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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 V p (P-wave velocity) jump, yet decreases the V s (S-wave velocity) jump of 
the 520 across the wadsleyite to ringwoodite transition. Higher temperature increases both V p and V s 
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 resolve. The 
low velocity anomaly caused by metastable ringwoodite increases to 5-7% at 750 km depth due to the 
weak pressure dependence of V s 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.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

The high pressure-temperature (P -T ) phase transformations of 
olivine ((Mg, Fe)2SiO4) are largely responsible for 3 major seis-
mic discontinuities in the Earth’s ambient (normal) mantle: the 
410 km seismic discontinuity (the 410), which separates the up-
per mantle and the mantle transition zone (MTZ), 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 bridgman-
ite + ferropericlase marks the 660-km seismic discontinuity (the 
660), which is the boundary between the MTZ and the lower man-
tle (Ringwood, 1991). While the 520 is believed to be a global 
feature (Tian et al., 2020), it is a less prominent discontinuity com-
pared 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 het-
erogeneities in the MTZ (Tian et al., 2020; Sinogeikin et al., 2003). 
The MTZ is a potential water reservoir due to the high water sol-
ubility 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 stud-
ies (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 V p and V s impedance 
contrasts at the 520 (Panero, 2010). Sinogeikin et al. (2003) sug-
gested that Fe enhances V p and V s velocity contrasts across the 
wadsleyite-ringwoodite transition, which was later contradicted by 
a first-principals computational study (Núñez-Valdez et al., 2011). 
Jacobsen and Smyth (2006) found that V p of hydrous and anhy-
drous ringwoodite is indistinguishable under lower MTZ pressures 
at 300 K, while Mao et al. (2012) found that adding 1 wt% wa-
ter into ringwoodite structure would significantly decrease both 
V p and V s 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 com-
putational 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 Clapey-
ron slope of the olivine-wadsleyite-ringwoodite transition would 
2

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 thermody-
namic 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 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 knowl-
edge 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 ring-
woodite sample up to 32 GPa and 700 K by Brillouin spectroscopy. 
We then modeled the thermal and chemical effects on the magni-
tude 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 assem-
bly to synthesize anhydrous Fe-bearing ringwoodite single crystals. 
The synthesis experiment was conducted at 1673 K and 18 GPa 
for 6.5 hours in a 1000-ton Multi-Anvil Press at the University of 
Hawai‘i at Mānoa (UHM). The typical sizes of ringwoodite single 
crystals in the run product range from 30 μm to 90 μm. A few 
crystals ∼70-90 μm in size were hand-picked and double-side pol-
ished into platelets with ∼30-50 μm thickness and then examined 
using the Thermo Fisher Nicolet Nexus 670 Fourier Transformed 
Infrared Spectrometer (FTIR) with an infrared light source, a CaF2
beam splitter, and a narrow-band mercury-cadmium-telluride de-
tector at the University of New Mexico (UNM). We could not iden-
tify any visible peaks between 2400-3800 cm−1 in the collected 
unpolarized FTIR spectra related with O-H in ringwoodite, suggest-
ing that the synthetic ringwoodite crystals were nearly anhydrous. 
Typical FTIR spectra are shown in Fig. S1. We also determined the 
chemical composition of the synthetic ringwoodite crystals to be 
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Fig. 1. C11, C12, C44, K s, G , V p, and V s 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 K s, G , V p, and V s of the isotropic polycrystalline ringwoodite. Solid lines represent 4th order 
finite strain EOS fitting results. The dashed, horizontal purple lines indicate that the P -induced increases of C44 and V s are negligible above 23 GPa. (For interpretation of 
the colors in the figure(s), the reader is referred to the web version of this article.)
(Mg0.904Fe0.096)2SiO4 (Fe# = 9.60(3)) using the JEOL 8200 Elec-
tron Microprobe operated at 15 kV and 20 nA at UNM (Table S1). 
The major element standards were forsterite for Mg and Si, alman-
dine for Fe and Al, and diopside for Ca.

