely isotropic (Chang et al., 2014; Meade
et al., 1995) with observations of anisotropic structures heavily relying on corrections of crustal anisotropy
(Panning et al., 2010). Additionally, observations of anisotropy in the lower mantle are rather weak (Montagner &
Kennett, 1996; Ohuchi et al., 2011) with anisotropic anomalies largely confined to depths between 660 and
1,200 km (Ferreira et al., 2019), although there are reports of anisotropy below 1,900 km depth (de Wit &
Trampert, 2015). It is debated whether dislocation creep is active in the lower mantle, with some suggesting it may
be present (de Wit & Trampert, 2015; Ferreira et al., 2019) while others cite diffusion creep (Karato & Li, 1992)
or dislocation climb (Boioli et al., 2017). If diffusion creep or dislocation climb are in fact dominant, one would
expect little to no anisotropy as they are unlikely to produce CPO. However, there are regions with anisotropy that
justify investigation of high pressure and temperature texture forming processes in pyrolitic materials in order to
constrain mantle flow processes.

Here, we performed laser heated diamond anvil cell (LH-DAC) experiments on polycrystalline pyrolite.
Multigrain X-ray crystallography (MGC) is employed to track the orientation of grains at pressures and tem-
peratures relevant to conditions below the 660 km discontinuity down to 1,400 km. We report on experimental
textures of bridgmanite, davemaoite, and ferropericlase. Previous work has demonstrated that strong trans-
formation textures can be formed in bridgmanite upon synthesis (Gay et al., 2023b). This paper builds upon this
expertise to demonstrate that deformation textures can be formed in bridgmanite at lower mantle pressures and
temperatures, with an effect of depth and hydrostatic pressure. Visco-plastic self-consistent (VPSC) models are
then used to determine the deformation mechanisms at play and identify an effect of pressure on the active slip
systems in bridgmanite. Finally, we model P and S-wave anisotropy of pyrolite in the lower mantle.

2. Methods and Data Analysis

Three experimental runs were performed at the Extreme Conditions beamline P02.2 at PETRA III (DESY,
Hamburg) using the same sample preparation and beamline setup outlined in Gay et al. (2023b) and shown in
Figure 1a. Experiments for samples Pyr05 and PyrO7 used a monochromatic X-ray beam with a wavelength of
0.2898 A, beam dimensions of 1.4 X 1.9 pm2 (V x H FWHM), and a Perkin-Elmer XRD 1621 detector with
2,048 x 2,048 pixels and a 0.2 X 0.2 mm? pixel size. A CeO, powder standard from the National Institute of
Standards and Technology (NIST; 674b) was used to calibrate detector tilt, beam center, and the sample to de-
tector distance (551 mm). Sample PyrOl was ran using an identical layout, a wavelength of 0.2904 A, beam
dimension of 1.2 x 1.9 pm? (V x H FWHM), and sample to detector distance of 403 mm. Double-sided laser
heating was carried out using a Yb-fiber laser as installed by default on the beamline (Liermann et al., 2015). Raw
data and calibration parameters can be found in Gay et al. (2023a).

Our starting material is a polycrystalline pyrolite sample, made from San-Carlos olivine, pyrope, enstatite, and
diopside, sintered in a piston-cylinder apparatus at 2 GPa and 1,000°C for 30 min, cut into disks with a diamond
wire saw, hand-polished to a thickness of =10 pm, coated on both sides with 500 nm of platinum, and cut into
20 pm diameter disks. More details and characterization of the starting material can be found in Gay et al. (2023b).
Pyrolite disks are then loaded in 50—-100 pm holes inside rhenium gaskets, with KCl as pressure medium for runs
Pyr05 and Pyr07 and MgO for run PyrOl. Diamonds with a culet size of 250 pm diameter were used for runs
Pyr05 and Pyr07, while run PyrO1 used beveled diamonds with 100 and 300 pm inner and outer diameters,
respectively.

Our objective is to observe the evolution of texture during deformation at in situ pressures and temperatures of the
Earth mantle. Pressure is increased at high temperature as close as possible to the mantle geotherm. Phases
occurrence are identified using powder XRD and Dioptas (Prescher & Prakapenka, 2015). MGC data is then
collected at ambient temperature by rotating the DAC in w after quenching the sample to ambient temperature
(Figure 1b).

