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Abstract Raman spectra of a single-crystal fragment of
hydrous c-Mg2SiO4, synthesized in a multianvil press,
have been measured in a diamond-anvil cell with helium
as pressure-transmitting medium to 56.5 GPa at room
temperature. All five characteristic spinel Raman modes
shift continuously up to the highest pressure, showing no
evidence for a major change in the crystal structure de-
spite compression well beyond the stability field of
ringwoodite in terms of pressure. At pressures above
�30 GPa a new mode on the low-frequency site of the
two silicate-stretching modes is clearly identifiable, indi-
cating a modification in the spinel structure which is
reversible on pressure release. The frequency of the
new mode (802 cm�1 extrapolated to 1 bar) suggests the
presence of Si–O–Si linkages and/or a partial increase in
the coordination of Si. Direct determination of the subtle
structural change causing the new Raman mode would
require high-pressure, single-crystal synchrotron X-ray
diffraction experiments. The Raman modes of hydrous
and anhydrous Mg-end-member ringwoodite are nearly
identical up to 20 GPa, suggesting that protonation has
only minor effect on the lattice dynamics over the entire
pressure stability range for ringwoodite in the mantle.
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Introduction

Ringwoodite [c-(Mg,Fe)2SiO4], the highest-pressure
polymorph of olivine, is considered to be the most

abundant mineral in the transition zone between 520
and 660 km depth. Though nominally anhydrous, it can
incorporate up to �2.6 wt% H2O in form of OH in its
crystal structure (Kohlstedt et al. 1996; Bolfan-Casanova
et al. 2000). Even minor amounts of hydrogen in ring-
woodite can influence its physical and chemical proper-
ties and could alter transition-zone properties
profoundly. Consequently, the hydration mechanisms
and stability of hydrous ringwoodite have been investi-
gated extensively recently. On the basis of X-ray dif-
fraction studies and observed IR and Raman OH
vibrational spectra, Kudoh et al. (2000) proposed as
possible protonation sites in c-Mg2SiO4 (2 wt% H2O)
the O–O pairs around vacant octahedral 16c (mixed
octahedral-tetrahedral layer) and 16d sites (octahedral
layer), with Mg as well as Si vacancies and partial Mg2þ-
Si4þ disorder balancing the charge. An alternative
structural model for the incorporation of water into Mg-
end-member ringwoodite is our suggested (Kleppe et al.,
2002) hydration mechanism for Fe-bearing ringwoodite
(Fo89, 1.6 wt% H2O) where Si–O–Si bonds and non-
silicate oxygens act as protonation sites. The stability of
hydrous Fo89-ringwoodite has been investigated with
Raman spectroscopy to 60 GPa at 300 K (Kleppe et al.,
2002): emerging Raman bands above 40 GPa suggested
a pressure-induced, reversible modification in the spinel
structure consistent with an increase in the coordination
of Si. The present paper reports comparative high-
pressure Raman spectra of a single-crystal fragment of
hydrous Mg-end-member ringwoodite to 56.5 GPa.
Raman spectra in the frequency range 200–1000 cm�1

include the characteristic modes of cubic spinel and are a
sensitive probe for monitoring structural transforma-
tions including amorphization, and in particular coor-
dination changes. Chopelas et al. (1994) and Liu et al.
(1994) reported high-pressure Raman data of anhydrous
c-Mg2SiO4 to 20 and �24 GPa respectively. This is
the first high-pressure Raman spectroscopic study of
hydrous c-Mg2SiO4 well beyond its thermodynamic
stability boundary in terms of pressure: 56.5 GPa
corresponds to a depth of 1400 km in the Earth.
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Comparison of the high-pressure evolution of the Ra-
man spectra of hydrous Fo100 ringwoodite with anhy-
drous Fo100 and hydrous Fo89 ringwoodite shows the
effect of protonation and combined protonation and Fe
substitution on the stability of the spinel structure and
its transformation characteristics under pressure. These
effects are interesting not only from a crystal chemical
point of view, but also in regard to modelling mineral-
ogy of the transition zone.