We further polished 1 ringwoodite platelet down to ∼10 μm 
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 IμS 3.0 AgKα microfocus source 
and a customized Bruker D8 Venture diffractometer at UHM. The 
diffraction images were collected in the ϕ-scan geometry for a ϕ
angle range of ± 23◦ with 1◦ step and 20-second exposure per 
frame. The unit cell parameters and crystal orientation were calcu-
lated using the Bruker APEX3 software. The density (ρ0) at room 
P-T conditions was determined to be 3.709 (1) g/cm3 with the cu-
bic unit cell parameter a = 8.0704 (6) Å. 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 μm-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 dia-
mond anvils were then manually rotated within the diamond anvil 
cell to ensure that their slow directions matched each other be-
fore experiments. A 250 μm thick Rhenium gasket was indented to 
∼49 μm thickness, and a 250 μm hole was drilled at the center 
of the gasket to form the sample chamber. The polished ringwood-
ite 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 sam-
ple chamber at the GeoSoilEnviroCARS, Advanced Photon Source, 
Argonne National Laboratory. High temperature up to 700 K was 
generated by a platinum resistive heater placed around the dia-
mond 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 thermo-
couples were always less than 15 K up to the maximum tempera-
ture 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 
3

solid-state laser. A 6-pass tandem Fabry-Pérot interferometer was 
used to measure the Brillouin frequency shift. The scattering an-
gle 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. S2 shows a typical Brillouin spectrum. Fewer ve-
locity data were obtained at pressures higher than ∼18 GPa (Fig. 
S3), because the ringwoodite vp peaks start to overlap with the 
diamond vs peaks along the acoustically slowest directions of dia-
monds. 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 mea-
surements at Chi angles of 135◦ and 150◦ (Fig. S3). Fortunately, 
due to the high symmetry of ringwoodite, vp and vs along 8-10 
different crystallographic directions are enough to constrain the 3 
independent C ijs of ringwoodite. All the high P-T data are collected 
along the isotherms, respectively (Fig. 1). Typical collection time 
for a Brillouin spectrum with similar quality as the one shown in 
Fig. 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 readings was stabilized at the target tem-
perature of 400 K, 500 K, or 700 K during the high P-T experiments 
through adjustment of the heater power. The temperature fluctua-
tions 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 C ijs (C11, C44, 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 
C ijs model and the measured velocities (Fig. S3). Voigt-Reuss-Hill 
(VRH) averaging scheme is used to calculate bulk modulus (K s), 
shear modulus (G), V p, and V s for isotropic polycrystalline ring-
woodite (Hill, 1963). Note the V p and V s are independent of 
the assumed densities, thus they are the true values at high P -T
conditions. After fixing the K s0, G0, ρ0, and thermal expansivity 
(Inoue et al., 2004), we fitted the P -T -V p-V s data set collected 
in this study using temperature-dependent 4th order finite strain 
equation of state (EOS) (Equations S1-S15, S19-S21) and derived 
the aggregate thermoelastic parameters: (∂ K s/∂ P )T0, (∂2 K s/∂ P 2)T0,
(∂G/∂ P )T0, (∂2G/∂ P 2)T0, (∂ K s/∂T )P0, (∂G/∂T )P0, and best-fit high 
P -T densities (Davies and Dziewonski, 1975; Duffy and Ander-
son, 1989). We chose 4th order finite strain EOS here for fitting 
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Table 1
C ijs, K s, G , V p, and V s for the ringwoodite sample measured in this study.

