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ARTICLE INFO ABSTRACT

Article history: Recent seismic studies suggested an anisotropic Mantle Transition Zone (MTZ) in areas adjacent to
Received 13 November 2020 subducted slabs. Wadsleyite is the main anisotropy contributor in the upper MTZ, therefore the
Received in revis.ed form 3 April 2021 interpretation of these seismic observations requires the knowledge of single-crystal elastic moduli (Cjjs)
:‘C]‘;ﬁgﬁg (])31;:?121220;)111 2021 and the deformation-induced lattice preferred orientation (LPO) of wadsleyite. Wadsleyite can host up
Editor: J. Badro 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.

Keywords: In this study, we measured the high-pressure single-crystal elasticity of a synthetic hydrous Fe-bearing
wadsleyite wadsleyite (0.14 (4) wt% water, Fe#=9.4, Fe3*/ZFe=0.3) up to 18.2 (2) GPa. In combination with previous
elasticity experimental data, we separated the effects of pressure, water, and Fe contents on the Cjjs and intrinsic
seismic anisotropy elastic anisotropy of wadsleyite. Our results suggest that the intrinsic elastic anisotropy of wadsleyite
Mantle Transition Zone decreases with pressure, water, and Fe contents. At 15 GPa, increasing the water content by 0.1 wt% or

water sensor Fe# by 1 decreases the Vp and Vs anisotropy of wadsleyite by ~1.1-1.3%, and ~0.8-1.3% in average,

respectively. Combining 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 Vsy (vertically polarized shear wave velocity) > Vsy (horizontally polarized shear wave velocity).
Our results suggest that wadsleyite may account for a weak anisotropic MTZ (<1%) 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.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction face wave overtones by Yuan and Beghein (2013) suggested that

~1% anisotropy is common throughout the MTZ, whereas other

The existence and magnitude of radial and azimuthal anisotropy path integrated shear-wave splitting data are more consistent with

in the Mantle Transition Zone (MTZ, ~410-660 km depth) on the  the seismic anisotropy restricted to the upper mantle down to

global scale is highly controversial. A study using long-period sur- ~300 km (Savage, 1999). Many lines of evidence suggested that

the seismic anisotropy of MTZ can be strong in the localized re-

—_ ) ) gions adjacent to some subducting slabs (Foley and Long, 2011;
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Fig. 1. Cjjs, Ks, and G of three different hydrous Fe-bearing wadsleyite samples as a function of pressure. Solid lines represent 3rd or 4th order finite strain EOS fitting results
for the wadsleyite sample measured in this study. VRH averaging scheme is used to calculate the Ks and G of isotropic polycrystalline aggregates in this study.

knowledge of the anisotropic elastic properties of relevant MTZ
minerals.

Compared with other MTZ minerals, wadsleyite, which consti-
tutes 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 clinopy-
roxene 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 up-
per 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. 1), whereas anhydrous Fe-bearing
wadsleyite was measured up to ~18 GPa by Wang et al. (2014)
(Fig. 2). Buchen et al. (2018) modeled the combined effects of
Fe# (100*Femol/(Femol*Mgmo1)) and water on the isotropic aggre-
gate 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 wads-
leyite (Nufiez-Valdez et al., 2011). However, the combined influ-
ences 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 C44 and Cqy 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 C44 and Cy, if true, would result
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Fig. 2. Experimentally determined Vp and Vs of isotropic polycrystalline wadsleyite
aggregates from single-crystal Brillouin spectroscopy experiments compiled and uti-
lized in this study. The water contents of wadsleyite samples in Mao et al. (2008a,
2008b) and Mao et al. (2011) were updated to values re-examined by Chang et al.
(2015). Solid lines represent the 4th order finite strain EOS fitting results for the
wadsleyite sample measured in this study calculated from the best-fit Ci;s model
under VRH averaging scheme.

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 I [0 0 1] (0 1 0) and
type I1 [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 Il [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 analy-
sis 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 depen-
dent single-crystal elastic moduli (Cj;s) 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
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16 GPa with a duration of 24 hours. The sizes of wadsleyite crys-
tals in the run product range from 50 pm to 100 pm.

