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Abstract

The sound velocities and single-crystal elastic constants of Fo89 hydrous ringwoodite (�Mg1.7Fe0.22H0.16SiO4) containing
∼10,000 ppm by weight (1 wt.%) H2O have been determined from seven separate pure-mode travel-time measurements using
gigahertz ultrasonic interferometry. The experiments feature a new Yttrium–Aluminum–Garnet (YAG) P-to-S conversion shear
buffer rod (BR), capable of producing pure ultrasonic shear waves with known polarization in the region of 0.5–2.0 GHz. To
our knowledge they are the first such single-crystal ultrasonic measurements on a high-pressure phase recovered from the
multi-anvil press. The cubic single-crystal elastic constants of hydrous Fo89 ringwoodite at ambient conditions are (in GPa):
c11 = 298± 13, c44 = 112± 6, andc12 = 115± 6. Hydration of Fo∼90 ringwoodite to 1 wt.% H2O reduces the adiabatic
bulk (K0S = 176± 7 GPa) and shear (G = 103± 5 GPa) moduli by about 6 and 13%, roughly equivalent to raising the
temperature at room pressure by 600 and 1000◦C, respectively. Assuming a linear trend with hydration, we calculate that P-
and S-wave velocities are reduced by about 40 m/s for every 1000 ppm weight (0.1 wt.%) H2O added to Fo∼90 ringwoodite.
P- and S-wave velocities of the lower transition zone in PREM are consistent with a hydrated ringwoodite-rich composition.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The hydrogen content of Earth’s interior is arguably
one of the most poorly constrained geochemical vari-
ables, and the total H2O content of the planet is prob-
ably unknown within an order of magnitude. Whether
or not there are even small amounts of H (100’s ppm)
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as hydroxyl in the dominant phases of the upper
mantle and transition zone has major implications for
our understanding of Earth’s evolution and chemical
budget (e.g.Dixon et al., 2002; Drake and Righter,
2002). Just one-tenth of 1 wt.% (1000 ppm by weight)
H2O in wadsleyite�-(Mg,Fe)2SiO4 and ringwoodite
�-(Mg,Fe)2SiO4 in the volume of Earth’s transition
zone between 410 and 660 km depth is equivalent to
about 800 m of liquid water across the surface of the
Earth (Smyth, 1994).

Natural olivine from mantle-derived xenoliths nor-
mally contains anywhere from zero to about 140 ppm
by weight H2O (Bell and Rossman, 1992; Ingrin and
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Skogby, 2000), although hydration experiments show
that olivine can incorporate up to 2000 ppm weight
H2O at 13 GPa and 1100◦C (Kohlstedt et al., 1996).
Of the phases expected to occur in Earth’s upper
mantle or transition zone, wadsleyite and ringwoodite
have the potential to contain by far the most H2O
(Bolfan-Casanova et al., 2000). However, these lab-
oratory hydration experiments provide only upper
bounds for the actual hydration state of Earth’s man-
tle. Therefore, quantifying the effects of hydration on
the thermoelastic properties of wadsleyite and ring-
woodite with likely mantle Fe-contents is of particular
importance to building more robust models that are
based on both mineral physics and seismology (e.g.
Chen et al., 2002; Smyth and Frost, 2002).

Iron-free ringwoodite is known to incorporate up to
2.8 wt.% H2O, resulting in a large volume of hydration
of about 4.58 Å3 or 1.8% (Sasaki et al., 1982; Yusa
et al., 2000). Under isothermal compression, the bulk
modulus (K0T) of this hydrous ringwoodite was de-
termined to be 148± 1 GPa, or about 20% lower than
for nominally dry pure-Mg ringwoodite withK0T =
182± 3 GPa (Meng et al., 1994). The single-crystal
elastic constants of hydrous Mg-ringwoodite con-
taining ∼2.2 wt.% H2O were measured by Brillouin
scattering (Inoue et al., 1998), resulting in aggregate
bulk and shear moduli,K0S = 155 ± 4 GPa and
G0 = 107± 3 GPa. These values are about 16 and
10% lower than for nominally dry Mg-ringwoodite
with K0S = 184± 2 GPa andG0 = 119± 2 GPa
(Weidner et al., 1984) or K0S = 185± 3 GPa and
G0 = 120± 2 GPa (Jackson et al., 2000).

The single-crystal elastic constants of Fo91 nomi-
nally anhydrous ringwoodite were measured to 16 GPa
at room temperature, and to 923 K at room pressure by
Sinogeikin et al. (2001). The resulting zero-pressure
aggregate moduli are:K0S = 188 ± 3 GPa,G0 =
120± 2 GPa, with pressure derivatives 4.1 ± 0.3 and
1.3 ± 0.2 for the bulk and shear moduli, respectively.