Temperature 
(K)

Pressure 
(GPa)

density 
(g/cm3)

C11

(GPa)
C44

(GPa)
C12

(GPa)
K s 
(GPa)

G
(GPa)

V p 
(km/s)

V 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(1) 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) 245.9(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) 144.5(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) 4.027 440.9(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)
the aggregate elastic properties of ringwoodite instead of 3rd order 
finite strain EOS due to the significantly reduced RMS error (12 
m/s versus 44 m/s). As shown in Fig. S4, the use of 3rd order fi-
nite strain EOS underestimates the V p and V s at lower pressures 
while overestimates them at higher pressures (23-32 GPa, Fig. 1). 
C ijs, KS, and G at each high P -T condition were then updated 
with the newly derived best-fit densities (Table 1). Finally, using 
temperature-dependent 3rd order or 4th order finite strain EOS 
(Equations S16-S18) (Davies, 1974; Duffy and Anderson, 1989), we 
fitted the P -T -C ijs data set to derive the pressure and temperature 
derivatives of the C ijs: (∂C ij0/∂ P )T0, (∂2C ij0/∂ P 2)T0, (∂C ij0/∂T )P0
(Fig. 1; Table S2).

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 effects of Fe# ( 100 Femol

Mgmol+F emol
) and water on 

the V p and V s of ringwoodite under high P-T conditions:
(1) We compiled the water content, Fe#, density, K s, G , V p, 

and V s of 8 different ringwoodite samples used in previous Bril-
louin spectroscopy studies (Jackson et al., 2000; Sinogeikin et al., 
2003; Wang et al., 2006; Schulze et al., 2018, this study) to avoid 
any possible discrepancies resulting from the use of different ex-
perimental techniques, such as ultrasound interferometry. These 
ringwoodite samples cover a wide range of water content (0-2.34 
wt%) and Fe# (0-11.5) (Fig. S5).

(2) We fitted the ρ0, K s0, G0 of ringwoodite with respect to 
water contents (in wt%) and Fe# for these 8 different samples as-
suming an empirical linear relationship as shown in Table S3.

(3) After adopting the results derived in step (2) under room 
P-T conditions, we fitted the parameters of the 4th order finite 
strain EOS to the entire Fe#, water and pressure-dependent V p 
and V s data set for the 8 ringwoodite samples to get water con-
tent and Fe# dependent (∂ K s/∂ P )T0, (∂2 K s/∂ P 2)T0, (∂G/∂ P )T0, and 
(∂2G/∂ P 2)T0 (Equations S1-S15, Table S3).
4

To evaluate the goodness of the fit of the obtained com-
position dependent high-pressure elasticity model, we compared 
the model-predicted values of V p and V s for all 8 ringwoodite 
samples with the experimentally determined values under high-
pressure conditions. The differences are all within 1% for both V p 
and V s (Fig. S5A), suggesting our model is robust within the in-
vestigated 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 K s and G of 
ringwoodite (Schulze et al., 2018; Jackson et al., 2000; Sinogeikin 
et al., 2003). Therefore, we adopted (∂ K s/∂T )P0 and (∂G/∂T )P0 de-
termined for the anhydrous Fe-bearing ringwoodite sample in this 
study in our model to calculate the high P-T elasticity of ringwood-
ite.

Combined with the composition-dependent high P -T elastic-
ity model of wadsleyite in Zhou et al. (2020, 2021), we calculated 
the effects of water and Fe# on the velocity (V p, V s) as well 
as impedance contrasts across the wadsleyite-ringwoodite transi-
tion at 18 GPa along a 1600 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)

A (ringwoodite) + A (wadsleyite)
∗ 200% (1)