The experiments start with the phase transformation; where ringwoodite and garnet decompose to form bridg-
manite + davemaoite + ferropericlase. Errors in temperature for runs PyrO5 and Pyr07 are the deviation from the
average values between the upstream and downstream temperatures. Errors in temperature for run PyrO1 are set to
+60 K due to insufficient temperature data collection during the experiment. Pressures in KCI (runs Pyr05 and
Pyr07) and MgO (run Pyr01), are from HP-HT equations of state of Tateno et al. (2019) and Speziale et al. (2001),
respectively.
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Figure 1. (a) Multigrain XRD setup. Pyrolite and KCI or MgO pressure mediums are loaded in a DAC. Multigrain X-ray diffraction is collected in steps of 0.5° as the
assembly is rotated from —28° to 28° in w. The inset shows peaks extracted from the diffraction images at 34 GPa in run Pyr0O5 with peaks assigned to bridgmanite in
blue, davemaoite in orange, ferropericlase in green, and un-assigned in yellow. (b) P/T path for runs Pyr05, Pyr07, and PyrO1. Multigrain images are acquired at 300 K
(open markers). Powder diffraction (filled markers) are collected at high temperature. Dotted lines denote when the sample is being heated or quenched. Red shaded
area: geotherm from Katsura et al. (2010). (c) Histogram of the number of extracted single-grain diffraction peaks versus 1/d. The corresponding phase and Laue indices
of each diffraction line are indicated. Un-indexed 26-ranges were ignored because of peak overlap with the pressure medium.

MGC images are collected by rotating the DAC in @ by 0.5° steps from —28° to 28° with collection times of 1 s
per image. Figure 1¢ shows an example of a histogram of the number of extracted diffraction peaks against inverse
d-spacing. Peaks from all phases can be clearly identified. Unit-cell parameters are then extracted using MAUD
(Lutterotti et al., 1997) in Le Bail refinement mode where only unit-cell parameters are considered.

The indexing process uses open-source software from FABLE-3DXRD and the TIMEleSS-tools to clean raw
diffraction images and extract a list of individual diffraction peaks. We then use ImageD11 to compute a list of g-
vectors using the positions of diffraction peaks, refined unit cell parameters, and experimental conditions. In order
to avoid incorrectly assigning pressure medium g-vectors to sample grains, 260 ranges overlapping with the
pressure medium are excluded from the list.

Finally, we use GrainSpotter (Schmidt, 2014) to index grains by assigning g-vectors with matching orientations.
GrainSpotter generates a series of randomly oriented grains and computes their corresponding g-vectors. An
experimental g-vector is assigned to a grain when the diffraction angles 26, 5, and @ (Figure la) are within
tolerances of the theoretical values. Indexed g-vectors are removed in subsequent indexings. The number of
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indexed grains is improved by running between 50 and 100 iterations of GrainSpotter with increasing tolerances
from 0,5 = 0.02°, 6, = 1.0°, and o, = 2.0° in the first iteration to ,, = 0.08°, ¢, = 2.0°, and 5, = 3.0° in the last
iteration.

Strain rate and stress are difficult to determine in DAC experiments. We do not know the total applied strain.
Nevertheless, we can compare our experimental texture strength with VPSC simulations (see below): axial strain
is set to 30%—70% in the simulations and provides a good match to the experimental textures. Considering each
experiment takes 3—12 hr to complete, strain rates are hence on the order of 1 X 107> to 5 x 107> s, Stress
determination, although theoretically possible, proves difficult. For one, diffraction patterns of the phases of
interest are individual diffraction spots, incompatible with classic powder diffraction analysis for stress deter-
mination. Additionally, because we use an axial geometry, determination of stress relies on tracking small shifts
in peak positions. We attempted to rely on the pressure medium (KCl or MgO), which results in more powder-like
diffraction. The fit quality, however, was inconsistent and not reproducible. Stress values are, hence, not reported
here.

3. Results
3.1. Grain Indexing Statistics

Grains orientations for all phases are indexed simultaneously: bridgmanite, davemaoite, and ferropericlase in runs
Pyr05 and Pyr07 and only bridgmanite and davemaoite for Pyr01, as MgO was used as a pressure medium. We are
able to index between 107 and 442 grains in bridgmanite, 4 to 182 grains of davemaoite, and 2 to 272 grains of
ferropericlase in a multiphase material. Indexing capabilities decrease with increasing pressure due to higher
strains applied to the sample. Full results on grain indexing capabilities are not the main point of this paper and
will not be discussed further. They are provided in Tables S1-S3 in Supporting Information S1.

