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A B S T R A C T

The canonical model of Earth’s interior directly links the global 410 and 660 km seismic discontinuities to ol
ivine’s high pressure phase transitions in a pyrolite mineral assemblage. However, previous studies observe that 
the expected sound velocities of pyrolite are too low to match 1-dimensional seismic models in the lower mantle 
transition zone (MTZ). In this study, we report measurements of the elastic properties of (Mg0.9Fe0.1)2SiO4 
ringwoodite (Rw90), the dominant component of pyrolite between 520 km and 660 km depths, using pulse-echo 
ultrasonic interferometry combined with synchrotron X-radiation in the multi-anvil press up to 21 GPa and 1650 
K. Our results show that VP and VS of anhydrous Rw90 (0.003–0.035 wt.% H2O, 5.6 ± 1.2% Fe3+/Fetot) are both 
higher than predictions at MTZ conditions from previous studies, with a smaller increase for VS. Simultaneous 
fitting of PVT-VP-VS data yields global fit equation of state (EoS) parameters of V0= 39.69(2) cm3/mol, K0 = 183 
(4) GPa, K0′ = 5.5(3), G0 = 125(2) GPa, G0′ = 1.3(1), q0 = 0.3(3), γ0 = 1.27(4), θ0 = 1100(100) K and ηS0 = 3.5 
(2). Combining results with literature data, our predicted VS for pyrolite produces a sharp discontinuity 
consistent with seismic models, although VS is slightly lower than observed in the lower MTZ. In contrast, we find 
that pyrolite would not produce a large and sharp VP discontinuity at 660 km as the jump in VP caused by the 
decomposition of Rw90 is too small. A homogenous assemblage of pyrolite cannot, therefore, currently explain 
the seismic features in the lower MTZ. We also find that neither an accumulation of harzburgite nor basaltic crust 
immediately above or below the 660 km discontinuity explains the observations. Instead, either a heterogeneous 
mixture of some other chemically distinctive components is required or more prosaically, the elastic properties of 
all the other mantle phases need reevaluation.

1. Introduction

Pyrolite, a hypothetical rock composition constructed by combining 
mantle-derived magma (basalt) with the mantle-melt residue (harz
burgite or dunite) in specified proportions, is widely accepted as 
representative of Earth’s upper mantle (Ringwood, 1991). Based on 
laboratory measurements of phase relations and sound velocities of 

corresponding minerals, the predicted sound velocities of pyrolite agree 
well with geophysical observations of the MTZ down to 520 km (Irifune 
et al., 2008), as well as the top of the lower mantle down to 1200 km 
(Kurnosov et al., 2017). However, within the lowermost 150 km of the 
MTZ the velocities of pyrolite are lower than those typical of seismo
logical models such as PREM (Dziewonski and Anderson, 1981) and 
AK135 (Kennett et al., 1995), and do not match the seismic velocity 
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jump at the 660 km (Gréaux et al., 2019; Irifune et al., 2008; Pamato 
et al., 2016; Xu et al., 2008). As such, various hypotheses have been 
proposed to reconcile seismology with an overall pyrolitic composition 
mantle, including the enrichment of harzburgite-rich or basalt-rich 
materials in the MTZ (Gréaux et al., 2019; Pamato et al., 2016; Yu 
et al., 2023).

However, accurate interpretation of seismic profiles in terms of 
mantle mineralogy and chemistry requires precise elasticity data of 
candidate minerals under relevant mantle conditions. The thermo- 
elastic properties of Rw90, which constitutes 60 vol.% of pyrolite be
tween depths of 520 and 660 km, have previously been investigated 
through high-pressure experiments in diamond anvil cell (DAC) and 
multi-anvil apparatus (MA), in combination with various methods such 
as ultrasonic interferometry (e.g. Higo et al., 2008, 2006; Jacobsen and 
Smyth, 2006; Jacobsen et al., 2004), ultrasonic resonance (e.g. Mayama 
et al., 2005), and Brillouin scattering techniques (e.g. Mao et al., 2012; 
Schulze et al., 2018; Sinogeikin et al., 2003; Zhou et al., 2022). How
ever, most of these measurements were conducted at relatively low 
temperatures that are more than 1000 K below those expected at MTZ 
conditions (~1700–1900 K). This requires, therefore, the use of EoS 
extrapolations to predict sound velocities at appropriate MTZ conditions 
which can potentially introduce considerable uncertainties. To date, 
only a single study (Higo et al., 2008) has measured the sound velocity of 
Rw90 at high pressures and temperatures exceeding 1500 K. Further
more, the volumes of nominally dry Rw90 have never been measured at 
high pressure with angle dispersive X-ray diffraction under hydrostatic 
conditions, even at room temperature, despite extensive discussions on 
the effects of water and Fe content on the elasticity of ringwoodite (Rw). 
As the MTZ is a potential water reservoir due to the high solubility of 
water in wadsleyite and Rw (2–3 wt.%, Fei and Katsura, 2020, 2021; 
Inoue et al., 2010; Smyth et al., 2003), establishing a reliable benchmark 
for dry Rw90 would enable us to quantitatively resolve existing dis
crepancies regarding the compositional and thermal effects on the sound 
velocities of Rw as well as the depths and magnitudes of discontinuities 
(Houser, 2016; Meier et al., 2009; Suetsugu et al., 2010, 2006; Van der 
Meijde et al., 2003).