We measured the water weight content (wt%) of 9 wadsleyite
platelets using the Thermal Fisher Nicolet Nexus 670 Fourier Trans-
formed Infrared Spectrometer (FTIR) at the University of New Mex-
ico (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 split-
ter. The average water content for the synthetic wadsleyite is
0.14 (4) wt.% (see Supplementary Materials, Fig. S1 for details).
We obtained the chemical composition of the synthetic wads-
leyite sample by the Electron Probe Micro-Analysis (EPMA) using
the JEOL 8200 Electron Microprobe facility at UNM (Table 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*/XFe of the
synthetic wadsleyite samples using the Mdossbauer spectrometer
at the offline Mossbauer spectroscopy laboratory at sector 3, Ad-
vanced Photon Source (APS) in the Argonne National Laboratory
(ANL). The data was obtained using constant acceleration mode,
with a 37 Co/Pd source of approximately 5 mCi strength. Vortex sil-
icon 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 Moss-
bauer spectrum of our sample is shown in Fig. S2. A two-site
model corresponding to Fe?* and Fe3t hyperfine parameter val-
ues was used. Fe?t site has an isomer shift of 1.04 mm/s, and
quadrupole splitting of 2.6 mm/s. The Fe3* 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 consis-
tent with the literature values for 6-fold coordinated Fe (Dyar
et al., 2006). The final chemical formula of the sample is deter-
mined as Mgy 7gsFed |5, Fed b Alo.003Mno 003 Nio 007Ho.022510.986 04
(Fe#=9.4(2)).

We polished 6 wadsleyite single crystals into thin platelets with
size ~50 pm x 50 pm x 12 pm for single-crystal X-ray Diffraction
experiments. These platelets are without scratches and inclusions
after examination under a high magnification petrographic micro-
scope. The unit cell parameters and orientations of the 6 polished
wadsleyite crystals were determined by the single-crystal XRD ex-
periments at 1) the GeoSoilEnviroCars (GSECARS) experimental sta-
tion 13-BM-C at APS in ANL and 2) the X-ray Atlas Diffraction
Lab at UHM. At 13-BM-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 pym x 18 pm, measured as full width at half
maximum (FWHM). The MAR165 detector (Rayonix) was placed
about 175 mm away from the sample, and LaBg powder at am-
bient 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 ex-
amining the laser beam reflected at the polished crystal surfaces
and glass slide with 0° 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 soft-
ware package was used to extract the unit cell parameters and the
orientation of each crystal. At the X-ray Atlas Lab, diffraction mea-
surements were carried out on a customized Bruker D8 Venture
diffractometer with a Phonon II detector, fixed-chi goniometer and
Incoatec I4S 3.0 Ag K microfocus source with Helios focusing op-
tics. 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 (pp) 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, c=8.268(7) A. To
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better constrain the 9 independent Cj;s, we performed a sensitivity
test (see Supplementary Materials) to choose the best combina-
tion 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 Carte-
sian 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 measure-
ment precision of 30 m/s.

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 in-
dented using the 350 pm-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 stan-
dards. A neon pressure-transmitting medium was gas-loaded into
the sample chamber at GSECARS, APS, ANL. As part of the align-
ment process, we examined the tilting and non-parallelism of the
sample and the diamonds in the DAC using the laser beam re-
flected 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 ex-
periments. We used a 50° symmetric forward scattering geometry.
Before the experiment, the scattering angle of the system was cal-
ibrated 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 mea-
sured 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. S4.

