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Sound velocities of majorite garnet and the
composition of the mantle transition region
T. Irifune1, Y. Higo1,2, T. Inoue1, Y. Kono1, H. Ohfuji1 & K. Funakoshi2

The composition of the mantle transition region, characterized by
anomalous seismic-wave velocity and density changes at depths of
400 to 700 km, has remained controversial. Some have proposed
that the mantle transition region has an olivine-rich ‘pyrolite’
composition1,2, whereas others have inferred that it is characterized by pyroxene- and garnet-rich compositions (‘piclogite’),
because the sound velocities in pyrolite estimated from laboratory
data are substantially higher than those seismologically
observed3–5. Although the velocities of the olivine polymorphs at
these pressures (wadsleyite and ringwoodite) have been well documented, those of majorite (another significant high-pressure
phase in the mantle transition region) with realistic mantle compositions have never been measured. Here we use combined in situ
X-ray and ultrasonic measurements under the pressure and temperature conditions of the mantle transition region to show that
majorite in a pyrolite composition has sound velocities substantially lower than those of earlier estimates, owing to strong nonlinear decreases at high temperature, particularly for shear-wave
velocity. We found that pyrolite yields seismic velocities more
consistent with typical seismological models than those of piclogite in the upper to middle parts of the region, except for the
potentially larger velocity jumps in pyrolite relative to those
observed at a depth of 410 km. In contrast, both of these compositions lead to significantly low shear-wave velocities in the lower
part of the region, suggesting possible subadiabatic temperatures
or the existence of a layer of harzburgite-rich material supplied by
the subducted slabs stagnant at these depths.
It has been accepted that the upper mantle is composed of peridotite or pyrolite compositions with about 60% olivine and lesser
amounts of pyroxenes (,30%) plus a small but significant (,10%)
amount of Al-rich phases, such as spinel and garnet, depending
on pressure1. Olivine transforms to wadsleyite at a pressure of
,13.5 GPa, and then to ringwoodite at ,18 GPa and decomposes
to an assemblage of MgSiO3-rich perovskite and (Mg,Fe)O rocksalt
at ,24 GPa. In contrast, pyroxene progressively transforms to garnet
structure with increasing pressure, forming an Al-deficient garnet
(majorite) at pressures above ,16 GPa (ref. 6). Therefore, the mantle
transition region (MTR) at depths between 410 km (,13.5 GPa) and
660 km (,24 GPa) is believed to be mainly composed of highpressure forms of olivine and majorite, although small amounts of
clinopyroxne and CaSiO3-rich perovskite may be present at shallower and deeper regions of MTR, respectively6–8.
Laboratory sound velocity measurements, however, have demonstrated that the velocities of wadsleyite (and ringwoodite) are
substantially higher than those of olivine5, yielding unacceptably
large velocity contrasts across the 410-km seismic discontinuity
and also velocities too high to match seismological models in pyrolite
composition for the upper to middle parts of the MTR. In contrast,
majorite has been shown to exhibit lower velocities relative to
1