3.2. Deformation Textures in Bridgmanite

We do not observe textures or consistent texture development in davemaoite and ferropericlase. Hence, only
bridgmanite, which makes up over 75% of our sample, will be discussed. All measured texture plots for all phase
are shown in Figures S1-S3 in Supporting Information S1. Representative results for bridgmanite are shown in
Figure 2. PyrO7 represents deformation at lower pressures, below 55 GPa, while Pyr01 is representative of higher
pressures, exceeding 100 GPa.

Bridgmanite displays a strong 001 texture upon transformation. In run PyrQ7, we then observe the reorientation to
(100) planes perpendicular to compression and the maximum at 001 begins to weaken. Eventually, at 55 GPa,
orientations form a girdle between 100 and 010, with a persisting weak maximum at 001. Run PyrO1 begins at
34 GPa with a strong maximum in 001, which weakens, and gains a secondary maximum at 010. At 65 GPa the
maximum at 001 is gone, leaving a strong orientation of (010) planes perpendicular to compression. Texture then
remains largely unchanged until above 100 GPa.

3.3. Plasticity of Bridgmanite at Lower Mantle P/T Conditions

We interpret our results in terms of dominant deformation mechanisms using VPSC modeling, adjusting models
and slip system combinations from the literature on bridgmanite (Couper et al., 2020; Hirel et al., 2014; Kasemer
et al., 2020; Mainprice et al., 2008; Miyagi & Wenk, 2016; Tsujino et al., 2016). Our preferred models are shown
in Table 1, along with the corresponding critical resolved shear stresses (CRSS) and slip activity. VPSC modeling
was carried out in two stages to produce the two observed textures (Figure 2), representing deformation in low
pressure and high pressure regimes. Starting from a 001 transformation texture, we allow slip along (100)[010]
and (100)[001] at 30% strain to deplete 001 orientations while generating a weak 100 texture. In the second stage,
we allow slip along (010)(101), (010)[100], and (010)[001] to produce a concentrated 010 texture when strained
to 70%. Texture in davemaoite does not evolve with deformation and ferropericlase remains isotropic. Adding
these phases in VPSC will not impact our results.

3.4. Seismic Anisotropy

Wave velocities are calculated with MTEX (Bachmann et al., 2010; Mainprice et al., 2014). For bridgmanite we
interpolate single-crystal elastic constants from first principles calculations (Luo et al., 2021) at 27 GPa/1900 K
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Figure 2. (left) Inverse pole figures (IPF) of the compression direction, showing individual bridgmanite grain orientations in
pyrolite versus pressures. Equal area projection. Grains are colored according to an orientation distribution fitted to the grain
orientations and color scale in multiples of random distribution (m.r.d.). (right) IPF (a—c) for axial compression VPSC
simulation. Starting from transformation texture (a) applying 30% axial strain and allowing dominant slip on (100) planes
(b). Second stage of deformation (c) starting from (b), allowing 70% total strain with dominant slip along (010) planes.

and 88 GPa/2260 K, corresponding to 750 and 2,030 km depth, respectively. Transformation is prescribed to
replicate the experimental transformation texture. Below the 660 km discontinuity, deformation is modeled in
simple shear up to 100% starting from a random texture and the two plastic models of Table 1 (Figure S4 in
Supporting Information S1). A simple shear geometry is efficient to understand the relation between deformation
and seismic anisotropy while avoiding complex convection models. The contributions of ferropericlase and
davemaoite are assumed isotropic based on the lack of texture in our experiment. Nevertheless, they contribute to
average seismic velocities in the pyrolite polycrystal. We hence account for their contributions using isotropic
elastic constants, densities, and phase proportions calculated using the HeFESTo thermodynamic model (Stixrude
& Lithgow-Bertelloni, 2010). MTEX is then used to compute the velocities in a pyrolite polycrystal.

The resulting polycrystal anisotropy of pyrolite is shown in Figure 3 with all corresponding densities, single
crystal, and polycrystal elastic moduli in Table S4. We identify three regimes:

e Upon transformation at the 660 discontinuity, we predict up to 1.5% S-wave splitting for waves traveling
perpendicular to compression with a fast polarization parallel to compression. Mean P-wave velocity is
10.9 km/s with a maximum at approximately 45° to compression and 0.3% P-wave anisotropy.