Here we report simultaneous measurements of density, compres
sional and shear wave velocity of nominally dry polycrystalline Rw90 
samples that extend to 21 GPa and 1650 K, using ultrasonic interfer
ometry in a synchrotron-based multi-anvil press. The resulting data are 
fitted to a self-consistent thermo-elastic model to estimate the thermo
dynamic properties of Rw90, with statistically meaningful uncertainty 
estimates, across a range of pressure and temperature (P-T) conditions. 
Finally, we combine our results with existing thermodynamic models for 
other minerals to estimate the sound velocities of pyrolite and harz
burgite assemblages along a typical mantle geotherm at the base of the 
Earth’s MTZ, facilitating comparison with 1-dimensional seismic refer
ence models.

2. Experiments

Polycrystalline Rw90 was made by hot-pressing San Carlos olivine at 
20 GPa and 1673 K for 3 hours using a 1000-ton Walker-type multi-anvil 
press at University College London. The San Carlos olivine was initially 
ground into a fine powder (5–10 μm) in ethanol and then dried over
night in a vacuum oven (< 2 mbar) at 125 ◦C before being loaded into Re 
foil capsules. Two capsules, each with a diameter of 1.4 mm and a length 
of 1.5 mm, were loaded into the same assembly. 10 mm edge-length 
CoO-doped semi-sintered MgO octahedron with LaCrO3 furnaces were 
employed with 4 mm edge-length truncated tungsten carbide cubes (a 
so-called 10/4 assembly) to generate high pressure conditions. Tem
perature was monitored with a type D thermocouple inserted longitu
dinally through the wall of the furnace, with the hot junction set at the 
center of the furnace between the two capsules.

The synthesis products were characterized using several techniques, 
including powder X-ray diffraction (XRD, λ = 1.78897 Å), scanning 

electron microscopy (SEM) combined with energy-dispersive spectros
copy (EDS), Fourier transform infrared spectroscopy (FTIR), and 
Mössbauer spectroscopy. Unpolarized FTIR spectra were recorded in 
transmission mode using a Thermo Scientific iN10 MX. FTIR measure
ments were performed through a portion of the sample which was 
doubly polished to a thickness of 228(1) μm and measured through a 
CaF₂ substrate over the spectral range of 950 to 6500 cm-1. These ana
lyses confirm that the samples were pure and nominally dry Rw, with an 
average chemical composition of (Mg0.91Fe0.09)2SiO4 and a water con
tent of 0.003–0.035 wt.% (Fig. S1). The reported range of sample water 
contents encompasses the upper and lower bound of uncertainty asso
ciated with FTIR spectra background subtraction. At ambient condi
tions, the unit-cell parameters of Rw90 were determined to be a =
8.07767(3) Å and V0 = 527.057(6) Å3. Mössbauer spectroscopy con
strained the sample to have an Fe3+/

∑
Fe ratio of 5.6 ± 1.2%, where the 

reported uncertainty is assessed based on variation between multiple 
fitting models (Fig. S2, see Text S1 for details). The Mössbauer spectrum, 
measured at room temperature in constant acceleration mode at the 
revived conventional Mössbauer laboratory adjoined to ID14 of the 
European Synchrotron Radiation Facility, was fitted using SYNCmoss 
(Yaroslavtsev, 2023). To prepare for ultrasonic measurements, after 
characterisation the sample was manipulated into fully dense cylinders 
with a diameter of 1.0 mm and length of ~0.55 mm, with both ends 
mirror polished.

Combined in situ X-ray and ultrasonic measurements were conducted 
at the ID06-LVP beamline of the European Synchrotron Radiation Fa
cility (Crichton et al., 2024). A 10/4 assembly was again employed with 
a TiC + MgO composite furnace (Xu et al., 2020), and a schematic 
illustration of the cell assemblage is provided in Fig. S3. One end of the 
sample was in direct contact with a very finely double-polished alumina 
buffer rod while the other end was backed by a NaCl + MgO disk to 
maintain hydrostatic conditions, with NaCl also serving as the pressure 
marker. Gold foils (1 μm thick) were placed at both ends of the sample 
for length measurements via X-ray radiography, and an additional gold 
foil was inserted between the cube and buffer rod to enhance mechanical 
coupling for ultrasonic transmission. To improve X-ray transparency 
along the beam path, conventional ceramic materials were replaced 
with amorphous SiBCN(O) windows. The temperature was monitored 
using a W97Re3 –W75Re25 thermocouple, with the hot junction posi
tioned within the NaCl + MgO disk.

Monochromatic synchrotron X-rays (λ = 0.2339 Å) were used to 
collect diffraction data on a 2D PILATUS3X-CdTe detector (Crichton 
et al., 2023) (Fig. S4). The sample− detector geometry was calibrated 
using an aliquot of the NIST SRM660a LaB6 standard material. XRD data 
for both the sample and pressure marker were acquired continuously 
throughout the experiments at 3 s intervals during heating and 30 s 
intervals during ambient temperature compression or decompression. 
The diffraction images were integrated to one dimensional XRD patterns 
using the Dioptas software (Prescher and Prakapenka, 2015) and the 
unit-cell parameters of the sample and NaCl pressure calibrant were 
determined by batch Rietveld refinements using the GSAS-II software 
(Toby and Von Dreele, 2013). Experimental pressures were evaluated 
from the unit-cell volumes of NaCl using a cross-calibrated high-
temperature EoS (Dorogokupets and Dewaele, 2007).