wadsleyite and ringwoodite9–12, and provides better fits to seismological models if the proportion of olivine is reduced to 30–40%. So
piclogite has been thought to yield velocities more consistent with
those observed seismologically, although the uncertainty in laboratory measurements of the sound velocities has hindered firm conclusions5,13–16 because none of these measurements has been made
under MTR conditions. We recently expanded the pressure and temperature conditions for combined in situ X-ray and ultrasonic measurements towards those of the MTR17. Here we applied this method
to majorite with a ‘pyrolite minus olivine’ composition6 to address
the chemical composition of MTR by combining the results on welldefined sound velocities of ringwoodite17–20.
We conducted in situ X-ray and ultrasonic measurements under
the pressure and temperature conditions of the MTR (Fig. 1a).
Figure 1b shows a transmission electron microscope (TEM) image
of the recovered sample after the run, showing that well-sintered and
equilibrium textures formed, but no secondary phases, including no
metallic iron. In contrast, we were unable to see any notable textural
features on the polished sample using a scanning electron microscope
(SEM), because the sample was fairly homogeneous and wellsintered with very small (,500 nm) grains. Powder X-ray diffraction
measurement at the ambient condition for the sample demonstrated
that all of the observed diffraction lines correspond to those of
majorite (Supplementary Fig. 1), yielding lattice parameter a 5
11.580(1) Å, which is almost the same as the value before the ultrasonic run (a 5 11.582(1) Å). We note that a substantial decrease in
lattice parameter is expected to occur if the majorite partially transforms to the low-pressure phase (clinopyroxene) or to the highpressure phase (CaSiO3-rich perovskite)6.
Figure 1c and d and Supplementary Table 1 show the sound velocity changes in the present majorite with increasing pressure and
temperature. Both the P- and S-wave velocities vP and vS increase
with increasing pressure and decrease with increasing temperature,
whereas the temperature effect on vS is so large that at the highest
pressure (,18 GPa) and temperature (1,673 K), vS is substantially
lower than at the ambient condition. Also, the rates of the velocity
decreases in both vP and vS become more prominent at higher
temperatures. A similar but less obvious nonlinear temperature
dependence was also observed for (Mg,Fe)2SiO4 ringwoodite under
corresponding pressure and temperature conditions17.
Unit-cell volume changes of majorite with pressure and temperature are determined on the basis of in situ X-ray diffraction measurements. The X-ray density of majorite at each pressure and
temperature can be determined by the volume data combined with
the chemical composition of majorite (Fig. 1e and Supplementary
Table 1), yielding a zero-pressure density of r0 5 3.605(1) g cm23,
which is in good agreement with the earlier result by quench
method (r0 5 3.61 g cm23) (ref. 6). The isothermal bulk modulus
derived from the compression data at room temperature
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Figure 1 | Experimental conditions and results of the combined ultrasonic
and in situ X-ray measurements on a polycrystalline majorite sample with
pyrolite minus olivine composition. a, Pressure–temperature conditions of
the combined in situ X-ray and ultrasonic measurements. The
measurements were mostly made while decreasing temperature (blue), but
some measurements in the stability field of majorite were made while
increasing temperature (red). The open circles represent pressures where the
measurements were made without heating the sample upon compression.
Phase boundaries are based on a phase equilibrium study6.

Px 5 clinopyroxene; Ga 5 majorite garnet; CaPv 5 CaSiO3-rich perovskite.
b, A TEM image of the sample recovered from the sound velocity
measurements at high pressure and high temperature. The inset is a selected
area electron diffraction pattern from the grain marked ED—a single crystal
of majorite garnet. No evidence for the presence of other phases is obtained,
and the crystals exhibit an equilibrium texture with grain sizes of typically
200–300 nm. c–e, P-wave velocity (c), S-wave velocity (d) and density
(e) changes of majorite with pressure and temperature.

(KT0 5 162(1) GPa, assuming KT09 5 4.2) is consistent with the bulk
modulus KS0 5 164.4(5) GPa based on the ultrasonic measurements.
By a linear fitting of the longitudinal and shear moduli derived
from the velocity data combined with the X-ray density data, we
obtained the bulk and shear moduli K0 and G0 and their pressure
and temperature derivatives (Table 1), which are in general comparable to those obtained for majorite with a composition of 50%
MgSiO3 and 50% Mg3Al2Si3O12 (En50Py50), using the Brillouin
scattering method11,12, although the dG/dP and dG/dT values we
obtained are smaller. We also obtained the second temperature derivatives for our majorite by fitting a polynomial equation to the same
data set, and calculated variations of the sound velocities with temperature at some pressures (16, 18 and 20 GPa) of the middle part of
the MTR (Fig. 2). vP and vS and their temperature dependence in the
present pyrolitic majorite are quite close to those of En50Py50 majorite at relatively low temperatures below ,1,000 K. However, these
velocities, particularly vS, based on the present data, exhibit a notable
nonlinear decrease with temperature, as compared with those of
En50Py50 majorite, which were extrapolated using the experimental
data at relatively low (,1,073 K) temperatures12.