o Shear at depth of around 750 km also results in approximately 1.5% maximum shear wave splitting, but with
the fast polarization direction sub-parallel for waves traveling in the shear plane. Mean V is 10.9 km/s and the
velocity is maximum for waves traveling sub-parallel to the shear plane, with 1.4% P-wave anisotropy.
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Table 1 « Finally, for shear at depth of around 2,030 km, we predict up to 2.0% shear
Relative CRSS and Slip System Activity in Bridgmanite Modeled Using VPSC wave splitting with the fast polarization direction nearly orthogonal to the
A shear plane for waves traveling in the shear plane. Mean Vp is 12.9 km/s
High P . .
with 2.9% P-wave anisotropy.
Slip system CRSS Activity (%) CRSS Activity (%)
(100)[010] 2 18.0 4 0.6 4. Discussion
(100)[001] 1 34.7 4 9.0
4.1. Plastic Behavior of Bridgmanite Within a Pyrolitic Composition
(100)(011) 3 6.0 5 5.9
(010)[100] 4 22 1 36.9 While many studies have investigated deformation textures and mechanisms
010)[001] ’ 113 1 344 in bridgmanite (e.g., Boioli et al., 2017; Cordier et al., 2004; Ferré et al., 2007;
SV 3 0/ " v Kraych et al., 2016; Mainprice et al., 2008; Merkel et al., 2003; Miyagi &
(010)(101) : ' Wenk, 2016; Y. Wang et al., 1992; Wenk et al., 2004, 2006), and others taking
ey Z = E o into consideration aggregates (Couper et al., 2020; Girard et al., 2016;
(001)[010] 2 113 3 1.3 Kaercher et al., 2016), none have studied the deformation of bridgmanite
(001)(110) 5 1.2 5 43 within a pyrolitic composition. According to shear deformation experiments
{111}(110) 30 1.6 30 1.6 by Tsujino et al. (2016), the most active slip system is (100)[001] at 25 GPa

Note. Two stages of compression are performed in order to recreate the
textures observed in the experimental data. VPSC texture comparisons only
constrain relative CRSS values.
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and 1872 K, which is in relative agreement with Peierls-Nabarro numerical
modeling by Mainprice et al. (2008), who finds (100)[010] to be the most
active. Also in agreement are DAC deformation experiments by Couper
et al. (2020) who find that at shallow lower mantle conditions, slip activity is
split between (100)[010] and (100)[001] or (100){011). Our VPSC simula-
tions for the first deformation stage, below 50 GPa, predict dominant slip
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Figure 3. Seismic velocities in polycrystalline pyrolite upon transformation at 660 km, and deformation at both 745 and 2,030 km depth. Black tick marks in V splitting
plots indicate the fast wave polarization direction. Wedge cut out of the Earth's mantle highlights the depth range of the three proposed scenarios: phase transformation,
low pressure deformation, and high pressure deformation. Corresponding figures for pure bridgmanite are available in Supporting Information S1.
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activity (34.7%) on (100)[001] with minor contributions (18.0%) from (100)[010] and (11.3%) from (010)[001]
and (001)[010] and are hence in agreement with findings of Tsujino et al. (2016) and Couper et al. (2020). This
confirms that (100)[001] controls the development of orientations in bridgmanite from deformation at somewhat
shallow depth.

(010) dislocations and the presence of twinning were inferred from a sample of bridgmanite deformed at 27 GPa
and 2130 K (Nzogang et al., 2018). Slip along (010) is in fact active in this pressure range, but does not seem to
control the development of texture. Our experimental results do not show evidence of twinning. Twinning induces
a fast reorientation of grains for NaCoF; perovskite (Gay et al., 2021), which is not observed here.

In addition to (100)[001] slip at shallow lower mantle conditions, we also observe an effect of pressure with a
gradual shift toward a regime in which slip on (010) becomes dominant. This effect of hydrostatic pressure had
been predicted using Peierls stress and CRSS calculations (Hirel et al., 2014; Kraych et al., 2016), with a transition
between easier slip on (100)[010] at 30 GPa and on (010)[100] once pressures exceed 60 GPa. These results
compare well to our results, where we observe an increased activity of (010) slip at pressures above approximately
50 GPa.

We have hence experimentally identified two main deformation regimes. The first occurs below approximately
50 GPa, corresponding to approximately 1,300 km depth, where (100)[001] is the dominant slip system. At
pressures exceeding approximately 50 GPa, a shift in dominant slip system occurs where (010)[100] and (010)
[001] become most active. We hence suggest that pressure has a significant impact on the plastic behavior of
bridgmanite within a pyrolitic material, resulting in a smooth transition of dominant slip system around 1,300 km
depth.

