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ABSTRACT

Wadsleyite and ringwoodite are major minerals in the Earth’s Mantle Transition Zone.
Global and local seismic studies have detected strong lateral variations in seismic velocity and
anisotropy in the Mantle Transition Zone, reflecting temperature and possible composition
variations. Interpretation of these seismic observations requires knowledge of thermoelastic
properties of wadsleyite and ringwoodite with different compositions (water and Fe contents)
under high pressure-temperature conditions. In this dissertation, we have measured single-
crystal elastic properties of wadsleyite and ringwoodite under high pressure-temperature
conditions by Brillouin spectroscopy. Based on our measurements and previous experimental
results, we further model the effects of water and Fe on elasticity of wadsleyite and ringwoodite,
respectively. Finally, we combine experiments-obtained mineral physics elasticity data with
global and local seismic observations to understand temperature and composition variations in

the Mantle Transition Zone,



We have also conducted phase equilibrium experiments on 3 different Martian basalts
(Yamato 980459, GUSEYV basalt (Humphrey), NWA 8159) along a typical Martian areotherm
to understand their composition and density changes as functions of depth. We then compare
their densities with those of the ambient Martian mantle to understand the likelihood of Earth-

like plate tectonics in Martian history.
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Chapter I

Introduction

1. Single-crystal elastic properties of wadsleyite and ringwoodite

Wadsleyite and ringwoodite ((Mg,Fe).SiOs), the high-pressure polymorphs of olivine,
are major minerals in the Earth’s Mantle Transition Zone (MTZ). In a pyrolite model, the upper
MTZ (~410-520 km depth) is composed of ~53 vol% wadsleyite, 37-47 vol% garnet, and O-
10 vol% clinopyroxene; the lower MTZ (~520-660 km depth) is composed of ~53 vol%
ringwoodite, 42-47 vol% garnet, and 0-5 vol% Davemaoite (Ishii et al., 2018). The olivine to
wadsleyite phase transition at ~410 km depth can cause large seismic velocity (compressional
wave velocity (Vp) and shear wave velocity (Vs)) jumps, resulting in the 410-km seismic
discontinuity (410). Similarly, the wadsleyite to ringwoodite phase transition is very likely to
be the main cause for the 520-km seismic discontinuity (520) with a potential contribution
from the exsolution of Davemaoite. The decomposition of ringwoodite to perovskite and
ferropericlase largely contributes to the sharp 660-km seismic discontinuity (660) at the bottom

of the MTZ (Frost, 2008; Ishii et al., 2018).

Global and local seismic tomography models found that Vp and Vs varies laterally
across the MTZ. For example, the MTZ beneath subductions zones (e.g., circum-Pacific
subduction zones) almost uniformly show positive Vp and Vs anomalies, suggesting a strong
correlation with slabs in the MTZ (e.g., Ritsema et al., 2011; Fukao and Obayashi, 2013). The
high velocities of slabs in the MTZ originate from their low temperatures and possibly
harzburgitic compositions with higher amount of wadsleyite/ringwoodite than the pyrolitic

ambient mantle. In addition, fast and cold slabs could also transport water into the MTZ and



make the MTZ a potential water reservoir considering high water solubility in wadsleyite and
ringwoodite (1-3 wt% water, Inoue et al., 1995; Fei and Katsura, 2020). The lateral variations
in seismic velocities in the MTZ may not only reflect lateral temperature and mineral fraction
variations but also have implications in volatile storage and transport in the MTZ.
Interpretations of these seismic velocity observations require knowledge of sound velocities of
the major MTZ minerals. However, the high pressure-temperature sound velocities of
wadsleyite and ringwoodite up to the MTZ pressures under high temperatures are poorly

constrained.

In addition to seismic velocity observations, many lines of evidence suggested that the
seismic anisotropy of the MTZ can be strong in localized regions adjacent to slabs (e.g., ~2-3%
beath the circum-Pacific subducting slabs) but weak on the global scale (~1%) (Chang and
Ferreira, 2019; Huang et al., 2019; Moulik and Ekstrom, 2014, Yuan and Beghein, 2013).
Interpretation of these global and local anisotropic seismic observations requires knowledge
of the single-crystal elastic properties of wadsleyite and ringwoodite and lattice preferred

orientations of them under different environments.

In my dissertation, we have conducted high pressure-temperature Brillouin single-
crystal elasticity measurements for hydrous Fe-bearing wadsleyite up to 16 GPa and 700K and
anhydrous Fe-bearing ringwoodite up to 32 GPa and 700K. Combing our results with all
previous single-crystal elasticity data, we model the effects of water and Fe# on elasticity (Vp,
Vs, anisotropy) of wadsleyite and ringwoodite. Finally, these results are used to interpret global

or local seismic observations to understand composition and temperature variations in the MTZ.



2. High pressure-temperature phase equilibrium experiments on Martian basalts

Present-day Earth operates with mobile plate tectonics mainly driven by dense oceanic
lithospheric slabs. The high densities of slabs are caused by not only their low temperatures
but also the high-density eclogite transformed from the Mid-Ocean Ridge Basalt (MORB,
major component of oceanic crust) (Coltice et al., 2019). On the contrary, present-day Mars is
dominated by stagnant lid convection, with an intact and immobile lithosphere lid covering the
mantle (Tosi and Padovan, 2021). It remains controversial why Earth-like plate tectonics fail
to operate with Mars.

Martian crust and mantle compositions are different from Earth’s. Martian basaltic
crust is depleted in Al compared with Earth’s basaltic crust (MORB), therefore Martian
eclogite transformed from Martian basaltic crust would contain less garnet and thus possibly
less dense than the terrestrial eclogite transformed from MORB. On the other hand, the Martian
ambient mantle is Fe enriched compared with the Earth’s ambient mantle (pyrolite), resulting
in a much denser Martian mantle (Bertka and Fei, 1997). Therefore, the buoyancy relationship
between the slab crust and the mantle on Mars may be different from Earth. Slab subduction
inside Mars may be hindered if the density of Martian eclogite is smaller than the ambient
Martian mantle.

To evaluate this hypothesis, we have carried out high P-T phase equilibrium
experiments for 3 different Martian basalts with the compositions of Yamato 980459, GUSEV
basalt (Humphrey), and NWA 8159 along a typical Martian areotherm (Longhi et al., 1992).
Yamato 980459, a nearly primitive Martian basalt with a bulk composition similar to the
average composition of all Ol-phyric shergottites (White et al., 2006), may be representative

of Martian crust considering the limited magmatic differentiation on Mars (Collinet et al., 2021;



Filiberto and Dasgupta, 2011; McSween et al., 2009). NWA 8159 (~2370 Ma), one of the
oldest Martian meteorites, is significantly Fe-enriched (~21 wt% FeO) and may represent an
evolved part of the crust formed early in Mars history (Herd et al., 2017). The GUSEV basalt
(Humphrey), the least weathered picritic basalt in the GUSEV crater on the Martian surface,
has been analyzed by the Spirit Rover (McSween et al., 2006). Based on our experimental
results on Yamato 980459 and Bertka and Fei (1997)’s experimental results on the ambient
Martina mantle, we further compare density and seismic velocities of Yamato 980459 and the
ambient Martian. Finally, we model the Martian slab sinking torques in different evolution
stages of Martian geological history to further evaluate effects of slab temperatures and

structures in driving subduction.
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Chapter 11

The Water-Fe-Pressure dependent single-crystal elastic properties of wadsleyite:

Implications for the seismic anisotropy in the upper Mantle Transition Zone
Abstract

Recent seismic studies suggested an anisotropic Mantle Transition Zone (MTZ) in
areas adjacent to subducted slabs. Wadsleyite is the main anisotropy contributor in the upper
MTZ, therefore the interpretation of these seismic observations requires the knowledge of
single-crystal elastic moduli (Cjjs) and the deformation-induced lattice preferred orientation
(LPO) of wadsleyite. Wadsleyite can host up to 3 wt% water in its crystal structure as point
defects in the form of hydroxyl groups, however, the combined effect of water content, Fe
content, and pressure on the Cjjs of wadsleyite remains unclear. In this study, we measured the
high-pressure single-crystal elasticity of a synthetic hydrous Fe-bearing wadsleyite (0.14 (4)
wt% water, Fe#=9.4, Fe¥*/XFe=0.3) up to 18.2 (2) GPa. In combination with previous
experimental data, we separated the effects of pressure, water, and Fe contents on the Cjjs and
intrinsic elastic anisotropy of wadsleyite. Our results suggest that the intrinsic elastic
anisotropy of wadsleyite decreases with pressure, water, and Fe contents. At 15 GPa,
increasing the water content by 0.1 wt% or Fe# by 1 decreases the Vp and Vs anisotropy of
wadsleyite by ~1.1-1.3%, and ~0.8-1.3% in average, respectively. Combined with the LPO
determined in previous deformation experiments, we modeled the seismic anisotropy in the
upper MTZ generated by a sub-vertical mantle flow near cold subducted slabs and a sub-
horizontal mantle flow in the ambient mantle. In both scenarios, the LPO of wadsleyite leads
to Vsv (vertically polarized shear wave velocity) > Vsy (horizontally polarized shear wave

velocity). Our results suggest that wadsleyite may account for a weak anisotropic MTZ (<1%)
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on the global scale. Considering the fact that water decreases the elastic anisotropy but
promotes LPO of wadsleyite, seismic anisotropy may not be a good water sensor in the upper

MTZ.

1. Introduction

The existence and magnitude of radial and azimuthal anisotropy in the Mantle
Transition Zone (MTZ, ~410-660 km depth) on the global scale is highly controversial. A
study using long-period surface wave overtones by Yuan and Beghein (2013) suggested that
~1% anisotropy is common throughout the MTZ, whereas other path integrated shear-wave
splitting data are more consistent with the seismic anisotropy restricted to the upper mantle
down to ~300 km (Savage, 1999). Many lines of evidence suggested that the seismic anisotropy
of MTZ can be strong in the localized regions adjacent to some subducting slabs (Foley and
Long, 2011; Chang and Ferreira, 2019; Huang et al., 2019). Interpretation of these global and
local anisotropic seismic observations requires knowledge of the anisotropic elastic properties

of relevant MTZ minerals.

Compared with other MTZ minerals, wadsleyite, which constitutes 50-60 vol% in
pyrolite, is the major anisotropy contributor in the upper MTZ (~410-520 km depth). Garnet is
nearly elastically isotropic (Jiang et al., 2004), and elastically anisotropic clinopyroxene only
constitutes <10 vol.% at ~410 km depth and may completely dissolve into the garnet structure
at ~500 km (Frost, 2008). As a result, lattice preferred orientation (LPO) of anisotropic
wadsleyite under high pressure-temperature conditions is the most viable explanation for the

seismic anisotropy observed in the upper MTZ.



Wadsleyite can host up to 3 wt% water (exists as hydroxyl in crystal structure instead
of molecular water, Inoue et al., 1995) and its single-crystal elastic properties at high-pressure
conditions have been determined in several previous studies. Hydrous Fe-bearing wadsleyite
with different Fe and water contents were measured up to ~12 GPa and ~20 GPa by Mao et al.
(2011) and Buchen et al. (2018), respectively (Fig. 11.1), whereas anhydrous Fe-bearing
wadsleyite was measured up to ~18 GPa by Wang et al. (2014) (Fig. 11.2). Buchen et al. (2018)
modeled the combined effects of Fe# (100*Femol/(Femoi+Mgmor)) and water on the isotropic
aggregate sound wave velocities of wadsleyite based on experimental data. First-principal
calculation has also been employed to study the effect of Fe# on the single-crystal elastic
properties of wadsleyite (Nufiez-Valdez et al. 2011). However, the combined influences of
water content, Fe#, and pressure on the single-crystal elastic properties and thus elastic
anisotropy of wadsleyite remain poorly constrained. The strong softening of Cass and Ci2
inferred from the finite strain equation of state derived in Mao et al. (2011) was not observed
by Buchen et al. (2018). As pointed out in Zhang et al. (2018), the softening of Css and Cyp, if
true, would result in a strong increase of elastic anisotropy of wadsleyite at the MTZ depth
range and potentially create detectable seismic signatures of anisotropy. Therefore, new
measurements on hydrous Fe-bearing wadsleyite, in particular, the modeling of water-Fe-
pressure effects using all the available single-crystal experimental data is needed to clarify this

issue.

Wadsleyite can develop several different deformation-induced LPOs at 15-17 GPa
under relatively low stress (<1 GPa), and the exact type depends on both the water content and

temperature: Under normal upper MTZ temperatures, type 1 [0 0 1] (0 1 0) and type 11 [0 0 1]



(1 0 0) dominate when water contents are <0.05 wt% and >0.05 wt%, respectively; Under cold

conditions (1550-1720 K), type 111 [1 0 0] (0 0 1) LPO develops (Ohuchi et al., 2014).

In this study, we determined the single-crystal elasticity of a new hydrous Fe-bearing
wadsleyite sample up to 18.2 (2) GPa by Brillouin spectroscopy, and then performed
systematic analysis based on all the available experimental data to separate the effects of water,
Fe, and pressure on the single-crystal elasticity of wadsleyite. Finally, we combined the water-
Fe-pressure dependent single-crystal elastic moduli (Cjs) of wadsleyite with different
deformation-induced LPOs determined in Ohuchi et al. (2014) to estimate the seismic

anisotropy under different flow fields in the MTZ and compared it with seismic observations.
2. Methods
2.1. Sample synthesis and characterization

The hydrous Fe-bearing wadsleyite crystals were synthesized using the COMPRES
10/5 assembly in a 1000-ton Multi-Anvil Press at the University of Hawai‘i at Manoa (UHM).
We packed and sealed the small San Carlos olivine crystals with deionized water into a gold
capsule. The crystals were synthesized at 1673 K and 16 GPa with a duration of 24 hours. The

sizes of wadsleyite crystals in the run product range from 50 um to 100 pm.

We measured the water weight content (wt%) of 9 wadsleyite platelets using the
Thermal Fisher Nicolet Nexus 670 Fourier Transformed Infrared Spectrometer (FTIR) at the
University of New Mexico (UNM). The narrow-band mercury-cadmium-telluride detector was
cooled by liquid nitrogen before starting measurements. The unpolarized spectra with
wavenumber ranging from 1500 to 4800 cm™ were acquired by an IR light source and a CaF;

beam splitter. The average water content for the synthetic wadsleyite is 0.14 (4) wt.% (see
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Supplementary Information, Fig. 11.S1 for details). We obtained the chemical composition of
the synthetic wadsleyite sample by the Electron Probe Micro-Analysis (EPMA) using the
JEOL 8200 Electron Microprobe facility at UNM (Table 11.S1). The accelerating voltage is 15
kV and the beam current is 20 nA. The main element standards were Forsterite for Mg and Si,
and Almandine for Fe. We also measured the Fe3*/SFe of the synthetic wadsleyite samples
using the Mossbauer spectrometer at the offline Mdssbauer spectroscopy laboratory at sector
3, Advanced Photon Source (APS) in the Argonne National Laboratory (ANL). The data was
obtained using constant acceleration mode, with a °’Co/Pd source of approximately 5 mCi
strength. Vortex silicon drift detector with an energy resolution of 150 eV at 14.4 keV was
used to reduce the background. The data was analyzed using WinNormos (WISSEL Co.)
program. The transmission Mdssbauer spectrum of our sample is shown in Fig. 11.S2. A two-
site model corresponding to Fe?* and Fe®* hyperfine parameter values was used. Fe?* site has
an isomer shift of 1.04 mm/s, and quadrupole splitting of 2.6 mm/s. The Fe®* site, on the other
hand, has an isomer shift value of 0.36 mm/s and quadrupole splitting of 0.88 mm/s. These
valence assignments are consistent with the literature values for 6-fold coordinated Fe (Dyar
et al., 2006). The final chemical formula of the sample is determined as

Mg1.788F€**0.131F€%0.056Al0.003MN0.003Ni0.007H0.022S10.98604 (FE#=9.4(2)).

We polished 6 wadsleyite single crystals into thin platelets with size ~50 um x 50 pum
x 12 um for single-crystal X-ray Diffraction experiments. These platelets are without scratches
and inclusions after examination under a high magnification petrographic microscope. The unit
cell parameters and orientations of the 6 polished wadsleyite crystals were determined by the
single-crystal XRD experiments at 1) the GeoSoilEnviroCars (GSECARS) experimental

station 13-BM-C at APS in ANL and 2) the X-ray Atlas Diffraction Lab at UHM. At 13-BM-

11



C, the X-ray beam was monochromated to 28.6 keV (0.434 A) with 1 eV bandwidth. A
Kirkpatrick-Baez mirror system was used to obtain a vertical x horizontal focus spot size of
12 pm x 18 pum, measured as full width at half maximum (FWHM). The MAR165 detector
(Rayonix) was placed about 175 mm away from the sample, and LaBs powder at ambient
conditions was used to calibrate the distance and tilting of the detector. The crystals were
placed on a glass slide, we found that the tilting of the samples and glass slide was minimal by
examining the laser beam reflected at the polished crystal surfaces and glass slide with Q°
incident angle. The diffraction patterns were collected in the ¢-scan geometry for a ¢ angle
range of + 23° with 1° step and 1 second exposure per frame. ATREX software package was
used to extract the unit cell parameters and the orientation of each crystal. At the X-ray Atlas
Lab, diffraction measurements were carried out on a customized Bruker D8 Venture
diffractometer with a Phonon Il detector, fixed-chi goniometer and Incoatec IuS 3.0 Ag Ka
microfocus source with Helios focusing optics. Similar ¢-scan geometry was used for the
diffraction and the exposure time was 20 seconds per frame, and the Bruker APEX3 software
was used to extract the lattice parameters. The ambient density (po) was calculated as 3.595(6)
g/cm® based on the unit cell parameters of a=5.711(2) A, b=11.453(6) A, ¢=8.268(7) A. To
better constrain the 9 independent Cijs, we performed a sensitivity test (see Supplementary
Information) to choose the best combination of crystal orientations for Brillouin measurements.
The plane normals of the 3 crystals we selected are (-0.3420 0.8718 0.3506), (-0.1013 -0.4397
0.8924), and (0.5341 0.0953 -0.8401) in the Cartesian coordinates. The angular uncertainties
of the measured plane normals are within 0.5°, propagating to a velocity measurement

uncertainty of <15 m/s, which is well under the Brillouin measurement precision of 30 m/s.
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2.2 High-pressure Brillouin spectroscopy experiments and data analysis procedure

We used BX90 Diamond Anvil Cells (DAC) to generate high-pressure conditions. The
slow directions of the two diamonds were pre-oriented to match each other. Rhenium gaskets
were indented using the 350 pum-culet diamonds and 250 pm-diameter holes were drilled to
create the sample chambers. The sample was loaded with two ruby spheres which acted as the
pressure standards. A neon pressure-transmitting medium was gas-loaded into the sample
chamber at GSECARS, APS, ANL. As part of the alignment process, we examined the tilting
and non-parallelism of the sample and the diamonds in the DAC using the laser beam reflected
at the polished crystal surfaces and diamond tables with 0° incident angle. The reflected laser
beams match each other nicely, suggesting that the tilting and non-parallelism were minimal.
The Brillouin spectroscopy experiments were performed at the Laser Spectroscopy Lab at
UNM. A 532 nm single-mode diode-pumped solid-state laser was used as the light source for
the Brillouin experiments. We used a 50° symmetric forward scattering geometry. Before the
experiment, the scattering angle of the system was calibrated to be 50.47(8)° using a standard
silica glass Corning 7980. A 6-pass tandem Fabry-Pérot interferometer was used to measure
the Brillouin frequency shift. At each pressure condition, we measured the compressional wave
(P-Wave) velocity (Vp) and shear wave (S-Wave) velocities (Vs) of the crystals every 15° along
the 360° azimuth (Chi angles at 0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, 180, 195,
210, 225, 240, 255, 270, 285, 300, 315, 330, 345). The typical spectrums are shown in Fig.

11.54.

Given a starting Cijs model of wadsleyite, we calculated a set of phonon directions of
each Brillouin measurement after fixing the plane normals for the selected three crystals. Based

on the calculated phonon direction—measured Vp, Vs data set, we then calculated the best-fit
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Cijs model through a least-square inversion of the Christoffel equation (Speziale and Duffy,
2002). Afterwards, we recalculated the phonon directions of each measurement based on this
newly obtained best-fit Cijs model. The recalculated phonon directions and the velocities were
used as the input again to calculate an updated Cijs model for another round. This process was
repeated2-3 times until the difference in root-mean-square (RMS) residuals of two successive
runs is smaller than 0.1 m/s. We assigned an assumed density (p) in the starting Cijs model to
fit the high-pressure phonon direction—measured Vp, Vs data set, thus the inverted high-
pressure Cj;s at this step are not the best-fit values and will need to be updated with the best-fit
high-pressure p in a later step. However, based on these obtained high-pressure Cijs with
assumed p, we can calculate the best-fit Ks/p, G/p, thus Vp and Vs of wadsleyite aggregates
under Voigt-Reuss-Hill (VRH) averaging scheme (Hill, 1963). The aggregate velocities are
independent of the assumed high-pressure p and only depend on the experimentally measured
velocities along different crystallographic directions (Zhang and Bass, 2016). We can then
utilize the 4" order finite strain equation of state (EOS) (Equations S3-S20) to fit the lab-
measured pressure-Vp-Vs data to derive Kso’ (0Kso/oP), Kso”’ (6°Kso/oP?), Go’ (6GoloP), and
Go'(0°GoloP?) with fixed lab-measured po, Kso, and Go (0 in the subscript represents ambient-
condition) (Davies and Dziewonski, 1975), as well as the best-fit high-pressure p. Finally, we

updated the Cj;s, Ks, and G at each high pressure with the obtained best-fit high-pressure p.

2.3. Water-Fe-Pressure-elasticity modeling and anisotropy indices

To systematically study the effects of water, Fe, and pressure on the elasticity of
wadsleyite, we compiled the water content, Fe#, p, and single-crystal elasticity data (Ks, G,
Cijs, Ve, and Vs) of 8 different wadsleyite samples under different pressure conditions

(Sawamoto et al., 1984; Zha et al., 1997; Mao et al., 2008a, b; Mao et al., 2011; Wang et al.,
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2014; Buchen et al., 2018; this study; Table 11.52). The 8 wadsleyite samples cover a wide
range of water content (0-2.9 wt%) and Fe# (0-11.2), and 6 wadsleyite samples have been

measured at high-pressure conditions including this study.

We adopted the following procedures to separate the effects of water, Fe, and pressure

on the single-crystal elastic properties of wadsleyite:

(1) To reduce the number of fitting parameters, we firstly fit the po, Kso, Go, and each
Cijo of wadsleyite with respect to water contents (wt%) and Fe#, which was sufficiently simple

to be described by an empirical linear relationship of B = Bo + B1 x water (wt%) + B2 x Fe#;

(2) Given the po, Kso, Go, and Cijo as well as their compositional dependence derived
in step (1), the ambient thermoelastic properties of the 6 samples that have been measured at
high-pressure conditions were fixed in the subsequent inversion process. After extensive
testing (see Supplementary Information), we chose to fit the Kso’ and Go’ as compositional
dependent with respect to water content or Fe#, and fix the Kso’” and Go’’ to the values
determined for the hydrous Fe-bearing wadsleyite measured in this study. We utilized 4" order
finite strain EOS, and subsequently calculated the compositional dependence of each Cijo’
(6Cijo/0P) and Cijo’’ (62 Cijo/oP?). The equations utilized are shown in the Supplementary

Information as equations S3-S20.

To further verify the reliability of our inverted water-Fe-pressure dependent single-
crystal elasticity model of wadsleyite, we compared the model-predicted values of Cjjs, Ks, G,
Ve, and Vs at different pressures for all 8 wadsleyite samples with the experimentally
determined values we compiled from previous studies (Table 11.S3). The differences are mostly

within 2% and 5% for aggregate elastic properties and Cjs, respectively (Fig. 11.3). The

15



pressure derivatives of the Ks, G, and Cjjs calculated from our model are also consistent with
the individually inverted values from our Brillouin experiments within uncertainty (Table
[1.S4). It is important to note that extrapolation to the composition and pressure range far
beyond what has been experimentally investigated might lead to unreliable predictions. The
accuracy of our modeling results can be improved with more high-pressure experimental data

on wadsleyite in the future, especially those with water content higher than 2 wt%.

Buchen et al. (2017) has pointed out the possible effect of Fe* on the single-crystal
elastic properties of wadsleyite. In this study, we chose to not separate the effect of Fe3* from
Fe?* primarily due to the following 2 reasons: 1) Only 3 single-crystal sound velocity
measurements exist for Fe-bearing wadsleyite with known Fe®**/ XFe (Mao et al., 2011, Buchen
et al., 2018, this study). With limited experimental data, it is difficult for us to separate the
effects of Fe?*, Fe**, pressure, and water together. 2) The calculated effects of Fe**/>Fe =0.3
in our sample on its isothermal bulk modulus (1 GPa) and linear elastic moduli (3-5 GPa) at
ambient condition are significantly smaller than the estimated uncertainties of the isothermal
bulk modulus (2-49 GPa), and linear elastic moduli (7-464 GPa) for the 4-end members of
wadsleyite given in Buchen et al. (2017). Although quantitative analysis on the effect of Fe3*
is challenging based on the currently available experimental data, future studies on Fe-rich

wadsleyite with higher Fe3* concentration can help to further clarify this issue.

We subsequently derived the Cjs, Ks, G, Vp, and Vs as well as several anisotropy
indices in the parameter space spanned by typical water contents (0-3 wit% H-O), Fe contents

(Fe# 0-15), and relevant pressures (0-18 GPa) using the 4™ order finite strain EOS.

The anisotropy indices we used are: Universal Anisotropy (AY), which refers to the

overall elastic anisotropy of minerals (Ranganathan and Ostoja-Starzewski, 2008). The
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superscripts R and V denote the Reuss and Voigt bounds of the homogeneous isotropic

aggregate (Hill, 1963).

\'"4
AV = (555 + =5 — 6) x 100 (%)

¢V K
GR s
Vp azimuthal anisotropy (AYP), which represents the maximum velocity difference of

all Vp propagating along all directions, is defined as

%4 4 i
AVp — Pmax—VPmin %200 (%)
VPmax+VPmin

Vs azimuthal anisotropy (AV®), which represents the maximum difference of all Vs

propagating along all directions, is defined as

AVS — Vsmax_VS‘min * 200 (%)

VSmaxtVSmin

Vs radial anisotropy (DV®), which represents the maximum velocity difference between
Vs1 and Vsz, Vs1 represents speed of fast S-Wave and Vsz represents speed of slow S-Wave

propagating along the same direction but with different polarizations.

DV = (V20 i * 200 (%)

Vs1+Vs,
3. Results

3.1. Single-crystal elasticity of the hydrous Fe-bearing wadsleyite measured in this

study

For the synthetic wadsleyite sample (0.14 wt% water, Fe#=9.4, Fe®'/ZFe=0.3)
measured in this study, using the data analysis procedure outlined in Section 2.2, we

determined its Kso, Go, Kso’, Kso”’, Go”and Go’” as 165 (2) GPa, 104 (2) GPa, 5.2 (5), -0.16
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(11) GPal, 1.9 (2), and -0.076 (28) GPa™, respectively. The calculated aggregate elastic
properties using the 4" order finite strain EOS based on these parameters match well with our
experimentally determined values (Fig. 11.1, 11.2, 11.3). The values of Cjjs at each pressure in
this study are listed in Table 11.1 and can be fit well using the 3" or 4" order finite strain EOS
(Fig. 11.1). The velocities predicted by the best-fit Cjs at high-pressure conditions match the
experimentally measured velocities of the 3 wadsleyite crystals with RMS error less than 45

m/s (Fig. 11.S5).

The softening of Css4 and Cyo starting at ~8 GPa inferred by the finite strain EOS
reported in Mao et al. (2011) is not observed in our data (Fig. I1.1). In this study, Caso iS
obtained as 106 (2) GPa with 0Ca4,0/0P = 0.89 (5); C120is derived as 75 (1) GPa with 6Ci2,0/0P

= 4.8 (2) and 8C120%3%P = -0.15 (2) GPa'l.
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Table 11.1. Cjjs, Ks, G, Vp, and Vs for the hydrous Fe-bearing wadsleyite sample (0.14 wt%

water, Fe#=9.4, Fe3*/>Fe=0.3 ) measured in this study.

Pressure 1.0 2.9(1) 6.6(1) 9.5(1) 12.2(1) 15.4(1) 18.2(2)

atm GPa GPa GPa GPa GPa GPa

p(g/cm3) 3.595(6) 3.656 3.729 3.783 3.831 3.886 3.933

C11(GPa) 341(1) 364(1) 387(1) 406(1) 418(1)  436(1)  444(1)

C»(GPa)  358(1) 376(1) 397(1) 410(1) 425(2) 440(1)  457(1)

Cx(GPa)  244(2) 273(2) 307(2) 322(2) 345(2) 360(2) 373(2)

Cu(GPa)  106(2) 108(1) 109(1) 113(1) 118(1) 120(1)  124.3(9)

Ces(GPa)  109(1)  111(1) 115(1) 119(1) 119(1) 1225(7) 124.6(9)

Ces(GPa)  90.8(7) 98.5(6) 106.3(7) 112.6(6) 116.1(8) 123.0(7) 128.4(5)

Ci(GPa)  75(1)  89(1)  103(1) 114(1) 123(1) 135(1)  142(1)

Ci(GPa)  99(2)  103(2) 112(2) 117(2) 129(2) 137(2)  147(2)

Cxs(GPa)  102(3) 112(2) 129(2) 137(2) 146(2) 153(2) 160(2)

Ks"RM(GPa) 165(2) 179(2) 197(1) 207(1) 220(1) 231(1)  241(1)

GYRH(GPa) 104(2) 110(1) 115(1) 119(1) 123(1) 126(1)  130(1)

Ve(kmis)  9.19(3) 9.43(2) 9.69(2) 9.84(1) 10.00(1) 10.14(1) 10.26(1)

Vs(km/s)  5.38(3) 5.47(2) 556(2) 5.62(1) 5.66(1) 5.70(1) 5.75(1)
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Fig. 11.2. Experimentally determined Ve and Vs of isotropic polycrystalline wadsleyite
aggregates from single-crystal Brillouin spectroscopy experiments compiled and utilized in
this study. The water contents of wadsleyite samples in Mao et al. (2008a, b) and Mao et al.
(2011) were updated to values re-examined by Chang et al. (2015). Solid lines represent the
4™ order finite strain EOS fitting results for the wadsleyite sample measured in this study

calculated from the best-fit Cijs model under VRH averaging scheme.
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Fig. 11.3. Comparison between input Ks, G, Cjjs of wadsleyite (symbols) and model-predicted

values (lines).

3.2. The water-Fe-pressure dependent single-crystal elasticity model of wadsleyite
Based on the modeling method described in section 2.3, the compositional dependence

of the p, Kso, Go, Cij0, and their pressure derivatives are listed in Table 11.S5 and Table 11.2.

3.2.1 The effects of water, Fe, and pressure on Cjs

Similar to olivine, water decreases all Cijo in wadsleyite (Fig. 11.S6, Table 11.2). The
addition of 1 wt% water to Fe-free wadsleyite reduces its Cijo by ~3-7%, whereas the reduction
of Cijo caused by the same amount of water for Fe-free olivine is only ~1-4% (Jacobsen et al.,

2008). Among all the Cjjs of wadsleyite at ambient condition, C22 and C»3 are most sensitive
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to the water, whereas C12 and Ci3 are the least sensitive ones (Table 11.2). In comparison,

increasing Fe# of wadsleyite by 10 only decreases diagonal Cijo by ~2-7% (Table 11.2).

Table 11.2. Effects of adding 1 wt% water or increasing Fe# by 10 on the elastic properties of
the dry Mg-endmember wadsleyite at 0 GPa and 300 K (one can calculate the effects of water
or Fe for different wadsleyite samples based on the parameters listed in Table 11.55). “\”

denotes that the influence is negligible.