where A is velocity or impedance. The water partitioning coeffi-
cient between wadsleyite and ringwoodite adopted in our mod-
eling 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 in-
cluded 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:
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Fig. 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.
(1) We have computed another composition-dependent elastic-
ity model of ringwoodite without excluding the data presented in 
Mao et al. (2012), as shown in Fig. 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 
V p and V s 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 experimen-
tal 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 possibil-
ity 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 other Brillouin spectroscopy stud-
ies. 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 C ijs (C11, C44, C12) of ringwoodite be-
have differently with temperature and pressure (Fig. 1). C11 of 
ringwoodite is most sensitive to temperature while C12 is least 
sensitive (Fig. 1; Table S2). C11 is also most sensitive to pressure 
while C44 is least sensitive (Fig. 1), consistent with all previous 
studies for ringwoodite (Fig. S6, e.g., Sinogeikin et al., 2003; Wang 
et al., 2006, 2021; Mao et al., 2012; Schulze et al., 2018). C11 and 
C12 increase almost linearly with pressure throughout the entire 
pressure range we investigated. In comparison, C44 increases non-
linearly only up to ∼23 GPa in this study, consistent with Schulze 
et al. (2018) as shown in Fig. S6. At pressures between 23 GPa and 
32 GPa, C44 remains almost constant, which has not been reported 
before due to the limited pressure range explored in previous stud-
ies. The weak pressure dependence of C44 possibly reflects the 
coupling between shear strains and atomic displacements in min-
erals with spinel-type structure (Caracas and Banigan, 2009).
5

The elastic properties of an isotropic polycrystalline aggregate 
of ringwoodite are calculated under the VRH averaging scheme 
(Table 1). V p increases with P from 0 GPa to 32 GPa, while the 
V s increase becomes negligible when P exceeds ∼23 GPa, mainly 
due to the minimal increase of C44 in the relevant pressure range 
(Fig. 1). The best-fit aggregate elastic properties for the anhydrous 
Fe-bearing ringwoodite sample used in this study are: K s0 = 188 
(1) GPa, G0 = 119 (1) GPa, (∂ K s/∂ P )T0 = 4.0 (2), (∂2 K s/∂ P 2)T0
= − 0.03 (2) GPa−1, (∂G/∂ P )T0 = 1.56 (7), (∂2G/∂ P 2)T0 = −
0.049 (6) GPa−1, (∂ K s/∂T )P0 = − 0.017 (3) GPa/K, and (∂G/∂T )P0
= − 0.011 (2) GPa/K. Fixing the (∂2 K s/∂ P 2)T0 to 0 GPa−1 as 
what was done in previous studies (Mao et al., 2012; Schulze et 
al., 2018) yields slightly smaller (∂ K s/∂T )P0 (-0.014 (3) GPa/K) 
and (∂G/∂T )P0 (-0.012 (2) GPa/K). The values of (∂ K s/∂T )P0 and 
(∂G/∂T )P0 obtained in this study are in between the previous high 
P-T ultrasonic experiments on polycrystalline ringwoodite up to 18 
GPa 1600 K ((∂ K s/∂T )P0 = − 0.0181 (8) GPa/K and (∂G/∂T )P0 =
− 0.0150 (4) GPa/K) by Higo et al. (2008), and previous high P-
T XRD experiments up to 21 GPa 1273 K ((∂ K s/∂T )P0 = − 0.008 
(5) GPa/K calculated from (∂ KT/∂T )P0 = − 0.015 (5) GPa/K using 
Equation S24) by Nishihara et al. (2004) (Table S4).

3.2. Intrinsic anisotropy of ringwoodite

Based on the P -T dependence of the C ijs measured in this 
study (Table S2), we calculated ringwoodite’s intrinsic anisotropy 
indices under high P-T conditions (Fig. 2). A total of 5 elas-
tic anisotropy indices are used: universal anisotropy (AU), Zener 
anisotropy (AZ), V p azimuthal anisotropy (AVp), V s azimuthal 
anisotropy (AVs), and V s radial anisotropy (DVs) (see Equations 
S25-S29 and references in the Supplementary Information). For 
ringwoodite, due to its cubic symmetry, its AVs is equal to DVs