The sample lengths were determined by measuring the distance be
tween the two gold marker foils at either end of the sample in X-ray 
radiographic images (Fig. S5). Absorption intensities within the radio
graphs were extracted along perpendicular profiles using the ImageJ 
software (Collins, 2007), with uncertainties in measured lengths typi
cally being 3 pixels. The conversion factor between image pixels and 
actual lengths (1 pixel = 1.014(2) microns) was determined by 
comparing the measured lengths of samples and calibration objects, 
obtained with a digital gauge (±1 µm accuracy), to their corresponding 
image pixels from images taken in air, under slight compression (<< 1 
GPa), or in complete decompression across multiple experiments (Fig. 
S6).
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Ultrasonic waves were generated and received by a dual-mode 10◦ Y- 
cut LiNbO3 piezoelectric transducer mounted with Epotek 353ND on the 
corner of the cube diagonally opposite to the anvil-buffer rod interface. 
Bursts of three consecutive sine waves with frequencies of 30–60 MHz 
were generated and transmitted to the transducer and oscilloscope by a 
waveform generator (Keysight 33622A). The reflected echoes were then 
recorded with a digital oscilloscope (Keysight DSOX4104). Two-way 
travel times of the P (50 MHz) and S (40 MHz) waves were deter
mined using the ‘pulse-echo overlap’ method, by cross-correlating re
flected signals from the top and bottom interfaces of the sample until 
they overlap (Fig. S7–S8). The travel time was corrected for the bond 
(gold foils) phase shift effect following the procedures of Noda et al. 
(2022). The final results of the P and S wave travel times are given in 
Table S1. The uncertainty on the travel-time is typically 0.2%, but the 
overall uncertainties in the velocity measurements are dominated by 
contributions from sample length measurements, which are ~0.7%. The 
combined uncertainties in reported velocities are ~0.8%.

Results from two experiments on samples of Rw90 composition are 
presented here. In the first run (ES1212-run4), the sample was initially 
compressed at room temperature to a target pressure of ~20 GPa and 
then heated to ~1000 K to reduce any non-hydrostatic stress. Ultrasonic 
data were then collected during subsequent heating and cooling ramps 
in steps of 100 or 200 K. Pressure was subsequently increased in steps of 
~1–1.5 GPa and the same procedure was followed. Further measure
ments were also made during the release of pressure, encompassing 
three heating cycles up to 873 K. Unfortunately, during this process, the 
sample transformed back to olivine at ~6.4 GPa and 873 K. The P-T path 

of the entire experiment is shown in Fig. S9. In the second run (ES1135- 
run3), only PVT data were collected up to 20.7 GPa and 1478 K due to 
the weak ultrasonic signal, following the same procedure as above. 
Heating failed during the second heating cycle at ~20.6 GPa and 1443 K 
where the power became uncontrollable and data after this point were 
not used. Although XRD data were collected continuously during the 
two experiments, only data collected after heating to 1000 K when all 
stress is assumed to have relaxed have been used in fitting the EoS of 
Rw90 (Table S2–S3).

3. Results

3.1. Elasticity of nominally dry Fe-bearing Rw at high P-T conditions

Ultrasonic echo signals for both P- and S- waves were clearly 
observed throughout the entire experiment, with stacked spectra of 
these data shown in Fig. S7–S8. The molar volumes and sound velocities 
of Rw90 at high P-T conditions are plotted in Fig. 1(a)–(c) as a function 
of pressure, with the data colored by temperature. P- and S- wave ve
locities increase with increasing pressure and decrease with increasing 
temperature, as is typical for most minerals. VP shows a greater pressure 
dependence, 0.056 km⋅s-1⋅GPa-1 at 300 K, than VS, 0.008 km⋅s-1⋅GPa-1. 
The temperature dependence is nonlinear for both VP and VS, becoming 
increasingly pronounced with increasing temperature. Data below 9.5 
GPa are not plotted due to a small blow-out that occurred during 
decompression, just before the sample transformed back to olivine at 
~6.5 GPa and 873 K, causing these data to deviate from the overall 

Fig. 1. (a) Volume (V), (b) P-wave (VP) and (c) S-wave (VS) velocity of Rw90 at high P-T conditions from this study, plotted with 2σ error bars. The solid curves are 
calculated along isotherms using the fitted finite-strain EoS model as described in the text, with shaded regions representing 95% confidence intervals. All curves and 
symbols are color-coded according to temperature, with the color scale shown on the right. The error bars for the volumes are within the size of the symbols. (d) The 
residuals between the model calculation and experimental data for V, VP, and VS are plotted as relative percentage deviations from the model predictions.
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trend. This is illustrated in Fig. 1a, which shows a pressure drop from 9.4 
to 7.1 GPa (with no intermediate data) resulting from the blow-out.