Add 1 wt% water Increase Fe# by 10

Cuo 1 by 4% 1 by 3%
Ca20 1 by 6% 1 by 2%
Cssp 1 by 4% 1 by 4%
Caso 1 by 5% 1 by 3%
Css0 1 by 5% 1 by 4%
Ces.0 1 by 4% 1 by 7%
Ci20 1 by 4% 1 by 6%
Cizp 1 by 3% 1 by 5%
Casp 1 by 7% \

Kso | by 4% \
Kso’ \ 1 by 13%
Kso” \ \

Go 1 by 5% 1 by 5%
Go’ 7 by 10% \
Go”’ \ \

Water in wadsleyite increases all Cij o’ except Ca3,0’, Fe increases all Cijo’ except Caap’
and Cz30’ (Table 11.S5). Therefore, the high-pressure Cjj is determined by the two competing

factors: Increasing water and Fe contents reduces Cijo yet elevates Cijo’. Under the high-
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pressure condition of the upper MTZ (14-18 GPa, Fig. 11.S6), water reduces Ci1, C2, Css yet
increases Cas; Fe reduces Ci1, Cas yet increases Css, Ci12, C13. Both Csz and Ces are relatively
insensitive to the water and Fe contents. The modeling of the water and Fe effects on C44 and
C12 further suggests that the strong softening of Cs4 and C12 at MTZ pressures, implied from
the finite strain EOS derived in Mao et al. (2011), might be a fitting artifact, since the set of
EOS in this study without showing such softening could fit the experimental data in Mao et al.

(2011) reasonably well.

3.2.3 The effects of water, Fe, and pressure on Ks, G, Ve, and Vs
The incorporation of water in wadsleyite decreases both Kso and Go, whereas increasing
Fe# only decreases Go (Fig. 11.4, Table 11.2), which is consistent with previous studies (Mao et

al., 2008a; Wang et al., 2014; Hazen et al., 2000).

Chang et al. (2015) found that water has no resolvable effect on pressure derivative of
isothermal bulk modulus by performing high-pressure X-ray diffraction experiments on
different hydrous wadsleyite crystals loaded in the same DAC. However, Buchen et al. (2018)
suggested water increases Kso” after comparing the Kso’ for their less hydrated wadsleyite with
the Kso” for a more hydrated sample measured in Mao et al. (2011). In this study, after
removing the effect of Fe, our modeling results suggest that the increase of Kso’ caused by
hydration is minimal. However, water in wadsleyite does increase Go’, so the softening effect
of water on G is smaller at higher pressures while the effect of water on Ks persists to high
pressure. On the other hand, increasing Fe# of wadsleyite would only increase Kso’ whereas it
has no distinguishable effect on Go’, so the effect of Fe on G remains at high-pressure
conditions. Interestingly, adding Fe increases Ks of wadsleyite at high-pressure conditions,

possibly related to a stronger Fe-O bond than Mg-O bond, or stronger geometrical constraints
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after replacing Mg with Fe in the wadsleyite crystal structure under high pressure (Hazen et

al., 2000; Buchen et al, 2017). In addition, the existence of Fe®*
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Fig. 11.4. The water, Fe, and pressure—dependent Ks, G, Vp, and Vs of isotropic polycrystalline

wadsleyite aggregates under VRH averaging scheme (the batlow color scale is from Crameri,
2020).

rather than Fe?* may soften the structure of wadsleyite along a axis under ambient condition

(Buchen et al., 2017), although the modeling in the present study did not take the effect of

valance state of Fe into account.
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To summarize, at 14-18 GPa, water decreases the Ks, G, p, Vp, and Vs, whereas Fe

decreases G, Vp, Vs but increases the Ks and p (Fig. 11.4).

3.2.4 The effects of water, Fe, and pressure on intrinsic anisotropy of wadsleyite

Our data suggest that the incorporation of water in wadsleyite reduces its intrinsic
anisotropy monotonically (Fig. 1.5, Table 11.3). However, increasing Fe# of wadsleyite
decreases AY, AVP, and DV* monotonically but its effect on AV® depends on the water content
and pressure (Fig. 11.5). For example, AV® for dry wadsleyite at 15 GPa decreases with Fe#
from 0 to ~3, then increases with Fe# from ~3 to 15. Pressure decreases the anisotropy of
wadsleyite significantly through most of the investigated pressure range (Fig. 11.5). Increasing
pressure from ambient condition to 15 GPa would reduce AP, AS, and DV* of wadsleyite by

40-50% (Table 11.3).

Table 11.3. Average decrease of the elastic anisotropy caused by 1) increasing pressure from

0 to 15 GPa 2) adding 1 wt% water at 15 GPa and 300 K 3) increasing Fe# by 10 at 15 GPa

and 300 K.
1) Increase Pressure from | 2) Add 1 wt% water (at | 3) Increase Fe# by 10 (at
0 GPato 15 GPa 15 GPa, 300K) 15 GPa, 300K)
AY 1 by ~72% | by ~25% | by ~19%
AVP 1 by ~50% 1 by ~13% | by ~8%
AVs | by ~49% | by ~13% | by ~13%
DV | by ~40% | by ~11% | by ~11%
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4. Discussion
4.1 Compositional dependent elastic properties of single-crystal wadsleyite

To understand how water, Fe, and pressure influence acoustic velocities along different
crystallographic directions of wadsleyite, we plotted the acoustic velocity surfaces for different
single-crystal wadsleyite compositions derived from our water-Fe-pressure dependent single-

crystal elasticity model using the MTEX software package (Mainprice, 2011).

For Fe-free dry wadsleyite at ambient condition (Fig. I1.6a), the fastest Vp is along [0 1
0] direction whereas the slowest Vp is along [0 0 1], because C22>C11>Cs3. The fastest and
slowest Vs propagation directions are along [0.6930 0.7199 0.0372] and [-0.5439 -0.4842 -
0.6853] directions, which are close to [1 1 0] and [1 1 1] direction, respectively. The maximum
Vs splitting direction is along [-0.5690 -0.6175 -0.5431], close to the direction of the slowest
Vs propagation direction [1 1 1]. The velocity maximum and minimum directions for both Vp

and Vs are insensitive to pressure (Fig. I1.6a and 11.6b).

After incorporating 1.5 wt% water to the Fe-free wadsleyite at 15 GPa (Fig. I1.6b and
11.6¢), the fastest direction changes from [0 1 0] to [1 0 0] and the maximum Vp value drops
from 10.9 km/s to 10.8 km/s. This is caused by the greater reduction of C,, than C11 caused by
water. On the contrary, the slowest Vp value (9.9 km/s) and direction ([0 O 1]) remain almost
the same after adding water in the crystal structure because Cas is relatively insensitive to water.
Therefore, adding water decreases AVP. The higher sensitivity of C2, to water content compared
with Cas is consistent with the fact that the unit cell parameters b and ¢ are the most and least
sensitive parameters to the water content, respectively (Holl et al., 2008; Buchen et al, 2017).

On the other
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Vp(km/s) Fast S-Wave Vs1(km/s) Slow S-Wave Vs2(km/s) S-Wave Radial Anisotropy(%)

6.4
Cr k
! l ’ !

A.0GPa
H20=0,Fe#=0

B.15GPa

H20=0,Fe#=0

AP =10.7%

C.15GPa

H20=1.5wt%,Fe#=0

D.15GPa

H20=0,Fe#=10

E. 15GPa

H20=1.5wt%,Fe#=10

[010]

[100]
[001] AVP = 8.0% AVS' = 8.8% AVS2=30% Max DV® = 10.0%

Fig. 11.6. Acoustic velocities along different crystallographic directions in stereographic
projections for (A) dry wadsleyite with Fe#=0 at 0 GPa, (B) dry wadsleyite with Fe#=0 at 15
GPa, (C) hydrous wadsleyite with Fe#=0 at 15 GPa, (D) dry wadsleyite with Fe#=10 at 15
GPa, (E) hydrous wadsleyite with Fe#=10 at 15 GPa. Black and white dots represent the
positions of the maximum and minimum velocities, respectively; The black short lines in fast
S-wave Vs and slow S-wave Vs plots indicate the polarization directions. The
crystallographic axes are shown in the bottom left corner. AYP, AYS! and AV*? refer to the

maximum anisotropy values.
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hand, the fastest Vs direction remains unchanged with higher water content, and the slowest Vs

direction changes to [0 0 1] for hydrous wadsleyite (Fig. 11.6b and I1.6c).

With Fe# of wadsleyite changing from 0 to 10, the fastest and slowest Vp directions as
well as the fastest Vs direction remain almost unchanged (Fig. 11.6b and 11.6d). However, the
slowest Vs direction changes from [1 1 1] to [0 0 1]. Fe decreases the AVP because Fe affects

C22 more than Cas (Fig. 11.S6).

4.2 Seismic properties of deformed wadsleyite aggregates

Combining our modeled water-Fe-pressure dependent Cjjs with the experimentally
determined deformation-induced LPOs of wadsleyite aggregates from Ohuchi et al. (2014), we
calculated the anisotropic seismic properties of deformed wadsleyite aggregates utilizing the
MTEX software package (Fig. 11.7). The Cjjs of wadsleyite used here are calculated at 15 GPa
300 K due to the lack of high pressure-temperature single-crystal elasticity measurements of
wadsleyite. The deformation-induced LPOs of wadsleyite aggregates are measured by Electron
Back Scattering Diffraction in Ohuchi et al., 2014, including sample M0327 for the type 1 [0 0
1] (01 0) fabric, sample M0310 for the type 11 [0 0 1] (1 0 0) fabric, samples Y0313 and M0308
for the type 111 fabric [1 0 0] (0 0 1). The type-1I and type-111 LPOs presented in Ohuchi et al.
(2014) are based on deformation experiments on hydrous wadsleyite aggregates with water
content limited to 0.3 wt%. The updated anisotropy modeling results using the Cijs model in
this study for wadsleyite with 0.3 wt% water are shown in Fig. 11.S8. However, in a hydrated
mantle near subduction zones, the water content in wadsleyite might be higher than that
considering the relatively large amount of water supply and the low-temperature condition in
the subduction zones (Bercovici and Karato, 2003). Therefore, as an extreme end member case,

we performed the anisotropy modeling on hydrous wadsleyite aggregates containing ~1.5 wt%

30



water, under the assumption that they would develop the same fabrics as the less hydrated

wadsleyite aggregates used in Ohuchi et al. (2014) (Fig. 11.7).

Vp(km/s) Fast S-Wave Vsl1(km/s) Slow S-Wave Vs2(km/s) S-Wave Radial Anisotropy(%)

A. dry wadsleyite
(0 wt% H20,Fe#=10),

normal geotherm,
type 1: [001] (010)

10.22
10.2
10.18
10.16
110.14
10.12

AVP = 199, AY*?=06%
B. hydrous wadsleyite
(1.5 wt% H20,Fe#=10), "‘ .
normal geotherm, s ‘\/‘ :
type I1: [001] (100) \'é@ ;
AVP =15% AV$2 =0.9%

C.dry wadsleyite
(0 wt% H20,Fe#=10), @ 102
cold geotherm, 10.18
type 111: [100] (001)

10.16

\ 10.14
AN
AP =0.9%

D. hydrous wadsleyite 3 1012
(1.5 wt% H20,Fe#=10),

10.1
cold geotherm,
type 111 [100] (001) 10.08

10.06

10.04

10.02

Shear direction s
—_—
~— AYP=12% AYS'=1.0% AV$2=04% Max D" = 1.2%

Fig. 11.7. The calculated acoustic velocities in stereographic projections for (A) dry
wadsleyite aggregate with type | LPO (M0327), (B) hydrous wadsleyite aggregate with type Il
LPO (M0310), (C) dry wadsleyite aggregate with type Il LPO (Y0313), (D) hydrous
wadsleyite aggregate with type I11 LPO (M0308). The LPO data are from Ohuchi et al. (2014).
The shear plane normal is north-south. The geometrical relationship between Vsy and Vsh is

shown in Fig. 11.57. AYP, AVst and AV<2 refer to the maximum anisotropy values.
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Under the normal upper MTZ temperatures (~1800 K), type-I and type-1l fabrics of
wadsleyite are more likely to develop with [0 0 1] axis of wadsleyite sub-parallel to the shear
direction (Ohuchi et al., 2014). As discussed in section 4.1, [0 0 1] is always the slowest Vp
direction of wadsleyite which is unlikely to be influenced by the water or Fe contents, so both
the dry wadsleyite aggregate with type-I fabric and hydrous wadsleyite aggregate with type-II
fabric show the slowest Vp direction along the shear direction (Fig. 11.7). Under lower
temperatures (1473-1713 K), type 111 fabric is developed with [1 0 0] axis of wadsleyite parallel
to the shear direction (Ohuchi et al., 2014). [1 0 0] is a fast Vp direction for dry wadsleyite and
the fastest one for hydrous wadsleyite, so both dry wadsleyite aggregate and hydrous
wadsleyite aggregate with type-111 fabric show the fastest Vp direction sub-parallel to the shear

direction.

Constraining Vsn (horizontally polarized shear wave velocity)/Vsy (vertically polarized
shear wave velocity) for wadsleyite aggregates under a vertical flow or a horizontal flow can
help us understand the mantle flow field based on seismic observations. Higher mode surface
waves have been used by seismic studies to constrain the Vsu/Vsy in the MTZ (Panning and
Romanowicz, 2006; Visser et al., 2008). The polarization of Vsv is sub-perpendicular to the
Earth’s surface and the polarization of Vsh is sub-parallel to the Earth’s surface (Fig. 11.S7). In
this study, we assumed Vs; is the fast Vs and Vs> is the slow Vs propagating along the same
direction. For wadsleyite aggregates developing type-I and -1l fabrics under normal MTZ
temperatures (Fig. 11.7a, 11.7b), Vs1 is Vsv assuming a horizontal mantle flow field while Vs; is
Vsn ina vertical mantle flow field (Fig. 11.S7). Therefore, wadsleyite aggregate with type-1 and
-11 fabrics results in Vsy >Vsn in a horizontal flow field, whereas Vsv <Vsn is expected in a

vertical flow field. Visser et al. (2008) and French and Romanowicz (2014) both suggested
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Vsv >VsH as a global feature in the MTZ, which is consistent with the Type-I and -11 fabrics of
wadsleyite developed under the normal MTZ temperatures in a horizontal flow field. Therefore,
the flow field in the MTZ on the global scale is likely to be dominated by a horizontal flow
(Ohuchi et al., 2014). This conclusion also coincides with the eastward horizontal mantle flow
down to 700 km depth suggested by the observed global subduction asymmetry (steep
westward subduction angle ~65 ° versus gentle eastward subduction angle ~27°, Ficini et al.,

2017).

For wadsleyite aggregates with type-111 fabric under cold conditions (Fig. I1.7c, 11.7d),
we expect Vsv <Vsh in a horizontal flow field and Vsv >Vsh in a vertical flow field. Vsv >VsH
has been reported to be associated with subducted slabs in the MTZ in locations such as the
Western Pacific (Panning and Romanowicz, 2006; Chang and Ferreira, 2019), Central America
(Panning and Romanowicz, 2006), and South America (Moulik and Ekstrom, 2014). This is
consistent with the primarily vertical flow fields in the MTZ induced by subducted slabs
suggested by the present study. However, some caution is warranted regarding the association
of seismically imaged slabs in the MTZ and radial anisotropy given that actual flow directions
can deviate from an exactly vertical orientation and not all hypothesized slabs in the MTZ

exhibit Vsy >Vsh.
5. Implications
5.1 Anisotropy features in the MTZ

The magnitude of the azimuthal shear wave anisotropy AV® in the MTZ is controversial.
It is constrained to be 0.8-1.1% by Yuan and Beghein (2013, 2018), 0.3-0.4% by Schaeffer et

al. (2016), and 0.7-0.8% by Debayle et al. (2016). As suggested by Huang et al. (2019), the
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amplitude of azimuthal shear wave anisotropy AV® in the global upper mantle above the 410-
km discontinuity is constrained to be ~1-2 %, but this value in the MTZ drops to less than 1%,
which is consistent with the significantly smaller intrinsic anisotropy of wadsleyite compared
with olivine (Zhang et al., 2018). As shown in section 4.2, the AYS of wadsleyite aggregates
with type | and type Il fabrics is calculated to be only 0.6-0.9% under ambient MTZ conditions
(Fig. 11.7). Considering that wadsleyite may make up ~60 vol% of the ambient mantle (Frost,
2008), the resulting anisotropy in the MTZ would be at the level of only ~0.4-0.5%, which is
more consistent with the estimates of Schaeffer et al. (2016), Debayle et al. (2016) and Huang

et al. (2019).

The amplitude for the radial anisotropy DV® above the 410-km discontinuity is about
2%, but this value drops to ~1% below the 410-km discontinuity (Visser et al., 2008). In a
pyrolitic mantle, the DV® caused by deformed wadsleyite with type-l and -I1 fabrics is only
~0.6-0.8%. A pyrolitic layer of 100 km thickness in the upper MTZ (~410-520 km) produces
very short delay time (S-wave splitting time < 0.1 s) regardless of the types of LPO fabrics or
water content in wadsleyite assumed. This is consistent with the negligible depth dependence
of shear-wave splitting delay times obtained from deep earthquakes (Mohiuddin et al., 2015).
The weak radial anisotropy in the global MTZ is well-explained by the weak radial anisotropy

of deformed wadsleyite aggregates.

Near subducted slabs in the MTZ, the AVSand DV* can reach 2-3% locally beneath the
circum-Pacific Ocean subduction zones (Huang et al., 2019; Moulik and Ekstrom, 2014).
However, for wadsleyite developing type-Il1 fabric along cold subduction geotherm, the pure
wadsleyite aggregate shows a maximum AY*and DV* on the order of only 1-1.4% (Fig. 11.7). It

is possible that the total strain in the MTZ induced by the subduction of cold slabs is
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significantly higher than strain achieved in the laboratory deformation experiment (0.6-1.1) by
Ohuchi et al. (2014). Stronger LPO of wadsleyite may lead to the higher seismic anisotropy
suggested by these local seismic studies. Some other studies have attributed the marked
anisotropy underneath the subducted zones to the LPO of highly anisotropic hydrous alphabet
phases (Nowacki et al., 2015) or K-hollandite (Mookherjee and Steinle-Neumann, 2009) in the
subducted slabs. However, the stability and abundance of alphabet phases in the subducting
slabs remain controversial and K-hollandite may only be present within subducted continental
materials (Hao et al., 2020). Kawakatsu and Yoshioka (2011) identified a wedge-shape low-
velocity layer in the subducting Pacific slab up to 450 km depth beneath SE Japan and
explained it as the metastable olivine wedge. Tono et al. (2009) also reported a uniform
anisotropy signal of the Pacific slab beneath Japan likely at depths beyond the 410-
discontinuity. Considering the relatively high elastic anisotropy of olivine at 410 km (~19-
25%, Zhang et al., 2018), the existence of metastable olivine in MTZ can explain the ~3%
anisotropy associated with some cold subduction zones. Other possibilities include the highly
anisotropic akimotoite (Shiraishi et al., 2008) and stishovite (Xu et al., 2020) accumulated in
the stagnant slabs in the MTZ or shape-preferred orientation (SPO) of rheologically/elastically
weak minerals/melts (Li et al. 2018). Deformed pure akimotoite aggregates show 3-4.3 % AVP
under the strain of 0.09-0.61 (Shiraishi et al., 2008), much higher than the deformed pure
wadsleyite aggregates (~1%) and pure ringwoodite aggregates (~0.2%) under similar strain
condition (Ohuchi et al., 2014). Foley and Long (2011) suggested that the main anisotropy
contribution to splitting from deep earthquakes may come from stagnant slabs at the boundary
between the MTZ and the Lower Mantle, in which stishovite is likely to be locally enriched.

A recent seismic study suggested that the non-double-couple deep earthquakes are probably
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originated in regions that are highly anisotropic (up to 25%) within the subducting slabs (Li et
al., 2018), such high seismic anisotropy is difficult to be caused by LPO of elastically

anisotropic mantle minerals, thus SPO seems a more viable explanation.

5.2 Is the seismic anisotropy in the upper MTZ a good water sensor?

A recent seismic study by Chang and Ferreira (2019) proposed a nearly dry upper MTZ
(< ~0.02 wt% water) near subducting slabs under the western Pacific due to the observed high
radial anisotropy (~1.5%), and suggested that the high seismic anisotropy of the upper MTZ
may indicate a low water content. It is interesting to reevaluate this conclusion based on our
results that separate the pressure, Fe and water content effects and take various types of

wadsleyite fabrics into account.

As shown in Fig. 11.5, water indeed reduces the intrinsic anisotropy of wadsleyite, for
example, the AVP and DV® of hydrous wadsleyite (1.5 wt% water, Fe#=10) are lower than dry
wadsleyite (Fe#=10) by 18% and 15%, respectively (Fig. 11.6d, 11.6e). However, the deformed
hydrous wadsleyite aggregate usually shows type Il fabric, whereas the deformed dry
wadsleyite aggregate primarily displays type | fabric (Ohuchi et al., 2014). After taking the
different types of fabrics into account, the hydrous wadsleyite actually shows higher AVP and
DVs than the dry wadsleyite aggregate by 25% and 30%, respectively (Fig. 11.7a, 11.7b). A
possible reason is that the incorporation of water results in more structural defects and assists
the formation of stronger LPO of high-pressure olivine polymorphs such as wadsleyite and
ringwoodite. As shown in Ohuchi et al. (2014), hydrous wadsleyite aggregate with type 1l
fabric shows almost 2 times higher strain rate (~1.3*10™) than the almost dry wadsleyite
aggregate (~7.4*107°) with type | fabric, thus the hydrous wadsleyite aggregate is rheologically

weaker. Similarly, Kavner (2003) also reported that the presence of water in the crystal
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structure of ringwoodite increases the ductile strain rate, and thus, promotes the development
of LPO of ringwoodite. Although the hydrous wadsleyite aggregate tends to show higher
seismic anisotropy than the dry aggregate after taking the single-crystal elasticity and fabrics
into account, whether this anisotropy difference can be resolved seismically will likely depend
on the actual strain thus the strength of the flow field in the MTZ. Therefore, the seismic

anisotropy in the upper MTZ may not necessarily reflect the degree of hydration in the MTZ.
6. Conclusions

(1) We determined the single-crystal elastic properties of a synthetic hydrous Fe-bearing
wadsleyite (0.14 (4) wt% water, Fe#=9.4, Fe**/XFe=0.3) up to 18.2 (2) GPa. The experimental
results are: Kso = 165 (2) GPa, Go = 104 (2) GPa, Kso’ = 5.2 (5), Kso’” = -0.16 (11) GPa, Go’
=1.9 (2), and Go’’ = -0.076 (28) GPa. Strong softening of Ca4 and C1, at pressures higher

than 8 GPa is not observed in this study.

(2) We quantitively constrained the influence of water, Fe, and pressure on single-crystal
elastic properties and intrinsic anisotropy of wadsleyite. In average, adding 1 wt% water into
wadsleyite crystal structure at 15 GPa decreases intrinsic anisotropy by ~11-13%, adding 10
mol% Fe at 15 GPa decreases intrinsic anisotropy by ~8-11%, increasing pressure from 0 to

15 GPa decreases intrinsic anisotropy by ~40-50 %.

(3) Utilizing the water-Fe-pressure dependent Ci; models of wadsleyite in the present study and
3 different types of fabrics measured by deformation experiments in Ohuchi et al. (2014), we
modeled the seismic anisotropy of wadsleyite aggregates. Comparisons between our results
and seismic observations in the MTZ are consistent with sub-horizontal flow in the ambient

mantle and sub-vertical flow near subducted slabs. Our results are consistent with a weak
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anisotropic MTZ (<1%) on the global scale. The observed local high seismic anisotropy up to
3% near subducted slabs requires either high strain caused by strong flow fields, or the LPO
of other strongly anisotropic minerals such as akimotoite, stishovite, and metastable olivine

near the slabs.

(4) Water in wadsleyite’s crystal structure decreases its intrinsic anisotropy but promotes the
development of LPO. Depending on the total accumulated strain in the MTZ, the seismic
anisotropy in the upper MTZ may not necessarily reflect the degree of hydration in the MTZ.
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Supporting Information

11.1. EPMA results

Table 11.S1. EPMA results for randomly chosen synthetic wadsleyite single crystals.

Naz0 MgO ALOs SiO, CaO TiO; Cr,0s MnO FeO  NiO TOTAL
WH%)  WE(%)  Wi(%) Wi(%) Wi(%) wi(%) Wwi®%) Wwi®%) Wwi®%) wi%) wi(%)
003 4967 015 3958 002 000 002 012 915 039  99.13
004 4994 014 3959 003 001 001 014 899 034  99.22
002 4920 007 4082 003 000 000 012 902 041  99.70
003 4906 010 4084 002 002 002 015 909 032  99.63
000 4870 041 4072 002 001 001 013 959 034  99.64
002 4945 010 4032 002 000 001 012 906 034  99.13
002 4919 0.3 4026 003 001 001 015 913 037  99.29
002 4945 0.0 4038 003 002 002 012 914 036  99.35
003 4907 015 4004 000 000 001 014 930 037  99.11
003 4910 014 4013 001 001 002 013 916 039  99.12
003 4875 011 4103 003 001 002 000 891 033 9921
002 4875 012 4070 000 000 000 016 896 037  99.10
003 4878 041 4041 001 001 001 013 919 039  99.06
Average 002  49.12 012 4037 002 001 00l 012 913 036  99.28
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I1.2. Fourier Transformed Infrared Spectroscopy (FTIR)

We carried out unpolarized FTIR measurements on 9 double-polished wadsleyite samples with
random orientations. The water content was determined as the average of all measured values
(Fig. 1.S1). The water content was calculated from the following equation (Libowitzky and

Rossman, 1997):

1.8 fK(v) v

H,0) =
c(H0) VDe, n

(S1)
with £=246.6(3753-vm) where &i (cm~2 per mol H2O/L) is the integrated molar absorption
coefficient. vm is the mean wavenumber of the stretching band in cm™. ¢(H20) is the water
concentration by wt%. K (v) is the band intensity height and v is the wavenumber (cm™), t is
the thickness of the sample in cm, and D is the density in g/cm®. The FTIR spectra we obtained
are shown in Fig. 11.S1. The difference in terms of relative peak intensity compared with the
spectra in Bolfan-Casanova et al. (2018) can be explained by the high Fe*/ZFe of wadsleyite
samples (Smyth et al., 2014). Using equation S1, the synthetic wadsleyite in this study has an

average water content of 0.14 (4) wt%.
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Fig. 11.S1. Absorption coefficient as a function of wavenumber measured by unpolarized FTIR
spectroscopy. Dashed lines: wadsleyite with 4000 ppm and 800 ppm water measured by

unpolarized FTIR method (Bolfan-Casanova et al., 2018). Solid lines: this study.
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11.3. Mossbauer Spectroscopy Experiment
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Fig. 11.S2. Mdssbauer spectrum of our wadsleyite crystals in a Re gasket. The data is
consistent with two separate sites for Fe with +2 and +3 valence, based on the combined
values of hyperfine interaction parameters of quadrupole splitting (QS) and isomer shift (IS)

(Dyar et al., 2006).
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I1.4. Sensitivity Test

Sensitivity test is a way to evaluate whether the combination of crystallographic orientations
of single-crystal minerals for Brillouin experiments can provide reliable constraints to the
single-crystal elastic moduli (Cjs) (Lin et al., 2018; Fu et al., 2019; Hao et al., 2020). We
utilized the sensitivity testing code from Hao et al. (2020) to choose the best combination of
crystallographic orientations of wadsleyite crystals for our Brillouin experiments. The
sensitivity value, representing the maximum change of sound velocities along the 39 different

crystallographic directions with 0.1% change of each Ci;, is defined as.

v,
s, = [ / ] (s2)

aCij/
Cij

where Vy refers to Ve, Vs1, and Vs, respectively. The final chosen orientations are (-0.342

maximum

0.8718 0.3506), (-0.1013 -0.4397 0.8924), and (0.5341 0.0953 -0.8401) and their sensitivity
testing results are shown in Fig. 11.S2. All Cjjs can be inverted with high enough sensitivity

based on the velocity measurements on the 3 selected wadsleyite crystals.

C33 ca4

c22 C55
Elastic moduli

0.60
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Fig. 11.S3. The sensitivity test results for the orientation combination in this study.
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[1.5. Brillouin Spectroscopy Experimental Results
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Fig. 11.54. Left: A typical Brillouin spectrum at 15 GPa for wadsleyite with orientation of
(0.5341 0.0953 0.8401); Right: A typical Brillouin spectrum at 18 GPa for wadsleyite with
orientation of (-0.342 0.8718 0.3506); the collection time is 30 min. The Neon peak is invisible

in both spectra.
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Fig. 11.S5. Measured acoustic velocities of wadsleyite as a function of laboratory chi angles
for 3 wadsleyite crystals. Solid lines are the acoustic velocities calculated from the best-fit
single-crystal elasticity model; squares are the experimentally determined velocities. Errors

are within the size of the symbols.
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I1.6. Modeling of Water-Fe-Pressure dependent single-crystal elastic properties

6.1 The use of 3" order versus 4™ order finite strain equation of state (EOS)

We have tried to use only 3" order finite strain EOS to obtain the water and Fe#
dependent Kso” and Go’. The results are Kso” = 4.2 (3) and Go’=1.2 (3) + 0.3 (1) x water (wt%)
+ 0.02 (2) x Fe#. However, the Ks and G of wadsleyite aggregate predicted from this model
are of relatively large difference from experimental values at high pressures. For example, this
model-predicted Ks and G of Fe-bearing wadsleyite can be up to 3% higher than experimental
values from Wang et al. (2014), Buchen et al. (2018), and this study. In particular, for the
experimental data in this study, using 3rd order finite strain EOS fitting would result in a more
than 5-fold increase of root-mean-square (RMS) error for Ks and G (RMS=37.5) than using
4th order (RMS=6.2). Considering that 4™ order finite strain EQS gives better constraints on
Ks and G, Vp, and Vs at 14-18 GPa, which is the pressure range that wadsleyite is stable at in
the mantle, 4™ order finite strain EOS was thus chosen in our modeling. However, we would
also like to point out that, although it seems that 3" order EOS does not work for our modeling
which covers a wide compositional and pressure range, it may be sufficient to model the
experimental data set measured for a given wadsleyite sample with a fixed composition.

6.2. Choice of compositional dependent elasticity parameters

When performing the modeling using the 4™ order finite strain EOS, more elastic
parameters are involved. To reduce the number of fitting parameters, we have pre-fitted and
obtained the compositional dependance of Kso, Go and po, leaving only the Kso’, Go’, Kso”’,
and Go”’ involved. We firstly treated Kso’, Go’, Kso’’, and Go’” all as compositional dependent,
the fitting results we obtained are always with uncertainties greater than 100%. We have also
tried to fit the Kso’, Go’ as compositional dependent and Kso’” and Go’’ as compositional

independent, the results improved yet still gives us uncertainties greater than 100%. These tests
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indicate that the current data we have compiled so far do not provide enough constraints and
we are overfitting the data. Eventually, we figured out that if we fixed the Kso’’and Go”’ to the
values we determined for the hydrous Fe-bearing wadsleyite measured in this study, the
modeling using 4" order finite strain EOS could give us satisfactory results for the
compositional dependance of the Kso’, Go’, Cijo’ (6Cijo /0P) and Cijo’* (6% Cij,/0P?) as shown
in Table 11.54.

4.3. 4" order finite EOS

The 4™ order finite EOS we utilized in this study are shown as S3-S20 (Davies, 1974; Davies

and Dzieonski, 1975):

pVs 2= (1-2)2 (M + Mz &+~ Ms- &?) (S3)
pVp2=(1-28) (Lit L e+5Lse?) (S4)
P=—(1-2 S)S/Z(Cl'8+%C2‘82+%C3'83) (S5)
€ =% [1- (p/p0)?"] (S6)

where P represents pressure, € represents strain, M1, Mz, Ms, L1, Lo, L3, C1, C2, and Cs are

defined as:

M; = G (S7)
M2=5M;-3Kso- Go’ (S8)
M3=9Go”> Kso>—3 (Kso’—4) M2+ 5 (3 Kso’=5) My (S9)
Li=Ko+ > M; (S10)
L2 =5 L1—3 Kso (Kso” + 7 Go’) (S11)
L3 = 9 Kso”” - Kso? + 12:Go”” Kso?> — 3 (Kso — 4 )Lz +5 @B Kso — 5) L1
(S12)
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Ci=3L1—-4M;

C2=3L2—4M2+7Cy

C3=3L3—-4M3+9C;

GZp-Vs2

Ks=p-Vp?-3G

a1 = —3 Kso- (Cijo’ +as) + 7 Cijo

a2 = 9 Kso?- Cijo”’—3K s’ (a1 — 7 Cijo) + 16 a1—49 Cijo
Cij=(1-2¢)" (Cijpo+ a1'8+%az'82+ """ )—P-as

where azis —3 for C11, C22, and Cass, azis —1 for Caas, Css, Ces, C12, C13, and Cos.
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1

Table 11.S2. Single-crystal elasticity data of different wadsleyite samples we complied for the modeling in this study.