(Fig. 2b).
The most prominent feature in Fig. 2 is that the intrinsic 

anisotropy of ringwoodite decreases significantly with pressure 
down to the bottom of the MTZ and then increases with pres-
sure again. The increases of AU, AVp, AVs and DVs above a certain 
threshold (e.g., ∼27 GPa at 300 K) are the consequence of the 
switch between the acoustically fastest and the slowest crystallo-
graphic directions in ringwoodite, which is characterized by the 
decrease of AZ below 1 (Fig. 2d, Table S5). Temperature also de-
creases the intrinsic anisotropy of Fe-bearing ringwoodite at the 
MTZ pressures, similar to Fe-free ringwoodite as suggested by pre-
vious first-principles calculations (Li et al., 2006). Previous stud-
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Fig. 3. Effects of Fe# and water on the V p and V s jumps (Equation (1)) across the wadsleyite-ringwoodite transition in pure (Mg, Fe)2SiO4 system. The horizontal axis is the 
Fe# in ringwoodite (F e#ring ), the corresponding Fe# in wadsleyite is 60F e#ring

(100−0.4F e#ring )
according to the Fe partitioning 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).
ies 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 possi-
ble 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., akimo-
toite, stishovite, metastable olivine) or shape-preferred orientation 
of rheologically/elastically weak minerals melts are the more pos-
sible 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. S5A), we modeled the ef-
fects of water content and Fe# on the elasticity of ringwoodite 
under high P-T conditions (Table 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)2SiO4 system (Figs. 3, 4). In the Earth’s mantle, these jumps 
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would be smaller considering the dilution effect due to the coexis-
tence of garnet. Assuming the Earth’s mantle is pyrolitic with ∼53 
vol% olivine, based on the phase equilibrium experiments by Ishii 
et al. (2018), the 520 for a pyrolitic MTZ is characterized by ∼2% 
V p and V s velocity jumps as well as ∼3% V p and V s impedance 
jumps with a theoretical thickness of 0 km. Our results agree with 
the globally estimated ∼3% V p and V s impedance contrasts across 
the 520 of using SS precursors by Shearer (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 V s impedance contrast 
of 2.4% can result in the same waveform as a 30-km wide 520 with 
4.4% V s impedance contrast.

4.1.1. Effects of Fe# and water on Vp and Vs jumps at the 520
The effects of Fe# and water on the velocity jumps across 

wadsleyite-ringwoodite transition are shown in Fig. 3. Increas-
ing Fe# reduces the V p jump. Fe increases the (∂ K s/∂ P )T0 of 
wadsleyite (Buchen et al., 2017; Zhou et al., 2021), whereas the 
(∂ K s/∂ P )T0 of ringwoodite is not sensitive to Fe# (Table 2, Higo 
et al., 2006). The K s of wadsleyite approaches that of ringwoodite 
with increasing Fe# in both wadsleyite and ringwoodite. Interest-
ingly, the V s jump is less sensitive to Fe (Fig. 3), because the effect 
of Fe on V s jump is controlled by 2 competing factors. On the one 
hand, wadsleyite’s V S and G are more sensitive to Fe compared 
with ringwoodite (e.g., adding 1 mol% of Fe decreases wadsleyite’s 
G0 by 0.5% and ringwoodite’s G0 by only 0.2%), and thus, adding 
the same amount of Fe in wadsleyite and ringwoodite could en-
hance the V s jump. On the other hand, Fe# of ringwoodite is 
larger than Fe# of wadsleyite under equilibrated mantle condi-
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Fig. 4. Effects of Fe# and water on density, V p impedance contrast and V s impedance contrast (Equation (1)) across wadsleyite-ringwoodite transition in pure (Mg, Fe)2SiO4

system. The horizontal axis is the Fe# in ringwoodite (F e#ring ), the corresponding Fe# in wadsleyite is: F e#wad = 60F e#ring
(100−0.4F e#ring )

based on the average Fe partitioning 
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).