Given a starting Cjjs 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 calcu-
lated phonon direction-measured Vp, Vs data set, we then calcu-
lated the best-fit Cjjs 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 C;js model. The recalculated phonon
directions and the velocities were used as the input again to cal-
culate an updated C;js 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 as-
signed an assumed density (o) in the starting C;;s model to fit the
high-pressure phonon direction-measured Vp, Vs data set, thus
the inverted high-pressure Cjjs at this step are not the best-fit val-
ues 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 crystallo-
graphic directions (Zhang and Bass, 2016). We can then utilize
the 4th order finite strain equation of state (EOS) (Equations S3-
S20) to fit the lab-measured pressure-Vp-Vs data to derive Kgo’
(0Ks0/dP), Kso” (8%Kso/dP?), Gy (3Go/dP), and Gj(3%Go/dP?)
with fixed lab-measured pg, Kso, and Gg (0 in the subscript repre-
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sents ambient-condition) (Davies and Dziewonski, 1975), as well as
the best-fit high-pressure p. Finally, we updated the Cjjs, 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, Cj;s, Vp, and Vs)
of 8 different wadsleyite samples under different pressure condi-
tions (Sawamoto et al., 1984; Zha et al., 1997; Mao et al., 20083,
2008b; Mao et al., 2011; Wang et al., 2014; Buchen et al., 2018;
this study; Table S2). 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 includ-
ing 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 Cjjo of wadsleyite with respect to water
contents (wt%) and Fe#, which was sufficiently simple to be de-
scribed by an empirical linear relationship of B= Bg + By x water
(wt%) + By x Fe#;

(2) Given the pg, Kso, Go, and Cjjo as well as their com-
positional dependence derived in step (1), the ambient thermoe-
lastic 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 Materials), we
chose to fit the Kso’ and 66 as compositional dependent with re-
spect to water content or Fe#, and fix the Kso” and G to the
values determined for the hydrous Fe-bearing wadsleyite measured
in this study. We utilized 4th order finite strain EOS, and sub-
sequently calculated the compositional dependence of each Cjjo’
(8Cijo/dP) and Cijo” (8% Cijo/dP?). The equations utilized are
shown in the Supplementary Materials 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, Vp, and Vs
at different pressures for all 8 wadsleyite samples with the exper-
imentally determined values we compiled from previous studies
(Table S3). The differences are mostly within 2% and 5% for aggre-
gate elastic properties and Cj;s, respectively (Fig. 3). The pressure
derivatives of the Ks, G, and Cjjs calculated from our model are
also consistent with the individually inverted values from our Bril-
louin experiments within uncertainty (Table 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 wad-
sleyite in the future, especially those with water content higher
than 2 wt%.

Buchen et al. (2017) has pointed out the possible effect of Fe3*
on the single-crystal elastic properties of wadsleyite. In this study,
we chose to not separate the effect of Fe>* from Fe2* primarily
due to the following 2 reasons: 1) Only 3 single-crystal sound ve-
locity measurements exist for Fe-bearing wadsleyite with known
Fe3*/ SFe (Mao et al,, 2011; Buchen et al., 2018, this study). With
limited experimental data, it is difficult for us to separate the ef-
fects of Fe2t, Fe3*, pressure, and water together. 2) The calculated
effects of Fe3*/=Fe =0.3 in our sample on its isothermal bulk mod-
ulus (1 GPa) and linear elastic moduli (3-5 GPa) at ambient con-
dition 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 Fe3t is
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Fig. 3. Comparison between input Ks, G, Cjjs of wadsleyite (symbols) and model-predicted values (lines).

challenging based on the currently available experimental data, fu-
ture studies on Fe-rich wadsleyite with higher Fe3* concentration
can help to further clarify this issue.

We finally derived the Cjjs, Ks, G, Vp, and Vs as well as several
anisotropy indices in the parameter space spanned by typical wa-
ter contents (0-3 wt% H,0), Fe contents (Fe# 0-15), and relevant
pressures (0-18 GPa) using the 4th order finite strain EOS.

The anisotropy indices we used are: Universal Anisotropy (AY),
which refers to the overall elastic anisotropy of minerals (Ran-
ganathan and Ostoja-Starzewski, 2008). The superscripts R and V
denote the Reuss and Voigt bounds of the homogeneous isotropic
aggregate (Hill, 1963).