References P Fe#  Fe®/ZFe H20 P Ks G Vp Vs Cau C» Cs3 Cau Css Ce Ci2 Ciz  Co
GPa wt% | g/cm?® GPa GPa km/s km/s | GPa GPa GPa GPa GPa GPa GPa GPa GPa
Sawamoto et al., 1984 0 0 0 0 3.474 174 114  9.69 573 | 360 383 273 112 118 98 75 110 105
Zhaet al., 1997 0 0 0 0 3.488 170 115 9.66 578 | 371 368 272 111 123 103 66 95 105
31 0 0 0 3.550 183 116 9.78 573 | 379 382 292 111 123 101 85 106 112
6.3 0 0 0 3.610 194 124 9.99 587 | 393 400 317 127 118 117 84 118 119
81 0 0 0 3.643 202 125 10.08 5.88 | 404 418 324 121 124 119 94 122 123
9.4 0 0 0 3.666 211 128 1022 592 | 414 440 333 127 123 118 104 124 132
105 O 0 0 3.685 210 126 10.16 588 | 422 426 331 122 127 116 108 128 125
142 0 0 0 3.747 236 134 1054 6.01 | 445 465 387 131 122 130 124 142 152
Mao et al., 2008a 0 0 0 0.38 | 3.455 165 109 9.8 561 | 357 358 256 107 112 96 69 97 98
0 0 0 12 3.418 160 105 9.36 554 | 336 344 251 103 110 94 71 99 91
0 0 0 2.9 3.339 147 97 9.09 539 | 317 316 228 94 99 88 62 89 84
Mao et al., 2008b 0 0 0 1.2 3.418 161 104 9.35 551 | 339 341 255 101 105 93 68 96 95
12 0 0 1.2 3.443 162 105 9.37 553 | 346 345 253 103 106 96 72 92 98
27 0 0 1.2 3.474 172 107 9.53 556 | 359 350 275 104 107 99 79 100 108
4.2 0 0 1.2 3.503 175 109 9.58 559 | 368 357 276 105 109 101 84 100 109
6.7 0 0 1.2 3.551 187 112 9.74 562 | 380 376 291 108 112 104 99 106 118
82 0 0 12 3.580 192 115 981 566 389 381 303 110 112 107 101 109 118
102 O 0 1.2 3.615 200 117 9.9 570 | 403 391 316 113 113 111 109 115 125
121 0 0 1.2 3.648 210 121 10.09 576 | 418 411 331 116 113 116 115 122 130
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Table 11.S2. (Continue)

Mao et al., 2011 0 110 01 2.0 3.515 156 98 9.04 528 | 334 319 242 95 102 87 69 102 89
3.2 110 01 2.0 3.584 172 103 9.30 537 |35 338 267 101 106 94 90 112 97
4.2 110 01 2.0 3.605 179 107 9.44 545 | 354 353 287 104 107 99 95 116 98
6.7 110 01 2.0 3.655 187 111 957 552 | 370 361 305 107 111 104 102 117 104
8.7 110 01 2.0 3.693 197 114 9.73 556 | 391 375 316 109 113 107 111 128 111
102 110 01 2.0 3.721 203 115 9.80 558 | 397 382 326 109 114 111 115 133 115
122 110 01 2.0 3.757 210 119 9.90 563 | 402 391 347 110 115 117 115 139 120
Wang et al., 2014 0 7.5 unknown 0 3.570 170 108 9.38 550 | 348 372 254 106 115 97 78 102 105
Wang, 2008 4.1 7.5 unknown 0 3.653 188 115 9.66 560 | 386 385 291 108 119 105 91 111 119
6.0 7.5 unknown 0 3.690 192 117  9.72 564 | 397 394 300 107 122 108 96 112 122
8.0 7.5 unknown 0 3.727 202 120 9.85 567 | 406 403 314 111 122 113 106 120 124
100 75 unknown 0 3.765 210 123 9.96 570 | 419 413 328 111 126 116 111 126 131
121 75 unknown 0 3.802 218 125 1006 574 | 429 423 339 114 127 121 117 133 138
14 7.5 unknown 0 3.835 226 127 1015 5.76 | 433 437 354 116 126 125 125 138 145
159 75 unknown 0 3.867 233 130 1024 5.79 | 443 447 363 117 129 129 132 142 150
177 75 unknown 0 3.897 240 130 1031 578 | 451 455 371 118 131 130 138 153 156
Buchen et al., 2018 0 11.2 015 0.24 3.598 166 103 9.18 535 | 345 354 252 105 107 86 73 107 94
1.5 112 015 0.24 3.630 175 109 940 548 | 366 369 270 107 117 92 78 101 110
41 112 015 0.24 3.683 187 113 957 553 | 389 373 290 110 115 99 92 117 110
8.8 11.2 015 0.24 3.774 209 122 9.92 568 | 408 418 331 113 123 113 105 129 130
11.0 112 0.15 0.24 3.815 214 122 994 566 | 423 412 335 116 121 116 113 137 131
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Table 11.S2. (Continue)

131 112 0.15 0.24 3.853 226 124 10.07 566 | 432 431 357 114 122 117 125 147 140
16.1 112 0.15 0.24 3.905 233 129 1017 574 | 431 451 369 119 124 127 131 142 150
19.7 112 0.5 0.24 3.964 246 130 1028 572 | 452 445 391 116 133 130 139 167 159
This study 0 9.4 0.3 0.14 3.595 165 104 9.19 538 | 341 358 244 106 109 91 75 99 102
2.9 9.4 0.3 0.14 3.656 179 110 9.43 547 | 364 376 274 108 111 99 89 103 112
6.6 9.4 0.3 0.14 3.729 197 115 9.69 556 | 387 397 307 109 115 106 103 112 129
9.5 9.4 0.3 0.14 3.783 207 119 9.84 562 | 406 410 322 113 119 113 114 117 137
122 94 0.3 0.14 3.831 220 123 1000 566 | 418 425 345 118 119 116 123 129 146
154 94 0.3 0.14 3.886 231 126 1014 570 | 436 440 360 120 123 123 135 137 153
182 94 0.3 0.14 3.933 241 130 1026 575 | 444 457 373 124 125 128 142 147 160
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Table 11.S3. Difference between model-predicted values and experiment-determined values (Table 11.S2) of Vp, Vs, Ks, G, and Cj;s for

all 8 wadsleyite samples at different pressure conditions ((Xmodel-Xexp.)/Xexp.). Most of the experimental data are within 5% difference

compared with the modeling result, with only a few disperse data points, which are mostly off-diagonal Cjjs. Off-diagonal Cjjs are

typically less well constrained compared with diagonal Cijs.

Pressure Fe# Fe**/SFe H.Owt% |Vp Vs Ks G C11 Cx2 C33 Cas Cs5 Ces C12 Ciz Co23
Sawamoto et al., 1984 |0 00 O 0 1% -1% -3% -2% 0% -3% -3% -2% -1% 1% -5% -9% -3%
Zhaetal., 1997 0 00 O 0 1% 2% -1% -3% |-3% 1% -2% -1% -4% -4% 9% 5% -3%
3.1 00 O 0 0% 0% 0% 1% [-1% 2% -2% 2% -4% 4% -3% 1% -1%
6.3 0.0 0 0 0% -1% 1% -1% (0% 1% -3% -8% 2% -6% 12% -4% 2%
8.1 0.0 0 0 0% 0% 0% -1% (0% -1% -2% -3% -3% -4% 6% -4% 3%
94 0.0 0 0 -1% -1% -2% -1% (0% -4% -2% -6% -2% -2% 1% -3% 0%
10.5 0.0 0 0 0% 0% 0% 1% (0% 0% 1% -1%-5% 2% 1% -4% 7%
14.2 0.0 0 0 2% 1% -6% -2% |-1% -4% -7% -5% 1% -4% -2% -8% -4%
Mao et al., 2008a 0 0.0 0 0.38 0% 1% 1% 1% [1%2% 2% 1% 2% 1% 2% 2% 2%
0 0.0 0 1.2 0% 0% 1% 1% 2% 1% 1% 0% -1% 1% -4% -2% 4%
0 0.0 0 2.9 0% 0% 0% 0% (1% -1%3% -1%0% 1% 1% 2% -2%
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Table 11.S3. (Continue)

Mao et al., 2008b 0 00 O 1.2 0% 1% 0% 2% (1% 2% -1%2% 4% 2% 0% 1% -1%
1.2 00 O 1.2 1% 1% 2% 3% [1% 2% 3% 2% 4% 1% 1% 9% 0%
2.7 00 O 1.2 1% 2% 0% 4% |0% 3% -1%3% 4% 1% 0% 3% -6%
4.2 00 O 1.2 1% 2% 2% 4% |0% 3% 3% 3% 3% 1% 1% 7% -3%
6.7 00 O 1.2 1% 2% 0% 5% (1% 2% 4% 4% 1% 3% -5% 5% -4%
8.2 00 O 1.2 1% 2% 1% 5% (1% 3% 3% 4% 2% 3% -2% 6% -1%
10.2 00 O 1.2 1% 2% 0% 5% [0% 3% 3% 3% 2% 3% -2% 4% -2%
121 00 O 1.2 0% 2% -2% 4% |-1%1% 3% 3% 2% 3% 0% 2% -1%
Mao et al., 2011 0 11.0 01 2.0 1% -1% -1% -3% |-3% 0% -4% 0% -3% -4% 1% -3% -1%
3.2 11.0 01 2.0 1% -1% -1% -1% 2% 0% -1% -2% -3% -2% -6% -3% 0%
4.2 11.0 01 2.0 1% -1% -2% -3% (1% -3% -4% -4% -2% -5% -6% -4% 2%
6.7 11.0 01 2.0 -1% -1% 0% -3% (1% -1% -2% -4% -3% -3% -1% 1% 2%
8.7 110 0.1 2.0 1% -1% -2% -2% |-1% -2% -1% -3% -3% -2% -2% -3% 1%
10.2 110 0.1 2.0 1% -1% -1% -1% 1% -1% 0% -2% -2% -1% 0% -3% 1%
12.2 110 0.1 2.0 1% -1% -1% -1% (1% -1%-2% 0% -1% -2% 6% -3% 1%
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Table 11.S3. (Continue)

Wang et al., 2014 0 7.5 unknown 0O 0% 0% 0% 0% (1% -2%1% 1% -2% -3% -5% 2% -3%
4.1 7.5 unknown 0O 0% 0% 0% 0% [-1%0% 0% 2% -2%-3%0% 2% -3%
6.0 7.5 unknown 0O 1% 0% 2% 0% [-1% 0% 2% 5% -3% -2% 2% 6% -1%
8.0 7.5 unknown 0O 0% 0% 1% 0% (0% 1% 2% 2% -2% -3% -1% 2% 2%
10.0 7.5 unknown 0O 0% 0% 1% 0% [1%1% 2% 4% -4%-1%1% 2% 2%
121 7.5 unknown 0O 0% 0% 1% 0% (0% 1% 2% 2% -3%-2% 1% 0% 1%
14 7.5 unknown 0O 0% 0% 0% 0% (1% 0% 1% 2% -1%-2% 0% 0% 0%
15.9 7.5 unknown 0O 0% 0% 0% -1% (0% 0% 1% 2% -2% -2% -2% 0% 1%
17.7 7.5 unknown 0O 0% 0% 0% 0% (0% 1% 1% 2% -3% 0% -2% -4% 1%
Buchen et al., 2018 0 11.2 0.15 0.24 1% 1% 1% 1% 0% 1% 0% 0% 3% 5% 3% -2% 7%
1.5 11.2 0.15 0.24 0% -1% 0% -2% |-2% -1% -2% -1% -4% 2% 5% 8% -4%
4.1 112 0.15 0.24 0% -1% 0% -1% |-3% 1% 0% -2%-1% 0% 1% -1% 3%
8.8 112 0.15 0.24 -1% 2% 0% -3% (0% -4% -2% -2% -3% -3% 5% -1% -2%
11 112 0.15 0.24 0% -1% 2% -1% 1% 1% 1% -2% 1% -1%4% -3% 2%
131 112 0.15 0.24 0% 0% 0% 0% [1%-1%-1% 1% 1% 2% -1% -5% 0%

58




16.1 112 0.15 0.24 0% -1% 2% -2% 2% -2%0% -2%2% -1%1% 3% 0%
19.7 112 0.15 0.24 0% 0% 1% 0% [-1%4% -2%2% -2% 3% 1% -6% 1%
This study 0 94 03 0.14 1% 1% 2% 2% [2% 1% 4% 0% 2% 1% 0% 5% -1%
2.9 94 03 0.14 1% 1% 2% 1% [2% 0% 2% 0% 3% -1%-3% 8% -2%
6.6 94 03 0.14 1% 1% 1% 1% 2% -1% 1% 2% 2% 0% -2% 8% -6%
9.5 94 0.3 0.14 1% 1% 2% 1% (2% 0% 2% 0% 2% 0% -3% 9% -5%
12.2 94 0.3 0.14 0% 0% 0% 1% 2% 0% 0% -3% 3% 2% -3% 4% -5%
154 94 0.3 0.14 0% 0% 1% 0% (0% 0% 1% -2% 3% 1% -4% 4% -3%
18.2 94 0.3 0.14 0% 0% 1% 0% (1% 0% 1% -4% 3% 2% -4% 2% -2%
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Table 11.S4. Comparison between experiment-determined and model-predicted Cijo, Kso, Go, and

their pressure derivatives for our synthetic wadsleyite sample (Fe#=9.4, 0.14 wt% water,

Fe3*/XFe=0.3) in this study.

Experimental results

Model-predicted results

°M/oP?(GPa
Mo(GPa)  aM/oP 1) Mo(GPa) oM/6P °M/OP*(GPa™)

Cu | 341(Q1) 8.4(2) -0.37(3) 349(9) 85(6) -0.41(6)
Cz | 358(1) 5.4(1) 0 361(7) 52(1) 0

Cas | 244(2) 10.7(3)  -0.50(5) 254(9)  9.6(8) -0.38(9)
Cu | 106(2) 0895) 0 106(2) 0.8(2) O

Css | 109(1) 087(2) 0 111(4) 1.0 ©

Ces | 90.8(7)  2095) O 92(4)  191) 0

Cr | 75(1) 4.8(2) -0.15(2) 75(4)  4.4(4) -0.14(4)
Ciz | 99(2) 2.4(1) 0 104(5) 2.5(4) O

Cas | 102(3) 341 O 102(2)  3.06(7) 0

KsVRH | 165(2) 5.2(5) -0.16(11) 168(1)  5.1(7) -0.16(fix)
GVRH | 104(2) 1.9(2) -0.076(28) 106(2)  1.8(1) -0.076(fix)
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Table 11.S5. The water-Fe-pressure dependent elastic properties of single-crystal wadsleyite

described by the empirical relationship of B = Bo + By x water (wt%) + B2 x Fe#.

B Bo B1 Bz B Bo B: B:
po(glcm®) | 3.479(3) -0.049(2) 0.0122(4) | Curo’ 58(2) 0.2(1) 0.28(4)
Kso(GPa) |169(1)  -7.6(8) 0 Cuo”(GPa |0 0 -0.044(6)
Go(GPa) | 112(1)  -5.2(7)  -0.6(1) Ca0’ 52(1)  0.2(2) 0
Cuo(GPa) |[359(4)  -13(3) -0.9(5) Cas0’ 652) 0.6(2) 0.32(6)
Cno(GPa) |[3723)  -21(2) -0.9(4) Cs30”(GPa | 0 0 -0.040(9)
Cuso(GPa) | 266(4)  -11(2) -1.1(5) Caso’ 1.0(1) 0.26(8)  -0.03(1)
Cuo(GPa) |1102(7) -5.6(4)  -0.38(8) | Coso’ 04(1) 0.10(8)  0.06(1)
Csso(GPa) |117(2)  -6(1) -0.5(2) Cos0’ 1.85(9) 0.16(7)  0.003(1)
Coso(GPa) | 99(2) -4(1) -0.7(2) Ci0’ 35(1) 0309  0.09(3)
C10(GPa) | 72(2) -3(1) 0.4(2) Ci20”(GPa |0 0 -0.015(4)
Cio(GPa) | 1002)  -3(2) 0.5(3) Cis0’ 21(2)  0.2(1) 0.04(2)
Cwo(GPa) |103(2)  -7(1) 0 Caso’ 3.096) -0.19(9 O

Kso’ 45(4) 0 0.06(3) | Go’ 1.8(1) 0.189) 0
Kso”’(GPa~ | -0.16 0 0 Go” (GPa?) |-0.076 0 0
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Fig. 11.S6. The water, Fe, and pressure—dependent Cjs of single-crystal wadsleyite (the batlow

color scale is from Crameri, 2020).
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Fig. 11.S7. The geometrical relationship between Vsy and Vsy from surface waves.
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Fig. 11.S8. The calculated acoustic velocities in stereographic projections for hydrous wadsleyite
aggregates (0.3 wt% water) with type 11 LPO (M0310) and type Il LPO (M0308), respectively.
The LPO data are from Ohuchi et al. (2014). The shear plane normal is north-south. The
anisotropy of hydrous wadsleyite aggregates with 0.3 wt% water is slightly higher than the
anisotropy of hydrous wadsleyite aggregates with 1.5 wt% water, because water decreases the

intrinsic anisotropy of wadsleyite. A'P, AVt and AY*? refer to the maximum anisotropy values.
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Chapter 111
Constraining Composition and Temperature Variations in the Mantle Transition Zone

Abstract

The Mantle Transition Zone connects 2 major layers of Earth’s interior that may be
compositionally distinct: the upper mantle and the lower mantle. Wadsleyite is a major mineral in
the upper Mantle Transition Zone. Here, we measure the single-crystal elastic properties of
hydrous Fe-bearing wadsleyite at high pressure-temperature conditions by Brillouin spectroscopy.
Our results are then used to model the global distribution of wadsleyite proportion, temperature,
and water content in the upper Mantle Transition Zone by integrating mineral physics data with
global seismic observations. Our models show that the upper Mantle Transition Zone near
subducted slabs is relatively cold, enriched in wadsleyite, and slightly more hydrated compared to
regions where plumes are expected. This study provides direct evidence for the thermochemical
heterogeneities in the upper Mantle Transition Zone which is important for understanding the

material exchange processes between the upper and lower mantle.
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1. Introduction

The chemical composition of bulk silicate Earth is highly controversial, ranging from the
Si-poor pyrolite (olivine content 53-65%) to the Si-rich chondritic or perovskitic composition
(olivine content 30-45%) (Anderson and Bass, 1986; Irifune et al., 2008a; Kaminsky, 2012;
Murakami et al., 2012). Although the pyrolitic upper mantle is less debated, growing evidence
suggests that the lower mantle can be chemically more enriched in Si, that is bridgmanite(Mashino
et al., 2020; Mattern et al., 2005; Murakami et al., 2012; Ricolleau et al., 2009; Xie et al., 2020).
As a result, the silicate Earth is likely to be compositionally layered. This view, however, has been
challenged by the widely observed material exchange between the upper and lower mantle
suggested by seismic tomography, such as slabs penetrating into the lower mantle (Fukao and
Obayashi, 2013), and possible plumes rising beneath hotspots (Courtillot et al., 2003). It is possible
that such wide-range material exchange did not happen until recently in Earth’s history and the
time is too short to completely homogenize the lower mantle (Goes et al., 2008; Korenaga, 2013).
As the Mantle Transition Zone (MTZ) connects the upper and lower mantle, mapping the
thermochemical heterogeneities in MTZ is critical for understanding the material exchange
between the upper and lower mantle, as well as volatile storage and transport in the deep Earth.

Unlike the low water solubility of the major upper and lower mantle minerals, the most
abundant mineral phases in the MTZ, wadsleyite, and ringwoodite, can store up to 2-3 wt% water
as hydroxyl groups in their crystal structures (Inoue et al., 1995). Although later studies suggested
that the upper limit of water concentration in wadsleyite and ringwoodite is ~1 wt% under normal
mantle geotherm (Fei and Katsura, 2020), the MTZ is still a giant potential water reservoir in the
deep Earth. The possible enrichment of water in the MTZ can affect not only the seismic wave

speeds of minerals (Mao et al., 2008b; Wang et al., 2019; Wang et al., 2021), but also the phase
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transition boundary and binary phase loop width of relevant phase transitions in the MTZ pressure-
temperature (P-T) space (Frost and Dolejs, 2007; Katsura et al., 2010).

The depth, width, and magnitude of the 410 km, 520 km, and 660 km seismic
discontinuities (hereinafter referred to as the 410, 520, and 660), which are mainly caused by the
olivine to wadsleyite, wadsleyite to ringwoodite, and ringwoodite to bridgmanite+ferropericlase
transitions, are functions of not only T (Katsura et al., 2004), but also chemical composition, such
as water (Frost and Dolejs, 2007) and Fe# (Katsura et al., 2004). Prior attempts have been made
utilizing mineral physics data to better understand the seismic observations of these discontinuities.
For example, Houser (Houser, 2016) used the 410 and 660 depth and Vs anomaly in the lower
MTZ to map the global water distribution assuming a pyrolitic MTZ. Wang et al. (2021) took one
step further by taking the AT which is temperature anomaly into account, using both the 660 depth
and Vs anomaly in the lower MTZ to map the water distribution again assuming a pyrolitic MTZ,
although at least 20% of the lower MTZ cannot be explained by the pyrolitic composition within
the reasonable water content and AT range assumed in Wang et al. (2021). As suggested Zhang
and Bass (2016), it is possible that chemical composition in the MTZ, at least locally, can
significantly deviate from the idealized pyrolite model and influence seismic observations of
discontinuities. Therefore, modeling the water content, AT, and the bulk mineralogical
composition together is needed to quantify thermochemical heterogeneities in the MTZ.

The most important physical properties needed for such modeling work are the high P-T
elastic properties of wadsleyite and majoritic garnet in the MTZ. Garnet (pyrope-grossular-
almandine-majorite solid solution) is among the most intensively studied mantle minerals with
numerous high P-T sound velocity measurements available (Arimoto et al., 2015; Li and

Liebermann, 2014). For example, the sound velocities of a synthetic garnet with “pyrolite minus
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olivine” composition were determined up to 18 GPa and 1673 K (lIrifune et al., 2008a) and a
polycrystalline almandine sample has also been measured up to 19 GPa and 1700 K (Arimoto et
al., 2015). Previous sound velocity measurements on wadsleyite have covered a wide range of Fe#
(0-11.2) and water content (0-2.9wt%) at high-P ambient-T or ambient P-T conditions (Buchen et
al., 2018; Mao et al., 2011; Mao et al., 2008a; Mao et al., 2008b; Wang et al., 2014; Zha et al.,
1997; Zhou et al., 2021). In particular, Zhou et al. (2021) has established a Fe# and water content
dependent single-crystal elasticity model of wadsleyite based on their own experimental data and
all previous measurements (Buchen et al., 2018; Mao et al., 2011; Mao et al., 2008a; Mao et al.,
2008b; Wang et al., 2014; Zha et al., 1997; Zhou et al., 2021). However, the velocities of hydrous
Fe-bearing wadsleyite samples have never been measured at simultaneously high P-T conditions,
and previous ultrasound interferometry experiments on polycrystalline wadsleyite were conducted
outside the stability field of wadsleyite (Gwanmesia et al., 2020; Li et al., 2001; Liu et al., 2009b).
Moreover, the single-crystal elastic moduli (Cjjs) of wadsleyite have never been determined at
simultaneously high P-T conditions. Fe# and water content both have moderate effects on the P
dependence of the Cjjs, bulk modulus (Ks), and shear modulus (G) at 300 K (Zhou et al., 2021)
and references cited in Zhou et al. (2021); however, whether these effects are still significant at
high T remains unknown. First-principles calculations have provided useful insights toward the P
and T dependence of the Cjjs of wadsleyite (Wang et al., 2019). Given the large discrepancy
between the computationally and experimentally determined elasticity data of ringwoodite (Wang
etal., 2021), it is worthwhile to examine the single-crystal elasticity of wadsleyite experimentally
in the high P-T space. Therefore, in this study, we measured the sound velocities of the hydrous
Fe-bearing wadsleyite single crystals (Fe# = 9.4 (2), 0.15 (4) wt% water) up to 16 GPa and 700 K

using Brillouin spectroscopy (Fig. 111.1, Figs. I1l. S1-S3).
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Compared with the more complicated 520 and 660 discontinuities, which may be affected
by other phase transitions nearby (e.g., exsolution of Ca silicate perovskite, majoritic garnet-
bridgmanite transition), the 410 is solely related to the olivine to wadsleyite phase transition.

In this study, we exploit the petrological simplicity of the 410. By integrating the
experimental constraints on the high P-T elasticity of wadsleyite and majoritic garnet along with
previously published mineral physics and global seismic imaging results, we map the global
distributions of wadsleyite proportion, AT, and water content in the upper MTZ, and statistically
analyze their associations with different geographic and tectonic settings.

2.Methods
Sample characterization

The samples used in this study are the same as the ones used in Zhou et al. (2021) for
ambient-T high-P sound velocity measurements. Hydrous wadsleyite single crystals were
synthesized from San Carlos olivine powder at 1673 K and 16 GPa for 24 hours in the 1000-ton
Multi-Anvil Press at the University of Hawai‘i at Manoa. We used the JEOL 8200 Electron
Microprobe (beam current =20 nA; accelerating voltage =15 kV) to determine the composition of
the wadsleyite samples at the University of New Mexico (UNM). The electron microprobe analysis
on 5 single-crystal grains yielded an average Fe# of 9.4 (2). The Madssbauer spectroscopy
experiment was performed on ~80 randomly oriented wadsleyite grains in the offline Mdssbauer
spectroscopy lab at sector 3, Advanced Photon Source, Argonne National Laboratory. The
Fe3*/SFe of synthetic wadsleyite is determined to be 0.3. The Nicolet Nexus 670 Fourier
Transformed Infrared Spectrometer (FTIR) at UNM was used to determine the water content using
the calibration presented in Libowitzky and Rossman (Libowitzky and Rossman, 1997). Using the

calibration procedure outlined in Deon et al. (2010) yielded a similar water content as shown in
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Table I11.S5. The technical details and results of the Electron microscope analysis, Mdssbauer
spectroscopy, and part of the FTIR experimental results were all presented in Zhou et al. (2021).
In this study, for more precise water content determination, we polished another 8 randomly
selected wadsleyite single crystals for additional unpolarized FTIR measurements. The results are
shown in Fig. I1l. S5 and Table I1l. S5. The updated water content is 0.15 (4) wt% by averaging
the unpolarized IR absorption spectra on 17 crystals. 9 crystals have been measured and shown in
Zhou et al. (2021) and the rest are the new measurements conducted in this study. The new water
content of 0.15 (4) wt% is about 0.01 wt% higher than the water content determined from 9 crystals
(0.14 (4) wt%) in Zhou et al. (2021), which is within the water content uncertainty of 400 ppm
(Table 111.S5). The small change of water content has a negligible effect on the composition

dependent single-crystal elasticity model presented in Zhou et al. (2021).

High P-T Brillouin spectroscopy experiments

We performed high P-T Brillouin spectroscopy experiments on 3 wadsleyite single-crystal
platelets with orientations: (-0.3420 0.8718 0.3506), (0.0748 0.3154 -0.9460), and (0.5341 0.0953
-0.8401). Each crystal (~50 pm x 50 pum x 12 um) was loaded into a high-T BX90 diamond anvil
cell (DAC) along with 2 ruby spheres for P determination. The pair of diamond anvils (350 pm
culet) was oriented before experiments so that the slow directions of the top and bottom diamonds
matched each other. A 250 um hole was drilled in a pre-indented Rhenium gasket. Neon was gas-
loaded into the sample chamber as P-transmitting medium at GeoSoilEnviroCARS, Advanced
Photon Source. High T was generated by Platinum resistive heaters located at the center of the
DAC (Lai et al., 2020). We attached 2 K-type thermocouples to the diamond surface as close as
possible to the diamond culet for T measurement. The T difference given by 2 thermocouples is <

15 K throughout all experiments.
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We performed Brillouin spectroscopy experiments at the Laser Spectroscopy Laboratory
at UNM using a 532 nm single-mode diode-pumped solid-state laser as the light source. We used
50° symmetric forward scattering geometry and a standard silica glass Corning 7980 was
employed to calibrate the scattering angle every 2 months (Zhang et al., 2015). The high P-T
Brillouin measurements of wadsleyite crystals lasted for 8 months, and the calibrated scattering
angles used for data analysis are: 50.42 (5)°, 50.60 (8)°, 50.68 (6)°, and 50.77 (6)°. The Brillouin
frequency shift was measured using a 6-pass tandem Fabry-Pérot interferometer. At each P-T
condition, Vp and Vs of each single crystal were measured from 0° to 360° with a step of 15° (24
different Chi angles). Typical Brillouin spectra are shown in Fig. I11.S1. Brillouin experiments
under high P-T conditions along 400 K, 500 K, and 700 K isotherms were conducted for all 3
wadsleyite platelets.

Using the Christoffel equations, we inverted the best-fit Cijs of wadsleyite based on the
high P-T phonon direction-Vp-Vs dataset on the 3 wadsleyite single crystals (Fig. 1ll. S2) with
initial estimated high P-T densities. The RMS error at each P-T condition is less than 60 m/s. We
then utilized Voigt-Reuss-Hill averaging scheme (Hill, 1963) to calculate the aggregate Vp and Vs
at each high P-T condition. It is worth noting that although the density is based on an initial guess,
the Vp and Vs derived here are actually true values. With fixed ambient P-T Kso, Go, and po from
Zhou et al. (2021), thermal expansivity (Katsura et al., 2009) « as 2.31(3) x 10° + 1.18(3) x 108
(T - 300) K1, we fitted the new high P-T velocity data collected in this study together with the
room-T high-P elasticity data presented in Zhou et al.?° using T dependent 4™ order finite strain
equation of state (Davies and Dziewonski, 1975; Duffy and Anderson, 1989), and derived the best-
fit (0Ks/0P)ro, (6%Ks/OP?)to, (0G/0P)To, (6°G/OP?)10, (0Ks/OT)po, (0G/0T)ro, and densities. Then,

we updated the Cjjs, Ks, G at each high P-T condition with the derived true densities (Table 111.S1).
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Finally, using the aggregate thermoelastic parameters obtained above, we fitted P-T-Cjjs data to
the T-dependent 3™ order or 4™ order finite strain equation of state (Davies, 1974) to obtain the

best-fit (0Cij/0P)o, (6*Cij/0P?)to, (0Cij/0T)po, Which were shown in Table 111.S3,
Evaluation of water loss during the high P-T experiments

We conducted the following 3 experiments to confirm that the wadsleyite crystals remained
hydrated after the completion of the high P-T experiments: 1. We collected additional FTIR spectra
on Wad34 at 300 K before heating, and at 300 K after it was heated to 400K, 500K, and 700K (Fig.
[11.S6). The water content is determined to be 1800 ppm before heating, and it remains the same
after multiple heating and cooling cycles. There is no resolvable water loss. 2. We conducted
additional Brillouin spectroscopy measurements on sample Wad9 (0.0748 0.3154 -0.9460) at 400
K and 0 GPa after the completion of high P-T experiments on this sample. If significant water loss
has taken place, the newly collected sound velocity data would be faster than the Cjj model-
predicted Vp and Vs values (Fig. 111.S7), which is not the case. 3. After we completed the 700 K
and 9.4 GPa Brillouin spectroscopy experiments of wadsleyite sample Wad6 (-0.3420, 0.8718,
0.3506) and cooled it down to 300 K, we collected 5 additional Brillouin spectra of this sample at
300 K and 9 GPa along 5 additional different crystallographic directions. Due to the short
collection time, the spectrum quality only allows reliable determination of Vs at these 5 different
directions. The obtained Vs values nicely matched the Cijj model-predicted Vs values at 300 K and
9 GPa, as well as the Vs at 300 K and 9.5 GPa measured before the sample was heated (Fig. I11.S8).