The PVT-velocity data were combined and fitted to a finite-strain EoS 
using the thermodynamically self-consistent Mie–Debye–Grüneisen 
Birch–Murnaghan formalism (Stixrude and Lithgow-Bertelloni, 2005), 
as implemented within the BurnMan software package (Cottaar et al., 
2014; Myhill et al., 2023). In order not to overly bias fit parameters to 
the diffraction data, which are far more numerous than velocity mea
surements, these were subsampled in collection order at a rate of 1 in 
every 100 data. The best fit EoS parameters obtained were V0= 39.69(2) 
cm3/mol, K0 = 183(4) GPa, K0′ = 5.5(3), G0 = 125(2) GPa, G0′ = 1.3(1), 
q0 = 0.3(3), γ0 = 1.27(4), θ0 = 1100(100) K and ηS0= 3.5(2). Here, V0 is 
the molar volume; K0 and K0′ are the isothermal bulk modulus and its 
pressure derivative; G0 and G0′ are the shear modulus and its pressure 
derivative; γ0 is the Grüneisen parameter; θ0 is the Debye temperature; 
and q0 and ηS0 are the logarithmic volume and shear strain derivatives of 
the Grüneisen parameter, respectively. The resulting fit is plotted as 
solid curves in Fig. 1 with 95% confidence intervals indicated by the 
shaded regions. As expected, most of the experimental data falls within 
the 95% confidence intervals. The mismatch between the model calcu
lations and experimental data, shown as the relative percentage differ
ence, is plotted in Fig. 1d. ΔV/V is less than 0.3% and ΔVP/VP and 
ΔVS/VS are less than 0.8% for all data. The slightly larger deviation in 
volumes between 11 and 12 GPa (Fig. 1d) may have been caused by a 
component of non-uniform decompression (displacement of the outer 
anvils), leading to increased deviatoric stress at room temperature 
before annealing. However, a similar anomalous deviation was not 
observed in the measured velocities.

3.2. Comparison with previous published studies

Molar volume and velocity data from this study are compared with 
literature data along several isotherms in Fig. 2. For clarity, we only plot 
data from previous studies that report similar Fe (Fe/[Mg+Fe] = 0.1 ±
0.02) and H2O (i.e. nominally dry or < 0.25 wt.%) content for com
parison (Higo et al., 2008; Nishihara et al., 2004; Schulze et al., 2018; 
Sinogeikin et al., 2003; Zhou et al., 2022). Reported pressures from all 
previous studies have been converted to use the same pressure scale as 
this study to ensure self-consistency (Dorogokupets and Dewaele, 2007). 
Measured molar volumes from all studies show good agreement at all 
pressure and temperatures (Fig. 2a). However, the VP (Fig. 2b) and VS 
(Fig. 2c) values from this study are approximately 2.5% and 1.5% 
higher, respectively, than those from previous studies of nominally 
similar samples at 300 K. While this difference persists to high tem
peratures for VP (Fig. 2b), the discrepancy with previous data for VS 

decreases with increasing temperature and appears to converge at 
temperatures above 1500 K (Fig. 2c). Apart from the differences in ab
solute velocities described above, our VP also exhibits a stronger pres
sure dependence at 300 K compared to previous studies, whereas VS 
shows a pressure dependence consistent with earlier findings.

Whilst the offset to faster velocity measurements at 300 K from 
previous studies might initially suggest a problem with the data pre
sented here, there are several differences between present and previous 
studies that together may explain this offset. 

(1) Variations of H2O content, which is known to reduce velocities, 
exist between the samples from the different studies. Our sample 
contains 0.003–0.035 wt.% H2O as determined by FTIR. This is 
significantly lower than the sample studied by Schulze et al. 
(2018). The H2O content of the samples used by Higo et al. (2008)
and Sinogeikin et al. (2003) were not measured, but assumed by 
the authors to be negligible. The water content in the sample of 
Zhou et al. (2022) was reported to be zero. However, this seems 
inconsistent as their synthesized crystals are typically 30–90 μm 
whereas our samples grown for the same temperature and half of 
the time, have a grain size that is ubiquitously < 10 μm. We 
respectively suggest that Zhou et al. (2022) may have under
estimated the water content of their sample, possibly because 
their samples are very small (maximum 50 μm thick and 90 μm 
diameter) and the FTIR detection limits are significantly higher 
than measurements in this study (polycrystalline wafer of 228 μm 
thickness measured using a 300 μm square aperture). However, 
this cannot be critically assessed because the reported FTIR 
spectra (Figure S1 in Zhou et al., 2022) is background corrected, 
has low vertical scale resolution, and is only shown from 2400 to 
3800 cm-1. Considering these comparisons, it is very possible that 
our samples are the driest of all those investigated to date, and 
thus expected to have the highest velocities. Added to this, there 
are at least four water-incorporation mechanisms in Rw 
(Grüninger et al., 2017, 2020; Thomson et al., 2021), which may 
each have different effects on elasticity. However, we acknowl
edge that the velocity increase cannot solely be explained by 
lower water contents. VP and VS in our study are observed to be 
~0.2 km⋅s-1 or ~0.1 km⋅s-1 faster than Schulze et al. (2018)
which implies our sample should have between 0.4–0.5 wt.% and 
1–1.67 wt.% less water than Schulze et al. (2018), depending on 
what the effect of water is on velocities actually is (Mao et al., 
2012; Schulze et al., 2018). So water content alone can at best 
explain about 50% of the velocities differences observed in this 