GV kY
AV = (Sﬁ + K—; —6) % 100(%)
S

Vp azimuthal anisotropy (AYP), which represents the maximum
velocity difference of all Vp propagating along all directions, is de-
fined as

AVP — VPmax — V Pmin %200(%)
VPmax + V Pmin

Vs azimuthal anisotropy (AYS), which represents the maximum
difference of all Vs propagating along all directions, is defined as

Vs _ VSmax — V Smin

= * 200(%)
V'Smax + V Smin

Vs radial anisotropy (DY), which represents the maximum ve-
locity difference between Vs; and Vsp, Vi represents speed of
fast S-Wave and Vs, represents speed of slow S-Wave propagating
along the same direction but with different polarizations.

| Vs1 —Vsy |

DVS :(
Vsi+ Vs,

Jmax * 200(%)

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,
Fe3*/=Fe=0.3) measured in this study, using the data analysis pro-
cedure outlined in Section 2.2, we determined its Ksg, Go, Kso,
Kso”, Gy and Gfj as 165 (2) GPa, 104 (2) GPa, 5.2 (5), -0.16 (11)
GPa~1, 1.9 (2), and -0.076 (28) GPa~!, respectively. The calculated
aggregate elastic properties using the 4th order finite strain EOS
based on these parameters match well with our experimentally de-
termined values (Figs. 1, 2). The values of Cjjs at each pressure in
this study are listed in Table 1 and can be fit well using the 3rd or
4th order finite strain EOS (Fig. 1). The velocities predicted by the
best-fit Cjjs at high-pressure conditions match the experimentally
measured velocities of the 3 wadsleyite crystals with RMS error
less than 45 m/s (Fig. S5).

The softening of C44 and Cqy starting at ~8 GPa inferred by the
finite strain EOS reported in Mao et al. (2011) is not observed in
our data (Fig. 1). In this study, C44 is obtained as 106 (2) GPa
with 9Cg4,0/0P = 0.89 (5); Ci2,0 is derived as 75 (1) GPa with
8C12,0/0P = 4.8 (2) and ac%z,o/zﬂp =-0.15 (2) GPa~ 1.

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, Cijo, and their pres-
sure derivatives are listed in Table S5 and Table 2.

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

Similar to olivine, water decreases all Cjjo in wadsleyite (Fig.
S6, Table 2). The addition of 1 wt% water to Fe-free wadsleyite
reduces its Cjjo by ~3-7%, whereas the reduction of Cjjo caused
by the same amount of water for Fe-free olivine is only ~1-4%
(Jacobsen et al.,, 2008). Among all the C;js of wadsleyite at ambient
condition, C> and Cy3 are most sensitive to the water, whereas
C12 and Cy3 are the least sensitive ones (Table 2). In comparison,
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Table 1
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Cijs, Ks, G, Vp, and Vs for the hydrous Fe-bearing wadsleyite sample (0.14 wt% water, Fe#=9.4, Fe3*/XFe=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

o (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)
C2; (GPa) 358(1) 376(1) 397(1) 410(1) 425(2) 440(1) 457(1)
C33 (GPa) 244(2) 273(2) 307(2) 322(2) 345(2) 360(2) 373(2)
C44 (GPa) 106(2) 108(1) 109(1) 113(1) 118(1) 120(1) 124.3(9)
Css5 (GPa) 109(1) 111(1) 115(1) 119(1) 119(1) 122.5(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)
Cq2 (GPa) 75(1) 89(1) 103(1) 114(1) 123(1) 135(1) 142(1)
C13 (GPa) 99(2) 103(2) 112(2) 117(2) 129(2) 137(2) 147(2)
C23 (GPa) 102(3) 112(2) 129(2) 137(2) 146(2) 153(2) 160(2)
KsVRH (GPa) 165(2) 179(2) 197(1) 207(1) 220(1) 231(1) 241(1)
GVRH (GPa) 104(2) 110(1) 115(1) 119(1) 123(1) 126(1) 130(1)
Vp (km/s) 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) 5.56(2) 5.62(1) 5.66(1) 5.70(1) 5.75(1)

Table 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 S5). “\” denotes that the influence is negligible.