Thus, the crystals are unlikely dehydrated during the high P-T experiments.

Grid search modeling
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Based on the experimentally determined mineral physics data, we calculated the predicted
Vp and Vs anomaly at 450 km depth and the 410 depth at each location by varying the wadsleyite
content (13-93 vol % in 2 vol% steps), AT (-300-300 K in 15 K steps), water content in wadsleyite

(0-2 wt% in 0.05 wt% steps), resulting in ~70000 predicted models.

The Vp anomaly compared with a dry pyrolite model at 450 km are estimated using the
following equation:
AVp pred = (a * Pwad + b * (100 — Pwad)) * 0.01 * AT + ¢ * (Pwad — 53) — d * W * Pwad * 0.01

1)

where Pwad (vol%) is the wadsleyite content, AT (K) is the T anomaly compared with 1870 K
(Katsura et al., 2010), and W (wt%) is the water content in wadsleyite. a (-0.0027) and b (-0.0028)
are the influence of AT =1 K on AVp_pred (%) of wadsleyite and majoritic garnet in the upper
MTZ, respectively. ¢ (0.0397) refers to the influence of increasing wadsleyite proportion by 1%
on AVp_pred. The reference pyrolite model and harzburgite model we used in this study have 53
vol% and 73 vol% wadsleyite at ~15 GPa 1870 K, according to the most recent experimental study
by Ishii et al. (2018, 2019). The chemical compositions of relevant mineral phases in pyrolite and
harzburgite were also adopted from Ishii et al. (2018, 2019). d (0.9750) describes the relative
change of AVp_pred of wadsleyite caused by adding 1wt% water in wadsleyite (this study, Zhou
etal., 2021) at the upper MTZ P-T conditions. The parameters used to determine these coefficients
(a, b, c, d) are reported in Table 111.S2, and 111.54.

Similarly, the Vs anomaly change as a function of Pwad (vol%), AT (K), and W (wt%) is
calculated as:

AVs_pred = (A * Pwaa + B * (100 — Pyag)) * 0.01 x AT + C % (Pwaa — 53) — W * Pyaa x 0.01 * D 2
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with A = -0.0040 (this study), B = -0.0045, C = 0.0868, D=0.4850. The parameters used to
determine these coefficients (A, B, C, D) are reported in Table 111.S2 and 111.S4. Both equation 1
and 2 used volume-weighted velocities instead of the volume-weighted elastic moduli and density
for calculating the velocities of garnet/wadsleyite mixtures due to the following 2 reasons: 1)
Velocities of pyrolite calculated using these 2 approaches are very similar (difference is < 0.1%),
as shown in Table I11.S6; 2) Avoid additional parameters related to T and composition dependent
density in the modeling and reduce the total number of parameters.

The 410 depth is affected by both AT (K) and W (wt%), and it is modeled as:

d410_pred = AT * e + AT*¥ (AT < 0) (3)

d410_pred = AT xe (AT = 0) 4)
The effect of AT on the 410 depth is represented by e, which is determined to be 0.107 km
K by Katsura et al. (2004). As suggested by Frost and Dolej$ (2007), increasing the water

concentration of wadsleyite elevates the 410 discontinuity when T is low, however, such effect

vanishes at higher T. In this study, we assume a linear decrease of the 410 depth (#; f=20)asa

function of AT by adding 1 wt% water in wadsleyite when the T is lower than the reference T of
1870 K.

We compared the values predicted from the grid search process in the Pwag - AT (K) -W
(wt%) data space with global seismic models (the 410 depths (d410_obs) from Huang et al. (2019);
Vp and Vs anomaly (AVp_obs, AVs_obs) at 450 km depth from Koelemeijer et al. (2015) at each
location. The goodness of the model at each location is evaluated based on all 3 seismic

observations:

()

Misfit = (d410_pred—d410_obs)?2 = (AVp_pred—AVp_obs)?2 = (AVs_pred—AVs_obs)?
- (d410_obs_error)? (AVp_obs_error)? (AVs_obs_error)?
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with d410_obs_error = 1.3 % (Huang et al., 2019); AVp_obs_error = 0.5 %; AVS_obs_error
= 0.85 % (Burdick and Leki¢, 2017). We also conducted additional tests to verify the robustness
of our modeling results given the uncertainties of the mineral physics predictions involved in the
modeling. Details can be found in the Supplementary Discussion 1, Fig. 111.S9, and Table 111.S7.

We then picked the best-fit model with misfit <1 at each location, and then averaged the
wadsleyite proportion, AT, and water content in wadsleyite of the chosen best-fit models (Fig.
I11.3). The standard deviation of these parameters in the chosen best-fit models would be the
uncertainties for each parameter. We also averaged the best-fit models with misfit <1.5 at each
location and the results are shown in Fig. 111.S4. Due to the similar density of wadsleyite and
majoritic garnet at the condition of the upper MTZ, the difference between wadsleyite vol% and
wt% is less than 1% in the upper MTZ. Therefore, the water content in the upper MTZ at each
location is derived by multiplying the wadsleyite proportion (vol%) and water content in
wadsleyite (wt%). All the modeling codes are written in Python. All figures are plotted with

PyGMT (Wessel et al., 2019).

Regional features of the upper MTZ

To statistically analyze the features in the upper MTZ under different geographic and
tectonic settings, we selected four regional groups in this study: ocean, continents, subducting slabs,
and deeply sourced hotspots (plumes), and calculated their average wadsleyite proportion, AT, and
water content in the upper MTZ. Slab locations near the upper MTZ are defined by software Slab2
and shown in Fig. 111.S10. The land and ocean locations are downloaded from the GMT database
and shown in Fig. 111.S11. The locations for deeply sourced hotspots (plumes) used in this study
meet > 2 requirements for deeply sourced hotspots given by Courtillot et al. (2003) and are shown

in Fig. 111.3.
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3. Results and Discussion

High P-T single-crystal elasticity of wadsleyite
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Fig. 111.1. High P-T elastic properties of the hydrous Fe-bearing wadsleyite sample used in this
study. a Bulk modulus Ks and shear modulus G of the isotropic polycrystalline wadsleyite as a
function of P and T. b Vp and Vs of the isotropic polycrystalline wadsleyite as a function of P and
T. Solid lines represent 4™ order finite strain equation of state fitting results. Voigt-Reuss-Hill
averaging scheme is used to calculate the Ks, G, Vp, and Vs of the isotropic polycrystalline
wadsleyite at 300 K, 400 K, 500 K, 700 K, respectively. Data along the 300 K isotherm are adopted
from Zhou et al. (2021). Error bars smaller than the symbols are not shown.

Using high P-T diamond anvil cell combined with Brillouin spectroscopy method, we
measured sound velocitie on 3 wadsleyite platelets (Fe# = 9.4 (2), 0.15 (4) wt% water) with
different orientations up to 16 GPa and 700 K (Fig. 111.1). We then obtained the best-fit P and T

dependence of Ks, G, and Cj;s using T dependent finite strain equations of state (see Methods). The
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aggregate elastic properties of the wadsleyite used in this study are: density po = 3.595 (6) g cm,
Kso = 165 (2) GPa (Zhou et al., 2021), Go= 104 (2) GPa (Zhou et al., 2021), (6Ks/6P)to=5.1 (1),
(0°Ks/oP?)to=— 0.14 (2) GPal, (6G/0P)1o = 1.9 (1), (6°G/0P?)10 = — 0.07 (1) GPa%, (0Ks/0T)po =
—0.018 (2) GPa K™, and (6G/dT)po=—0.014 (1) GPa K'* (Table 111.S1). As shown in Table 111.S2,
the (0Ks/0T)po and (6G/0T)po Of wadsleyite measured in this study agree with what were given in
Gwanmesia et al. (2020) and Isaak et al. (2007a), suggesting that the effects of water and Fe on
the T derivatives of the elastic moduli are negligible. The (6Cijs/0T)po for our wadsleyite sample
are shown in Table I11.S3. The 6 diagonal Cjjs are more sensitive to T compared with the off-
diagonal Cjjs (Fig. 111.S3). T also has a more pronounced effect on Vs than Vp.

Mineral physics constraints on the upper MTZ seismic observations
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Fig. 111.2. Effects of water content in wadsleyite and temperature anomaly AT on the sound
velocities of wadsleyite. a Relative variation, in percent, of wadsleyite Vp (4Vp) as a consequence
of water content and AT at the P-T conditions near the 410. b Relative variation, in percent, of
wadsleyite Vs (4Vs) as a consequence of water content and AT at the P-T conditions near the 410.

Based on the (0Ks/dT)po and (0G/dT)po determined in this study and the relationship

between water content and Kso, Go, (0Ks/0P)To, and (0G/0P)1o derived in Zhou et al. (2021), we
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found that the hydration effect diminishes with P but slightly enhances with T. Under high P-T
conditions of the upper MTZ, adding 1wt% water in wadsleyite decreases its Vp by ~1% and Vs
by ~0.5 % (Fig. 111.2). In addition, the Vp and Vs decrease caused by adding 1 wt% water in
wadsleyite is comparable to the velocity reduction resulted from T increase of 300 K and 100 K,
respectively (Fig. 111.2).

In addition to T and water content, wadsleyite proportion also affects the Vp and Vs of
upper MTZ. Pyroxenes completely dissolve into majoritic garnet at depths shallower than 450 km
(Ishii et al., 2018). As suggested by previous phase equilibrium experiments (e.g., Ishii et al., 2018,
2019), wadsleyite and majoritic garnet are the only major minerals at depths greater than 450 km
in the upper MTZ. Therefore, the upper MTZ can be viewed as a simplified binary mineral mixture
of wadsleyite and majoritic garnet, although it does not cover the full range of possible
compositional variations in the MTZ since we ignored the possible existence of other minor
mineral phases (e.g., clinopyroxene between 410 and 450 km depth). The lateral variations of
wadsleyite and majoritic garnet contents in the upper MTZ are directly linked to the change of
major element distributions in the MTZ, including Fe, Al, Ca, Si etc. For example, a wadsleyite-
poor region in the upper MTZ is expected to be Fe, Al, Ca and Si-rich, but Mg-poor (Ishii et al.,
2018, 2019).

Wadsleyite is ~4% faster than majoritic garnet in both pyrolite and harzburgite bulk
compositions under MTZ P-T conditions (the thermoelastic parameters of wadsleyite and garnet
used for calculating the high P-T velocities are shown in Table 111.S2, and 111.54), therefore
increased wadsleyite proportion would result in higher Vp and Vs in the upper MTZ.

Seismically fast and slow anomalies have been widely identified in the upper MTZ, e.g.,

positive anomalies beneath the western Pacific subduction zone, negative anomalies under the
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central Pacific plate (Koelemeijer et al., 2015). The 410 depth, influenced by both AT and water
content (see Methods), also varies globally (Huang et al., 2019). The effect of Fe** content on the
410 depth is expected to be very small considering the small Fe# range near 410 km depth (Katsura
et al., 2004). The existence of Fe** may broaden the 410 (Frost and Dolejs, 2007), while accurate
quantification suffers from the limited experimental data as well as the unknown redox state near
410 km depth in the Earth’s interior. Therefore, we did not consider the effect of Fe**, only water
content and wadsleyite proportion were considered as the compositional factors in our modeling.
Modeling the composition and T variations in the upper MTZ

We attempt to constrain the global variations of wadsleyite proportion, water concentration
and AT in the upper MTZ from the seismically determined Vp and Vs at 450 km from the SP12RTS
model (Koelemeijer et al., 2015), and the 410 depths from Huang et al. (2019).The SP12RTS
tomography models used inversion framework of the S40RTS (Ritsema et al., 2011) Vs
tomography model. The most recent global MTZ discontinuity topography model by Huang et al.
(2019) also used S40RTS tomography model to correct for the lateral seismic heterogeneities in
the upper mantle. Therefore, the seismic data products we chose in this study are internally

consistent.
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Fig. 111.3. Wadsleyite proportion, temperature anomaly AT, and water content in the upper MTZ
constrained from the depth variation of the 410, Vp and Vs anomaly. a global distribution of
wadsleyite proportion. b global distribution of the uncertainty of wadsleyite proportion. ¢ global
distribution of AT. d global distribution of the uncertainty of AT. e global distribution of water
content. f global distribution of the uncertainty of water content. Deeply sourced hotspots
(Courtillot et al., 2003) are plotted as black triangles.

A grid search method was employed to calculate the predicted Vp and Vs anomaly at 450

km depth and the 410 depth by allowing the wadsleyite proportion, AT, and water content to vary
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between 13 to 93 vol%, -300 to 300 K, 0 to 2 wt%, respectively, based on the mineral physics data
in this and previous studies (Table I111.S2 and 111.S4) (Equations 1-4 in Methods). We then
compared the mineral physics predicted values with the internally consistent global seismic models
presented in Huang et al. (2019) and Koelemeijer et al. (2015) to search for the mineral physics
models with misfit less than 1.0 and 1.5 defined by Equation 5 in Methods. The best-fit wadsleyite
proportion, AT, and water content models were calculated by averaging those selected mineral
physics models with misfit less than 1.0 and 1.5 (Fig. 111.3, 111.S4). Uncertainties involved in the
modeling are considered and evaluated (See Methods and Supplementary Discussion 1).

The average of the best-fit models with misfit < 1.0 yields an estimated global average
wadsleyite content of 56 + 6 vol%, T of 1866 + 42 K, and water content of 0.28 + 0.08 wt%. The
results we obtained from the best-fit models with misfit < 1.5 yield slightly higher average water
content (0.40 £ 0.07 wt%). However, the lateral variations for water content, AT, and wadsleyite
proportion in the upper MTZ remain consistent and the spatial distribution is stable as shown in
Fig. 111.3 (misfit < 1) and Fig. 111.54 (misfit < 1.5).

In the maps derived from best-fit models (Figs. 111.3, 111.S4), the maximum wadsleyite
proportion, T, and water content differences for the upper MTZ are ~35 vol%, ~270 K, and ~0.5
wit%, respectively. To statistically analyze their associations with different geographic and tectonic
settings, we selected four regional groups: ocean, continents, subducting slabs, and hotspots
(plumes).

The wadsleyite content distribution map is shown in Fig. I11.3a. The most prominent
feature is the strong correlation between the high wadsleyite content and the places where slabs
are expected, e.g., beneath the circum-Pacific subduction zones (Figs. 111.3a, 111.4). A possible

explanation can be the olivine-rich harzburgitic lithospheric mantle of the slabs penetrating or
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accumulating in the MTZ (Fukao and Obayashi, 2013). For example, seismic tomography has
revealed possible slab stagnation in the MTZ under northeastern China (Ye et al., 2011), Bonin
arc (Fukao and Obayashi, 2013), eastern Java subduction zone (Fukao and Obayashi, 2013),
southern Chile (Li et al., 2019), etc. Some locations where slabs penetrate through the MTZ also
coincide with the regions with high wadsleyite content, such as beneath northern New Zealand
(Fukao and Obayashi, 2013). In addition, due to the existence of subducting slabs under most
continents with active continental margins (e.g., western South and North America, East Asia),

higher wadsleyite content was found beneath continents compared with oceans (Fig. 111.4).
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Fig. 111.4. Wadsleyite proportion, temperature T, water content in the upper MTZ near slabs,
beneath deeply sourced hotspots, lands, and oceans. a The wadsleyite proportion difference
between slabs and hotspots is greater than 1 standard deviation. b The ~30 K T differences
between slabs and hotspots as well as lands and oceans are both slightly smaller than 1 standard
deviation largely due to the different thermal states of the grouped individual locations used in
this study. ¢ The subtle difference in estimated water content is much smaller than the 1 standard
deviation and the absolute values of the water content are only weakly constrained. The dashed
lines represent the global average.

Another interesting correlation is found between the regions depleted in wadsleyite content

and the deeply sourced hotspots (Courtillot et al., 2003) (Fig. 111.3a). Under 18 out of 22 deeply
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sourced hotspots, the wadsleyite content is lower than what is expected in a pyrolite model (Fig.
I11.3a). As shown in Fig. I11.4a, the average upper MTZ beneath all deeply sourced hotspots has ~
2 vol% less wadsleyite than the global average MTZ (~56 vol%), and ~10 vol% less wadsleyite
than the average upper MTZ near slabs. This observation could be explained by the upwelling of
the possible Si-rich, thus “olivine-poor” material from the lower mantle associated with the plumes.
Although still controversial, recent sound velocity, density, and viscosity experiments on lower
mantle minerals support a Si-rich bridgmanite-dominated lower mantle (Mashino et al., 2020;
Mattern et al., 2005; Murakami et al., 2012; Ricolleau et al., 2009; Xie et al., 2020). After being
transported to the upper MTZ by the rising plumes, the bridgmanite-rich lower mantle materials
would transform into a relatively wadsleyite-poor aggregate, and eventually result in the low
wadsleyite content under these deeply sourced hotspots. Our observation is also consistent with
recent geodynamical modeling results, which suggest the compositionally "garnet™-rich, therefore
"olivine"-depleted plumes can better reproduce the expected plume features such as tail size,
stability, and buoyancy (Dannberg and Sobolev, 2015).

AT distribution in the upper MTZ is shown in Fig. I11.3c. The most pronounced feature in
this figure is the unusually high T beneath the Pacific Ocean (Fig. 111.3c), consistent with a previous
T model derived from Vs only at 300 km (Hwang et al., 2011). The high T beneath the Pacific
Ocean in the MTZ and upper mantle may be related to the relatively large number (~60%) of the
deeply originated hotspots found in this region (Courtillot et al., 2003) (Fig. 111.4).

On the other hand, the upper MTZ under continents is the coldest among the 4 regional
groups (Fig. 111.4), which may be expected due to the existence of the thick and cold lithosphere
under continents (Jordan, 1988). Lower T is also observed beneath some subduction zones, e.g.,

beneath southeastern Asia (Fig. 111.3c). Interestingly, the T under the Cascadia subduction zone is
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actually high, which can be explained by the slow subduction (~3 cm/year) of the young (<10 Ma)
Juan De Fuca slab with a thick sediment cover (Canales et al., 2017), as well as by the nearby
Yellowstone hotspot in the Western U.S. (Fig. 111.3c). Due to the different thermal states of
different subducting slabs, the T under subduction zones is highly variable (Fig. 111.4b).

One mysterious feature shown in Fig. I11.3c is the low T beneath the Red Sea near where a
plume is expected to its southeast. The global topography model of the 410 adopted in this study
suggested an uplifted 410 beneath the Red Sea (Huang et al., 2019), likely associated with a
negative AT. On the contrary, a local seismic study near the Red Sea reported a depressed 410 up
to 30 km (Mohamed et al., 2014), suggesting the MTZ beneath the Red Sea is hotter than the
ambient mantle by up to 280 K. More seismic studies with denser ray coverage are needed to
clarify the 410 depth variation in this region.

Although the absolute water content in the MTZ is not well resolved, the lateral variation
of water content in the upper MTZ is stable for different ensemble sizes from the grid search as
shown in Fig. 111.3e (misfit < 1) and Fig. I11.S4e (misfit < 1.5).

The circum-Pacific regions show a slightly elevated water content, consistent with the
existence of subduction slabs. Pore fluids or hydrous minerals (e.g., antigorite, Ice VII, phase A)
carried by fast-subducting cold slabs could supply water to the MTZ (Ivanov and Litasov, 2014).
The MTZ beneath the Western Pacific subduction zone is suggested to be hydrated by seismic
observations (Zhao et al., 2009), electrical conductivity studies (Karato, 2011; Kelbert et al., 2009),
and basalt geochemistry (Kuritani et al., 2019). Higher water content in the upper MTZ under the
Western U.S. seen in Fig. 111.3e is also supported by the observed low-velocity layer atop the 410

(Schmandt et al., 2011; Song et al., 2004) and high seismic attenuation (Tian et al., 2011). It can
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be caused by the dehydration of the old stagnant Farallon slab (Song et al., 2004) or the sediments
atop the Juan de Fuca slab, which is the north remnant of the Farallon slab (Canales et al., 2017).

Recent studies suggested that the large low-shear-velocity provinces (LLSVPS) in the
lower mantle may be locally hydrated by fluids released from the phase 6-H solid solution (AIO2H-
MgSiOsH:) (Ohira et al., 2021) and pyrite FeO2Hx (Liu et al., 2017). Upwelling plumes originating
from the hydrated regions in LLSVPs may hydrate the upper MTZ locally, as seen under Hawaii
and South Africa. On the other hand, the Archean and Paleoproterozoic cratons in southern Africa
were formed and welded by processes similar to modern-day subduction (Parman et al., 2001), so
the MTZ under southern Africa may also have been hydrated by ancient subducting slabs (Blum
and Shen, 2004).

Other hydrous or anhydrous areas are interspersed in the upper MTZ, possibly due to three-
dimensional mantle convection (Price et al., 2019). The correlations between high (or low) water
concentration and surface properties (i.e. lands, oceans, hotspots, or slabs) may be complicated by
three-dimensional mantle convection that offsets deep thermal or compositional anomalies from
their past or present surface expressions (Fig. 111.4c).

4. Summary

We found that the upper MTZ near subducted slabs is relatively cold, enriched in
wadsleyite, and slightly more hydrated compared to regions where plumes are expected. It is very
likely that both the subduction of Si-poor oceanic mantle lithosphere and upwelling of the possibly
Si-rich lower mantle materials contribute to the large composition and T heterogeneities in the
upper MTZ. We would also like to point out that the results presented in this study are restricted
by the mineral physics constraints and seismic resolution. As a result, some other factors, such as

the presence of minor phases, fluids, or anelastic effects were not taken into account.

87



Extensive collaborations between seismologists and mineral physicists are needed to
address these technical challenges in order to quantitatively understand the multi-dimensional
thermochemical heterogeneities in the petrologically more complicated regions inside the Earth.
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Supplementary Information
Supplementary Discussion 1. Testing the robustness of the wadsleyite proportion,
temperature anomaly, and water content models given uncertainties of the mineral physics
models used in this study

In terms of the Fe and water effects on the Vp and Vs of wadsleyite, the average difference
between model-predicted values and the experimental data from previous studies is 0.7%(Zhou et
al., 2021). In terms of the T effect, as shown in Fig. 111.1 in the main text, the average difference
between the model-predicted values and the experimental data is even less and on the level of
0.1%. However, given the limited T range we experimentally explored, in the parameter space
used in this study (AT from -150K to 150 K compared with 1870 K(Katsura et al., 2010), water
content from 0 to 1 wt%), the calculated Vp and Vs uncertainties of our wadsleyite sample at 1870
K and 14 GPa are higher than 0.1%, and on the level of 1% without considering the composition
effect-induced uncertainties. Therefore, as a conservative estimate, we assigned an assumed 1
standard deviation of 10% for each of the parameters (a, b, ¢, d, A, B, C, D, e, and f in Equation 1-
5 in Methods) used in our modeling work, and then took the following procedures to evaluate the
possible influence of these uncertainties on the robustness of our calculation:
1) Instead of fixing the a, b, ¢, d, A, B, C, D, e, and f parameters to the best-fit values, we randomly
sampled the value of each parameter from a normal (Gaussian) distribution based on the best-fit
value and the assumed 10% standard deviation.
2) We then re-calculated the global wadsleyite proportion, AT, and water content maps in the upper
MTZ.
3) We repeated setup 1) and 2) a few times, and found that they yielded nearly identical results

compared to those shown in the manuscript, which suggests that these uncertainties are unlikely

95



to affect the robustness of this study. The simple explanation is that the influence of the global
variance in seismic structure is large compared to the uncertainties in the experimentally derived

model parameters. Two typical test results are shown in Fig. 111.S9 and Table 111.7.
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Fig. 111.S1. Representative Brillouin spectra of single-crystal wadsleyite at different high P-T

conditions. The spectra have been processed with a low pass filter. The collection time is

approximately 20 minutes for each spectrum.
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Fig. 111.S2. Change of velocities as a function of laboratory measurement angle Chi at 15.2 GPa
and 700 K. Dashed lines: the velocities predicted by the best-fit Ci; model; Solid squares:

experiment data. Error bars smaller than the symbols are not shown.
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Fig. 111.S3. Change of the Cj;s of the hydrous Fe-bearing wadsleyite sample used in this study as
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3 or 4™ order finite strain EOS fitting results. Data along the 300 K isotherm are adopted from

Zhou et al.(Zhou et al., 2021). Error bars smaller than the symbols are not shown.
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Fig. I11.54. Global wadsleyite proportion, temperature anomaly AT, and water content maps in
the upper MTZ with final misfit <1.5, constrained from depth variation of the 410, Vp and Vs
anomaly at 450 km depth. a global distribution of wadsleyite proportion; b global distribution of
the uncertainty of wadsleyite proportion; ¢ global distribution of AT; d global distribution of the
uncertainty of AT, e global distribution of water content; f global distribution of the uncertainty

of water content. Deeply sourced hotspots(Courtillot et al., 2003) are plotted as black triangles.
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Fig. 111.S5. Unpolarized FTIR spectra of 17 randomly oriented wadsleyite platelets. The water
contents shown in the legend were calculated using the calibration procedure outlined in

Libowitzky and Rossman(Libowitzky and Rossman, 1997).
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Fig. 111.S6. FTIR spectra of wadsleyite crystal Wad34 after several heating and cooling cycles.
Black line: FTIR spectrum collected before heating; Blue line: FTIR spectrum collected after the
sample had been heated at 400 K and then cooled down to 300 K. Yellow line: FTIR spectrum
collected after the sample had been heated at 500 K and then cooled down to 300 K. Red line:
FTIR spectrum collected after the sample had been heated at 700 K and then cooled down to 300

K.
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Fig. 111.S7. Change of velocities for wadsleyite sample Wad9 (0.0748 0.3154 -0.9460) as a
function of laboratory angle Chi at 400 K and 0 GPa. Solid lines: the velocities predicted by the
best-fit Cij model at 400 K and 0 GPa based on high P-T experiments in this study; Squares:
velocities collected at 400 K and 0 GPa after the completion of the high P-T experiments. Note,
the Vp and Vs measurements at 400 K and 0 GPa (squares in this figure) are not utilized to derive

the high P-T Cjjmodel of wadsleyite, which are shown in Fig. 111.S3.
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Fig. 111.S8. Change of Vs as a function of laboratory angle Chi for wadsleyite sample Wad6 (-
0.3420, 0.8718, 0.3506). Solid lines: the velocities predicted by the best-fit Cij model at 300 K and
9 GPa from ambient-T high-P experiments in Zhou et al.(Zhou et al., 2021) (before high P-T
experiments in this study); Triangles: velocities measured at 300 K and 9.5 (2) GPa in Zhou et
al.(Zhou et al., 2021) (before high P-T experiments in this study); Red squares: velocities

measured at 300 K and 9 GPa after the sample has been heated to 700 K and 9.4 GPa in this study.
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Fig. 111.S9. Global wadsleyite proportion, AT, and water content maps of the upper MTZ based

on the 3 different sets of mineral physics parameters shown in Table 111.S7.
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Depth

Fig. 111.510. Slab locations near the upper MTZ constrained by Slab 2(Hayes et al., 2018). We
used slab locations between 200 and 520 km to ensure the complete coverage of the slabs in the
upper MTZ, especially for subduction zones with few earthquakes or sparse sampling in
tomography. We also averaged structures within a wide area near each slab (~500 km) since the

resolution is relatively low in the upper MTZ.
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Fig. 111.S11. Land (blue) and ocean (white) locations downloaded from GMT (Wessel et al.,
2019) based on Global Self-consistent, Hierarchical, High-resolution Geography

database(Wessel and Smith, 1996).
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Table 111.S1. Cjjs, Ks, G, Vp, and Vs for the hydrous Fe-bearing wadsleyite sample measured in this study.

T (K) 400 400 400 400 500 500 500 700 700 700
P (GPa)  8.3(2) 10.4(2) 137(2) 16.6(1) 52(1) 101(3) 156(2) 7.4(5)  94(3) 15.2(1)
p gem® 3754 3792 3851  3.900  3.686 3780  3.876 3712  3.750  3.855

Cu  (GPa)  394(2) 407(2) 426(1)  437(2)  372(1) 401(2)  436(2)  379(1)  392(2) 428(1)
C»  (GPa)  398(2) 413(2) 430(1)  445(2)  382(1) 406(2)  436(2)  386(1)  393(2) 427(1)
Cxs  (GPa)  314(3) 329(4) 347(3) 362(2) 283(2) 320(3) 360(3)  299(3)  308(4) 344(3)
Cua  (GPa)  109(2) 116(2) 116(1)  117(2)  104(1) 114(1)  115(1)  106(2)  108(2) 113.1(9)
Css  (GPa)  116(1) 115(1) 120.7(9) 122(1)  111(1) 115(1)  118(1)  112.2(8) 113(1) 117.3(7)
Ce  (GPa)  109(1) 111(1) 117.5(7) 125(1)  99.3(7) 110.4(9) 122.1(8) 102.7(7) 107(2) 117.6(7)
Cp  (GPa)  109(2) 117(2) 131(1)  138(1)  96(1)  116(2)  138(2)  103(1)  112(4) 134(1)
Cis  (GPa)  113(4) 118(4) 127(3)  140(3)  104(3) 118(3)  136(3)  113(3)  113(4) 129(2)
Cs  (GPa)  129(4) 136(4) 148(3)  154(4)  117(3) 135(4)  148(4)  126(3)  134(5) 149(3)
KsYRH  (GPa)  201(2) 209(2) 222(2) 233(2) 185(2) 206(2) 229(2) 193(2)  201(2) 224(2)
GVRH  (GPa)  116(1) 119(1) 123(1)  126(1)  110(1) 118(1)  125(1)  111(1)  113(1) 121(1)
Vp (kms?) 9.74(2) 9.86(2) 10.02(2) 10.15(1) 9.48(2) 9.80(2) 10.10(2) 9.59(2)  9.69(2) 10.00(1)
Vs (kms?) 556(2) 561(2) 5.66(1) 570(1) 5.45(2) 558(1) 568(1) 548(2) 5.50(2) 5.61(1)

Note: VRH refers to VVoigt-Reuss-Hill averaging scheme(Hill, 1963).
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Table 111.S2. Summary of previous high-T velocity measurements on different wadsleyite samples, and the experimental result at

300K (Zhou et al., 2021) on the same samples used in this study.

water  Fe#  Ksp Go (OKs/oP)ry  (OKs¥0P?%ro  (8G/OP)ro  (0G%0P?)ry  (0Ks/dT)py  (0G/OT)po Experiments References

wt% GPa GPa GPa?! GPa? GPaK? GPaK?

0 0 170.7(11)  111.6(5)  456(23)  \ 1.75(9) \ -0.0132)  —0.016(1)  7GPa873K, Ul Li et al. (2001); (Liu et al., 2005)
0 0 1702(19)  1139(7) \ \ \ \ -0.0171(5) —0.0157(3)  1bar,660K,RUS (lsaak etal., 2007b)

0 9 165.7(1) 105.66(3) \ \ \ \ —0.016(3)  —0.012(1)  1bar,318K,RUS  (Katsura et al., 2001)

0 9 165.72(1)  105.43(2) \ \ \ \ ~0.0175(3) —0.0159(1)  1bar470K,RUS  (Mayama etal., 2004)

0 13 1713 108.7 4.74(8) \ 1.52(4) \ —0.013(1)  —0.0144(8)  12GPa,1073K,Ul  (Liuetal., 2009a)

073 0 161.5(2) 101.6(1)  4.84(4) \ 1.68(2) \ -0.0132)  -0.015(4)  10GPa,60OK,Ul  (Gwanmesia etal., 2020)

015 94  165(2) 104(2) 5.2(1) -0.16(2) 1.9(1) -0.07(1) \ \ 18GPa, 300K, BS  (Zhou et al., 2021)

0.15 94  165(2) 104(2) 5.1(1) -0.14(2) 1.9(1) -0.07(1) —0.018(2)  —0.014(1)  16GPa,700K,BS  This study

Ul: Ultrasonic Interferometry

RUS: Resonant Ultrasound Spectroscopy

BS: Brillouin Spectroscopy

Note: The entries at row 7 (reference 1) have been compared with an existing literature focusing on the pressure dependence of the

elastic properties of wadsleyite at ambient temperature. The references to those studies can be found in reference 1. The errors shown

in this study represent 1 standard deviation.
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Table 111.S3. Single-crystal elastic moduli for the hydrous Fe-bearing wadsleyite samples measured in this study.