Experimental

Hydrous ringwoodite (c-Mg2SiO4) was synthesized at 20 GPa and
1400 �C with a heating time of 5 h in the 5000-t multianvil press at
the Bayerisches Geoinstitut, Bayreuth, Germany. Single-crystal X-
ray diffraction refinement from the centering parameters of 24
strong diffraction peaks between 12 and 22� 2h in both positive and
negative 2h regions gave a unit-cell parameter of 8.0687(4) Å,
consistent with significant hydration (Kudoh et al. 2000). In the
high-pressure experiment, a �13 lm-thick, inclusion-free, single-
crystal fragment 20� 24lm in size was mounted in a diamond-
anvil cell together with 5 lm-sized ruby chips for pressure
calibration. Fluid helium was loaded as a pressure-transmitting
medium at 0.2 GPa with a gas loading technique (Jephcoat et al.
1987). A stainless steel gasket was preindented to 24 lm with a
0.08-mm hole. Culets of 0.3 mm in diameter were used. Unpolar-
ized Raman spectra on both increasing and decreasing pressure
were recorded in 135� scattering geometry with a SPEX Triplemate
(intrinsic resolution ’1.5 cm-1; calibrations are accurate to
�1 cm�1) equipped with a back-illuminated, liquid-N2-cooled
CCD detector. The spectra were excited by the 514.5-nm line of an
Arþ laser focused down to a 5 lm spot on the sample. The laser
power was low enough to avoid heating of the sample. The fre-
quency of each Raman band was obtained by Voigtian curve
fitting.

Results

The Raman spectrum of hydrous c-Mg2SiO4 shows the
five modes predicted by symmetry analysis for the ideal
cubic spinel structure (space group Fd3m) (White and De
Angelis 1967) and observed in anhydrous c-Mg2SiO4

(Chopelas et al. 1994; Liu et al. 1994; McMillan and

Akaogi 1987, Table 1). All modes shift continuously up
to the highest pressure of 56.5 GPa without significant
broadening or major changes in their relative intensities
(Figs. 1, 2). The 796 cm�1 mode increases faster in fre-
quency with increasing pressure than the 835 cm�1

mode. This leads to a merging of the two bands under
compression, resulting in a complete overlap at pres-
sures about �45 GPa; at these pressures the two peaks
are no longer resolvable. A striking feature in the spectra
above 30 GPa is a new band on the low-frequency site of
the two intense silicate-stretching modes. This additional
band disappears on pressure release without a hysteresis
effect, and the spinel modes shift back to their original 1-
bar positions. The formation of the new mode is not
generated or affected by non-hydrostatic stresses in the
sample because we used helium as pressure-transmitting
medium, and neither the ruby- nor the silicate-stretching
modes (with approximately constant FWHM over the
whole pressure range) gave any evidence for a significant
pressure gradient across the sample. Table 1 compares
the ambient Raman frequencies, pressure derivatives
and mode Grüneisen parameters, ci, of hydrous and
anhydrous c-Mg2SiO4, and Fe-bearing hydrous ring-
woodite. The mode Grüneisen parameters

ciT ¼ d ln mi
d ln V

were determined by fitting the ln miðPÞ versus ln V ðP Þ
values linearly. The V ðPÞ values were taken from Yusa
et al. (2000) using a Birch-Murnaghan equation of state
with bulk modulus KT ¼ 148 GPa and its pressure
derivative K 0

T ¼ 5.

Discussion

The Raman modes and their pressure dependence of
hydrous and anhydrous Mg-end-member ringwoodite
are nearly identical up to 20 GPa (Table 1), indicating
that protonation has only a minor effect on the lattice
dynamics over the entire pressure stability range for
ringwoodite in the mantle at room temperature. An

Table 1 Comparison between the ambient Raman frequencies, pressure derivatives and mode Grüneisen parameters, ci, of hydrous as
well as anhydrous c-Mg2SiO4 and Fe-bearing hydrous ringwoodite

Present study (to 56.5 GPa) hydrous
c-Mg2SiO4

Chopelas et al. (1994)a

(to 20 GPa) anhydrous c-Mg2SiO4

Kleppe et al. (2001)b (to 60 GPa) hydrous
c-(Mg0:89,Fe0:11)2SiO4 (�1.6 wt% H2O)

mi/(cm�1) omi
oP

� �
T =

cm�1

GPa

� �
ciT mi/(cm�1) omi

oP

� �
T =

cm�1

GPa

� �
ciT mi/(cm�1) omi

oP

� �
T =

cm�1

GPa

� �
ciT

303 2.27p-1.28E-2p2 1.19 302 2.54p-2.9E-3p2 1.54
374 2.10p-7.71E-3p2 1.04 372 2.06 0.985
600 2.21p-7.35E-3p2 0.72 600 2.17 0.661
796 5.43p-1.88E-2p2 1.25 796 5.51p-2.17E-4p2 1.26 796 5.28p-1.7E-2p2 0.83
835 4.41p-1.32E-2p2 1.02 835 4.31 0.926 841 4.2p-1.2E-2p2 0.65
802c 3.06 0.57

aData of Liu et al. (1994) agrees with the data of Chopelas et al. (1994)
bMore Raman modes have been observed; modes characteristic of the ideal cubic spinel structure are given
c Linear extrapolated to 1-bar, measured from 30.5 GPa to 56.5 GPa