Majorite garnet is suggested to have a temperature dependence of less
than half (dvP/dT 5 21.6 3 1024 km s21 K21 and dvS/dT 5 21.1 3
1024 km s21 K21) that of high-pressure forms of olivine (dvP/dT 5
23.5 3 1024 km s21 K21and dvS/dT 5 23.8 3 1024 km s21 K21 for
wadsleyite, dvS/dT 5 23.0 3 1024 km s21 K21 and dvS/dT 5 22.9 3
1024 km s21 K21 for ringwoodite) near the bottom of the MTR12.
We obtained similarly small negative values (dvP/dT 5 21.5 3
1024 km s21 K21 and dvS/dT 5 21.2 3 1024 km s21 K21) for our
majorite from the low-temperature data at 18 GPa. However, because
of the notable nonlinear nature of the temperature dependence, these
temperature derivatives at high temperatures at this depth are calculated to be dvP/dT 5 24.0 3 1024 km s21 K21 and dvS/dT 5 23.1 3
1024 km s21 K21, which are similar to those of the high-pressure
forms of olivine. Therefore we suggest that the temperature variations
in the MTR inferred from the lateral velocity heterogeneity combined
with the elastic properties of only high-pressure forms of olivine
would not be affected by the presence of majorite, in spite of
the earlier study based on the results at lower temperatures12. The
R 5 dlnvS/dlnvP value21 for our majorite is 1.5 for all the
present temperatures at 18 GPa, which is higher than those of

Table 1 | Elastic parameters of majorite
Composition

K0 (GPa)

G0 (GPa)

dK/dP

dG/dP

dK/dT (GPa K21)

dG/dT (GPa K21)

d2K/dT2 (GPa K22)

d2G/dT2 (GPa K22)

Reference

Pyrolite minus olivine
Pyrolite minus olivine
En38Py62
En50Py50
En50Py50
En80Py20

164.4(5)
164.2(5)
171(5)
167(3)
167(3)
163(3)

94.9(2)
94.7(2)
90(1)
90(2)
90(2)
88(2)

4.24(6)
4.22(5)
6.2(5)
NA
4.2(3)
NA

1.11(3)
1.08(2)
1.9(2)
NA
1.4(2)
NA

20.0129(8)
20.0091(16)
NA
20.0145(20)
NA
20.0143(20)

20.0103(4)
20.0074(5)
NA
20.0082(10)
NA
20.0083(10)

NA
26(3) 3 1026
NA
NA
NA
NA

NA
25(1) 3 1026
NA
NA
NA
NA

This study*
This study**
Ref. 10
Ref. 12
Ref. 11
Ref. 12

NA, not available. *,**Linear and polynomial fits (including the second derivative of temperature M 5 M0 1 dM/dP 3 P 1 dM/dT 3 (T 2 300) 1 (1/2)d2M/dT2 3 (T 2 300)2, where M represents
the longitudinal and shear moduli, respectively).
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Figure 2 | Variations of sound velocities of majorite with temperature for
the selected pressures in MTR. The solid lines show those derived from the
present data, while the dotted lines are extrapolated using the elastic
properties of majorite with a composition En50Py50, where En is MgSiO3 and
Py is Mg3Al2Si3O12 (ref. 12).