Table 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

Increase Fe# by 1 Add 1 wt% water Increase Fe# by 1 Add 1 wt% water

K s0 \ ↓ by 4% ↑ by 0.1% ↓ by 5%
(∂K s/∂ P )T0 ↑ by 1.3% \ \ ↑ by 5%
(∂K s/∂T )P0 \ \ \ \
G0 ↓ by 0.5% ↓ by 5% ↓ by 0.1% ↓ by 5%
(∂G/∂ P )T0 \ ↑ by 10% \ ↑ by 7%
(∂2G/∂P2)T0 \ \ \ \
(∂G/∂T )P0 \ \ \ \
tion considering Fe preferentially partitions into ringwoodite (e.g. 
2 mol% of Fe in ringwoodite corresponds to ∼1.2 mol% Fe in wad-
sleyite) (Tsujino et al., 2019), increasing Fe# in the MTZ could 
reduce the V s jump across the wadsleyite-ringwoodite transition.

Sinogeikin et al. (2003) suggested that higher Fe content will 
increase both the V p and V s jumps across the 520 primarily based 
on the elasticity measurements at ambient condition, whereas 
Núñez-Valdez et al. (2011) suggested the opposite based on first-
principles calculations. Our results (the V p jump is reduced by 
Fe whereas the V s jump is almost insensitive to Fe) are in par-
tial agreement with both studies. Sinogeikin et al. (2003) assumed 
that Fe does not affect (∂ K s/∂ P )T0 of wadsleyite while our cal-
culation adopted the relationship that was determined in Zhou et 
al. (2021), which suggested that adding 1 mol% Fe increases the 
(∂ K s/∂ P )T0 of wadsleyite by 1.3%. This relationship is in agreement 
with Buchen et al. (2017) which also found that Fe increases the 
(∂ KT/∂ P )T0 of wadsleyite. On the other hand, Núñez-Valdez et al. 
(2011) suggested Fe of ringwoodite decreases its (∂G/∂ P )T0 and 
finally decreases V s jump at the 520, while our result (Table 2) 
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shows that Fe has no resolvable effect on (∂G/∂ P )T0 of ringwood-
ite. Our result, in terms of the Fe effect on the (∂G/∂ P )T0 and 
(∂ KT/∂ P )T0 of ringwoodite, is consistent with Higo et al. (2006).

In contrast to the effect of Fe, higher water content increases 
V p jump across the wadsleyite to ringwoodite transition at the 
520. Higher water content increases (∂ K s/∂ P )T0 of ringwoodite 
(Jacobsen and Smyth, 2006), whereas (∂ K s/∂ P )T0 of wadsleyite is 
not sensitive to water content (Table 2). Thus, the difference be-
tween the V p of ringwoodite and wadsleyite increases with water 
content (Fig. 3). On the other hand, water reduces the V s jump 
across the wadsleyite to ringwoodite transition. Adding 1 wt% wa-
ter into the crystal structures increases (∂G/∂ P )T0 of wadsleyite 
and ringwoodite by 10% and 7%, respectively (Table 2). Moreover, 
considering the water preferably partitions into wadsleyite than 
ringwoodite (Inoue et al., 2010), incorporating twice as much wa-
ter in wadsleyite than ringwoodite would results in an even higher 
(∂G/∂ P )T0 of the hydrous wadsleyite coexisting with the hydrous 
ringwoodite near the 520. As a result, wadsleyite’s G or V s ap-
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proaches those of ringwoodite at 18 GPa with increasing water 
content in the MTZ.

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

The density and impedance jumps across the wadsleyite-
ringwoodite transition at the 520 are shown in Fig. 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. 4). Sim-
ilarly, increasing water content in the MTZ would result in an 
increase of the density jump at the 520, because water preferen-
tially 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, V p impedance contrast 
is more sensitive to water and less sensitive to Fe compared with 
V p jump, whereas V s impedance contrast is much more sensi-
tive to Fe and less sensitive to water compared with V s jump 
(Figs. 3, 4).