474



analogous observation has been made for hydrous and
anhydrous wadsleyite (Kleepe et al. 2001). However, in
contrast to hydrous wadsleyite with uniform Raman
spectra to 50 GPa, the Raman spectra of hydrous c-
Mg2SiO4 show a new, metastable mode, incompatible
with the ideal spinel structure, at pressures above
�30 GPa. One possible explanation for the new mode
(802 cm�1 extrapolated to 1 bar) could be a progressive,
pressure-induced distortion of the Si tetrahedra associ-
ated with a partial increase in the coordination of Si.
Clear determination of the distortions and/or atomic
rearrangements in the structure resulting in the pressure-
induced Raman mode requires sensitive high-pressure
single-crystal synchrotron X-ray diffraction experiments.
It is unclear if the appearance of the new mode is due to
the presence of protons in ringwoodite, because the

Raman spectra of anhydrous c-Mg2SiO4 are known only
to 24 GPa (Liu et al. 1994), and X-ray data exist only up
to 30 GPa (Meng et al. 1994). Comparison with hydrous
Fo89 ringwoodite shows that the new, pressure-induced
band in the hydrous Mg-end-member ringwoodite is
different from the additional 1-bar and pressure-induced
modes observed in hydrous Fe-bearing ringwoodite
(Kleppe et al., 2002).

Despite the apparent differences in the high-pressure
Raman behaviour of hydrous and anhydrous Mg-end-
member ringwoodite, and hydrous iron-containing
ringwoodite, their spectra show a common characteristic
feature: a merging of the silicate-stretching modes
(736 cm�1 and 835 cm�1) with increasing pressure. At
about 45 GPa the two modes are indistinguishable in
both hydrous phases, pure Mg and Fe-bearing ring-
woodite. Merging of Raman bands at phase transitions
was suggested to indicate a second-order, displacive
phase transformation in MgSiO3-rich garnet, for
example (Rauch et al. 1996). However, the continuous

Fig. 2 Pressure dependence of the Raman modes of hydrous c-
Mg2SiO4. The characteristic five spinel modes were fitted with a weak
quadratic term for the whole pressure range. The new band appearing
above 30 GPa, and thus only present over half the measured pressure
range, varies linearly with pressure. Errors in frequency and pressure
are smaller than the symbols

Fig. 1 Selected Raman spectra of hydrous c-Mg2SiO4 as function of
increasing pressure at 300 K. Data are unsmoothed with background
subtracted; the inset at 10�4 GPa shows a magnification of the low-
frequency region. Above 30 GPa a new mode on the low frequency
site of the silicate-stretching modes (arrow) is unambiguously
identifiable. Changes in the relative intensities of the Raman bands
are due to changes in the orientation of the crystal relative to the
incident laser beam
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pressure dependence of the spinel modes gives no evi-
dence of a phase transformation. Further, our observed
merging of the two silicate-stretching modes does not
seem to correlate exactly with the appearance of new
modes: the new band of the hydrous Mg-end-member
phase is observable above �30 GPa, and in hydrous Fe-
bearing ringwoodite new bands emerge around 40 GPa.

Our observed pressure-induced change in hydrous
Fo100 ringwoodite might occur at lower pressures at el-
evated temperatures and under non-hydrostatic condi-
tions, being of particular interest to models of cool
subducting lithosphere where hydrogeneous conditions
far from equilibrium are thought to exist. Combined
proton and iron substitution in the ringwoodite struc-
ture causes (in contrast to protonation only) structural
complexity with significant deviations from the ideal
cubic spinel structure at 1 bar and higher pressures
(Kleppe et al. 2000), supporting the importance of tak-
ing both Fe and hydrogen into account in transition
zone models.

Conclusion

The Raman modes and their pressure dependence of
hydrous and anhydrous Mg-end-member ringwoodite
are nearly identical up to 20 GPa, demonstrating that
protonation has only minor effect on the Raman fre-
quencies over the entire pressure stability range for
ringwoodite in the mantle. The pressure dependence of
the spinel Raman modes of hydrous c-Mg2SiO4 shows
no evidence for a major change in the crystal structure
despite compression well beyond the stability field of
ringwoodite in terms of pressure. At �30 GPa a new
mode, incompatible with the ideal cubic spinel structure,
appears in the Raman spectra of hydrous ringwoodite
indicating a subtle, metastable structural modification,
which is compatible with Si–O–Si linkages and/or an
increase in the coordination of Si. Sensitive single-crystal
synchrotron X-ray diffraction data is required to deter-
mine directly the structural changes underlying the ob-
served Raman effect: comminution of the metastable
sample may cause backtransformation through stress
effects, for example, making powder refinements of
subtle distortions difficult.
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