most high-pressure phases but is close to those seismologically
constrained, whereas dvP/dP and dvS/dP are 0.049–0.052 and
0.014 km s21 GPa21 over the pressure range of the MTR.
We evaluated vP and vS for pyrolite and piclogite compositions,
using elastic moduli and X-ray densities obtained for
(Mg0.91Fe0.09)2SiO4 ringwoodite17 and those of our majorite along
a geotherm22 (Fig. 3). These velocities for the middle part of the MTR
(,520–580 km), where only ringwoodite and majorite coexist in
both of these mantle compositions6,16, are tightly constrained within
,0.5%. We also estimated the velocity changes in pyrolite and piclogite in other regions of the MTR using our data and those of earlier
studies on other high-pressure phases15,17,23 in conjunction with the
phase proportion data6,7,16. These calculations for the upper and
lower parts of the MTR involve errors of ,2–3% owing to uncertainties in the mineral physics parameters.
For vP, both pyrolite and piclogite compositions lead to the velocities consistent with those of the typical seismological models24,25
throughout the MTR. vS for pyrolite also agrees well with those of
the seismological models in the upper half to middle parts of MTR,
whereas piclogite yields substantially lower vS in these regions. It
should be noted that pyrolite yields larger velocity jumps at 410 km
discontinuity than do the seismological models and piclogite. A
corresponding sound velocity measurement on wadsleyite at the relevant pressure and temperature conditions is needed to address this
issue, because the velocities of wadsleyite at temperatures of MTR
may be lower than those estimated earlier, which yield smaller velocity jumps in pyrolite, consistent with the seismological models.
For the lower part of the MTR, both pyrolite and piclogite fail to
explain the seismological vS models, mainly because of the unexpectedly low vS of majorite. The progressive formation of CaSiO3-rich
perovskite (which has high velocities) from the majorite phase may
explain the discrepancy in these compositions, but direct measurement of this unquenchable phase under these pressure and temperature conditions is needed to confirm this.
There may be a low-temperature anomaly due to the presence of
stagnant slabs near the 660 km depth26, which should increase the
average velocities in this region. The temperature dependence of the
velocities for ringwoodite and majorite obtained in our study indicates
that temperatures lower by about 400 K are required to match the
seismological models. On the other hand, subducted slabs are generally
assumed to be composed of a thin layer of oceanic crust underlain by a
thicker residual harzburgite. This harzburgite should have olivine content and an Mg/(Mg1Fe) value substantially higher than those of the
surrounding mantle, both of which increase the seismic velocities.
Thus a combination of relatively low temperatures and the Mg- and
olivine-rich nature of the stagnant slab may explain the apparent
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Figure 3 | A comparison of the sound velocities for pyrolite and piclogite
compositions with representative seismological models in the MTR. Short
black horizontal solid lines show the velocities of majorite (Mj, obtained in
this study) and of ringwoodite (Rw, using the same method17). Thicker
horizontal solid lines are for pyrolite (red) and piclogite (blue) calculated by
combining these data and the mineral proportions defined by phase
equilibrium studies6,16. The dotted red and blue lines are the estimated
velocity changes using a combination of the phase equilibrium data6–8,16 and
the present and other elastic properties of relevant high-pressure
phases15,17,23. Vertical red bars show typical errors in the velocity calculation
for the upper and lower parts of the MTR (those based on the present study
for the middle part are nearly equivalent to the thickness of the solid bars).
Arrows indicate the depths at which phase transitions in major minerals take
place in pyrolite6. Ol 5 olivine; Wd 5 wadsleyite; Py 5 pyroxene;
MgPv 5 MgSiO3 perovskite; Mw 5 magnesiowüstite. PREM and Ak135 are
representative seismological models24,25.

disagreement of the elastic velocities of pyrolite (and piclogite) and
those of the seismological models in the lower part of the MTR.
METHODS
A polycrystalline sample of majorite with the ‘pyrolite minus olivine’ composition was synthesized using a multi-anvil apparatus at 18 GPa at 1,500 K under
dry conditions. The hot-pressed rod sample was of pure majorite with grain sizes
less than ,0.2 mm, and had a porosity of 0.5%. An electron microprobe analysis
shows the sample to be homogeneous and to have composition SiO2 5 50.60,
TiO2 5 0.60, Al2O3 5 11.14, Cr2O3 5 0.97, MgO 5 22.32, CaO 5 9.33, FeO 5
3.02 and Na2O 5 0.75 (wt%), which is close to that reported in ref. 6.
Combined in situ X-ray and ultrasonic measurements were conducted using a
1,500-ton multianvil apparatus at SPring-8. The sample was surrounded by an
NaCl sleeve and heated with a cylindrical platinum foil in a (Mg,Co)O pressure
medium. The pressure was monitored by unit-cell volumes of NaCl and Au in a
pellet of a mixture of NaCl1Au1BN, placed adjacent to the sample, using
equations of state27,28. We used the NaCl scale as the primary pressure scale in
the present analysis. The temperature was measured with a W97Re3–W75Re25
thermocouple, the hot junction of which was placed near the sample. The temperature uncertainty due to the gradient in the furnace and fluctuation of heating
is within 62% of the nominal value.
X-ray diffraction from the sample and the pressure markers was observed
using an energy-dispersive system, and the sample length was measured with
a high-resolution (1 pixel 5 ,2 mm) charge-coupled device (CCD) camera.
Ultrasonic measurements were conducted while in situ X-ray observations were
being made, and the travel times of both P- and S-waves were determined by a
pulse–echo method using a transfer function technique29. The data acquisition
time at each pressure and temperature point was typically 10 min. The overall
uncertainties of the present velocity measurements are within 60.5% in both vP
and vS.
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