Cijo (@Cij/oP)To (@Cij/oP?)To (eCij/T)o

(GPa) (GPa?) (GPaK?)
Cu 341(1) 7.8(3) -0.26(4) -0.029(4)
C 358(1) 5.37(5) 0 -0.036(3)
Cas 244(2) 10.5(2) -0.46(3) -0.040(4)
Cas 106(2) 0.87(5) 0 -0.018(3)
Css 109(1) 0.84(3) 0 -0.011(2)
Cés 90.8(7) 2.43(4) -0.053(6) -0.013(1)
Cu 75(1) 4.6(2) -0.11(2) -0.006(2)
Cus 99(2) 2.33(8) 0 -0.019(5)
Cas 102(3) 4.2(2) -0.14(3) -0.012(3)
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Table 111.S4. Thermoelastic properties of garnet.

Mineral ~ Endmember Go po (0Ks/0P)to  (OKs/dT)po  (0G/0P)to  (0G/dT)ro @0 ai a
GPa gcem?® (GPa K™Y) (GPaK?)  (10*K1) (10°K?) (KY
Pyrope
Garnet 94.9(2) 3.560(2) 4.4(1) -0.014(3) 1.15(6) -0.011(2) 0.288 0.2787 -0.5521
(Fei, 1995; Irifune et al., 2008a; Liu et al., 2000; Sinogeikin, 2002; SUZUKI and ANDERSON, 1983)
Almanding(Arimoto etal. 2015; Fei, 1995) 94.9(7) 4.319(2) 4.61(14) -0.0267(7)  1.06(6) -0.0131(8)  0.26(5) 2.3(14) 0
Grossular(Feh 1995 Gwanmesia et al., 2014) 107.4(2) 3.605(2) 4.47(2) -0.0138(3)  1.29(5) -0.0128(2)  0.1951 0.8089 -0.4972
Mg-majorite
86.2(2) 3.560(2) 4.4(1) -0.014 (3) 1.15(6) -0.011(2) 0.288 0.2787 -0.5521

(Fei, 1995; Hao et al., 2020; Irifune et al., 2008a; Liu et al., 2000; Sinogeikin, 2002; SUZUKI and ANDERSON, 1983)

Note: In terms of our choice of the source data for calculating the sound velocities of Fe-Ca bearing majoritic garnet in the upper MTZ,

our preference was given to the most recent direct sound velocity measurements at simultaneously high P-T conditions. For end member

majorite and pyrope, their ambient-condition Kso and Go are calculated using the elasticity data of MajzsPys2 (Liu et al., 2000),

MajsoPyso(Sinogeikin, 2002; Sinogeikin and Bass, 2002), EngoPY2o(sinogeikin and Bass, 2002). AS suggested by Liu et al. (2019), both the

velocities and elastic moduli of the garnet within the majorite-pyrope solid solution increase linearly with Al content within analytical

uncertainties. Their P and T derivatives of Ks and G are based on the sound velocity data collected on a pyrolitic garnet

(MajsoPy18GrozsAlme) by Irifune et al. (2008b) up to ~18 GPa and 1673 K, which are close to the P-T conditions we explored in this

study. The thermoelastic properties of the almandine end member are adopted from the most recent high P-T sound velocity

measurements up to 19 GPa and 1700 K by Arimoto et al. (2015). For the grossular end member, the values presented in this table are

from the most recent high P-T elasticity measurements up to 10 GPa and 1000 K by Gwanmesia et al. (2020)
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Table 111.S5. Water contents of the 17 different wadsleyite crystals determined using unpolarized FTIR with two different calibration
methods. The water contents of sample Wad1-Wad17 have been determined and reported in Zhou et al.l. We reported the values
calculated based on the Libowitzky and Rossman(Libowitzky and Rossman, 1997) calibration in the main text to be consistent with

previous studies(Buchen et al., 2018; Mao et al., 2008b).

Water content (wt %)
Sample Name
Libowitzky and Rossman (1997) calibration Deon et al. (2010) calibration

Wad25 0.19 0.17

Wad19 0.13 0.13

Wad35 0.10 0.11

Wad31 0.13 0.11

Wad48 0.16 0.14

Wad 34 0.18 0.15

Wad24 0.16 0.15

Wad37 0.18 0.16
Wad1(Zhou et al., 2021) 0.22 0.12
Wad7(Zhou et al., 2021) 0.09 0.08
Wad8(Zhou et al., 2021) 0.08 0.06
Wad9(Zhou et al., 2021) 0.11 0.10
Wad10(Zhou et al., 2021) 0.15 0.12
Wad11(Zhou et al., 2021) 0.16 0.12
Wad14(Zhou et al., 2021) 0.18 0.17
Wad15(Zhou et al., 2021) 0.15 0.14
Wad17(Zhou et al., 2021) 0.12 0.11

Average 0.15 (4) 0.13(3)
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Table 111.S6. Sound velocities of pyrolite at 15.2 GPa and 1870 K (Ishii et al., 2018) calculated using 2 different methods. The

thermoelastic parameters used to determine these values are reported in Tables 111.52, S4.

Pvrolite Velocities by volume-weighted | Direct volume-weighted Difference
y elastic moduli (km s™) velocities (km s?)
Vp 9.521 9.527 6 ms? 0.1%
Vs 5.147 5.153 6 ms? 0.1%
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Table 111.S7. Two different sets of mineral physics parameters used in the modeling tests described in Supplementary Discussion 1,

and their differences from the best-fit parameters.

Parameters a b c d A B C D e f

Best-fit  -0.0027 -0.0028 0.0397 0.9750 -0.0040 -0.0045 0.0868 0.4850 0.107 20

Test 1 -0.0026 -0.0029 0.0358 0.9439 -0.0036 -0.0054 0.0957 0.4266 0.102 19

difference -4% 5% -10% -3% -11% 18% 10% -12% -4% -5%

Test 2 -0.0028 -0.0027 0.0341 1.0444 -0.0036 -0.0049 0.0741 0.5405 0.122 25

difference 3% -3% -14% 7% -11% 9% -15% 11% 14% 25%
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Chapter IV

High pressure-temperature single-crystal elasticity of ringwoodite:

Implications for detecting the 520 discontinuity and metastable ringwoodite at depths

greater than 660 km

Abstract

The 520 km discontinuity (the 520) and the 660 km discontinuity (the 660) are primarily
caused by the wadsleyite to ringwoodite and ringwoodite to bridgmanite + ferropericlase phase
transitions, respectively. Global seismic studies show significant regional variations of the 520,
which are likely due to chemical and thermal heterogeneities in the Mantle Transition Zone (MTZ).
However, the effects of chemical composition and temperature on the detectability of the 520 are
unclear. Additionally, it remains unknown whether the possibly existing metastable ringwoodite
in the core of the cold and fast subducting slabs could create a detectable seismic signature near
the top of the lower mantle. Our understanding of both issues is hindered by the lack of single-
crystal elasticity measurements of ringwoodite at simultaneous high pressure-temperature (P-T)
conditions. In this study, we measured the single-crystal elasticity of an anhydrous Fe-bearing
ringwoodite up to 32 GPa and 700 K by Brillouin spectroscopy, and then modeled the
composition-dependent elastic properties of ringwoodite to calculate the compositional effects on
the velocity jumps at the 520. We found that opposite to the effect of Fe, water enhances the Vp
(P-wave velocity) jump, yet decreases the Vs (S-wave velocity) jump of the 520 across the
wadsleyite to ringwoodite transition. Higher temperature increases both Vp and Vs contrasts across
the 520. At depths between 660-700 km in the lower mantle, the existence of metastable

ringwoodite may only result in ~1-2% low velocity anomaly, which is seismically difficult to
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resolve. The low velocity anomaly caused by metastable ringwoodite increases to 5-7% at 750 km
depth due to the weak pressure dependence of Vs in ringwoodite at lower mantle conditions, but
whether it is seismically detectable depends on the extension of the regions in subducted slabs that
are sufficiently cold to host metastable ringwoodite.

1. Introduction

The high pressure-temperature (P-T) phase transformations of olivine ((Mg, Fe)2SiO4) are
largely responsible for 3 major seismic discontinuities in the Earth’s ambient (normal) mantle: the
410 km seismic discontinuity (the 410), which separates the upper mantle and the mantle transition
zone (MT2Z), is linked to the olivine to wadsleyite transition; the wadsleyite to ringwoodite
transformation corresponds to the 520 km seismic discontinuity (the 520); and finally the
breakdown of ringwoodite to bridgmanite + ferropericlase marks the 660-km seismic discontinuity
(the 660), which is the boundary between the MTZ and the lower mantle (Ringwood, 1991). While
the 520 is believed to be a global feature (Tian et al., 2020), it is a less prominent discontinuity
compared to the 410 and the 660. The depth and magnitude of the 520 (476-543 km, 1.2-4.8%
velocity jump) vary significantly on a global scale, which is likely caused by chemical and thermal
heterogeneities in the MTZ (Tian et al., 2020; Sinogeikin et al., 2003). The MTZ is a potential
water reservoir due to the high water solubility in the structures of wadsleyite and ringwoodite as
hydroxyl groups, but the water distribution in the MTZ is suggested to be highly variable based on
global magnetotelluric and seismic studies (0-1 wt% water, e.g., Kelbert et al., 2009; Wang et al.,
2021). However, the effect of water on the magnitude of the 520 (velocity and impedance contrasts)
remains poorly constrained, particularly in the more realistic Fe-bearing system. A prior study by
first-principles calculations modeled the effect of water in the Fe-free system and suggested that
water reduces Vp and Vs impedance contrasts at the 520 (Panero, 2010). Sinogeikin et al. (2003)

suggested that Fe enhances Vp and Vs velocity contrasts across the wadsleyite-ringwoodite
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transition, which was later contradicted by a first-principals computational study (Nufiez-Valdez
et al., 2011). Jacobsen and Smyth (2006) found that Vp of hydrous and anhydrous ringwoodite is
indistinguishable under lower MTZ pressures at 300 K, while Mao et al. (2012) found that adding
1 wt% water into ringwoodite structure would significantly decrease both Vp and Vs by ~2.5%
under similar P-T conditions. In addition, large discrepancies in terms of the high P-T single-
crystal elastic properties of ringwoodite exist between the first-principles computational results
and different experimental measurements (e.g., Mao et al. 2012; Schulze et al., 2018; Wang et al.,
2021). The lack of benchmark high P-T single-crystal elasticity measurements on Fe-bearing
ringwoodite has hindered quantitative efforts to resolve these existing discrepancies, as well as the
further evaluation of the compositional and thermal effects on the detectability of the 520.

It is worth noting that the transition pressures between olivine polymorphs in the Earth’s
interior, which largely control the 410, 520, and 660 depths, depend on the temperatures and
Clapeyron slopes of these phase transitions. For example, the positive Clapeyron slope of the
olivine-wadsleyite-ringwoodite transition would result in shallower 410 and 520 under cold
subduction zones, and a shallower 660 is expected under the deeply sourced hotspots due to the
negative Clapeyron slope of ringwoodite to bridgmanite + ferropericlase transition (Lebedev et al.,
2003). Compared with wadsleyite, olivine and ringwoodite have much larger thermodynamic
stability fields in the composition-P-T space. Moreover, considering the transition kinetics, for
cold and fast subducting slabs, when the descending rate of the slab is faster than the phase
transition rate, low-pressure polymorphs may metastably exist at greater depth exceeding their
pressure stability fields (Hosoya et al., 2005). Seismic studies have identified low-velocity
metastable olivine wedges in the core of the slabs subducting underneath Japan and Marianas at

410-560 km and 410-630 km depth ranges, respectively (Jiang et al., 2008; Kawakatsu and
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Yoshioka, 2011; Kaneshima et al., 2007). Ringwoodite may also metastably exist in the coldest
part of the fast subducting slabs at depths greater than 660 km (Liu et al., 2018). However, due to
the lack of knowledge on the sound velocities of metastable ringwoodite at relevant P-T conditions,
whether metastable ringwoodite can be seismically detected remains unknown.

To overcome the aforementioned limitations, in this study, we measured single-crystal
elasticity of an anhydrous Fe-bearing ringwoodite sample up to 32 GPa and 700 K by Brillouin
spectroscopy. We then modeled the thermal and chemical effects on the magnitude of the 520
based on this study and literature data. We finally calculated the seismic properties of metastable
ringwoodite near the 660 and discussed whether it might be detected in cold and fast subducting
slabs.

2. Methods
2.1. Sample synthesis and characterization

San Carlos olivine was ground into powder and then packed in a boron nitride capsule
without water in a 10/5 multi-anvil assembly to synthesize anhydrous Fe-bearing ringwoodite
single crystals. The synthesis experiment was conducted at 1673K and 18 GPa for 6.5 hours in a
1000-ton Multi-Anvil Press at the University of Hawai‘i at Manoa (UHM). The typical sizes of
ringwoodite single crystals in the run product range from 30 um to 90 um. A few crystals ~70-90
pm in size were hand-picked and double-side polished into platelets with ~30-50 um thickness
and then examined using the Thermo Fisher Nicolet Nexus 670 Fourier Transformed Infrared
Spectrometer (FTIR) with an infrared light source, a CaF, beam splitter, and a narrow-band
mercury-cadmium-telluride detector at the University of New Mexico (UNM). We could not
identify any visible peaks between 2400-3800 cm™ in the collected unpolarized FTIR spectra
related with O-H in ringwoodite, suggesting that the synthetic ringwoodite crystals were nearly

anhydrous. Typical FTIR spectra are shown in Fig. IV.S1. We also determined the chemical
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composition of the synthetic ringwoodite crystals to be (Mdgo.c04F€0.006)2Si04 (Fe# = 9.60(3)) using
the JEOL 8200 Electron Microprobe operated at 15 kV and 20nA at UNM (Table IV.S1). The
major element standards were forsterite for Mg and Si, almandine for Fe and Al, and diopside for
Ca.

We further polished 1 ringwoodite platelet down to ~10 um thickness for single-crystal X-
ray diffraction (XRD) and Brillouin spectroscopy experiments. The single-crystal XRD
experiments were conducted under room P-T conditions at the X-ray Atlas Diffraction Lab using
the Incoatec IuS 3.0 AgKo microfocus source and a customized Bruker D8 Venture diffractometer
at UHM. The diffraction images were collected in the ¢-scan geometry for a ¢ angle range of +
23° with 1° step and 20-second exposure per frame. The unit cell parameters and crystal orientation
were calculated using the Bruker APEX3 software. The density (po) at room P-T conditions was
determined to be 3.709 (1) g/cm® with the cubic unit cell parameter a = 8.0704 (6) A. The plane
normal of the ringwoodite platelet is determined to be (-0.8729, -0.4364, 0.2182).

2.2. High P-T Brillouin spectroscopy experiments and data analysis

We used a resistively heated BX90 diamond anvil cell (DAC) with 350 um-culet diamond
anvils to generate high P-T conditions for the Brillouin spectroscopy experiments (Kantor et al.,
2012). The acoustically fast and slow directions of both diamond anvils were pre-determined using
Brillouin spectroscopy based on the frequency shifts in the collected Brillouin spectra. The two
diamond anvils were then manually rotated within the diamond anvil cell to ensure that their slow
directions matched each other before experiments. A 250 um thick Rhenium gasket was indented
to ~49 um thickness, and a 250 um hole was drilled at the center of the gasket to form the sample
chamber. The polished ringwoodite platelet and 2 ruby spheres (pressure marker, Shen et al., 2020;
Datchi et al., 2007) were loaded into the sample chamber. Neon was gas-loaded as the pressure-

transmitting medium in the sample chamber at the GeoSoilEnviroCARS, Advanced Photon Source,
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Argonne National Laboratory. High temperature up to 700 K was generated by a platinum resistive
heater placed around the diamond anvils in the BX90 DAC (Lai et al., 2020). We attached 2 K-
type thermocouples near the diamond culet to determine the temperatures. The temperature
differences given by the 2 thermocouples were always less than 15 K up to the maximum
temperature reached during the experiments.

We conducted Brillouin spectroscopy experiments using 50° symmetric forward scattering
geometry at the Laser Spectroscopy Laboratory at UNM. The light source is a single-mode 532
nm solid-state laser. A 6-pass tandem Fabry-Pérot interferometer was used to measure the
Brillouin frequency shift. The scattering angle of the Brillouin spectroscopy system was routinely
calibrated using a standard silica glass Corning 7980 (Zhang et al., 2015). The scattering angles
were calibrated twice during the 4-month experiments: 50.77° and 50.51°. We collected Brillouin
spectra of ringwoodite with a step of 15° from Chi angle 0° to 360° at each P-T condition. Fig.
IV.S2 shows a typical Brillouin spectrum. Fewer velocity data were obtained at pressures higher
than ~18 GPa (Fig. IV.S3), because the ringwoodite v, peaks start to overlap with the diamond vs
peaks along the acoustically slowest directions of diamonds. In addition, the externally connected
electric wires of the heater sometimes blocked the scattered light path. At higher P-T conditions,
bending the fragile heating wires back and forth can easily result in heater failure. Thus, we skipped
the Brillouin measurements at Chi angles of 135° and 150° (Fig. 1VV.S3). Fortunately, due to the
high symmetry of ringwoodite, v, and vs along 8-10 different crystallographic directions are
enough to constrain the 3 independent Cjjs of ringwoodite. All the high P-T data are collected along
the isotherms, respectively (Fig. 1V.1). Typical collection time for a Brillouin spectrum with
similar quality as the one shown in Fig. 1V.S2 is about 15-20 min at 300 K, and that reduces to

about 10-15 min under high temperatures. The temperature averaged from the two thermocouple
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readings was stabilized at the target temperature of 400 K, 500K, or 700 K during the high P-T
experiments through adjustment of the heater power. The temperature fluctuations in each
experimental run are less than 10 K.

With the initially estimated high P-T densities (Nishihara et al., 2004) and the measured
phonon direction-vp-vs data set for ringwoodite, we inverted the best-fit Cijs (C11, Ca4, C12) under
each P-T condition using Christoffel equation. The RMS errors are always less than 40 m/s,
suggesting an excellent fit between the Cijs model and the measured velocities (Fig. 1V.S3). Voigt-
Reuss-Hill (VRH) averaging scheme is used to calculate bulk modulus (Ks), shear modulus (G),
Vp, and Vs for isotropic polycrystalline ringwoodite (Hill, 1963). Note the Vp and Vs are
independent of the assumed densities, thus they are the true values at high P-T conditions. After
fixing the Kso, Go, po, and thermal expansivity (Inoue et al., 2004), we fitted the P-T-Vp-Vs data
set collected in this study using temperature-dependent 4™ order finite strain equation of state (EOS)
(Equations S1-S15, S19-S21) and derived the aggregate thermoelastic parameters: (0Ks/0P)To,
(0°Ks/0P?)1o,(6G/6P)0, (6°G/0P?)10, (OKs/3T)po, (0G/AT)po, and best-fit high P-T densities (Davies
and Dziewonski, 1975; Duffy and Anderson, 1989). We chose 4™ order finite strain EOS here for
fitting the aggregate elastic properties of ringwoodite instead of 3" order finite strain EOS due to
the significantly reduced RMS error (12 m/s versus 44 m/s). As shown in Fig. 1V.S4, the use of 3™
order finite strain EOS underestimates the Vp and Vs at lower pressures while overestimates them
at higher pressures (23-32 GPa, Fig. I1V.1). Cjs, Ks, and G at each high P-T condition were then
updated with the newly derived best-fit densities (Table IV.1). Finally, using temperature-
dependent 3 order or 4" order finite strain EOS (Equations S16-S18) (Davies, 1974; Duffy and
Anderson, 1989), we fitted the P-T-Cjjs data set to derive the pressure and temperature derivatives

of the Cijs: (6Cijo/0P)to, (6°Cijo/0P?)10, (6Cijo/dT)ro (Fig. IV.1; Table IV.S2).
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Table IV.1. Cjjs, Ks, G, Vp, and Vs for the ringwoodite sample measured in this study.

Temperature Pressure density Cu Cus Cu2 Ks G Vp Vs
K GPa g/lcm® GPa GPa GPa GPa GPa km/s km/s
300 0 3.709(1)  330(1) 128.5(6)  117(1) 188(1) 119(1) 9.67(1) 5.67(1)
300 2.9(1) 3.765 350(1) 132.2(5)  126(1) 200.6(5) 123.9(7) 9.86(1) 5.74(1)
300 5.9(1) 3.820 369(1) 135.7(6)  131(1) 209.9(6) 128.7(6)  9.99(1) 5.81(1)
300 8.4(2) 3.865 384(1) 136.7(6)  139(1) 220.0(6) 130.6(5) 10.10(1) 5.81(1)
300 9.8(1) 3.889 393.6(9) 137.5(5) 141.2(9) 225.3(5) 132.9(4) 10.17(1) 5.84(1)
300 16.1(1) 3.994 426.0(7) 142.6(4) 159.6(6) 248.4(3) 138.8(3) 10.42(1)  5.89(1)
300 19.3(4) 4.044 441(1) 146.3(7)  172(1) 261.6(6) 141.5(5) 10.55(1)  5.92(1)
300 23.2(2) 4.104 463(1) 146.9(8)  179(1) 273.5(7) 145.0(4) 10.67(1)  5.95(1)
300 24.9(3) 4.129 472.3(1) 147.0(5) 187(1) 282.1(6) 145.2(3) 10.73(1)  5.93(1)
300 28.8(2) 4.186 497(1) 145.4(6)  194(1) 294.6(6) 147.9(4) 10.84(1)  5.94(1)
300 31.8(3) 4.228 508(1) 148.1(9) 203(1) 304.3(7) 149.9(5) 10.92(1) 5.95(1)
400 6.9(1) 3.828 370.3(9) 135.0(5) 134.0(9) 212.8(5) 128.0(5) 10.01(1)  5.78(1)
400 9.1(2) 3.867 385(1) 135.9(5) 141.6(9) 222.7(5) 130.0(5) 10.12(1) 5.80(1)
400 15.7(4) 3.977 420(1) 139.6(7)  159(1) 2459(6) 136.0(4) 10.36(1) 5.85(1)
400 18.5(5) 4.022 436(1) 142.6(6) 168(1) 257.6(6) 139.0(4) 10.50(1) 5.88(1)
400 28.4(4) 4.170 492(2) 145.2(6)  192(2) 292.0(8) 147.0(4) 10.82(1)  5.94(1)
500 6.4(2) 3.808 365(1) 132.9(5) 132.2(9) 209.9(5) 126.1(5) 9.96(1) 5.76(1)
500 11.4(2) 3.895 394(1) 137.5(5) 143.9(9) 227.3(5) 132.4(4) 10.18(1) 5.83(1)
500 17.3(1) 3.993 430(1) 140.9(8) 161.5(1) 250.9(7) 138.1(5) 10.44(1) 5.88(1)
500 21.5(3) 4.058 449(1) 1445(6) 176(1) 267.1(7) 141.3(4) 10.59(1)  5.90(1)
500 28.6(2) 4.164 488(1) 144.7(7)  188(1) 288.1(6) 146.6(4) 10.78(1)  5.93(1)
700 9.2(3) 3.837 378(1) 131.9(6) 140(1) 219.1(6) 126.8(5) 10.06(1)  5.75(1)
700 15.4(5) 3.942 411.5(9) 137.8(5) 156.9(8) 241.8(4) 133.5(4) 10.32(1) 5.82(1)
700 18.4(5) 3.991 425(1) 142.1(4)  161(1) 249.1(6) 138.0(3) 10.42(1) 5.88(1)
700 20.7(3) 4.027 4409(9) 141.3(9) 171(1) 261.1(6) 138.7(5) 10.52(1) 5.87(1)
700 28.7(4) 4.146 485(1) 142.7(5)  189(1) 287.9(6) 144.8(4) 10.77(1) 5.91(1)

2.3. Modeling of effects of Fe# and water on the velocity jumps across the wadsleyite-ringwoodite
transition

We adopted a similar procedure as what has been used in Zhou et al. (2021) to model the

100 Feppot

effects of Fe# (Mg — ) and water on the Vp and Vs of ringwoodite under high P-T conditions:
mol mol

(1) We compiled the water content, Fe#, density, Ks, G, Vp, and Vs of 8 different
ringwoodite samples used in previous Brillouin spectroscopy studies (Jackson et al., 2000;

Sinogeikin et al., 2003; Wang et al., 2006; Schulze et al., 2018, this study) to avoid any possible
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discrepancies resulting from the use of different experimental techniques, such as ultrasound
interferometry. These ringwoodite samples cover a wide range of water content (0-2.34 wt %) and
Fet# (0-11.5) (Fig. IV.S5).

(2) We fitted the po, Kso, Go of ringwoodite with respect to water contents (in wt%) and
Fe# for these 8 different samples assuming an empirical linear relationship as shown in Table
IV.S3.

(3) After adopting the results derived in step (2) under room P-T conditions, we fitted the
parameters of the 4™ order finite strain EOS to the entire Fe#, water and pressure-dependent Vp
and Vs data set for the 8 ringwoodite samples to get water content and Fe# dependent (0Ks/0P)ro,
(0°Ks/0P?)t0, (0G/0P)To, and (0°G/0P?)1o (Equations S1-S15, Table 1V.S3).

To evaluate the goodness of the fit of the obtained composition dependent high-pressure
elasticity model, we compared the model-predicted values of Vp and Vs for all 8 ringwoodite
samples with the experimentally determined values under high-pressure conditions. The
differences are all within 1% for both Vp and Vs (Fig. IV.S5A), suggesting our model is robust
within the investigated range of water content and Fe# of ringwoodite in the Earth’s mantle.

(4) Water content and Fe# in ringwoodite are suggested to have negligible effects on the
temperature derivatives of Ks and G of ringwoodite (Schulze et al., 2018; Jackson et al., 2000;
Sinogeikin et al., 2003). Therefore, we adopted (0Ks/0T)ro and (0G/0T)po determined for the
anhydrous Fe-bearing ringwoodite sample in this study in our model to calculate the high P-T
elasticity of ringwoodite.

Combined with the composition-dependent high P-T elasticity model of wadsleyite in
Zhou et al. (2020, 2021), we calculated the effects of water and Fe# on the velocity (Vp, Vs) as

well as impedance contrasts across the wadsleyite-ringwoodite transition at 18 GPa along a 1600

126



K adiabat (Katsura et al., 2010). The impedance refers to density*velocity, the velocity and

impedance jumps at the 520 for wadsleyite-ringwoodite phase transition are calculated as:

A(ringwoodite)—A(wadsleyite)

% 200% 1)

A(ringwoodite)+A(wadsleyite)
where A is velocity or impedance. The water partitioning coefficient between wadsleyite and
ringwoodite adopted in our modeling is 2:1 (Inoue et al., 2010). The Fe partitioning coefficient
between wadsleyite and ringwoodite used in our modeling is 0.6 (Tsujino et al., 2019).

We would like to point out that in our model, we have included all previous single-crystal
Brillouin spectroscopy studies of ringwoodite after 2000 except Mao et al. (2012). We excluded
the experimental data in Mao et al. (2012) in our modeling based on the following reasons:

(1) We have computed another composition-dependent elasticity model of ringwoodite
without excluding the data presented in Mao et al. (2012), as shown in Fig. IV.S5B. However, the
final best-fit model we obtained this way still shows large deviations from the data in Mao et al.
(2012), while at the same time it fits the rest of the data in all the other studies well.

(2) Although the ringwoodite samples used in Schulze et al. (2018) and Mao et al. (2012)
are compositionally very similar, the Vp and Vs obtained in Schulze et al. (2018) are ~2% and ~3%
higher than what were presented in Mao et al. (2012), respectively. Our model is in excellent
agreement with all the other experimental studies, including Schulze et al. (2018). As suggested
by Schulze et al. (2018), the ringwoodite sample used in Mao et al. (2012) was possibly hydrated
through a mechanism that is different from all the other studies. While we could not rule out the
possibility that both potential hydration mechanisms may take place in nature, due to the lack of
experimental data on the ringwoodite crystals hydrated through similar mechanisms as the sample

used in Mao et al. (2012), we could only conduct the modeling work in this study based on all the
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other Brillouin spectroscopy studies. More sophisticated modeling work could be done with more
experimental data available in the future.

3. Results

3.1. Elasticity of the anhydrous Fe-bearing ringwoodite sample measured in this study

The single-crystal elasticity measurements conducted in this study suggest that the 3 Cjjs
(C11, Cas, Cy2) of ringwoodite behave differently with temperature and pressure (Fig. I1V.1). C11 of
ringwoodite is most sensitive to temperature while C12 is least sensitive (Fig. IV.1; Table IV.S2).
Cu is also most sensitive to pressure while Cas is least sensitive (Fig. 1V.1), consistent with all
previous studies for ringwoodite (Fig. IV.S6, e.g., Sinogeikin et al., 2003; Wang et al., 2006; Mao
et al., 2012; Schulze et al., 2018; Wang et al., 2021). C1; and Cy2 increase almost linearly with
pressure throughout the entire pressure range we investigated. In comparison, Cas increases
nonlinearly only up to ~23 GPa in this study, consistent with Schulze et al. (2018) as shown in Fig.
IV.S6. At pressures between 23 GPa and 32 GPa, Cas4 remains almost constant, which has not been
reported before due to the limited pressure range explored in previous studies. The weak pressure
dependence of Cas possibly reflects the coupling between shear strains and atomic displacements
in minerals with spinel-type structure (Caracas and Banigan, 2009).

The elastic properties of an isotropic polycrystalline aggregate of ringwoodite are
calculated under the VRH averaging scheme (Table 1V.1). Vp increases with P from 0 GPa to 32
GPa, while the Vs increase becomes negligible when P exceeds ~23 GPa, mainly due to the
minimal increase of Cas in the relevant pressure range (Fig. 1VV.1). The best-fit aggregate elastic
properties for the anhydrous Fe-bearing ringwoodite sample used in this study are: Ksp = 188 (1)
GPa, Go = 119 (1) GPa, (0Ks/0P)to = 4.0 (2), (0°Ks/oP?)to=— 0.03 (2) GPa, (6G/6P)to = 1.56
(7), (0*G/OP?)1o = — 0.049 (6) GPa™, (6Ks/dT)po=—0.017 (3) GPa/K, and (6G/0T)po = — 0.011 (2)
GPa/K. Fixing the (6°Ks/0P?)1o to 0 GPa*as what was done in previous studies (Mao et al., 2012;
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Schulze et al., 2018) yields slightly smaller (6Ks/0T)po (-0.014 (3) GPa/K) and (6G/0T)po (-0.012
(2) GPa/K). The values of (0Ks/0T)po and (0G/0T)po obtained in this study are in between the
previous high P-T ultrasonic experiments on polycrystalline ringwoodite up to 18 GPa 1600K
((OKs/0T)po=—0.0181 (8) GPa/K and (6G/dT)po = — 0.0150 (4) GPa/K) by Higo et al. (2008), and
previous high P-T XRD experiments up to 21 GPa 1273 K ((6Ks/dT)po = — 0.008 (5) GPa/K
calculated from (0Kt1/0T)po= — 0.015 (5) GPa/K using Equation S24) by Nishihara et al. (2004)

(Table 1V.S4).
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Fig. IV.1. Cu1, C12, Ca4,Ks, G, Vp, and Vs of the Fe-bearing anhydrous ringwoodite measured in
this study as a function of P along 300 K, 400 K, 500 K, 700 K isotherms (error bars are behind
symbols). VRH averaging scheme is used to calculate the Ks, G, Vp, and Vs of the isotropic
polycrystalline ringwoodite. Solid lines represent 4™ order finite strain EOS fitting results. The
dashed, horizontal purple lines indicate that the P-induced increases of C44 and Vs are negligible

above 23 GPa.
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3.2. Intrinsic anisotropy of ringwoodite
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Fig. IV.2. Universal anisotropy (a), acoustic velocity anisotropy (b, c), and Zener anisotropy (d)
of the Fe-bearing ringwoodite measured in this study as a function of pressure along different

temperature isotherms.