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 adi-
abat (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, 2010). Yonggang et al. (2008) suggested that 
temperature has a negligible effect on the 520 impedance con-
trasts, 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 V p and V s jumps across the wadsleyite-ringwoodite transfor-
mation at the 520. Fe decreases the V p jump and is insensitive 
to the V s jump. Water increases the V p jump yet decreases the 
V s jump. Temperature increases both V p and V s jumps. The min-
eral physics modeling in this study suggests that lateral changes 
in chemical composition and temperature in the MTZ can help ex-
plain 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 V p 
jump with a reduced V s jump across the 520. However, the hydra-
tion 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 ringwood-
ite may survive at depths greater than 410 km and 660 km, respec-
tively, 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 mod-
eling of the P-wave coda (e.g., Kaneshima et 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 V p of the metastable 
olivine wedge beneath the Japan Sea is ∼3% slower than the ambi-
ent mantle and ∼5% slower than the surrounding slabs at 410-560 
km. If this subducting slab remains relatively cold at the bottom 
8

Fig. 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 stan-
dard deviations of V p and V s 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).

of the MTZ (e.g., < 973 K, Inoue et al., 2004; Bina and Navrot-
sky, 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 in-
duced 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 pre-
vious 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 be-
neath the eastern China (Tao et al., 2018). 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 ve-
locity structure at 660-800 km depth (30◦-40◦ latitude and 115◦-
125◦). We calculated V p and V s of anhydrous olivine (Fe#=9.5, 
Zhang and Bass, 2016) along an 873 K isotherm as well as the 
V p and V s of anhydrous ringwoodite (Fe#=9.6, this study) along 
a 973 K isotherm (Fig. 5). The metastable olivine and ringwoodite 
are assumed to be anhydrous. Ishii and Ohtani (2021) suggested 
that water strongly partitions into the high-pressure hydrous min-
erals (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 fol-
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lowing reasons. Hosoya et al. (2005) suggested that at 873 K, 
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 (In-
oue 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 tempera-
tures 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 and Navrotsky, 2000; Kawakatsu and Yoshioka, 2011; Ishii 
and Ohtani, 2021).

As shown in Fig. 5, the V p of olivine is about 5% lower than 
the ambient mantle (AK135) and 5-7% lower than the surround-
ing slabs under the Japan Sea at 410-560 km depths. These values 
are consistent with the observed V p 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 de-
tectable low velocity regions at 660-700 km depends on both the 
volume of metastable ringwoodite in slabs and the velocity con-
trast 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 dilu-
tion effect caused by the coexistence of majoritic garnet (20-40 
vol% garnet) in the subducted lithosphere, metastable ringwood-
ite 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 V s anomaly at greater depth due to the minimal 
increase of V s with pressure at lower mantle conditions. For exam-
ple, V s of metastable ringwoodite would be ∼5% slower than the 
ambient mantle (AK135) and ∼7% slower than the Pacific subduct-
ing 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 seismically 
although it carries a strong negative V s 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 ring-
woodite wedge, if it exists, is more likely to become seismically 
detectable with stronger V s anomaly at depths greater than ∼750 
9

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 700 K 
by Brillouin Spectroscopy. The coefficients of the 4th 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: K s0 = 188 (1) GPa, G0 = 119 (1) GPa, (∂ K s/∂ P )T0
= 4.0 (2), (∂2 K s/∂ P 2)T0 = − 0.03 (2) GPa−1, (∂G/∂ P )T0 = 1.56 
(7), (∂2G/∂ P 2)T0 = − 0.049 (6) GPa−1, (∂ K s/∂T )P0 = − 0.017 (3) 
GPa/K, and (∂G/∂T )P0 = − 0.011 (2) GPa/K.

(2) The intrinsic elastic anisotropy of ringwoodite is approach-
ing 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 V p and 
V s jumps across the wadsleyite-ringwoodite transformation. Fe de-
creases the V p jump and is insensitive to the V s jump. Water 
increases the V p jump yet decreases the V s jump. Temperature 
increases both V p and V s jumps. Lateral changes in chemical com-
position and temperature in the MTZ could help explain the strong 
global variations of the 520.

(4) We calculated the sound velocity of metastable ringwood-
ite 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 ve-
locity contrast and lesser thickness. Future studies on the metasta-
bility field of ringwoodite under subduction zone P-T conditions 
are needed.
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