Add 1 wt% water Increase Fe# by 10

C]]_O l, by 4% L by 3%
C22,0 l by 6% ¢ by 2%
C33,0 A by 4% ¢ by 4%
C44,0 1 by 5% J by 3%
C55'0 1 by 5% J by 4%
Cse_o N by 4% \ by 7%
C12'0 N by 4% 4 by 6%
Ci3o | by 3% 1+ by 5%
Ca3p | by 7% \

Kso | by 4% \

Kso' \ 1 by 13%
Kso” \ \

Go | by 5% J by 5%
Go' 1 by 10% \

Go” \ \

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

Water in wadsleyite increases all Cjjo’ except C§3,0- Fe increases
all Cjjo’ except Cj,, and C’2370 (Table S5). Therefore, the high-
pressure Cj; is determined by the two competing factors: Increas-
ing water and Fe contents reduces Cjjo yet elevates Cjjo’. Under
the high-pressure condition of the upper MTZ (14-18 GPa, Fig. S6),
water reduces Cq1, Ca2, Cs5 yet increases Cy3; Fe reduces Ciq, Cyq
yet increases Css, Cq12, C13. Both C33 and Cgg are relatively insen-
sitive to the water and Fe contents. The modeling of the water and
Fe effects on C44 and Cyy further suggests that the strong soften-
ing of C44 and C1 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.

3.2.2. The effects of water, Fe, and pressure on Ks, G, Vp, and Vs

The incorporation of water in wadsleyite decreases both Ksg
and Go, whereas increasing Fe# only decreases G (Fig. 4, Table 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 G, 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 G/,
so the effect of Fe on G remains at high-pressure conditions. In-
terestingly, 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 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 Fe3+
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.

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. 4).

3.3. 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. 5, Table 3).
However, increasing Fe# of wadsleyite decreases AY, AP, and DV*
monotonically but its effect on AYS depends on the water con-
tent and pressure (Fig. 5). For example, AYS 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 sig-
nificantly through most of the investigated pressure range (Fig. 5).
Increasing pressure from ambient condition to 15 GPa would re-
duce AVP, AVS, and DV* of wadsleyite by 40-50% (Table 3).
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Fig. 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).

Table 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 2) Add 1 wt% 3) Increase Fe# by
Pressure from 0 water (at 15 GPa, 10 (at 15 GPa, 300
GPa to 15 GPa 300 K) K)

AU 1 by ~72% | by ~25% 1 by ~19%

AVP | by ~50% | by ~13% | by ~8%

AVs | by ~49% 1 by ~13% | by ~13%

DVs | by ~40% | by ~11% | by ~11%

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 de-
pendent single-crystal elasticity model using the MTEX software
package (Mainprice et al., 2011).

For Fe-free dry wadsleyite at ambient condition (Fig. 6a), the
fastest Vp is along [0 1 O] direction whereas the slowest Vp
is along [0 0 1], because C23>Cq11>C33. 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 direc-

tion is along [-0.5690 -0.6175 -0.5431], close to the direction of
the slowest Vs propagation direction [1 1 1]. The velocity maxi-
mum and minimum directions for both Vp and Vs are insensitive
to pressure (Fig. 6a and 6b).

After incorporating 1.5 wt% water to the Fe-free wadsleyite at

15 GPa (Fig. 6b and 6c¢), 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 kmy/s. This is caused by the greater reduction of C», than Cqq
caused by water. On the contrary, the slowest Vp value (9.9 kmy/s)
and direction ([0 0 1]) remain almost the same after adding wa-
ter in the crystal structure because Cs33 is relatively insensitive to
water. Therefore, adding water decreases AVP. The higher sensitiv-
ity of Coy to water content compared with C33 is consistent with
the fact that the unit cell parameters b and c are the most and
least sensitive parameters to the water content, respectively (Holl
et al., 2008; Buchen et al.,, 2017). On the other 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. 6b and 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. 6b and 6d). However, the slowest Vs direc-
tion changes from [1 1 1] to [0 O 1]. Fe decreases the AYP because
Fe affects C,; more than C33 (Fig. S6).