Based on the P-T dependence of the Cijs measured in this study (Table IV.S2), we
calculated ringwoodite’s intrinsic anisotropy indices under high P-T conditions (Fig. IV.2). A total
of 5 elastic anisotropy indices are used: universal anisotropy (AY), Zener anisotropy (A%), Vp
azimuthal anisotropy (AYP), Vs azimuthal anisotropy (AY®), and Vs radial anisotropy (DV®) (see
Equations S25-S29 and references in the Supplementary Information). For ringwoodite, due to its
cubic symmetry, its A¥Sis equal to DV® (Fig. 1V.2b).

The most prominent feature in Fig. 1V.2 is that the intrinsic anisotropy of ringwoodite
decreases significantly with pressure down to the bottom of the MTZ and then increases with
pressure again. The increases of AY, AYP, AVS and DV® above a certain threshold (e.g., ~27 GPa at

300 K) are the consequence of the switch between the acoustically fastest and the slowest
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crystallographic directions in ringwoodite, which is characterized by the decrease of A% below 1
(Fig. 1V.2d, Table I1V.S5). Temperature also decreases the intrinsic anisotropy of Fe-bearing
ringwoodite at the MTZ pressures, similar to Fe-free ringwoodite as suggested by previous first-
principles calculations (Li et al., 2006). Previous studies suggested that the intrinsic elastic
anisotropy of ringwoodite is small (e.g., Wang et al., 2006; Schulze et al., 2018). At lower MTZ
conditions, our study suggests that Fe-bearing ringwoodite is elastically almost isotropic with all
4 elastic anisotropy indices approaching 0. Note, these values represent the maximum possible
seismic anisotropy that can be induced by the lattice preferred orientations (LPO) of ringwoodite.
The realistic seismic anisotropy induced by LPO of ringwoodite would be significantly less, thus
any observed seismic anisotropy in the lower MTZ (e.g., Zhang et al., 2021) is unlikely to be
caused by the presence of ringwoodite. Minerals with significantly higher elastic anisotropy (e.g.,
akimotoite,  stishovite, metastable olivine) or shape-preferred orientation  of
rheologically/elastically weak minerals melts are the more possible explanations for the observed
seismic anisotropy in the MTZ (Zhou et al., 2021 and references in Zhou et al., 2021).

4. Discussion and Implications
4.1. Effects of Fe#, water, and temperature on velocity and impedance jumps of the 520

Based on the experimental data of ringwoodite measured in this study and previous studies
(Fig. IV.S5A), we modeled the effects of water content and Fe# on the elasticity of ringwoodite
under high P-T conditions (Table 1V.S3). Combined with a previous composition-dependent
elasticity model of wadsleyite under high P-T conditions (Zhou et al., 2020; 2021), we evaluated
the effects of Fe#, water, and temperature on the velocity and impedance jumps across the
wadsleyite to ringwoodite transition in pure (Mg,Fe).SiO4 system (Figs. 3, 4). In the Earth’s mantle,
these jumps would be smaller considering the dilution effect due to the coexistence of garnet.

Assuming the Earth’s mantle is pyrolitic with ~53 vol% olivine, based on the phase equilibrium
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experiments by Ishii et al. (2018), the 520 for a pyrolitic MTZ is characterized by ~2% Vp and Vs
velocity jumps as well as ~3% Vp and Vs impedance jumps with a theoretical thickness of 0 km.
Our results agree with the globally estimated ~3% Vp and Vs impedance contrasts across the 520
of using SS precursors by Shearer et al. (1990). It is worth noting that, for SS precursors studies,
a strong trade-off exists between the impedance contrast and sharpness of the 520. As pointed by
Tian et al. (2020), a 0-km thick 520 with Vs impedance contrast of 2.4% can result in the same
waveform as a 30-km wide 520 with 4.4% Vs impedance contrast.

4.1.1. Effects of Fe# and water on VVp and Vs jumps at the 520

The effects of Fe# and water on the velocity jumps across wadsleyite-ringwoodite
transition are shown in Fig. IV.3. Increasing Fe# reduces the Vp jump. Fe increases the (0Ks/0P)to
of wadsleyite (Buchen et al., 2017; Zhou et al., 2021), whereas the (0Ks/0P)to of ringwoodite is
not sensitive to Fe# (Higo et al., 2006). The Ks of wadsleyite approaches that of ringwoodite with
increasing Fe# in both wadsleyite and ringwoodite. Interestingly, the Vs jump is less sensitive to
Fe (Fig. 1V.3), because the effect of Fe on Vs jump is controlled by 2 competing factors. On the
one hand, wadsleyite’s Vs and G are more sensitive to Fe compared with ringwoodite (e.g., adding
1 mol% of Fe decreases wadsleyite’s Go by 0.5% and ringwoodite’s Go by only 0.2%), and thus,
adding the same amount of Fe in wadsleyite and ringwoodite could enhance the Vs jump. On the
other hand, Fe# of ringwoodite is larger than Fe# of wadsleyite under equilibrated mantle condition
considering Fe preferentially partitions into ringwoodite (e.g. 2 mol% of Fe in ringwoodite
corresponds to ~1.2 mol% Fe in wadsleyite) (Tsujino et al., 2019), increasing Fe# in the MTZ

could reduce the Vs jump across the wadsleyite-ringwoodite transition.
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Fig. IV.3. Effects of Fe# and water on the Vp and

ringwoodite transition in pure (Mg, Fe).SiO4 system. The horizontal axis is the Fe# in ringwoodite

(Fe#,ing), the corresponding Fe# in wadsleyite is

coefficient of 0.6 between wadsleyite and ringwoodite (Tsujino et al., 2019). The vertical axis is
the water content in ringwoodite, 1 wt% of water in ringwoodite corresponds to 2 wt% of water in

wadsleyite based on the water partitioning coefficient of 2 between wadsleyite and ringwoodite

(Inoue et al., 2010).
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A. Under 18GPa and 300K
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Fig. 1V.4. Effects of Fe# and water on density, Vp impedance contrast and Vs impedance contrast
(Equation 1) across wadsleyite-ringwoodite transition in pure (Mg, Fe).SiOs system. The

horizontal axis is the Fe# in ringwoodite (Fe#,;,4), the corresponding Fe# in wadsleyite is:

60F et ing

——~— based on the average Fe partitioning coefficient of 0.6 between
(100-0.4Fe#ying)

Fe#wad =

wadsleyite and ringwoodite (Tsujino et al., 2019). The vertical axis is the water content in
ringwoodite. 1 wt% of water in ringwoodite corresponds to 2 wt% of water in wadsleyite based on
the water partitioning coefficient of 2 between wadsleyite and ringwoodite (Inoue et al., 2010).
Sinogeikin et al. (2003) suggested that higher Fe content will increase both the Vp and Vs
jumps across the 520 primarily based on the elasticity measurements at ambient condition, whereas
Nufiez-Valdez et al. (2011) suggested the opposite based on first-principles calculations. Our
results (the Vp jump is reduced by Fe whereas the Vs jump is almost insensitive to Fe) are in partial
agreement with both studies. Sinogeikin et al. (2003) assumed that Fe does not affect (0Ks/0P)to

of wadsleyite while our calculation adopted the relationship that was determined in Zhou et al.
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(2021), which suggested that adding 1 mol% Fe increases the (0Ks/0P)to of wadsleyite by 1.3%.
This relationship is in agreement with Buchen et al. (2017) which also found that Fe increases the
(OK1/0P)1o of wadsleyite. On the other hand, Nufiez-Valdez et al. (2011) suggested Fe of
ringwoodite decreases its (0G/0P)to and finally decreases Vs jump at the 520, while our result
(Table 1V.2) shows that Fe has no resolvable effect on (0G/0P)to of ringwoodite. Our result, in
terms of the Fe effect on the (0G/0P)to and (0K1/0P)to of ringwoodite, is consistent with Higo et

al. (2006).

Table 1V.2. Comparison of the effects of water content and Fe# on the elastic properties of

wadsleyite (Zhou et al., 2020; 2021) and ringwoodite (this study).

Wadsleyite Ringwoodite
{0)
Incrg?/si Feit Ad\?v;t;’:t /o Increase Fe# by 1 Add 1 wt% water
Kso \ 1 by 4% 1 by 0.1% 1 by 5%
(0Ks/0P)To 1 by 1.3% \ \ 1 by 5%
(0Ks/éT)ro \ \ \ \
Go 1 by 0.5% 1 by 5% 1 by 0.1% 1L by 5%
(0G/0P)To \ 1 by 10% \ T by 7%
(0°GloP?)To \ \ \ \
(6G/0T)ro \ \ \ \
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In contrast to the effect of Fe, higher water content increases Vp jump across the wadsleyite
to ringwoodite transition at the 520. Higher water content increases (6Ks/0P)to of ringwoodite
(Jacobsen and Smyth, 2006), whereas (0Ks/0P)to of wadsleyite is not sensitive to water content
(Table 1V.2). Thus, the difference between the Vp of ringwoodite and wadsleyite increases with
water content (Fig. 1V.3). On the other hand, water reduces the Vs jump across the wadsleyite to
ringwoodite transition. Adding 1 wt% water into the crystal structures increases (6G/0P)to of
wadsleyite and ringwoodite by 10% and 7%, respectively (Table 1V.2). Moreover, considering the
water preferably partitions into wadsleyite than ringwoodite (Inoue et al., 2010), incorporating
twice as much water in wadsleyite than ringwoodite would results in an even higher (0G/0P)to of
the hydrous wadsleyite coexisting with the hydrous ringwoodite near the 520. As a result,
wadsleyite’s G or Vs approaches those of ringwoodite at 18 GPa with increasing water content in
the MTZ.

4.1.2. Effects of Fe# and water on VVp and Vs impedance jumps at the 520

The density and impedance jumps across the wadsleyite-ringwoodite transition at the 520
are shown in Fig. IV.4. Fe increases the densities of both ringwoodite and wadsleyite, but the
density of ringwoodite is more sensitive to Fe. Moreover, Fe preferentially partitions into
ringwoodite compared with wadsleyite (Tsujino et al., 2019). Thus, increasing Fe# of the MTZ
increases the density jump across the wadsleyite to ringwoodite transition (Fig. 1V.4). Similarly,
increasing water content in the MTZ would result in an increase of the density jump at the 520,
because water preferentially partitions into wadsleyite rather than ringwoodite and water decreases
densities of both ringwoodite and wadsleyite (Inoue et al., 2010). Due to the influence of density,
Vp impedance contrast is more sensitive to water and less sensitive to Fe compared with Vp jump,
whereas Vs impedance contrast is much more sensitive to Fe and less sensitive to water compared
with Vs jump (Figs. 3, 4).
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4.1.3. Effect of temperature on the 520

To understand the influence of temperature on the 520, we calculated the velocity jumps
and impedance contrasts across the wadsleyite to ringwoodite transition at 18 GPa along a 1600 K
adiabat (Katsura et al., 2010) and compared with the results at 18 GPa and 300 K (Figs. 3, 4).
Temperature strongly enhances all velocity jumps while it decreases density jump, and thus,
temperature only weakly enhances the impedance (density*velocity) contrasts across the
wadsleyite to ringwoodite. Our results are different from the first-principles calculation studies in
the Fe-free system (Yonggang et al., 2008; Panero et al., 2010). Yonggang et al. (2008) suggested
that temperature has a negligible effect on the 520 impedance contrasts, whereas Panero (2010)
suggests that temperature decreases the 520 impedance contrasts for Fe-free olivine polymorphs.

In summary, Fe, water, and temperature have different effects on Vp and Vs jumps across
the wadsleyite-ringwoodite transformation at the 520. Fe decreases the Vp jump and is insensitive
to the Vs jump. Water increases the Vp jump yet decreases the Vs jump. Temperature increases
both Vp and Vs jumps. The mineral physics modeling in this study suggests that lateral changes in
chemical composition and temperature in the MTZ can help explain the global variations of the
520. In addition, our findings have potential applications in estimating water content in the MTZ.
For example, in a hydrated MTZ, we would expect a slightly higher Vp jump with a reduced Vs
jump across the 520. However, the hydration effect needs to be used with caution, since local
variation of Fe# could also influence the observed magnitude of the 520.

4.2. Metastable olivine and metastable ringwoodite

Due to the transition kinetics, metastable olivine and ringwoodite may survive at depths
greater than 410 km and 660 km, respectively, under P-T conditions in cold subduction zones
(Hosoya et al., 2005). A metastable olivine wedge has been reported beneath the Japan Sea at

~410-560 km depth range based on waveform modeling of the P-wave coda (e.g., Kaneshima et
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al., 2007), forward travel time modeling (e.g., Jiang et al., 2008), receiver functions (Kawakatsu
and Yoshioka, 2011), and inter-source interferometry (Shen and Zhan, 2020). Kaneshima et al.
(2007), Jiang et al. (2008), and Shen and Zhan (2020) all suggested that Vp of the metastable
olivine wedge beneath the Japan Sea is ~3% slower than the ambient mantle and ~5% slower than
the surrounding slabs at 410-560 km. If this subducting slab remains relatively cold at the bottom
of the MTZ (e.g., <973 K, Inoue et al., 2004; Bina et al., 2000), metastable ringwoodite may exist
in the form of a low velocity wedge near the slab core extending from ~660 km to greater depth in
the lower mantle (Liu et al., 2018), similar to the metastable olivine wedge in the MTZ. However,
whether these wedge-shape slow anomaly caused by ringwoodite can be observed seismically
remains unknown.

In this study, we modeled the seismic anomalies that are induced by metastable olivine and
possibly metastable ringwoodite in the Pacific slab subducting underneath the Japan Sea and the
eastern China using the mineral physics data in this study and previous study (Zhang and Bass,
2016). The velocity structure of an ambient mantle is represented by the global seismic model
AK135 (Kennett et al., 1995). The Pacific subducting slab reaches the MTZ depths under the Japan
Sea, and penetrates through the 660 beneath the eastern China (Tao et al., 2008). Therefore, the
velocity structure of the Pacific subducting slab at 410-560 km depth is illustrated by the local
seismic model under the Japan Sea (36°-42° latitude and 130°-140° longitude), whereas the local
seismic model under the eastern China was used to show the slab’s velocity structure at 660-800
km depth (30°-40° latitude and 115°-125°). We calculated Vp and Vs of anhydrous olivine
(Fe#=9.5, Zhang and Bass, 2016) along an 873 K isotherm as well as the Vp and Vs of anhydrous
ringwoodite (Fe#=9.6, this study) along a 973 K isotherm (Fig. 1V.5). The metastable olivine and

ringwoodite are assumed to be anhydrous. Ishii et al. (2021) suggested that water strongly
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partitions into the high-pressure hydrous minerals (such as hydrous phase A) in wet subducting
slabs, thus the nominally anhydrous olivine and its high-pressure polymorphs are nearly dry. We
choose the 873 K isotherm for metastable olivine and the 973 K isotherm for metastable
ringwoodite for the following reasons. Hosoya et al. (2005) suggested that at 873K, nearly dry
olivine (500 ppm water) could metastably exist down to the depth of ~ 650 km in the Earth’s
interior based on in-situ XRD DAC experiments. At 1 atm, anhydrous ringwoodite would not
transform back to olivine until the temperature reaches 973 K (Inoue et al., 2004). At much higher
pressures in the Earth’s interior, the decomposition of ringwoodite into bridgmanite +
ferropericlase is thus unlikely to take place as long as the temperature remains lower than 973 K.
It is possible that olivine and ringwoodite can metastably survive at even higher temperature inside
the Earth, thus 873 K and 973 K are conservative estimates of the temperatures that metastable
olivine and ringwoodite can exist at depths greater than 410 km and 660 km, respectively. In
addition, 873 K and 973 K are consistent with the modeled core temperature of the western Pacific
subducting slabs in the MTZ (700-973 K) (Bina et al., 2000; Kawakatsu and Yoshioka, 2011; Ishii

and Ohtani, 2021).
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Figure 1V.5. Negative velocity anomaly caused by metastable olivine and ringwoodite compared
with an ambient mantle (AK135) and the Pacific subducting slab beneath the Japan Sea and the
eastern China, respectively. The shaded areas denote the standard deviations of Vp and Vs from
the averaged velocities of the Pacific subducting slab under the Japan Sea and the eastern China.
The velocity profiles of the Pacific subducting slab as a function of depth are based on the
tomography study by Tao et al. (2018). They only represent the averaged velocity profiles of the
slab, the thin metastable olivine or ringwoodite wedges inside the slab could not be resolved by

seismic tomography in Tao et al. (2018).
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As shown in Fig. IV.5, the Vp of olivine is about 5% lower than the ambient mantle (AK135)
and 5-7% lower than the surrounding slabs under the Japan Sea at 410-560 km depths. These
values are consistent with the observed Vp anomalies of the metastable olivine wedge (~3% lower
than the ambient mantle, ~5% lower than the nearby slabs) beneath the Japan Sea at 410-560 km
depths considering that the lithospheric mantle of the subducting slabs contains ~60-80 vol %
olivine (Shen and Zhan, 2020).

Whether metastable ringwoodite could cause seismically detectable low velocity regions
at 660-700 km depends on both the volume of metastable ringwoodite in slabs and the velocity
contrast between the metastable ringwoodite and mantle nearby. At the depth between 660-700
km, metastable ringwoodite is only ~2-3% slower than the ambient mantle (AK135) and the
Pacific subducting slab beneath the eastern China. Considering the dilution effect caused by the
coexistence of majoritic garnet (20-40 vol% garnet) in the subducted lithosphere, metastable
ringwoodite wedge would only result in ~1-2% low velocity anomaly at the depth of 660-700 km,
which may not be detectable.

However, metastable ringwoodite, if it exists, could produce a stronger negative Vs
anomaly at greater depth due to the minimal increase of Vs with pressure at lower mantle
conditions. For example, Vs of metastable ringwoodite would be ~5% slower than the ambient
mantle (AK135) and ~7% slower than the Pacific subducting slab if it can reach ~750 km depth.
Whether it is detectable also depends on the volume of metastable ringwoodite wedge in the
subducting slabs. Kawakatsu and Yoshioka (2011) modeled the temperature distributions of the
Pacific subducting slab stagnant at the 660 under Japan Sea. They found that the layer with T <
973 K near the core of the slab is <5 km thick at the 660. This layer might get thinner after it

reaches even greater depth, making metastable ringwoodite wedge too thin to be resolved

141



seismically although it carries a strong negative Vs anomaly at ~750 km. In comparison, the
metastable olivine wedge in the subducting slab beneath the Japan Sea is observed to be ~30-50
km wide at 410 km depth, making it easier to resolve with seismic imaging (Jiang et al., 2008;
Kawakatsu and Yoshioka, 2011; Shen and Zhan, 2020). If ringwoodite can metastably exist at
slightly higher temperature at depths greater than 660 km, for example, 1173 K, then the thickness
of the metastable ringwoodite wedge could reach ~25-30 km, making it more likely to be detected.
Alternatively, if the slab folds and buckles near the 660, and thus has a thick cold core (e.g.,
Marianas region, Li et al., 2019), the layer enriched in metastable ringwoodite might also become
seismically detectable as the low velocity layers near the top of the lower mantle.

In summary, different from a metastable olivine wedge, which carries a stronger seismic
velocity anomaly, a metastable ringwoodite wedge, if it exists, is more likely to become
seismically detectable with stronger Vs anomaly at depths greater than ~750 km if the cold core of
the slab is sufficiently thick. Future studies on the metastability field of ringwoodite under
subduction zone P-T conditions are needed to better understand the detectability of metastable
ringwoodite.

5. Conclusions

(1) We determined the elasticity of anhydrous Fe-bearing single-crystal ringwoodite (Fe#
=9.6) up to 32 GPa and 700K by Brillouin Spectroscopy. The coefficients of the 4™ order finite
Eulerian strains equations describing the isotropic aggregate bulk and shear moduli of anhydrous
ringwoodite (Fe# = 9.6) at high P-T conditions are: Ksp = 188 (1) GPa, Go = 119 (1) GPa,
(OKs/0P) 10 = 4.0 (2), (6°Ks/oP?)1o=—0.03 (2) GPa™, (6G/dP)To=1.56 (7), (6°G/0P?)10 = — 0.049

(6) GPa™l, (6Ks/aT)po=— 0.017 (3) GPa/K, and (6G/aT)po = — 0.011 (2) GPa/K.
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(2) The intrinsic elastic anisotropy of ringwoodite is approaching 0 at the bottom of the
MTZ. Lattice preferred orientation of ringwoodite could not account for the seismic anisotropy
observed in the lower MTZ.

(3) Fe, water, and temperature have different effects on Vp and Vs jumps across the
wadsleyite-ringwoodite transformation. Fe decreases the Vp jump and is insensitive to the Vs jump.
Water increases the Vp jump yet decreases the Vs jump. Temperature increases both Vp and Vs
jumps. Lateral changes in chemical composition and temperature in the MTZ could help explain
the strong global variations of the 520.

(4) We calculated the sound velocity of metastable ringwoodite at depths greater than 660
km. Compared with a metastable olivine wedge in cold subducting slabs, seismic detection of a
metastable ringwoodite wedge is challenging due to its smaller velocity contrast and lesser
thickness. Future studies on the metastability field of ringwoodite under subduction zone P-T

conditions are needed.
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Fig. IV.S1. Typical FTIR spectra of the synthetic anhydrous ringwoodite samples in this study.
Another unpolarized FTIR spectrum for hydrous ringwoodite was also shown for comparison
(Thomas et al., 2015). Absorbance is normalized to 50 um thickness and curves are shifted

vertically for clarity.
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Table 1V.S1. EPMA results for the synthetic ringwoodite sample measured in this study.

Na2O MgO Al2O3 SiO; CaOo FeO TOTAL

Wt(%) Wt(%) Wt(%) Wt(%) Wt(%) Wt(%) Wt(%)

001(1)  4948(2)  0.3(1)  40.39(11)  0.02(1) 9.36(1)  99.40(8)
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Table 1V.S2. Pressure and temperature dependence of C11, Cas4, C12 for the ringwoodite sample

measured in this study.

Cu Caa Cr
Cijo (GPa) 330(1) 128.5(6) 117(1)
(0CiyoP)To 6.5(1) 1.27(2) 2.66(3)
(6*Ciy/oP?)To (GPat) -0.068(4) -0.05(2) 0
(0CijloT)ro (GPA/K) -0.030(3) -0.013(2) -0.010(3)
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Table 1V.S3. The water-Fe dependent elastic properties of single-crystal ringwoodite described

by the empirical relationship of B = Bo + By % water (wt%) + B2 X Fe#.

Bo B1 B2

po (glcm?®) 3.569(9) -0.060(6) 0.0132(9)

Kso (GPa) 187(1) -8.8(7) 0.23(15)

Go (GPa) 121.1(5) -6.0 (3) -0.18(5)
(Ks/oP)To 3.8(1) 0.18(9) 0
(0Ks?/oP2)ro (GPa™) 0 0 0
(OKs/dT)ro (GPa/K) -0.014 (3) 0 0
(0G/P)To 1.5(1) 0.10(5) 0
(0G2/0P?)10 (GPa’™) -0.046 (14) 0 0
(0G/0T)ro (GP/K) -0.012 (3) 0 0
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Table 1V.S4. Summary of previous elasticity measurements of ringwoodite.

Water  Fe# Kso Go (OKs/OP)to  (0?Ks/0P?)to  (0G/0P)to  (0°G/0P?)T0  (0Ks/0T)ro  (0G/0T)ro Experiments References
Wt% GPa GPa GPa' GPa GPa/K GPa/K
0 0 1853)  120(2) \ \ \ \ ~0.024(3) —0.015(2) 873K,BS Jackson et al., 2000
0 9 1883) 12002) \ \ \ \ ~0.0212)  —0.016(2) 923K,BS Sinogeikin etal,
0 9 1883 120Q)  41(Q3) \ 132) \ \ \ 16GPa,BS Sinogelkin etal.,
<001 9 1851(2) 118.2(1) \ \ \ \ -0.0103(9) -0.0148(3) 473K, RUS Mayama et al., 2005
1 115 177(4) 1031(9)  53(4) \ 20(2) \ \ \ 0.2GPa, GHz-UI  J200Psen and Smyth,
0 0 185(2) 127(1)  44(2) \ 1.3(1) \ \ \ 14GPa,Ul Higo et al., 2006
0 20 187(2) 116(1)  4.4(2) \ 1.4(1) \ \ \ 14GPa,Ul Higo et al., 2006
0 50 191(2) 102(1)  4.4(2) \ 1.0(1) \ \ \ 14GPa,Ul Higo et al., 2006
0 9 186.2(7) 1185(4)  4.33(6) \ 1.20(3) \ -0.0181(8) -0.0150(4)  18GPa,1673K,Ul Higo et al., 2008
11 136 175(1) 106(1)  4.0(1) \ 1.98(20)  -0.11(5)  -0.038(7) -0.017(4)  16GPa673K,BS Mao et al., 2012
02(1) 115 189(1) 1183(6)  4.06(8) \ 1.59(5) \ \ \ 22GPa,BS Schulze et al., 2018
10(1) 112 1815(6) 1127(3)  4.3(1) \ 1.71(4) \ \ \ 22GPa,BS Schulze et al., 2018
17(2) 106 173(1) 108.1(7)  45(1) \ 1.89(6) \ \ \ 22GPa,BS Schulze et al., 2018
04(5) 0  186(1) 119.1(9)  3.9(2) \ 1.72(9) \ \ \ 22GPa,BS Schulze et al., 2018
0 96 183(1) 1191)  4.0() -0.03(2)  156(7)  -0.049(6) -0.017(4) -0.011(2)  32GPa, 700K,BS This study
) ) ) This study by fixing
3.7(1) \ 163(7)  -0.053(8) -0.014(3) -0.012(3)  32GPa, 700K,BS (RSP0
Nishihara et al. (2004)
0 9 1895 \ 40 (1) \ \ \ -0.008(5) \ 21GPa,1273K, XRD ~_With Au pressure

calibration standard
by Shim et al. (2002)

Ul: Ultrasonic Interferometry.
RUS: Resonant Ultrasound Spectroscopy

BS: Brillouin Spectroscopy

XRD: X-ray diffraction: Adiabatic values are calculated using Equations S22-S24.
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Table 1V.S5. The maximum and minimum vp and vs and their associated polarization directions

(19-30GPa, 300 K).

Vp propagation direction = polarization direction

Max vs splitting propagation direction [011]

Pressure ] _ i i
Vp Max Vp max Vp min Vp min Vs Max Vs max Vs Min Vs min
GPa
km/s Polarization km/s Polarization km/s Polarization km/s Polarization

19 11.39 [111] 11.27 [001] 6.44 [100] 6.28 [01-1]
20 11.44 [111] 11.34 [001] 6.45 [100] 6.31 [01-1]
21 11.50 [111] 11.40 [001] 6.46 [100] 6.34 [01-1]
22 11.55 [111] 11.47 [001] 6.47 [100] 6.37 [01-1]
23 11.60 [111] 11.54 [001] 6.48 [100] 6.40 [01-1]
24 11.65 [111] 11.60 [001] 6.48 [100] 6.42 [01-1]
25 11.70 [111] 11.67 [001] 6.49 [100] 6.45 [01-1]
26 11.74 [111] 11.73 [001] 6.50 [100] 6.48 [01-1]
27 11.79 [001] 11.79 [111] 6.51 [01-1] 6.50 [100]
28 11.85 [001] 11.84 [111] 6.53 [01-1] 6.51 [100]
29 11.92 [001] 11.88 [111] 6.56 [01-1] 6.51 [100]
30 11.98 [001] 11.93 [111] 6.58 [01-1] 6.51 [100]
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The 4™ order finite strain EOS we utilized for high pressure extrapolation (Davies, 1974;

Davies and Dzieonski, 1975):

_ 1l _ (LY

e=;01-C)] (S1)
5

pVs? = (1—2&):(My + My - £+ M; - €2) (S2)
5

pVp? = (1—26)2(Ly + Ly £+ Ly~ ) (S3)

2 1 2 1 3
P=—(1-2e)2(Cre+5Ce +EC3'£) (S4)

where ¢ is strain, p is density, po is ambient density, P is pressure. M1, M2, M3, L1, L2, Ls, Cq,

C», and Cszare defined as:
M, = Gy (S5)
MZ = 5M1 _— 3KSO " GO, (86)

Mz = 9G," - Kso® — 3(Kso' — 4)M, + 5(3Ksy’ — 5)M,

(S7)

Ll = KO + %Ml (88)
! 4 !

L, = 5L; — 3Kgo(Kso + gGo ) (S9)

Ly = 9Kg," - Kgo* + 12G,"" - Kgo> — 3(Kso' — 4)L, + 5(3Kso’ — 5)L4

(S10)

Where G}, G5, Kso', and Kg,'' represent (6G/0P)to, (6°G/0P?)to, (0Ks/OP)o, and (6°Ks/oP?)1o

shown in the main text, respectively.
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C1 = 3L1_4‘M1 (Sll)

C, = 3L,—4M, + 7C, (S12)
Cs = 3Ls—4M; + 9C, (S13)
G=p Vs (S14)
Ks=p-Vp?—2G (S15)
a; = —3Kso " (Cijo' +az) + 7Cij0 (S16)

a, = 91(502 ) Cij,()” - 3K50,(a1 - 7Cij’0) + 16a1 - 4‘961'}"0

(S17)

7
Cij = (1—2¢€)2(Cijo + a1-£+%a2-£2) —P-az

(S18)
where a 3is =3 for C11, a zis —1 for Cas and Cio.

The equations used for high temperature extrapolation are (Duffy and Anderson, 1989):

po(T) = po(300K) - exp (= [0, a(T)dT)

(S19)

Mo(T) = My(300K) + (5)p (T — 300) (S20)

T

M,'(T) = M,"(300K)exp ([,

a(T)dT) (S21)
Where p,(300K)represents density under ambient pressure and temperature (300K). po(T)
represents density under ambient pressure and high temperature. a refers to thermal expansion

shown in the main text. M;(300K) represents the elastic moduli Ks and G under ambient
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pressure and temperature (300K). M, (T) represents the elastic moduli Ks and G under ambient
pressure and high temperature. (3—1‘;),, is the temperature derivative of elastic moduli under

isobaric condition. M,,'(T) represents the pressure derivative of elastic moduli Ks and G under

ambient pressure and high temperature.
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Relationships between isothermal and adiabatic elastic properties.

Kso = Kro (1 + 300ay) 522
B 300y
0Ks0/OP = (3Kro/OP)(1 +300ay) + o
s23
300(0a/0T
0Kso/T = (1 + 300ay)(3Kyo/0T + Ko —“V:HSO(OZ; ; )y

S24

Where o and y are the thermal expansion coefficient and Griineisen parameter, respectively.
To transfer dKg, /0T from 0Ky, /9T of ringwoodite yielded by Nishihara et al. (2004) (See
Table 1V.S4), the thermal expansion coefficient o of ringwoodite used in Equations S22-S24
is 2.31x10° K which is yielded by Nishihara et al. (2004). The Griineisen parameter y of

ringwoodite used in Equations S22-S24 is 1.93 (Katsura, 2004).
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Anisotropy indices

Universal Anisotropy (AY), a universal index to quantify the overall elastic anisotropy of single

crystals (Ranganathan and Ostoja-Starzewski, 2008), is defined as:
¢V KV
AU=(SG—R+@—6)*1OO(%) S25

The superscripts R denotes Reuss bound and V denotes Voigt bound for the homogeneous

isotropic aggregate (Hill, 1963).

Zener anisotropy (A%), measuring anisotropy of cubic crystals, is defined as (Zener, 1948):

A% = 25,200 (%) S26

C11—2C1>

Ve azimuthal anisotropy (AVP), which represents the largest velocity difference caused by any

2 Vp propagating along different directions, is defined as:

AVp — VDPmax—VPmin % 200 (%) S27

VPmax+VPmin

Vs azimuthal anisotropy (AY®), which refers to the largest difference caused by any 2 vs

propagating along different directions, is defined as:

AVs = Lmax=Vomin , 500 (op) 528

VSmaxtVSmin

Vs radial anisotropy (DVS), which represents the maximum velocity difference between vs; (fast
S-wave velocity) and vs2 (slow S-wave velocity) propagating along the same direction but with

different polarizations, is defined as:

pVs = (L5l 4200 (%) 529

Vs1+Vs,
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For cubic crystals, due to their high symmetry, AV is the same as DV®. For elastically isotropic

material, AY, AYP, AV, and DV*are 0, A% is equal to 1.