Fig. 2. Comparison of (a) volume (V), (b) P-wave (VP) and (c) S-wave (VS) velocities of Rw90 from our EoS with previous studies as a function of pressure along 
several chosen isothermal temperatures. The solid symbols are from this study, whilst open symbols are from previous studies on nominally dry Rw90 (Higo et al., 
2008, Mg#91; Nishihara et al., 2004, Mg#90.7; Schulze et al., 2018, Mg#88.5, 0.21% H2O, Fe3+/Fetot = 0.15–0.19; Sinogeikin et al., 2003, Mg#91.4; Zhou et al., 
2022, Mg#90.4, 0% H2O). Only data within ± 25 K of isotherms, plotted as solid curves with shaded regions representing 95% confidence intervals, are shown. Error 
bars are 1σ and are within the size of the symbols if not apparent.
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study, but nevertheless, when added to other factors below, it 
may be an important contributor.

(2) Differences in the ferric iron content of Rw samples may also 
partially explain the observed velocity offset. Whilst the exact 
impact of Fe3+ on the Rw velocity remains uncertain, it is known 
that ferric iron incorporation is associated with increased defect 
concentrations and/or cation disorder (Mrosko et al., 2013; 
Thomson et al., 2021), which in turn are known to reduce the 
sound velocities of Rw (Panero, 2010). Of the studies compared, 
only Schulze et al. (2018) reported the ferric/total iron content, 
which was 0.15. This is three times more enriched in ferric iron 
than our study (Fe3+/

∑
Fe = 0.056 ± 0.012). Samples from 

Schulze et al. (2018) must have contained more defects/disorder, 
and therefore should have inherently lower velocities.

(3) The small variations in total iron contents (i.e. Schulze et al., 2018
studied a Mg# 89 Rw) also affect velocities. Based on previous 
data a 2% increase in Fe content increases VP and VS by ~0.056 
and 0.046 km⋅s-1 respectively at ~15 GPa and 300 K (Higo et al., 
2006).

(4) It is possible that intrinsic differences between the experimental 
techniques in different studies also contribute to the reported 
differences. While Higo et al. (2008) employed ultrasonic inter
ferometry with samples fully annealed at high PT conditions, 
Sinogeikin et al. (2003), Schulze et al. (2018) and Zhou et al. 
(2022) are single-crystal Brillouin scattering measurements and 
inferred polycrystalline velocities via the Voigt-Reuss-Hill aver
aging scheme. Fundamentally, ultrasonic experiments make ve
locity measurements immediately after high temperature stress 
relaxation. In contrast, Brillouin measurements were collected 
during compression without high temperature annealing using 
methanol–ethanol–water (16:3:1) (Sinogeikin et al., 2003) or 
Neon (Schulze et al., 2018; Zhou et al., 2022) as a pressure 
transmitting medium. Whilst Neon remains approximately hy
drostatic to ~ 15 GPa, methanol–ethanol–water ceases to be 
hydrostatic at ~ 9 GPa (Klotz et al., 2009). We are unaware of any 
systematic investigation of whether Brillouin and ultrasonic ve
locity measurements suffer from systematic offsets.

(5) Differences in the systematic experimental uncertainties between 
this and the previous ultrasonic measurements (i.e. Higo et al., 
2008) can contribute to the apparent offset with this study. For 
instance, in the study of Higo et al. (2008) it is unclear whether 
any corrections were made for the travel time due to the gold 
marker foils (e.g. Noda et al., 2022). Whilst we cannot rigorously 
evaluate such corrections due to insufficient information pro
vided, true velocities could be up to 1% faster than reported. In 
addition, Higo et al. (2008) studied a significantly longer sample 
(~1.5 mm vs ~0.55 mm in this study) which must have experi
enced a larger thermal gradient compared with this study which 
would alter the apparent temperature dependence of velocities.

So while we admit that we cannot unambiguously explain the ve
locity offset, the combination of lower water concentration, ferric/ 
ferrous ratio, iron content and defects, and different experimental pro
cedures can account for one to two percent differences in velocities. 
Indeed, ambient temperature velocities of similar composition iron 
bearing Rw containing 1–1.1 wt.% water vary by 2–4% (Fig. S10), so the 
offset seen in this study is not abnormal. The fact that our measured 
velocities are highest is consistent with our sample being demonstrably 
dry and having very low ferric iron and related defect concentrations.

4. Discussion

4.1. Temperature effect on sound velocities of Rw

The 520 km and 660 km seismic discontinuities are assumed to be 
associated with the phase transformation of (Mg,Fe)2SiO4 wadsleyite to 

Rw and the breakdown of Rw to bridgmanite + ferropericlase, respec
tively. The depth and magnitude of these discontinuities, as well as 
seismic anomalies, vary globally, which presumably reflect chemical 
and thermal heterogeneities within the MTZ (e.g. Jenkins et al., 2016). 
Such variations are widely used to estimate the water content and 
temperature anomalies in the MTZ based on experimental and theoret
ical studies of the effect of water, temperature and iron content on 
discontinuity depth, which include constraints on the sound velocities of 
Rw.