4.2. Implications for Earth's Lower Mantle

We identify three scenarios for pyrolite anisotropy from bridgmanite in the Earth's lower mantle (Figure 3). We
begin with a strong 001 transformation texture at 660 km depth that could be the result of a subducting oceanic
slab generating a compressive force on the more viscous underlying mantle (Gay et al., 2023b). Below, we predict
achange in dominant slip systems of bridgmanite at around 1,300 km depth. We then study the cases of horizontal
shear deformation above and below 1,300 km depth.

Maximum shear wave splitting is 1.5%—2% in or near the horizontal plane for all scenarios. Polarization direction,
however, changes with depth. After transformation, vertically polarized shear waves (V) lead horizontally
polarized shear waves (V) for waves traveling parallel to the shear plane (Vg > Vgy). At 750 km depth,
deformation induces a change in the fast polarization direction with Vg > V. Finally, we again find Vg, > Vg
for waves traveling in the shear plane at 2,030 km depth.

Seismological studies report strong anisotropy in some regions of the lower mantle (Ferreira et al., 2019; Wookey
et al., 2002), while the overall mantle appears largely isotropic (Meade et al., 1995; Panning & Romano-
wicz, 2006). Our predictions of 2% maximum shear wave splitting is consistent with studies reporting local
observations of anisotropy. Additionally, within our model, studies with nearly vertical SKS waves will cross
regions with both Vg, > Vg and Vg, > Vi, that will hence cancel each other. Reports of no global anisotropy
using SKS waves is hence also consistent with our results. Finally, the predicted 1.5%—2% V anisotropy is much
weaker compared to what is reported at shallower depths (Dziewonski & Anderson, 1981; Mainprice, 2007;
Montagner & Kennett, 1996; Silver, 1996) or near D” (Long & Becker, 2010; Panning & Romanowicz, 2004;
Wookey & Kendall, 2007) and may be difficult to extract in seismological studies.

Evidence for lower mantle anisotropy generally comes from shear and surface waves (Wookey & Kendall, 2007).
Nevertheless, we report on P-wave anisotropy with a marked increase in anisotropy from 1.4% to 2.9% with
increasing depth. Additionally, we predict a reversal in fast propagation direction of P-waves from sub-parallel to
sub-orthogonal to shear (a change of 90°) with depth. This predicted increase in anisotropy with depth is
consistent with the observations of de Wit and Trampert (2015).

5. Conclusions

This work implements in situ multigrain X-ray diffraction experiments to observe the development of micro-
structures in a pyrolitic material at lower mantle pressures and temperatures. We use the observed textures to
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identify the active deformation mechanisms in bridgmanite, the dominant phase in pyrolite at lower mantle
conditions. We identify three regimes of texture: transformation texture due to stress, deformation at low pressure
and deformation at high pressure, with a smooth transition between the two plastic regimes in the vicinity of
50 GPa or 1,300 km depth in the Earth mantle.

Based on our results, we model anisotropy in pyrolite at lower mantle conditions. There are three regimes, just
below the 660 km discontinuity, due to transformation microstructures, and at depths above and below
approximately 1,300 km due to deformation. At all depths, shear wave splitting reaches up to 1.5%-2%, with a
depth dependence of orientations of the fast shear wave polarization. P-wave anisotropy increases from 1.4%
below the 660 km discontinuity to 2.9% at 1,300 km with fast travel direction flipping from sub-parallel to sub-
orthogonal to the shear plane.

This work provides long-expected inputs that were otherwise absent in current models of plastic deformation and
anisotropy in the Earth's lower mantle. With this information, we can now couple our results with more realistic
geodynamic models. We will then be able to compare these updated models to real world observations, providing
a better view of flow in the deep Earth, in order to better understand the dynamic evolution of the Earth's mantle.

Data Availability Statement

Data files necessary for grain indexing are available on Recherche Data Gouv (Gay et al., 2023a). For each
pressure and each run, we provide the raw diffraction images, the list of peaks extracted from the diffraction
images, a calibration file, and crystallographic information for the phases we indexed. The archive also provides
the list of indexed grains and their orientations for all phases and all pressures as well as the input files to
reproduce the VPSC simulations. Raw data for single and polycrystal elastic properties are provided in Table S4.
Software for processing the multigrain X-ray diffraction data are all open source, part of the Fable-3DRXD and
TIMEIeSS packages (Fable-3DRXD community, 2024). A guide for multigrain XRD data processing was written
in the course of the ANR-DFG TIMEIleSS project and is available at http://multigrain.texture.rocks/. Other
software we use are the open-source MTEX (MTEX community, 2024) and MAUD (Lutterotti, 2024).
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