165



Supplementary References

Davies, G. Effective elastic moduli under hydrostatic stress—I. quasi-harmonic theory. Journal of
Physics and Chemistry of Solids 35, 1513-1520 (1974).

Davies, G. & Dziewonski, A. Homogeneity and constitution of the Earth's lower mantle and outer core.
Physics of the Earth and Planetary Interiors 10, 336-343 (1975).

Duffy, T. S. & Anderson, D. L. Seismic velocities in mantle minerals and the mineralogy of the upper
mantle. Journal of Geophysical Research: Solid Earth 94, 1895-1912 (1989).

Higo, Y., Inoue, T., Irifune, T., Funakoshi, K. I., & Li, B. (2008). Elastic wave velocities of (Mg0.
91Fe0. 09) 2SiO4 ringwoodite under P—T conditions of the mantle transition region. Physics of the
Earth and Planetary Interiors, 166(3-4), 167-174.

Higo, Y., Inoue, T., Li, B., Irifune, T., & Liebermann, R. C. (2006). The effect of iron on the elastic
properties of ringwoodite at high pressure. Physics of the Earth and Planetary Interiors, 159(3-4), 276-
285.

Hill, R. Elastic properties of reinforced solids: some theoretical principles. Journal of the Mechanics
and Physics of Solids 11, 357-372 (1963).

Jackson, J. M., Sinogeikin, S. V., & Bass, J. D. (2000). Sound velocities and elastic properties of y-
Mg2SiO4 to 873 K by Brillouin spectroscopy. American Mineralogist, 85(2), 296-303.

Jacobsen, S.D., & Smyth, J.R., 2006. Effect of water on the sound velocities of ringwoodite in the
transition zone. In: Jacobsen, S.D., Lee, S.V.D. (Eds.), Earth’s Deep Water Cycle. American
Geophysical Union, pp.131-145.

Katsura, T., Yokoshi, S., Song, M., Kawabe, K., Tsujimura, T., Kubo, A., ... & Funakoshi, K. 1. (2004).
Thermal expansion of Mg2SiO4 ringwoodite at high pressures. Journal of Geophysical Research: Solid

Earth, 109(B12).

166



Mao, Z., Lin, J. F., Jacobsen, S. D., Duffy, T. S., Chang, Y. Y., Smyth, J. R., ... & Prakapenka, V. B.
(2012). Sound velocities of hydrous ringwoodite to 16 GPa and 673 K. Earth and Planetary Science
Letters, 331, 112-119.

Mayama, N., Suzuki, 1., Saito, T., Ohno, I., Katsura, T., & Yoneda, A. (2005). Temperature dependence
of the elastic moduli of ringwoodite. Physics of the Earth and Planetary Interiors, 148(2-4), 353-359.
Nishihara, Y., Takahashi, E., Matsukage, K. N., Iguchi, T., Nakayama, K., & Funakoshi, K. I. (2004).
Thermal equation of state of (Mg0. 91Fe0. 09) 2SiO4 ringwoodite. Physics of the Earth and Planetary
Interiors, 143, 33-46.

Thomas, S. M., Jacobsen, S. D., Bina, C. R., Reichart, P., Moser, M., Hauri, E. H., ... & Dollinger, G.
(2015). Quantification of water in hydrous ringwoodite. Frontiers in Earth Science, 2, 38.
Ranganathan, S.l., Ostoja-Starzewski, M., 2008. Universal elastic anisotropy index. Phys. Rev.
Lett.101 (5), 055504.

Schulze, K., Marquardt, H., Kawazoe, T., Ballaran, T. B., McCammon, C., Koch-Miiller, M., ... &
Marquardt, K. (2018). Seismically invisible water in Earth's transition zone?. Earth and Planetary
Science Letters, 498, 9-16.

Shim, S. H., Duffy, T. S., & Takemura, K. (2002). Equation of state of gold and its application to the
phase boundaries near 660 km depth in Earth’s mantle. Earth and Planetary Science Letters, 203(2),
729-739.

Sinogeikin, S. V., Bass, J. D., & Katsura, T. (2003). Single-crystal elasticity of ringwoodite to high
pressures and high temperatures: implications for 520 km seismic discontinuity. Physics of the Earth
and Planetary Interiors, 136(1-2), 41-66.

Wang, J., Sinogeikin, S. V., Inoue, T., & Bass, J. D. (2006). Elastic properties of hydrous ringwoodite
at high-pressure conditions. Geophysical Research Letters, 33(14).

Zener, C. M., & Siegel, S. (1949). Elasticity and Anelasticity of Metals. The Journal of Physical

Chemistry, 53(9), 1468-1468.

167



Chapter V

High pressure-temperature phase equilibrium studies on Martian basalts: Implications

for the failure of plate tectonics on Mars

Abstract

Mars lacks ongoing tectonic activities such as volcanism and mountain-building processes.
Modern plate tectonic movements on the Earth’s surface are driven primarily by the descent
of subducted slabs into the mantle. Slab crust made of dense eclogite metamorphosed from the
Mid-Ocean Ridge Basalt provides an important driving force for slab subduction. Thus, mantle
convection inside Mars can be hindered if the density contrast between Martian slab crust and
the ambient Martian mantle is sufficiently smaller than that of Earth. To evaluate this
hypothesis, we carried out high pressure-temperature phase equilibrium experiments on three
different Martian basalts: Yamato 980459, NWA 8159, and GUSEYV basalt (Humphrey). The
GUSEV basalt and NWA 8159 undergo partial or complete melting along the Martian
areotherm due to their high Fe content, suggesting that both compositions are geochemically
evolved. Yamato 980459, the nearly primitive Martian basalt, on the other hand, would
transform to a low-density eclogite at a depth of ~250 km. The density contrast between a
Martian crustal slab made of Yamato 980459, and the ambient Martian mantle is much smaller
than that for Earth’s mantle. Calculated slab sinking torques and velocities further suggest that
sustained buoyancy-driven subduction of thin slabs was unlikely early in Martian history.
Additional experiments exploring wider composition and pressure-temperature ranges are
needed to fully understand the consequences of Martian mantle compositions and cooling

history for the tectonic history of Mars.
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1. Introduction

Present-day Mars is dominated by stagnant lid convection, with an intact and immobile
lithosphere lid covering the mantle (Tosi and Padovan, 2021), whereas Earth operates with
mobile plate tectonics, in which dense oceanic lithosphere subducts into the mantle. The
primary driving forces of slab subduction include the negative buoyancy produced by low
temperatures (Ts) in slabs compared to the ambient mantle, and in addition, the much higher
intrinsic density of the oceanic crust after the Mid-Ocean Ridge Basalt (MORB) transforms
into eclogite (Coltice et al., 2019). Additional forces from plume and ridge push are an order
of magnitude weaker in powering plate motion on Earth (Coltice et al., 2019).

A fundamental unanswered question is why a similar style of plate tectonics has failed
to develop (or be sustained) on Mars. Hypotheses are many and varied. For example, Sleep
(1994) has proposed that an ultra-fast spreading Martian seafloor would be too young to
subduct into the Martian interior, whereas Lenardic et al. (2004) proposed that the growth of
buoyant lithosphere in the southern hemisphere stopped plate tectonics on Mars. The role of
water can be critical as well. For example, Yoshizaki and McDonough (2021) proposed that
the lack of a core dynamo would prevent a protective magnetosphere, allowing loss of water
on the Martian surface, thereby increasing lithosphere strength and inhibiting subduction, as
previously suggested by Azuma and Katayama (2017).

These hypotheses rely on some anomalous mechanical properties of the Martian
lithosphere, caused by different physical processes operating on the Martian surface compared
to Earth (e.g., rate at which lithosphere is made) or dramatically different physical conditions

(e.g., temperature) in the Martian mantle. For example, Scheinberg et al. (2014) proposed that
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a mantle overturn at the last stage of magma ocean crystallization would result in a density
stratified Mars mantle, favoring stagnant lid convection. However, as pointed out by Schaefer
and Elkins-Tanton (2018), many parameters (e.g., mantle potential temperature and heat flux)
in the Martian magma ocean models are unconstrained, and the nature of buoyancy driven
convection in the ancient Martian interior remains obscure. It is therefore important to
determine the densities of relevant Martian mantle candidate rocks at simultaneously high
pressure (P) and temperature (T) conditions.

Recently, Semprich and Filiberto (2020) calculated the mineral compositions, phase
proportions, and densities of three different Martian basaltic crustal materials, including
GUSEV basalt (Humphrey), Yamato 980459, and the average Martian crust according to
Taylor (2013), in a P-T space with P ranging from 0.1 GPa to 3 GPa and T ranging from 773
K to 1373 K, using the Perple_X software package (Connolly, 2005). They found that the
eclogites transformed from these basalts are all denser than the ambient Martian mantle. In
particular, the GUSEV basalt is significantly denser than the Martian mantle and could easily
sink into the mantle through delamination. The Fe#, defined as 100*Femol/(F€moi+Mgmol), in
the Martian mantle (Fe# ~25) is significantly higher than those in Earth’s mantle (Fe# ~10)
(Taylor, 2013). However, the thermoelastic properties of the (pseudo) Fe-end member minerals
in the Holland and Powell (2011) thermodynamic database, which is used in the Perple X
calculations conducted by Semprich and Filiberto (2020), are poorly constrained, especially
under high temperatures (Thio et al., 2016). Thus, both the calculated thermodynamic stability
fields and the high P-T densities of the Fe-rich Martian mantle minerals may not be reliable.

Perple_X is a powerful tool, but for the Martian interior, experiments are needed to verify the
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computational results, as well as directly constrain the mineral compositions and densities of
crustal materials at high P-T conditions.

The Martian crust is likely dominated by olivine (Ol)-rich basalts, based on orbital and
rover spectroscopy measurements (McSween et al., 2006; Mandon et al., 2020). SNC
(Shergottites-Nakhlites-Chassignites) meteorites also provide valuable insights into the
Martian crustal composition, due to their possibly wider and deeper sampling locations. A
large proportion of the Martian shergottites (Ol-phyric shergottites) are thought to represent
primary melts (Collinet et al., 2021; Filiberto and Dasgupta, 2011; Gross et al., 2013; Peslier
et al., 2010; White et al., 2006). In addition, many Martian basalts exposed on the surface and
analyzed by rover spectroscopy measurements (e.g., Golumbia Hills alkali basalts) are thought
to have been produced with very minor fractional crystallization (Collinet et al., 2015).
Assuming the bulk Martian crust primarily originated from the partial melting of the mantle,
and considering the limited magmatic differentiation on Mars (Collinet et al., 2021; Filiberto
and Dasgupta, 2011; McSween et al., 2009), the nearly primitive basaltic melts derived from
the Martian mantle likely represent a significant fraction of the Martian crust. For example,
Yamato 980459, a nearly primitive Martian basalt with a bulk composition similar to the
average composition of all Ol-phyric shergottites (White et al., 2006), may be representative
of the early Martian crust, although it is chronologically young (Lagain et al., 2021). In addition
to Yamato 980459, several more evolved compositions could be important in the Martian crust.
For example, NWA 8159 (~2370 Ma), one of the oldest Martian meteorites, is significantly
Fe-enriched (~21 wt% FeQ) and may represent an evolved part of the crust formed early in
Mars history (Herd et al., 2017). The GUSEV basalt (Humphrey) is the least weathered picritic

basalt in the GUSEV crater. Its chemical composition on the Martian surface has been
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measured by the Spirit Rover (McSween et al., 2006). As shown in Table V.1, GUSEV basalt

(Humphrey), Yamato 98049, and NWA 8159 represent 3 different potential Martian crustal

compositions, which are all Al-poor compared to MORB. Consequently, eclogites

metamorphosed from Martian crustal basalts carry lesser amounts of garnet (Gt), making them

less dense than eclogite transformed from MORB.

Table V.1. Chemical composition (wt%) of 3 Martian basalts, 2 Martian mantle models,

Earth’s MORB and Pyrolite model.

Martian crust Martian mantle Earth’s oceanic Earth’s
crust mantle
name GUSEV basalt NWA 8159 Yamato 980459 DW model Taylor 2013 MORB Pyrolite
(Humphrey)
- . Olivine S S - S
Type Picrite basalt Augite basalt sh - Peridotite Peridotite Tholeiitic basalt | Peridotite
ergottite
Age ~3650 Ma 2370+250 Ma 472447 Ma \ \ \ \
Si02 (wt%) 45.9* 48 50.31 44.40 43.7 49.51 4471
Al,03 10.68* 10.74 5.59 3.02 3.04 16.75 3.98
FeO 18.6* 20.86 17.56 17.90 18.1 8.05 8.18
CaO 7.84* 11.98 6.70 2.45 2.43 12.50 3.17
MgO 10.41* 4.35 19.18 30.20 30.5 9.74 38.73
Na.0 2.5* 2.46 0.67 0.50 0.53 2.18 0.13
Fe/Si 0.34 0.36 0.29 0.34 0.35 0.14 0.15
Al/Si 0.27 0.26 0.13 0.08 0.08 0.40 0.10
Ca/Si 0.18 0.27 0.14 0.06 0.06 0.27 0.08
(Dreibus et al.,
2003; Greshake et .
’ . Bertka and Fei
(Greeley et al., 2005; (Herd et al., al., 2004; Misawa, ( !
References McSween et al,, 2006) 2017) 2003: Shih et al., 1997) (Taylor, 2013) (Workman and Hart, 2005)

2005; Shirai and
Ebihara, 2004)

*denotes measurements made by the Spirit Rover on the surface of Mars.

The classic Martian mantle composition model, the DW (Dreibus and Wianke) model,

is derived from the element ratios of the SNC meteorites and based on a bulk Cl carbonaceous

chondrite composition (Wé&nke and Dreibus, 1994). Subsequently, Taylor (2013) presented an

updated composition model, based on additional Martian surface, orbital, and meteorite data.

But as shown in Table V.1, the Taylor (2013) model is nearly identical to the classic DW model,

so we adopt the DW model in this study for the composition of the average Martian mantle.

The Fe/Si ratio (0.34) of the DW model is more than two times higher than the Fe/Si ratio
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(0.15) of the pyrolitic Earth (Workman and Hart, 2005), likely resulting in a much denser
Martian mantle compared with Earth’s mantle. Due to this compositional difference, it is
plausible that the Martian upper mantle is denser than Earth’s upper mantle, whereas a Martian
slab with a crust made of the Al-poor Martian basalt, such as Yamato 980459, is less dense
than a subducting slab with a crust made of MORB. Because subduction on the Earth is partly
driven by the negative buoyancy of subducted crust, and the density relationship between the
slab crust and the mantle may be different on Mars, careful comparison of the densities of
subducted material and ambient mantle at the relevant P-T conditions can shed light on the
prospects for Martian plate tectonics.

To make this comparison, we have carried out high P-T phase equilibrium experiments
for 3 different basalts with the compositions of Yamato 980459, GUSEV basalt (Humphrey),
and NWA 8159 (Tables V.1, V.2) along a typical Martian areotherm (temperature change as a
function of depth inside Mars, similar to the geotherm for Earth) (Longhi et al., 1992). We also
compare seismic velocities of one Martian primitive basalt (Yamato 980459) to the ambient
Martian mantle along the same areotherm, based on this and previous studies (Bertka and Fei,
1997; Xu et al., 2021).

2. Methods
2.1 High P-T Experiments

We conducted the phase equilibrium experiments for three different compositions
(‘Yamato 980459, NWA 8159, and GUSEYV basalt (Humphrey)) up to 16 GPa using the 2000-
ton and 600-ton Multi-Anvil presses at the Experimental Petrology Laboratory at the
University of New Mexico (Tables V.1, V.2). The experimental P-T conditions along the

typical Martian areotherm are shown in Fig. V.2A. Electron Probe Microanalysis (EPMA)
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point analysis and mapping experiments were later conducted for all 15 run products with the
Yamato 980459 composition using the JEOL 8200 Electron Microprobe at the Institute of
Meteoritics at UNM. Based on the EPMA results, we calculated phase proportions, densities,
and sound velocities (Vp, Vs) for all the run products with Yamato 980459 composition using
high P-T finite strain equations of state (Table V.3). The technical details of the experiments
and data analysis methods are described in Supplementary Text 1.

Table V.2. Experimental conditions in this study.

Starting Pressure Temperature Capsule Method
material (GPa) (K)
Yamato 1 1223 Mo  Heat to 1523 K, then cool down to the target P T and stay at
980459 the target P T for6 h
Yamato 2 1353 Mo  Heat to 1623 K, then cool down to the target P T and stay at
980459 the target P T for 3 h
Yamato 3 1473 Mo  Heat to 1723 K, then cool down to the target P T and stay at
980459 the target P T for 10 min
Yamato 4 1543 Mo  Heat to 1873 K, then cool down to the target P T and stay at
980459 the target P T for 2 h
Yamato 45 1523 Mo  Heat to 1873 K, then cool down to the target P T and stay at
980459 the target P T for 1.5 h
Yamato 6 1673 Mo  Heat to 1973 K, then cool down to the target P T and stay at
980459 the target P T for 1 h
Yamato 9 1823 Mo  Heat to 2123 K, then cool down to the target P T and stay at
980459 the target P T for 1 h
Yamato 12 1923 Mo  Heat to 2073 K, then cool down to the target P T and stay at
980459 the target P T for 6 hours
Yamato 13 1943 Mo  Heat to 2073 K, then cool down to the target P T and stay at
980459 the target P T for 0.5 h
Yamato 14 1973 Mo  Heat to 2073 K, then cool down to the target P T and stay at
980459 the target P T for 6 hours
Yamato 16 2003 Mo  Heat to 2123 K, then cool down to the target P T and stay at
980459 the target P T for 6 hours
NWA 8159 1 1223 Mo  Heat to 1523 K, then cool down to the target P T and stay at
the target P T for 6 h
NWA 8159 25 1403 Mo  Heat to 1703 K, then cool down to the target P T and stay at
the target P T for 6 h
GUSEV basalt 1 1223 Mo  Heat to 1523 K, then cool down to the target P T and stay at
(Humphrey) the target P T for 6 h
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Table V.3. Experimentally determined mineral proportions, compositions and calculated

aggregate densities and sound velocities for Yamato 980459 under high P-T conditions.

Vol Wit Aggregat  Aggregat  Aggregat

Composition
0% 0% e pVRH e VpVRH e \VsVRH
alcm3 km/s km/s

1GPa 1223K
Ol 20 22 Mg3.81(81)Ca0.042)F€2.17(52)Si2.97(10)012.0(16)
Opx 3 3 Mgs.1517)Ca0.13(5)F€0.77(8)Al0.07(2)Si3.92(6)012.0(5)
Cpx 58 59 Nao.02(1)Mg2.22(22)Cao.67(14)F€1.015)Al0.27(10)Siz.84(7)O12.07 3.25(1) 7.24(3) 4.09(4)
Pl 19 16 Nao.71(7)Mgo.07(6)Ca0.83(5)F€0.14(6)Al1.97(5)Si3.83(7)O12.0(4)
2GPa 1353K
ol 4 4 Mg3.31(5)Cao.03(1)Fe2.66(3)Al0.03(2)Si2.97(13)O012.004)
Opx 51 51 MQ2.48(24)Ca0.21(5)F€1.13(15)Al0.36(10) Si3.81(9) O12.0(8) 3.382(1) 7.32(1) 4.22(1)
Cpx 45 45 Nao.094)Mg1.73(40)Cao.99(23)F€0.96(5)Al0.59(17)Si3.69(15)O12.0(
3GPa 1473K
Opx 41 40 Mg2.65(13)Ca0.18(3)F€0.98(9)Al0.26(5)Si3.90(8)O012.0(5)
Cpx 44 44 Nao.101)Mg1.95(16)Cao.83(12)F€0.93(6)Al0.33(3)Si3.87(8)O12.0(6) 3.431(3) 7.56(4) 4.31(2)
Gt 15 16 Mg1.31(15/Cao.52(3)F€1.26(10)Al1.94(7)Si3.00(7)O12.0(5)
4GPa 1543K
Opx 43 42 Mg2.s8(7)Cao.133)Fe1.108)Alo.12(6)Si.00(4)O12.004)
Cpx 37 36 Nao.133)Mg1.84(17)Cao.89(21)F€0.96(9)Al0.14(3)Si4.02(3)O12.0(6) 3.483(3) 7.66(5) 4.32(2)
Gt 21 22 Mg1 .59(14)Ca0.33(3)F€1.09(9)Al1.91(6)Si3.06(4)O12.0(2)
4,5GPa 1523K
Opx 42 41 Mgz2.60(6)Cao.133)Fe1.13(5)Al0.09(2)Si3.992) O12.0(2)
Cpx 39 38 Nao.14(2)M01.84(15Ca0.91(16)F€0.91(6)Al0.14(2) Si.00(3)O12.0(5) 3.498(3) 7.72(5) 4.34(2)
Gt 20 21 Mg1.47(19)Ca0.36(8)Fe1.19(14)Al1.98(6)Si3.00(5)O12.0(6)
6GPa 1673K
Ol 7 8 Mg3.23(11)Ca0.03(2)F€2.67(7)Si3.01(5)012.0(4)
Cpx 74 72 Nao.12(1)M02.14(12)Cao.62(5)F€0.98(7)Al0.17(3)Si3.97(6)O12.0(4) 3.534(3) 7.82(3) 4.33(2)
Gt 19 20 Mg1.50(14)Ca0.35(9)F€1.18(6)Al1.93(12)Si3.03(9)O12.0(7)
9GPa 1823K
ol 10 10 MQ3.46(18)Ca0.07(6)F€2.14(10)Si3.11(18)012.0(9)
Cpx 64 62 Nao.12(1)Mg2.17(11)Cao.60(6)F€0.90(5)Al0.12(1)Si4.003)O12.0(3) 3.62 (3) 8.09(3) 4.39(2)
Gt 26 28 MQ1.62(10)Ca0.38(9)F€1.22(4)Al1.51(7)Si3.25(5)O12.0(4)
12GPa 1923K
Cpx 55 52 Nao.132)Mg2.16(11)Cao.73(12)F€0.904)Al0.12(2)Siz.08(2)O12.0(4) 3.716(4) 8.43(3) 4.49(1)
Gt 45 48 Mg2.02(6)Cao.303)Fe1.23(3)Al1.03(6)Si3.45(3)012.0(3)
13GPa 1943K
Cpx 47 45 Nao.13(2)Mg2.19(8)Cao.70(8)F€0.88(4)Al0.11(3)Si4.002)O12.0(3) 3.754(3) 8.55(3) 454 (1)
Gt 53 55 Mg2.1009)Cao.303)Fex.15(3)Al0.95(10)Si3.51(6)O12.0(4)
14GPa 1973K
Cpx 29 27 Nao.16(2)M02.03(8)Ca0.88(10)Fe0.82(3)Al0.12(2)Si4.002)012.0(3) 3.830(3) 8.78(3) 4.62(1)
Gt 71 73 Mg2.16(7)Cao.3a3)Fe1.18(4)Al0.66(12)Siz.65(7)O12.0(5)
16GPa 2003K
Cpx 17 16 Nao.16(2)Mg2.04(7)Ca0.98(8)F€0.71(4)Al0.13(2)Si4.002)O12.0(3) 3.890(2) 9.01(2) 4.70(1)
Gt 83 84 Mg2.22(6)Cao.37(2)Fe1.112)Al0.60(14)Si3.69(7)O12.0(5)

# 8-18 single-point EPMA analyses are conducted for each phase.
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2.2 Perple_X calculations

We used the Perple_X software package to calculate mineral proportions and
compositions for Yamato 980459 and the DW model along the same Martian areotherm used
in our experiments (Connolly, 2005; Longhi et al., 1992). Perple_X results are shown in Fig.
V.1B and Fig. V.1D. It is important to note that different thermodynamic databases are
available in Perple_X. The Perple_X calculation in this study used the thermodynamic
database by Stixrude and Lithgow-Bertelloni (2011), whereas Semprich and Filiberto (2020)
adopted the thermodynamic database by Holland and Powell (2011). More calculation details
are included in Supplementary Text 2.

2.3 Slab Sinking Torque and Velocity models

As a small rocky planet, secular cooling of Mars results in significant increase of
lithosphere thickness over time. For example, the Martian lithosphere thickness is proposed to
have been 0-30 km in the Noachian period (4.1-3.7 Ga), increasing to ~110 km during the
Hesperian (3.7-3.0 Ga) period and most of the Amazonian period (3000-200 Ma), eventually
reaching ~500 km at present (Knapmeyer-Endrun et al., 2021; Grott et al., 2013; Ranalli, 1994,
Supplementary Text 3). Over 70% of Martian crust is estimated to have formed by 4.0 Ga ago
(Carr and Head 111, 2010; Hauck, 2002), and the present Martian crust thickness is estimated
to be ~50 km (24-72 km) on average (Knapmeyer-Endrun et al., 2021).

To assess the potential for subduction in the geologic history of Mars, we have
calculated sinking torques and subduction velocities of two-dimensional planar subducting
slabs under three different settings. For the Noachian period, we assume a thin (30 km thick)
crustal slab. For the Hesperian and most of the Amazonian period, the Martian lithosphere
thickens over time, and a two-layer Earth-like slab structure (basaltic crust + lithospheric

mantle) may be more representative. Thus, we assume the slab has a 50 km thick crust and a
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60 km thick lithospheric mantle. In the present day, when the lithosphere is far thicker
(Knapmeyer-Endrun et al., 2021), we consider a slab with a 450 km thick lithospheric mantle
below the overlying 50 km thick crust.

The density data we use for the slab and mantle are applicable up to 16 GPa,
corresponding to the depth Z =~ 1333 km in the Martian interior. Although the Perple_X
calculation results share many similarities with the experimental results in this study (see
details in section 3.1), only the mineral compositions and proportions determined from the
experiments (Fig. V.1A and V.1C) are used for calculating the density contrast between the
slab and the mantle as a function of depth (Fig. VV.1E). For calculation purposes, we assume a
nominal slab dip angle of 6 = 45°, in which case the maximum slab length is approximately
1886 km. We further assume the thermal anomaly in the slab cross-section is conserved during
subduction, such that the product of the slab thickness § and the average temperature anomaly
AT=Tmantle-Tsiab 1S uniform with distance along the slab. &c refers to the thickness of the crust,
so 6-dc represents the thickness of the lithospheric mantle in the slab. Then the slab sinking
torque (per unit distance in the transverse direction) is given by

T= fOR (3c(paAT — Ap)+(8-3¢)(Pmantte@AT))gcos(0)rdr 1)
where r=z/sin 0 is the distance along the slab measured from the surface r=0 to the end of the
slab r=R, p is the slab isothermal density, Ap=pmantie — p is the slab isothermal density anomaly,
o is thermal expansion, and g is gravity. Using slab o=4x10"° K1, g=372 cm s2 (Justh, 2014)
along with p and Ap from Fig. V.1E and V.2D, Fig. V.4 shows the sinking torque calculated
from (1) as a function of slab length R for various slab temperature anomalies (AT). The

equilibrium velocity of the slab during subduction is also obtained by balancing the sinking
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torque (1) against the lifting torque applied to the slab by the mantle flow. The calculation
details are shown in Supplementary Text 3.
3. Results and Discussion
3.1 Mineralogy and density of Yamato 980459 and Martian mantle

For Yamato 980459, the high P-T mineral assemblages determined experimentally
agree with the Perple_X calculation results (Fig 1) in terms of the Gt and total pyroxene
fractions, although other differences exist. At 1-2 GPa, our experiments suggest plagioclase
(PI) is present, whereas the Perple_X calculations performed in this study and Semprich and
Filiberto (2020) both suggest the presence of Gt (Fig. V.1B). The larger stability field of Pl
found in our experiments affects the calculated densities of Yamato 980459 at high P-T
conditions, since Gt is significantly denser than PI. This discrepancy between the Perple_X
calculations and our experiments explains why our results differ from Semprich and Filiberto
(2020), who concluded that Yamato 980459 is denser than the Martian mantle at 1-2 GPa. In
this study, only our experimental results were used to calculate the density contrast between
the Martian eclogite and the ambient mantle. Other small differences include larger stability
fields for orthopyroxene (Opx) and Fe-enriched wadsleyite (Wads) in the calculations
compared to our experiments (Figs. 1A and 1B). These differences are likely caused by the
large uncertainties in the thermodynamic properties of the Fe-end member minerals, such as
clinoferrosilite. However, the difference in Opx stability fields is unlikely to significantly
affect the calculated density profiles, due to the density similarity between Opx and
clinopyroxene (Cpx). Unless otherwise noted, our results below refer to experimental values.

At 1 GPa (~80 km depth), the shergottite basalt (Yamato 980459) is composed of 58

vol% Cpx, 20 vol% Ol, 19 vol% PI, and 3 vol% Opx. At 2 GPa (~170 km depth), the shergottite
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basalt transforms into a pyroxene granulite, which results in a ~2% density increase (Figs. 1A
and 1E). The onset of the basalt to eclogite transformation corresponds to the disappearance of
Ol at 3 GPa (~250 km), which shows a negligible density jump. From 9 GPa to 16 GPa, Gt
grows at the expense of Cpx, as shown in Fig. V.3. Between 13-14 GPa (~1080-1170 km), the
density further increases by ~2% with more Fe dissolving into the Gt (Fig. V.1E). It is worth
noting that the shergottite basalt-eclogite transformation at 2-3 GPa (~170-250 km) shows no
obvious density jump because of the low Al content in Yamato 980459. As the major Al-
bearing phase, the Gt content is thus low (~15 vol%) in the Martian eclogite (Fig. V.1)
compared to Earth. In Earth’s interior, the MORB to pyroxene granulite transformation at ~1
GPa (~30 km) results in a larger density increase of ~5%; the subsequent pyroxene granulite
to eclogite transformation at ~2 GPa (~60 km) further increases the density by another 5% (Ito
and Kennedy, 1971). Phase equilibrium calculations suggest that the eclogitization of MORB
results in a total of ~13% density jump at 60-100 km along the 1600 K adiabatic geotherm (Xu
et al., 2008). The Gt content in the eclogite transformed from MORB increases quickly from
~20-40 vol% at 150 km to ~80-90 vol% at 450 km (e.g., Aoki and Takahashi, 2004). These
values are significantly higher than the Gt content in the Martian eclogite (15-26 vol%) from
250 km to 750 km. As a result, the density of Martian eclogite made of Yamato 980459 is on
average ~0.7 % less than eclogite transformed from MORB on Earth (Fig. V.2B).

The experimentally determined high P-T phase diagram for the ambient Martian mantle
is shown in Fig. V.1C, and the Perple_X computational results are shown in Fig. V.1D.
According to previous experimental results (Bertka and Fei, 1997) (Fig. V.1C), the ambient
Martian mantle is composed of ~60 vol% Ol, ~30 vol% pyroxene, and ~10 vol% Gt from ~2-

13 GPa (~170-1080 km), which is similar to the Earth’s ambient mantle. However, the Ol in
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the Martian mantle (Fe# ~ 21-25) is significantly more enriched in Fe than the Ol in the Earth’s
pyrolitic mantle (Fe# ~10). As a result, the ambient Martian mantle is on average ~3 % denser
than the ambient Earth’s mantle at similar P-T conditions (Fig. V.2C). We also show the
density profile of an oxidized ambient Martian mantle in Fig. V.1E, based on Xu et al. (2021).
The densities of the oxidized and reduced ambient Martian mantle (Bertka and Fei, 1997) are
similar. Considering the wider P range reached in Bertka and Fei (1997), we used the densities
calculated from their experimental results in the following discussion. The amount of ferric Fe
in the starting materials and run products is negligible, therefore we do not consider the effect
of oxygen fugacity in this study.