However, the estimated water content and temperature anomalies in 
the MTZ vary between different studies (Houser, 2016; Inoue et al., 
2010; Jacobsen and Smyth, 2006; Mao et al., 2012; Schulze et al., 2018; 
Suetsugu et al., 2006; Wang et al., 2021; Zhou et al., 2022), probably due 
to the different velocity temperature dependencies used by the different 
studies. Since most previous measurements of Rw’s sound velocities are 
limited to temperatures < 700 K (Mao et al., 2012; Sinogeikin et al., 
2003; Zhou et al., 2022), the extensive extrapolations to MTZ temper
atures (~1800 K) may also introduce large uncertainties.

Fig. 3 shows the temperature dependence of VP and VS for nominally 
anhydrous Rw90 at ~19 GPa, based on data from this study alongside 
that of previous work. Elastic model calculations from different studies 
are also plotted as solid and dashed curves for comparison. The trend of 
both VP and VS from Higo et al. (2008) agrees fairly well with the current 
study (dVP/dT and dVS/dT both ~− 0.35 m⋅s-1⋅K-1) across the entire 
temperature range. In contrast, Zhou et al. (2022) observed a much 
smaller temperature effect on sound velocity (dVP/dT ~− 0.18 and 
dVS/dT ~− 0.16 m⋅s-1⋅K-1 respectively), as do ab initio calculations 
(Núñez Valdez et al., 2012). While both Higo et al. (2008) and this study 
have measured the sound velocities of Rw90 at high pressures and 
temperatures up to 1650 K, the measurements from Zhou et al. (2022)
only extend to 700 K, suggesting that extrapolation may significantly 
underestimate the velocity reduction caused by temperature conditions 
that exist at actual MTZ conditions. These insights emphasize the ne
cessity of measuring mineral properties under relevant mantle condi
tions or as close to these as possible, rather than relying solely on 
extrapolations or ab initio theory. We observe that at 19 GPa and 1800 K, 
an increase in temperature of 100 K reduces VP and VS by 0.045 km/s 
(0.5%) and 0.042 km/s (0.7%), respectively. These temperature de
rivatives are significantly larger than those used in Wang et al. (2021)
(0.025 km/s for VP and 0.014 km/s for VS per 100 K) and reported by 
Zhou et al. (2022) to infer water concentrations and temperature 
anomalies in the MTZ. Underestimating the effect of temperature would 
lead to an overestimation of MTZ water content. We emphasize that, to 
gain a comprehensive understanding of seismic observations, it is 
imperative to measure the combined effects of water, Fe content (and 
speciation), and temperature on the sound velocities of Rw under con
ditions that correspond to the actual mantle.

4.2. Comparison with seismic reference models

We use our newly parameterized Rw90 elasticity model, in combi
nation with similar model parameterizations for other major mantle 
minerals from Stixrude and Lithgow-Bertelloni (2024), to calculate 
one-dimensional seismic wave velocity profiles for pyrolite and harz
burgite assemblages within the MTZ and uppermost lower mantle. The 
starting bulk compositions for pyrolite and harzburgite were taken from 
Xu et al. (2008) (Table S4). For pyrolite, a bulk oxygen content similar to 
that of the upper mantle (i.e. Fe3+/Fe = 0.03) is assumed (Canil and 
O’Neill, 1996). Equilibrium phase proportions (Table S5–S6) and com
positions (Table S7–S8) are calculated using Gibbs-free energy minimi
zation with Perple_X 7.1.13 (Connolly, 2005) along the geotherm from 
Brown and Shankland (1981), employing the database from Stixrude 
and Lithgow-Bertelloni (2024). Results show that, in the middle MTZ, 
pyrolite consists of ~60 vol.% Rw90 and ~40 vol.% garnet. The pro
portion of garnet gradually decreases with depth as Ca-perovskite 
exsolves prior to the later transformation to bridgmanite. After the 
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post-spinel transition, pyrolite in the topmost lower mantle consists of 
~75 vol.% bridgmanite, ~18 vol.% ferropericlase, and ~7 vol.% Ca 
perovskite, along with a small amount of Fe metal (Table S5) produced 
by disproportionation reactions (Frost et al., 2004; Huang et al., 2021). 
The depleted harzburgite assemblage consists of ~80 vol.% Rw and ~20 
vol.% garnet in the middle MTZ, becoming an assemblage of ~74 vol.% 
bridgmanite, ~25 vol.% ferropericlase and ~ 1 vol.% Ca perovskite in 
the lower mantle (Table S6). These results generally align with previous 
experimental observations (Irifune, 1994; Irifune et al., 2010; Ishii et al., 
2018, 2019).