4.2. Seismic properties of deformed wadsleyite aggregates
Combining our modeled water-Fe-pressure dependent C;;s with

the experimentally determined deformation-induced LPOs of wad-
sleyite aggregates from Ohuchi et al. (2014), we calculated the
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Fig. 5. The water, Fe, and pressure-dependent intrinsic anisotropy of single-crystal wadsleyite. AU is universal anisotropy, AYP is Vp azimuthal anisotropy, AVS is V's azimuthal

anisotropy, DV* is radial anisotropy.

anisotropic seismic properties of deformed wadsleyite aggregates
utilizing the MTEX software package (Fig. 7). The Cjjs of wads-
leyite 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 ag-
gregates are measured by Electron Back Scattering Diffraction in
Ohuchi et al,, 2014, including sample M0327 for the type I [0 O
1] (0 1 0) fabric, sample M0310 for the type 11 [0 O 1] (1 0 0)
fabric, samples Y0313 and MO0308 for the type III fabric [1 0 0]
(0 0 1). The type-Il and type-IIl LPOs presented in Ohuchi et al.
(2014) are based on deformation experiments on hydrous wads-
leyite aggregates with water content limited to 0.3 wt%. The up-
dated anisotropy modeling results using the Cjjs model in this
study for wadsleyite with 0.3 wt% water are shown in Fig. 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% water, under the assumption that they would develop
the same fabrics as the less hydrated wadsleyite aggregates used
in Ohuchi et al. (2014) (Fig. 7).

Under the normal upper MTZ temperatures (~1800 K), type-I
and type-II 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 slow-
est 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-

I fabric show the slowest Vp direction along the shear direction
(Fig. 7). Under lower temperatures (1473-1713 K), type III fabric is
developed with [1 0 0] axis of wadsleyite parallel to the shear di-
rection (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-
Il fabric show the fastest Vp direction sub-parallel to the shear
direction.

Constraining Vsy (horizontally polarized shear wave velocity)/
V sy (vertically polarized shear wave velocity) for wadsleyite aggre-
gates under a vertical flow or a horizontal flow can help us under-
stand the mantle flow field based on seismic observations. Higher
mode surface waves have been used by seismic studies to constrain
the Vsy/Vsy in the MTZ (Panning and Romanowicz, 2006; Visser
et al., 2008). The polarization of Vsy is sub-perpendicular to the
Earth’s surface and the polarization of Vgy is sub-parallel to the
Earth’s surface (Fig. 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 -II fabrics under
normal MTZ temperatures (Fig. 7a, 7b), Vs is Vsy assuming a
horizontal mantle flow field while Vs; is Vsy in a vertical mantle
flow field (Fig. S7). Therefore, wadsleyite aggregate with type-I and
-II fabrics results in Vsy >Vsy in a horizontal flow field, whereas
Vsy <Vsy is expected in a vertical flow field. Visser et al. (2008)
and French and Romanowicz (2014) both suggested Vsy > Vsy as a
global feature in the MTZ, which is consistent with the Type-I and
-1l fabrics of wadsleyite developed under the normal MTZ temper-
atures 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
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Fig. 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 V1 and slow S-wave Vs, plots indicate the polarization
directions. The crystallographic axes are shown in the bottom left corner. AYP, AV$! and AV$? refer to the maximum anisotropy values.

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-III fabric under cold condi-
tions (Fig. 7c, 7d), we expect Vsy<Vgy in a horizontal flow field
and Vsy > Vgy in a vertical flow field. Vsy > Vsy 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 Ekstrém, 2014). This is consis-
tent 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 im-
aged 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 V sy > Vsy.