We found that the relative buoyancy of eclogite and ambient upper mantle is different
between Mars and Earth (Fig. V.2D), primarily due to the differences in their chemical
compositions. On Earth, a crustal slab made of MORB remains denser than the pyrolitic
ambient mantle from ~60-100 km down to ~660 km depth (Xu et al., 2008). This is one of the
most important driving forces for the subduction-induced plate tectonics on Earth. In contrast,
Martian shergottite basalt Yamato 980459 is found to be less dense than ambient Martian
mantle, even after it transforms into eclogite at ~250 km depth. This positive buoyancy persists
down to ~300 km depth, after which the eclogite remains neutrally buoyant compared to
ambient Martian mantle down to ~500 km depth. Accordingly, dynamics of Mars crust is
expected to have been markedly different from that on Earth. For example, the fact that the
average crustal thickness is less than 72 km (including beneath Tharsis, Knapmeyer-Endrun et

al., 2021), Earth-like delamination is unlikely to have occurred on Mars.
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Fig. V.1. (A) Experimental phase diagram of Yamato 980459, the black dots representing
experimental data points. (B) Phase diagram of Yamato 980459 calculated using Perple_X; (C)
Phase diagram of the ambient Martian mantle under reducing conditions from the DW model
(Bertka and Fei, 1997). (D) Phase diagram of the ambient Martian mantle calculated using
Perple_X with the DW model. (E) Densities of Yamato 980459 and the DW model versus
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Fig. V.3. Increasing garnet content with pressure in Yamato 980459, shown by merging Al

and Si composition maps measured by EPMA.

3.2 Melting of GUSEV basalt (Humphrey) and NWA 8159 along the adiabatic areotherm

Unlike Yamato 980459, the GUSEV basalt (Humphrey) composition undergoes partial
melting along the adiabatic areotherm of Mars, whereas the basalts with NWA 8159
composition completely melt at 1 GPa and partially melt at 2.5 GPa along the same areotherm.
For example, the quenched run products from 1 GPa and 1223 K, with starting compositions
of NWA 8159 and GUSEV basalt (Humphrey), both show the spinifex texture of melt (Fig.
V.S3), suggesting that 1223 K is well-above solidus of GUSEV basalt (Humphrey) and above
liquidus of NWA 8159. In contrast, the phase diagrams of GUSEV basalt (Humphrey)
calculated by Semprich and Filiberto (2020) using Perple_X did not show any melt phase
between 0.1-3 GPa up to 1373 K, which is again possibly due to the poorly constrained
thermodynamic properties of the (pseudo) Fe-end member mantle minerals.

Compared with GUSEV basalt (Humphrey) and NWA 8159, MORB has a much higher

solidus. For example, the solidus of MORB is ~1600 K at 1 GPa (Yang and Faccenda, 2020),
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at least 377 K higher than that of NWA 8159 and GUSEV basalt (Humphrey). This is explained
by the lower Fe content of MORB (~8 wt%) versus NWA 8159 (~21 wt%) and GUSEV basalt
(Humphrey) (~19 wt%). The lower liquidus temperature of NWA 8159 compared with
GUSEV basalt (Humphrey) at 1 GPa is also consistent with higher FeO content and much
lower MgO content in NWA 8159. Similarly, Collinet et al. (2015) reported that the solidus of
the terrestrial peridotite is 50 K higher than that of the more Fe-rich ambient Martian mantle.

Due to their low solidus temperatures, crustal slabs made of NWA 8159 or GUSEV
basalt (Humphrey) would melt along the Martian adiabatic areotherm. This implies that the
compositions of NWA 8159 or GUSEV basalt (Humphrey) are evolved. A previous
experimental study also suggested that GUSEV basalt (Humphrey) represents an evolved melt
produced by melt/mineral fractionation (Filiberto et al., 2008). As such, they are unlikely to be
representative of the Martian crust, due to the limited magmatic differentiation and fractional
crystallization on Mars (Collinet et al., 2015; Filiberto and Dasgupta, 2011; McSween et al.,
2009). Future experiments are needed to constrain the basalt-eclogite transitions in these
evolved Martian basalts along slightly colder Martian areotherms.
3.3 Difficulties to develop buoyancy-driven subduction in the Martian history

To quantitatively evaluate the effect of Martian eclogite on the buoyancy of the slab,

we calculated the sinking torques and equilibrium velocities for three different model slabs
with 45° dipping angles in the ambient Martian mantle (Fig. V.4). As described in the Method
section 2.3, these represent idealized lithosphere structures at different periods in Martian
history. We assume the model crusts have the same composition as Yamato 980459 and the
model lithosphere mantle has a DW composition. As shown in Fig. V.4, a positive

torque/subduction velocity indicates that the slab is dense enough to sink in the mantle (i.e.,
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the slab is negatively buoyant with respect to the mantle) whereas negative torque/subduction
velocity indicates that the slab would tend to float.

Assuming zero temperature difference between the slab and the ambient Martian mantle, the
torque and subduction velocity remain negative for all three slab structures shorter than 650
km in length, thereby prohibiting slabs of this length or less from sinking. However, if the slab
is colder than the ambient Martian mantle, the results are somewhat different. In model A, the
30-km thick crustal slab needs to be longer than 300 km to sink even if the slab is on average
400 K colder than the ambient mantle. Therefore, buoyancy-driven continuous subduction
cannot be sustained in early Mars unless Martian slabs were somehow forced into the Martian
mantle to depth of at least a few hundred kms. The development of slab subduction in model
B strongly depends on the temperature anomaly of the 110 km thick composite slab. For
example, the slab needs to be longer than 300 km to sink if the slab is 200 K colder than the
ambient mantle. This critical length decreases to 150 km if the slab is 400 K colder. On the
other hand, the present-day composite slab with 500 km thickness (Fig. V.4C) could easily
sink into the mantle due to its much thicker (450 km) and strongly negative buoyant
lithospheric mantle. However, fracture and the subsequent formation of plates would be
extremely difficult for such an ultra-thick lithosphere in a relatively small planet (e.g., Mars ~

radius 3396 km; Tang et al., 2020).

185



Al

10%¢

10%*

10%?

Sinking Torque (dyne-cm/cm)

-10%2

0 300 600 900 1200 1500 1800
Slab Lenath (km)
B1

1024

10

1022 |

Sinking Torque (dyne-cm/cm)

0 300 600 900 1200 1500 1800
Slab Length (km)

C1

Vs
<
o

—
Q
g
-

H
:

Sinking Torque (dyne-cm/cm)
%

0 300 600 900 1200 1500 1800
Slab Length (km)

>
N

B2

Subduction Velocity (cm/year)

Subduction Velocity (cm/year)

Subduction Velocity (cm/year)

04}

03}

02}

01}

00}

12

10

08

06

04}

o
T

w
T

N
T

-
T

=
T

0 300 600 900 1200 1500 1800

0 300 600 900 1200 1500 1800

Slab Length (km)

Slab Length (km)

0 300 600 900 1200 1500 1800
Slab Length (km)
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model A, B and C at different temperature anomalies (AT =Tmantle-Tslab). Model A: a 30 km

thick crustal slab formed in early Mars. Model B: a 110 km thick composite slab made of a 50

km thick crust and a 60 km thick lithospheric mantle. Model C: a 500 km thick composite slab

with a 450 km thick lithospheric mantle below the overlying 50 km thick crust.

In short, when Mars was young, its thin lithosphere primarily made of basaltic crust

was probably easier to fracture and form a multi-plate network (Tang et al., 2020).
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Nevertheless, we find that the low density of Martian eclogites made subduction unlikely at
that time (Fig. V.5B). Due to secular cooling, the Martian lithosphere thickens and becomes
more negatively buoyant over time, eventually allowing it to sink. But it also becomes harder
to fracture, thereby inhibiting formation of the plate boundary structures needed to initiate
subduction (Fig. V.5C). Nevertheless, we cannot rule out the possibility that at some
intermediate stage in Martian history the lithosphere structure allowed for both plate boundary
formation as well as negative slab buoyancy. Additional constraints on slab structure and

petrology and better resolution of Martian history are needed to address this possibility.

4 Implications
4.1 Geodynamic implications of the buoyant Martian eclogite

The positive buoyancy of eclogite transformed from the nearly primary shergottite
basalt has far-reaching implications for the chemical and thermal evolution of Mars. With little
Martian crustal material recycled back into the mantle, the crust and the deep mantle tend to
separate into distinct geochemical reservoirs, evolving separately through geologic time.
Insufficient heat transfer between the deep interior and surface on Mars possibly depressed the
heat flux at the core-mantle boundary and resulted in the demise of the Martian dynamo
(Breuer et al., 2010). This scenario is also consistent with an early magma ocean and
subsequent overturn that may lead to a stably stratified mantle density structure, with generally
negative consequences for plate tectonics (Schaefer and Elkins-Tanton, 2018). It is important
to note that the compositions of the average Martian crust and mantle as well as their
temperature profiles in Martian history are uncertain, and the Martian mantle could be

heterogeneous and less enriched in Fe than the classic DW model (Khan et al., 2018; Khan et
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al., 2022; Marchi et al., 2020; Wu et al., 2021; Yoshizaki and McDonough, 2020). If so, the
conclusions from our dynamic modeling will need to be adjusted.

For example, Semprich and Filiberto (2020) suggested that basalt-eclogite transition
can be shifted to lower pressures thus shallower depth along colder areotherms. However, early
experiments reported that, due to slow diffusion of ions at temperature less than 873-1073 K,
the basalt to eclogite transformation is delayed in the Earth’s upper mantle (Ahrens and
Schubert, 1975). Delays of this type are supported by metastable gabbro and mafic granulites
survival in some ultra-high-P and low-T metamorphic environments (Faccenda and Dal Zilio,
2017). Therefore, the basalt-eclogite transition on Mars may not take place at lower
temperatures due to the kinetic barrier. Interestingly, water is found to increase the reaction
rate of basalt-eclogite transition even under lower temperatures and thus can promote the
formation of garnet (Ahrens and Schubert, 1975), whereas it can also decrease the density of
subducted oceanic crust due to the potential formation of low-density hydrous minerals (e.g.,
lawsonite) (Chen et al., 2013). Unfortunately, the water contents of the Martian crust and
Martian mantle are both highly uncertain (350-6600 ppm for crust and 0.1-250 ppm for mantle,
Filiberto et al., 2019; Hu et al., 2020), so that more work is needed to understand the complex

effect of water on the buoyancy of Martian eclogite.
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Fig. V.5. (A) Earth with plate tectonics driven by dense subducting slabs; (B) Early Mars with
no plate tectonics, possibly resulting from the positive buoyancy of eclogite in the ambient

Martian mantle; (C) Present-day Mars; strength of its thick lithosphere inhibits plate tectonics.
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Future experiments exploring wider crustal composition ranges along colder Martian
areotherms can help us understand the possible consequences of the compositions and thermal
history on the development of plate tectonics of Mars. Nevertheless, our hypothesis sheds some
new lights on understanding the failure of the plate tectonics on Mars (Fig. V.5B). In particular,
compared with the Perple_X computational results shown in Semprich and Filiberto (2020)
which suggest Martian eclogites transformed from basalts (e.g., GUSEV basalt (Humphrey),
Yamato 980459) are denser than the Martian mantle and thus can be easily recycled into the
mantle through delamination, our study suggests the opposite: recycling of the Martian crust
into the Martian interior is difficult. Moreover, we also found that the failure of plate tectonics
on Mars is related to not only the density of Martian eclogite but also the thicknesses of Martian
crust and lithosphere (Figs. 5B, 5C). And finally, the evolved high-Fe Martian basalts (GUSEV
basalt (Humphrey), NWA 8159) would melt along the Martian adiabatic areotherm, suggesting
they are unlikely the representative chemical compositions of the Martian crust due to the
limited magmatic differentiation and fractional crystallization history on Mars (Collinet et al.,
2015; Filiberto and Dasgupta, 2011; McSween et al., 2009; Filiberto et al., 2008).

4.2 Martian basalt is seismically most distinguishable at transition zone depths

Based on the recent geophysical data obtained from the InSight Mission, Stahler et al.
(2021) inverted the Vp profiles inside Mars down to 800 km depth and the Vs profiles down to
the core-mantle boundary (1520-1600 km) using three different inversion approaches (seismic
inversion, geophysical inversion, and geodynamic inversion). Their results indicate that Vs
remains almost constant with depth between 50 km to 1050 km depth in the Martian upper
mantle. The abrupt Vs increase at ~1050 km depth marks the boundary between the Martian

upper mantle and transition zone (Stahler et al., 2021). Interpreting these interesting seismic
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observations requires our knowledge of the geophysical properties of the Martian crust and
mantle rock candidates.

A number of studies have calculated seismic velocity profiles of different Martian crust
and mantle rock candidates along Martian areotherms (Plesa et al., 2021; Semprich and
Filiberto, 2020; Smrekar et al., 2018). Smrekar et al. (2019) used both Perple_X and Vacher
softwares to calculate Vp and Vs of the Martian interior assuming the DW model along a hot
end-member areotherm. Plesa et al. (2021) used 3D thermal evolution models to constrain the
Vp and Vs profiles assuming different Martian mantle composition models.

In contrast, there is only one experiment-based determination of Vp and Vs profiles for
the ambient Martian mantle (Xu et al., 2021), but it was limited to 10.6 GPa (~900 km depth)
and relatively oxidizing conditions. Bertka and Fei (1997) conducted phase equilibrium
experiments on the ambient Martian mantle DW composition under reducing conditions. It is
important to also determine the seismic velocities of ambient Martian mantle under reducing
conditions, for comparison with Xu et al. (2021) and for their detection in the Martian mantle.
We have used our experimental results to calculate Vp and Vs along a typical Martian
areotherm down to the core-mantle boundary, for a basalt with Yamato 980459 composition
and for ambient Martian mantle with DW composition. These are compared with recent
velocity models of Stéahler et al. (2021) and the experimental study by Xu et al. (2021). We
adopted the experimentally-determined mineral proportions and compositions from this study
and from Bertka and Fei (1997), and utilized experimentally determined thermoelastic
parameters of relevant mineral phases (Table V.S1, Equations S2-S39). The resulting Vp and

Vs profiles are shown in Fig. V.6.
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The Vp and Vs profiles of the reduced and oxidized Martian mantle and Yamato 980459
are all in basic agreement with the Martian mantle 1D seismic models constrained from the
InSight data (Fig. V.6). The reduced Martian mantle is faster than the oxidized Martian mantle
due to the higher Opx content in the oxidized Martian mantle (Xu et al., 2021). Opx is
seismically slow among different major mineral phases in the Martian mantle. Yamato 980459
becomes seismically faster than the oxidized Martian mantle below 250 km due to the basalt-
eclogite transition. On the other hand, at depths shallower than ~833km (~10 GPa), Yamato
980459 exhibits lower Vp and Vs compared with the reduced Martian mantle. At depths greater
than ~833 km, Vp of Yamato 980459 is higher than the reduced Martian mantle down to the
base of the upper mantle (~1150 km depth), whereas the Vs remains similar. Both the Vp and
Vs of the reduced Martian mantle show an abrupt increase between ~1080-1167 km because
of the Ol to Ringwoodite and Wads transformations as found in Bertka and Fei (1997) (Fig.
V.1C). The best depth range for detecting the Martian basalt in the Martian interior is between
1150 km and 1400 km in the transition zone, where the Vs of Yamato 980459 is about 5%
lower than that of the reduced Martian mantle.

5. Conclusions

1) High P-T phase relationships for a nearly primitive Martian shergottite (Yamato 980459)
are determined experimentally up to 16 GPa 2000 K using two Multi-Anvil Presses. The
Martian eclogite transformed from this primitive Martian basalt is less dense than the ambient
Martian mantle at depths shallower than ~300 km, possibly hindering the subduction of thin

slabs into the interior of the young Mars. Although the lithosphere on present-day Mars could
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be dense enough to subduct, fracture of this cold thick lithosphere to form mobile plates would
require unrealistically large stresses (Tang et al., 2020).

2) GUSEV basalt (Humphrey) and NWA 8159 have much lower solidus Ts than MORB, due
to their Fe-rich compositions. Because they are subject to partial or complete melting along
the Martian adiabatic areotherm, they are probably evolved basalts (Filiberto et al., 2008). As
such, they are unlikely representative chemical composition of the Martian crust.

3) Vp and Vs calculated for the reduced ambient Martian mantle and the Martian primitive
basalt (Yamato 980459) along a typical Martian mantle areotherm indicate that the seismic
velocity contrast between Martian basalt and ambient Martian mantle reaches a maximum

value of 5% between 1150 km and 1400 km depth, within the mantle transition zone.
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Supplementary Information

Experimental methods

We grounded the starting materials in an agate mortar for 6 h to ensure well mixing.
The starting materials were then kept in a vacuum oven at 110 °C before use. The experimental
P-T conditions for all successful runs are shown in Table V.2 in main text. Experiments at 1-9
GPa were performed using the UNM 14/8 assemblies and experiments at 12-16 GPa were
performed using the COMPRES 10/5 assemblies (Fig. V.S1). In those experimental runs with
Mo capsule, all the run products showed even elemental distribution and little absorption of
Al, Ca, Mg, Fe and Si (Fig. V.S2). We also conducted high-pressure (12-16 GPa) phase
equilibrium experiments with BN capsules using the 1000-ton Press located at the University
of Hawai‘i at Manoa. However, in the runs with BN capsules, strong absorption of Ca, Mg,
and Si was observed (Fig. V.S2). Therefore, we used only the results obtained from the
experimental runs conducted with Mo capsules.

All run products were polished, initially with coarse silicon carbide sandpapers and
finally with 1 pum alumina powder, to expose a smooth surface of mineral assemblages for
optical examination under the microscope and carbon coating for later Electron Probe
Microanalysis (EPMA). The element standards for EPMA measurements were albite for Na,
olivine for Mg, diopside for Si and Ca, and almandine for Al and Fe. The accelerating voltage
was 15 kV and the beam current was 20 nA during operation. Mineral grain sizes were larger
than 5 pum and beam size was smaller than 1 pum. To obtain the average chemical composition
of each mineral phase, we performed measurements on multiple grains within the same run
product. We avoided analyzing the chemical compositions of mineral grains located close to

the sample capsule. Based on the average chemical composition of each phase and the starting
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material composition, we calculated the weight percent (wt.%) of each mineral phase using the
Least Square Mass Balance method(Bertka and Fei, 1997). Using elastic properties of the
individual minerals (Table V.S1), we applied third-order (e.g., Gt, pyroxene) or fourth-order
finite strain EOS (e.g., Ol) to obtain the density, bulk modulus, and shear modulus of each
mineral phase in each run product (Equations S7-S39), along with the volume proportion of
each mineral (vol%). We then calculated the bulk densities, Vp, and Vs for the mineral
aggregates using Voigt-Reuss-Hill averaging scheme (see Supplementary Equations S2-S6).
We applied the same method to calculate the density, Vp, and Vs for the ambient Martian
mantle with DW composition, based on the experimental results from Bertka and Fei (1997)
(Table V.3 in the main text).

Perple_X calculation

Perple_X is a thermodynamic calculation software package based on Gibbs free energy
minimization in a multi-component system(Connolly, 2005). In this study, we used the
thermodynamic database by Stixrude and Lithgow-Bertelloni(Stixrude and Lithgow-Bertelloni,
2011). We firstly used the program BUILD to establish the parameter space that would be used
for the calculation (e.g., bulk composition, P-T conditions), and then ran the program VERTEX
to conduct the calculation, and finally utilized the program WERAMI to extract the
information we needed at each P-T condition (e.g., mineral proportions and compositions).

The computational results are shown in Fig. V.1 in the main text.
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Martian lithosphere thickness

The Martian lithosphere elastic thicknesses were estimated to be 0-20 km during the
Noachian period, increase to >50 km during the Hesperian period, and are 40-150 km spanning
most of the Amazonian period(Grott et al., 2012; Grott and Breuer, 2008). The lithosphere
mechanical thickness (above the asthenosphere) is 1-2 times the elastic thickness on
Earth(McNutt, 1984; Ranalli, 1994), so we adopt the same relationship (1.5) to calculate
mechanical lithosphere thicknesses on Mars (see Method 2.2 in the Main Text).

The equilibrium velocity of the slab U is calculated by balancing the sinking torque
against the lifting torque by the mantle flow. A corner flow model(Turcotte and Schubert, 2002)
with uniform mantle viscosity u and 45° slab dip yields a lifting torque of approximately QuUR;

equating this with Equation 1 in the main text yields

Ur — (S1)

Fig. V.4A2, V.4B2, and V.4C2 in the main text show the equilibrium velocity U for
the same set of conditions as in Fig. V.4Al, V.4B1, and V.4C1, respectively. The mantle
viscosity used in the Equation S1 is 6 x102! Pa-s, which is the average viscosity of the Martian
mantle in the P range 4-8 GPa(Ruedas et al., 2013). Positive equilibrium velocities correspond
to situations in which the dipping angle of the slab can remain constant in time during
subduction, whereas negative velocities indicate excess lifting torques, positive slab buoyancy,
or both. The slab sinking torque and velocity models are both written in Interactive Data

Language.
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Fig. V.S1. Schematic cross sections of the UNM 14/8 assembly (Agee et al., 1995) and the

COMPRES 10/5 assembly (Leinenweber et al., 2012).
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Fig. V.S2. The run products in Mo capsule and BN capsules. (A) Chemical composition maps
for the 4.5 GPa experiment with Mo capsule (capsule is shown as white color in the CP image);
the Mo capsule does not absorb Al, Ca, Mg, Fe and Si. (B) Chemical composition maps for
the 18 GPa experiment with BN capsule; The BN capsule absorbs a significant amount of Ca,
Mg and Si from the sample, so the experiments performed with BN capsules are not used in
this study. These compositional maps suggest that Mo capsule is better than BN capsule for

high P-T experiments in the Ca-Mg-Si system.
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a) GUSEV basalt
1 GPa 1223 K

b) NWA 8159 _
1GPa1223K

c) NWA 8159
2.5 GPa 1400 K

Fig. V.S3. High P-T run products with NWA8159 and GUSEV basalt (Humphrey) compositions.

Run products are polished and examined under the microscope under reflected light illumination.

All 3 run products are partially or completely melted.
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6 Table V.S1. The thermoelastic properties of different endmember mineral phases for calculating density, Vp and Vs of Yamato 980459 and the

7  DW model at high pressure-temperature (P-T) conditions (bulk modulus: Ks; shear modulus: G).

d’Ks/d?P

Mineral Endmember Ks G density0 dKs/dP dKs/dT dG/dP  d*G/d?P dG/dT a0 (10°K™)  ai(10°K?)  ay(K)

ol FofMao etal, 2015; Meng et ., 1993) 128.8 81.6 3.227 4.47 0 -0.02 1.8 0.1 -0.01 0.306 0.796 -0.5782
Fa(Fei, 1095; Speziale, 2004; Suzuki et al., 1981) 136.3(2) 51.2(2) 4.388(9) 4.9(1) 0 -0.027 1.8(1) 0.11 -0.017 0.2386 1.153 -0.0518

Pyroxene  En@ackson etal, 2007; Kung, 2005) 108.5(15)  77.9(7) 3.210 7.2(7) 0 -0.0263(3)  1.7(1) 0 -0.0136(3)  0.297(2) 0.57(1) 0
Fg(Bass and Weidner, 1984; de Vries et al, 2013; Hugh~Jones, 1997; Kuung, 2005) 101(4) 52(2) 4.002(5) 7.2(7) 0 -0.0263(3)  1.7(1) 0 -0.0136(3) 057 0 0
Di(Finger and Ohashi, 1976; Hao et al., 2021; Li and Neuville, 2010) 116.4(7) 73.0(4) 3.272(6) 4.9(1) 0 -0.012(1) 1.6(1) 0 -0.011(1) 0.19 2.08 0
Hegl(Fel, 1995; Kandelin and Weidner, 1988; Li and Neuville, 2010) 120(4) 62(2) 3.657(1) 4 0 -0.012(1) 1.6(1) 0 -0.011(1) 0.298 0 0
Jdi(Haoetal. 2020; Haovetal. 2021) 138(3) 84(2) 3.302 3.9(1) 0 -0.012(1) 1.094) 0 -0.011(1) 0.34(5) 0.9 0

Gt PyfFel: 1995; Irifune et al., 2008; Liu etal., 2000; Sinogeikin, 2002; SUZUKI and ANDERSON, 1983) 171.0(5) 94.9(2) 3.560(20)  4.4(1) 0 -0.014(3) 1.156) 0 -0.011(2) 0.288 0.2787 -0.5521
Alm(Arimoto etal, 2015; Fei, 1995) 174.2(12)  94.9(7) 4.319(2) 4.61(14) 0 -0.0267(7)  1.06(6) O -0.0131(8)  0.26(5) 2.3(14) 0
Gr{Fei, 1995; Gwanmesia etal, 2014) 171.2(8) 107.4(2)  3.605(2) 4.47(2) 0 -0.0138(3) 129(5) © -0.0128(2)  0.1951 0.8089 -0.4972
Mg-Maj(Fei. 1995: Hao etal., 2020; Irfune etal., 2008a; Liu etal., 2000; Sinogeikin, 2002; SUZUKI and ANDERSON, 1983) 162 0(5) 86.2(2) 3.560(2) 4.4(1) 0 -0.014(3) 1156) O -0.011(2) 0.288 0.2787 -0.5521
Fe-Maj(Fei 1995; Ismailova et al, 2017; Murakami etal., 2008; SUZUKI and ANDERSON, 1983) 180.24 88.7(7) 4.409 4.2(2) 0 -0.014(3) 1.288) 0 -0.011(2) 0.288 0.2787 -0.5521

Wads FO75Fazs(Fei et al., 1092; Finger et al., 1993; Zhou et al, 2021) 169(1) 97(2) 3.808(2) 6(1) -0.16(2) -0.018(2)  1.8(1) -0.076(7) -0.014 (1) 02711 0.6885 -0.5767

Ring Fo(Fei, 1995; Higo etal., 2008; Schulze etal, 2018; SUZUKI et al, 1979) 187(1) 121.1(5)  3.569 3.8(1) 0 -0.014(3) 1.5(1) 0.046(14) -0.012(2) 0.2497 0.3639 -0.6531
Fa(Armentroutand Kavner, 2011; Schulze et l., 2018; Yamanaka, 1986) 204(5) 103(5) 4.848 4 0 -0.014(3) 1.5(1) 0.046(14) -0.012(2) 0.2697 0 0

8 The Vp and Vs of plagioclase (AlbitessAnorthitess) in this study is from the velocity of plagioclase (AlbitessAnorthites:)(Kono et al., 2008), the
9 density of plagioclase is calculated from data in ref. (Fei, 1995). Ol: olivine; Fa: fayalite; Fo: forsterite; En: enstatite; Fs, ferrosilite; Di: diopside;

10  Hed: hedenbergite; Jd: jadeite; Gt: garnet; Py: pyrope; Alm: almandine; Gr: grossular; Maj: majorite; Wads: wadsleyite; Ring: ringwoodite.
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Voigt-Reuss-Hill average of the physical properties of multi-phase mineral aggregates

The Reuss bound represents a uniform stress scenario whereas Voigt bound stands for

a uniform strain scenario. In a multi-phase aggregate:

Reuss (R) bound:

fa , I fc -
ER:(E_a+E_:+E_C+) 1 (82)

Voigt (V) bound:

EY = foEq + foEp + feEc + -+ (83)

\%4 R
Voigt — Ruess — Hill (VRH) Average: EVRH = 22— (S4)

where EY, ER, and EVRH represents aggregate properties (Ks, G, p) of Voigt bound, Reuss bound,
and Hill average (Hill, 1963), respectively; Ea, Ep, Ec ... etc. represent these properties of
mineral a, b, c... etc. respectively; fa, fo, fc ... etc. represent the volume proportions of mineral

a, b, c... etc. respectively.
2 K G
=L 414/38
Vp > +4/3 > (S5)
G
Ve? = p (S6)

where Vp and Vs of Voigt bound, Reuss bound, and Hill average are then derived. The actual
properties (K, G, p, Vp, Vs) of the multi-phase aggregate should lie in between the Reuss and
Voigt bounds. We used Voigt-Reuss-Hill average for our calculations. The Voigt and Reuss

bounds are both plotted in Fig. V.1 and V.6.
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Using finite strain EOS to calculate the Vp, Vs, and p of Yamato 980459 and the DW
model at high P-T conditions

We used the following finite strain EOS to calculate Ks, G, and p of minerals in Yamato
980459 run products and the DW model run products. The choice of using 3™ or 4™ order finite
strain EOS for each mineral depends on previous studies as shown in Table V.S1. We finally
used equations S1-S5 to calculate the Vp, Vs, and p of mineral aggregates for Yamato 980459
and the DW model under each P-T condition.
The 3" order finite strain EOS(Davies, 1974; Davies and Dziewonski, 1975; Duffy and

Anderson, 1989) :

e=111- (i)i] (S7)
pVs? = (1—26):(My + M, - €) (S8)
pVp? = (1—26)i(Ly + Ly - €) (S9)
P= —(1-26)(Cr e +1C, 0 &?) (S10)

where ¢ is strain, p is density, po is ambient density. M1, My, Li, L2, C1, and C; are defined as:

Ml = GO (Sll)

M2 = 5M1 - 3KSO - GOI (812)

Ll = KO + %Ml (813)
! 4 !

Lz = 5L1 - BKSO(KSO + gGO ) (814)

Where G| and Kg,' represent (0G/0P)to and (0Ks/0P)to shown in the main text, respectively.

Cl = 3L1_4‘M1 (815)
Cz = 3L2—4‘M2 + 761 (816)
G=p-Vs? (S17)
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Ks=p-Vp?— %G (S18)

po(T) = po(300K) - exp (— [0, a(T)dT) (S19)
Mo(T) = Mo(300K) + (5)5(T — 300) (S20)

M,'(T) = My'(300K)exp ([, a(T)dT) (S21)

300
Where p, (300K )represents density under ambient P and T (300K). po(T) represents density
under ambient P and high T. a refers to thermal expansion shown in the main text. M,(300K)

represents the elastic moduli Ks and G under ambient P and T (300K). M, (T) represents the
elastic moduli Ks and G under ambient P and high T. (‘Z—I:)P is the T derivative of elastic moduli

under isobaric condition. M,,'(T) represents the P derivative of elastic moduli Ks and G under
ambient P and high T.
The 4™ order finite strain EOS(Davies, 1974; Davies and Dziewonski, 1975; Duffy and

Anderson, 1989):

e=301- )] (522
pVs? = (1—2£)3(My + My - € + 2 M5 - £2) (S23)
pVp? = (1= 26)3(Ly + L, - £ + ~Ly- %) (S24)
P= —(1-26)3(Ci e +2C; 62 +2C; %) (S25)

where ¢ is strain, p is density, po is ambient density. My, M2, M3, L1, L2, L3, C1, C2, and Czare

defined as:

M, = G, (S26)
M, = 5M; — 3Ks, - G’ (S27)
M; = 9G," - Kgo® — 3(Kso' — 4)M, + 5(3Kso’ — 5)M; (S28)
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Ll = Ko + ng (829)
Ly = 5Ly = 3Kso(Kso' + 5 Go') (S30)

Ly = 9Kgo" - Kgo® + 12G,"" - Kgo> — 3(Kso' — 4)L, + 5(3Kso’ — 5)L4 (S31)
Where G}, G}', Ko/, and Kg,'' represent (6G/0P)to, (6°G/0P?)to, (0Ks/OP)To, and (6°Ks/0P?)to

shown in the main text, respectively.

C, = 3L,—4M, (S32)
C, = 3L,—4M, + 7C, (S33)
Cs = 3L;—4M; + 9C, (S34)
G=p-Vs? (S35)
Ks=p-Vp*—3G (S36)
po(T) = po(300K) - exp (= [0, a(T)dT) (S37)
Mo(T) = My(300K) + (3)5 (T — 300) (S38)
T

My'(T) = My'(300K)exp (/.

100 @(1AT) (S39)

Where p,(300K)represents density under ambient P and T (300K). p,(T) represents density
under ambient P and high T. a refers to thermal expansion shown in the main text. M,(300K)

represents the elastic moduli Ks and G under ambient P and T (300K). M, (T') represents the
elastic moduli Ks and G under ambient P and high T. (Z_I:)P is the T derivative of elastic moduli

under isobaric condition. M,,'(T) represents the P derivative of elastic moduli Ks and G under

ambient P and high T.
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