The seismic wave velocities of pyrolite and harzburgite were then 
calculated along the geotherm using the thermodynamic formalism of 
Stixrude and Lithgow-Bertelloni (2005), implemented in the BurnMan 
package (Cottaar et al., 2014; Myhill et al., 2023). The Reuss average 
was used to calculate the elastic moduli of each mineral solution, and the 

Voigt–Reuss–Hill average was applied to derive the elasticity of each 
rock aggregate. Uncertainties in the predicted bulk rock velocity profiles 
are estimated to be ~0.5% for VP and ~1% for VS at any specific depth, 
assuming that the uncertainties in the predictions using parameters from 
Stixrude and Lithgow-Bertelloni (2024) (Table S9) are comparable to 
those observed for Rw in this study.

Fig. 4 compares the predicted sound velocity and density profiles of 
pyrolite and harzburgite assemblages with the seismic reference models 
PREM (Dziewonski and Anderson, 1981) and AK135 (Kennett et al., 
1995). The estimated VP of pyrolite (red curve, Fig. 4a) agrees well with 
PREM in the middle to lower part of the MTZ and the uppermost lower 
mantle, however the overall velocity increase is spread over a large 
pressure interval. This is because the dissociation reaction of Rw → 
bridgmanite + ferropericlase itself results in a VP increase that is much 
too small, and so the transition is dominated by the garnet transition 

Fig. 3. (a) P-wave (VP) and (b) S-wave (VS) velocity of nominally dry Rw90 plotted against temperature at 19 GPa. Solid symbols are data from this study, open 
symbols are from previous ultrasonic interferometry (Higo et al., 2008) and Brillouin scattering (Schulze et al., 2018; Zhou et al., 2022) studies. The curves represent 
model calculations from corresponding studies. The first-principles calculation result from Núñez Valdez et al. (2012), which are for dry Mg# 87.5 Rw, are shown for 
comparison. Error bars are 1σ and are within the size of the symbols if not apparent.

Fig. 4. Comparison of (a) P-wave (VP) and (b) S-wave (VS) velocities and (c) density of pyrolite and harzburgite compositions with two seismological models, PREM 
(Dziewonski and Anderson, 1981) and AK135 (Kennett et al., 1995). The red and blue solid curves represent the calculated results for pyrolite and harzburgite, 
respectively, along the geotherm of Brown and Shankland (1981), with the shaded areas indicating an estimated uncertainty of ~1%. The velocities and densities of 
relevant high-pressure phases are also shown for comparison. wd: wadsleyite; rw: ringwoodite; gt: majorite garnet; ak: akimotoite; cpv: Ca perovskite; brg: bridg
manite; fp: ferropericlase.
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which occurs over a wide pressure range. Pyrolite is, thus, unable to 
produce the large and sharp discontinuity at 660 km seen in both seismic 
reference models. There is also a mismatch in the 650–730 km depth 
range due to the gradual transformation of majorite garnet to bridg
manite and calcium perovskite.

Conversely, VS for a pyrolite assemblage agrees very well with the 
seismic models in the uppermost lower mantle just below 660 km, with a 
discontinuity magnitude at 660 km that is consistent with seismological 
observations. However, the VS of pyrolite in the bottom 150 km of the 
MTZ is about 0.2 km/s lower than seismic observations. Moreover, the 
predicted density in the lower MTZ and the density jump at 660 km for 
pyrolite are lower compared to the PREM model. In our modelling, the 
transformation of majorite garnet to bridgmanite in pyrolite occurs over 
a pressure range from 22.4 GPa to 26.5 GPa. If this transition were to 
occur over a narrower pressure range, the VP and density discontinuities 
at 660 km would be larger, more closely matching seismic observations. 
However, the VS jump would then be too large and inconsistent with 
seismic observations. Therefore, our results indicate that a standard dry 
pyrolite assemblage provides a poor match to seismic reference models 
along a normal mantle geotherm at the base of the MTZ and topmost 
lower mantle (Dziewonski and Anderson, 1981; Kennett et al., 1995), 
and in particular cannot produce the sharp jump in VP required by 
seismology.

Similar discrepancies between the predictions of mineralogical 
models and seismic observations have also been reported previously 
(Gréaux et al., 2019; Irifune et al., 2008; Xu et al., 2008), leading to 
suggestions that material chemically distinct from normal pyrolite may 
be present in the MTZ. Since tomographic observations reveal that some 
subducting slabs stagnate and accumulate in the MTZ (Agrusta et al., 
2017; Fukao and Obayashi, 2013; Van der Hilst et al., 1997), and since 
they consist of mid-ocean ridge basalt (MORB) and underlying harz
burgite, these assemblages have been suggested as potential MTZ can
didates (Gréaux et al., 2019; Irifune et al., 2008; Ishii et al., 2019; 
Pamato et al., 2016; Xu et al., 2008). However, neither harzburgite nor 
MORB can explain all the observed discrepancies between mineralogical 
predictions and seismic observations. A harzburgite mineral assem
blage, characterized by higher Rw and lower majorite garnet pro
portions, alongside the presence of akimotoite, appears to better match 
VS in the MTZ (blue curves in Fig. 4b). Additionally, the lower Al content 
in majorite garnet within harzburgite leads to its transformation to 
bridgmanite over a narrower pressure range, offering a better match for 
VP between 660 and 750 km depths. However, the predicted VP of 
harzburgite is significantly higher than seismic observations in the lower 
MTZ, and its VS is too high in the topmost lower mantle. In addition, the 
density of harzburgite is insufficient in the lower MTZ. On the other 
hand, the velocities of MORB are even slower than those of pyrolite 
(Gréaux et al., 2019) due to the high proportion of majorite garnet, 
which has low seismic velocities among the potential minerals. To in
crease the VS and density of pyrolite in the lower MTZ to match seismic 
models, one potential explanation is that temperatures may be lower 
than the predicted geotherm. Decreasing temperature would generally 
increase the sound velocity and density of minerals. In the case of 
pyrolite, a temperature profile 200 K lower than the geotherm would 
also facilitate the formation of akimotoite at the base of MTZ, thereby 
further enhancing the sound velocity of the bulk rock. As shown in Fig. 4
(green curves), this 200 K temperature reduction raises the predicted VS 
and density models to match seismic reference models. However, it re
sults in a VP that is too high in the lower MTZ and a VP jump that remains 
too low at the 660 km discontinuity.