5. Implications
5.1. Anisotropy features in the MTZ

The magnitude of the azimuthal shear wave anisotropy AYS 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 amplitude of azimuthal shear wave anisotropy AV in
the global upper mantle above the 410-km discontinuity is con-
strained to be ~1-2%, but this value in the MTZ drops to less
than 1%, which is consistent with the significantly smaller intrin-
sic anisotropy of wadsleyite compared with olivine (Zhang et al,,
2018). As shown in section 4.2, the AY® of wadsleyite aggregates
with type I and type II fabrics is calculated to be only 0.6-0.9% un-
der ambient MTZ conditions (Fig. 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-
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Fig. 7. The calculated acoustic velocities in stereographic projections for (A) dry wadsleyite aggregate with type I LPO (M0327), (B) hydrous wadsleyite aggregate with type
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(2014). The shear plane normal is north-south. The geometrical relationship between Vsy and Vsy is shown in Fig. S7. AYP, AVS! and AVS? refer to the maximum anisotropy

values.

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
DVs caused by deformed wadsleyite with type-I and -II 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 split-
ting time < 0.1 s) regardless of the types of LPO fabrics or water
content in wadsleyite assumed. This is consistent with the negligi-
ble 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 AYS and DV* can reach
2-3% locally beneath the circum-Pacific Ocean subduction zones
(Huang et al., 2019; Moulik and Ekstrom, 2014). However, for wad-
sleyite developing type-III fabric along cold subduction geotherm,
the pure wadsleyite aggregate shows a maximum AYS and DV*
on the order of only 1-1.4% (Fig. 7). It is possible that the to-
tal strain in the MTZ induced by the subduction of cold slabs is
significantly higher than strain achieved in the laboratory defor-
mation 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
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the marked anisotropy underneath the subduction 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 al-
phabet 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) iden-
tified 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 (Shi-
raishi 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% AP 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
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stagnant slabs at the boundary between the MTZ and the Lower
Mantle, in which stishovite and akimotoite is likely to be locally
enriched. A recent seismic study suggested that the non-double-
couple deep earthquakes are probably 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 interest-
ing 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. 5, water indeed reduces the intrinsic anisotro-
py of wadsleyite, for example, the AYP and DVS of hydrous wad-
sleyite (1.5 wt% water, Fe#=10) are lower than dry wadsleyite
(Fe#=10) by 18% and 15%, respectively (Fig. 6d, 6e). However,
the deformed hydrous wadsleyite aggregate usually shows type
Il fabric, whereas the deformed dry wadsleyite aggregate primar-
ily displays type I fabric (Ohuchi et al, 2014). After taking the
different types of fabrics into account, the hydrous wadsleyite ac-
tually shows higher AYP and DVS than the dry wadsleyite aggre-
gate by 25% and 30%, respectively (Fig. 7a, 7b). A possible reason
is that the incorporation of water results in more structural de-
fects 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 II
fabric shows almost 2 times higher strain rate (~1.3*10~%) than
the almost dry wadsleyite aggregate (~7.4*107°) with type I fab-
ric, thus the hydrous wadsleyite aggregate is rheologically weaker.
Similarly, Kavner (2003) also reported that the presence of water
in the crystal 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. There-
fore, 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 syn-
thetic hydrous Fe-bearing wadsleyite (0.14 (4) wt% water, Fe#=9.4,
Fe3*/XFe=0.3) up to 18.2 (2) GPa. The experimental results are:
Kso = 165 (2) GPa, Go = 104 (2) GPa, ng/ =52 (5), KSO// = -
0.16 (11) GPa™!, G = 1.9 (2), and G = -0.076 (28) GPa~!. Strong
softening of C44 and Cq, at pressures higher than 8 GPa is not ob-
served 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 wad-
sleyite 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 de-
creases intrinsic anisotropy by ~40-50%.

(3) Utilizing the water-Fe-pressure dependent C;j; models of
wadsleyite in the present study and 3 different types of fabrics
measured by deformation experiments in Ohuchi et al. (2014), we
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modeled the seismic anisotropy of wadsleyite aggregates. Compar-
isons between our results and seismic observations in the MTZ
suggest sub-horizontal flow in the ambient mantle and sub-vertical
flow near subducted slabs. Our results are consistent with a weak
anisotropic MTZ (<1%) on the global scale. The observed local high
seismic anisotropy up to 3% near subducted slabs requires ei-
ther 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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