However, it is important to acknowledge the inherent uncertainties 
in both the seismic models and thermodynamic calculations. 1D seismic 
reference models represent globally averaged velocity structures, which 
are not uniquely determined and involve tradeoffs between disconti
nuity magnitudes and velocity gradients. In most reference models, the 
underlying structure is described using polynomial functions, which 
lack direct theoretical justification (Frost, 2008). On the other hand, the 

thermo-elastic properties of many relevant minerals, essential for esti
mating the velocities of bulk rock compositions, remain poorly con
strained. To date, the elasticities of iron-bearing ferropericlase, 
akimotoite and bridgmanite with expected mantle compositions have 
yet to be measured under high P-T conditions comparable to those of the 
MTZ or uppermost lower mantle. Moreover, although the elasticities of 
some majorite garnet endmembers (majorite, pyrope, grossular, and 
almandine), as well as majorite garnet with either a complex “natural” 
chemistry or an 80% majorite–20% pyrope composition, have been 
measured under high P-T conditions close to those of the MTZ, each 
composition has only been studied once (Arimoto et al., 2015; Chantel 
et al., 2016; Irifune et al., 2008; Kono et al., 2010; Liu et al., 2015; Zhou 
et al., 2021). With no data available for Na-majorite or andradite garnet, 
the overall database remains incomplete. Although many ab initio esti
mates exist for mantle mineral properties and serve as excellent starting 
points in the absence of experimental data, they typically require small 
corrections in volume and moduli (i.e. Zhang et al., 2013) to match 
experimental findings. While these corrections are usually minor (a few 
percent in volume), their accuracy at high P-T conditions cannot be 
reliably assessed without experimental data.

Additionally, compositional changes in minerals are taken into ac
count in this study, as different endmembers may contribute differently 
to the elasticity of a solid solution. For instance, majorite garnet begins 
to exsolve Ca-perovskite at ~18 GPa and undergoes a gradual phase 
transition to bridgmanite at the base of the MTZ and the top of the lower 
mantle (Irifune, 1994; Ishii et al., 2018; Saikia et al., 2008). During this 
transition, the majorite and grossular components in garnet decrease, 
while the pyrope component increases (Pamato et al., 2016; Saikia et al., 
2008). Simultaneously, Al content in bridgmanite gradually increases 
within the top 50 km of the lower mantle, resulting in higher Fe3+

content in bridgmanite (Huang et al., 2021; Irifune, 1994; Ishii et al., 
2018). Although thermodynamic models are employed to account for 
these compositional changes, further experimental studies under rele
vant mantle conditions are necessary to validate these predictions and 
better constrain the bulk composition of the deep mantle. And finally, 
the bulk chemistry of mantle assemblages may exhibit variations that 
are not fully captured by current models, due to the simplification of 
assigning a single chemistry and the limitations of thermodynamic 
models in a simplified chemical system.

5. Conclusions

We have investigated the elastic properties of nominally dry 
(0.003–0.035 wt.% H2O) (Mg0.91Fe0.09)2SiO4 ringwoodite at high pres
sure and temperature conditions up to 21 GPa and 1650 K using ultra
sonic interferometry combined with synchrotron X-radiation in the 
multi-anvil press. VP and VS were found to be 2.5% and 1.5% higher 
than previous studies at 300 K and high pressure, respectively. This 
offset can be explained by a combination of variable water concentra
tion, iron content, iron speciation and experimental techniques 
compared with previous studies. While this discrepancy in VP persists to 
high temperatures, VS becomes consistent with previous measurements 
above 1500 K. A global fit of the measured PVT-velocity data gives V0=

39.69(2) cm3/mol, K0 = 183(4) GPa, K0′ = 5.5(3), G0 = 125(2) GPa, G0′ 
= 1.3(1), q0 = 0.3(3), γ0 = 1.27(4), θ0 = 1100(100) K and ηS0= 3.5(2). 
Using these parameters and the parameters of other major mantle 
minerals from literature models, we predict the sound velocities for 
pyrolite and harzburgite bulk compositions along the mantle geotherm. 
Our results show that “dry” pyrolite, which contains ~60 vol.% ring
woodite, cannot satisfy the magnitude and sharpness of the VP velocity 
jumps at the 660 km discontinuity as required by seismology.
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