Our main objective here is to report the sound ve-
locities and cubic single-crystal elastic constants of
Fo89 hydrous ringwoodite containing approximately
10,000 ppm weight (1 wt.%) H2O. The samples
were synthesized in the 5000 ton multi-anvil press
at Bayerisches Geoinstitut, and are characterized
by electron microprobe, Mössbauer spectroscopy,
single-crystal X-ray diffraction, high-resolution TEM,
and FTIR spectroscopy (this study andSmyth et al.,

2003a). Pure ultrasonic shear waves of near-optical
wavelength are produced by P-to-S conversion in-
side a new single-crystal buffer rod (BR) made of
Yttrium–Aluminum–Garnet (YAG). The new buffer
rod is more durable than our prototype MgO conver-
sion buffer rod (Jacobsen et al., 2002), and has al-
ready been coned and tested on the diamond anvil cell
for future ultrasonic shear-wave experiments at high
pressures and temperatures. In this study we report
the bench-top elasticity of ringwoodite micro crys-
tals as thin as∼30�m. The samples are among the
thinnest ever studied with ultrasonic interferometric
methods, also marking to our knowledge the first time
single-crystal ultrasonics has been used to measure
the elasticity of a high-pressure phase synthesized
in the multi-anvil press. Both P- and S-wave travel
times can now be routinely measured in single-crystal
samples of any optical character, making gigahertz
ultrasonic interferometry a powerful compliment to
Brillouin spectroscopy for determining the anisotropic
elastic constants of high-pressure minerals or met-
als of importance to both the Earth and materials
sciences.

2. Experimental

2.1. Sample synthesis and characterization

Deep-blue colored Fo89 hydrous ringwoodite single
crystals were synthesized in the 5000 ton multi-anvil
press at Bayerisches Geoinstitut for diffraction
(Smyth et al., 2003a, 2003b) and ultrasonic stud-
ies. Starting materials of San Carlos olivine plus
brucite, quartz, and FeO (for about Fo89 plus 3 wt.%
H2O and slight excess silica) were compressed in
an 18 mm edge-length MgO octahedron to 20 GPa
and heated at 1400◦C for approximately 5 h. Run
products were dominantly ringwoodite, plus minor
amounts of stishovite and quench glass. The ring-
woodite crystals are exceptionally large, measuring
up to 800�m (equant) in size. Microprobe analysis
gives a Mg/(Mg+ Fe) ratio ranging from 88.5 to
89.2 (Table 1), with an average of 45 wt.% MgO and
40 wt.% SiO2, resulting in∼1.7 Mg atoms and∼1.0
Si atom per four oxygen. Mössbauer spectroscopy
indicates that approximately 10% of the iron is in the
ferric state (Smyth et al., 2003a). Therefore, excluding
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Table 1
Composition, cell volume, and density for various ringwoodite samples from elasticity studies

Mg/(Mg + Fe) H2O (wt.%) Cell volume (Å3) ρ (g/cm3) Reference

Ringwoodite
1 0 525.30 3.559 Weidner et al. (1984)
0.91 0 526.20 3.701 Sinogeikin et al. (1998)

Hydrous ringwoodite
1 2.2 527.24 3.469 Inoue et al. (1998)
0.89 1.0 530.80 3.651 This study

hydrogen, the formula of the ringwoodite samples is
approximately (Mg1.7Fe0.20

2+Fe0.02
3+)SiO4.

Three separate samples were prepared for the ultra-
sonic experiments. Potential crystals were pre-checked
optically and then oriented with X-rays on a four-circle
diffractometer. We constructed a level stage for di-
rectly transferring oriented micro crystals from the
four-circle goniometer to a glass slide. Once the ori-
entation matrix for a crystal is obtained, the reciprocal
lattice direction of interest is brought into diffracting
condition. The 2θ-axis of our goniometer is horizon-
tal, so by drivingω (i.e. θ in bisecting mode) to zero
we bring the desired vector [u v w] into the vertical,
where thez-translation of the goniometer can move
the oriented crystal onto the glass slide. We use an
acetone soluble UV-curing epoxy to rapidly fix the
oriented crystal to the slide, held parallel to the go-
niometer table. In this way, the crystal orientation can
be maintained to well within±1◦. Three crystals were
double polished with [1 0 0], [1 1 1], and [1 1 0] per-
pendicular to the plates, referred to here as hring1 0 0,
hring1 1 1 and hring1 1 0, respectively (Table 2). Fi-
nally, the [0 0 1] and [−1 1 0] directions were located
in the [1 1 0] plate using a precession camera so that

Table 2
Ultrasonic travel times and wave speeds for Fo89 hydrous ringwoodite

Sample Length (�m) Mode Travel-time (ns) Velocity (km/s) ρV2 (GPa)

hring1 0 0 47± 1 VP
[1 0 0] 10.40± 0.04 9.04± 0.19 298± 13 = c11

hring1 0 0 47± 1 VS
[1 0 0] 17.00± 0.06 5.53± 0.12 112± 5 = c44

hring1 1 1 52± 1 VP
[1 1 1] 11.01± 0.08 9.44± 0.19 326± 13 = 1/3(c11 + 4c44 + 2c12)

hring1 1 1 52± 1 VS
[1 1 1] 20.16± 0.05 5.16± 0.10 97± 3 = 1/3(c11 + c44 − c12)

hring1 1 0 31± 1 VP
[1 1 0] 6.66 ± 0.02 9.30± 0.30 316± 20 = 1/2(c11 ± 2c44 ± c12)

hring1 1 0 31± 1 VS
[1 1 0] pol[0 0 1] (Tv) 11.21± 0.06 5.53± 0.18 112± 7 = c44

hring1 1 0 31± 1 VS
[1 1 0] pol[−1 1 0] (Th) 12.41± 0.05 5.00± 0.16 91± 6 = 1/2(c11 − c12)

both pure-shear polarization modes could be measured
in the [1 1 0] propagation direction. Sample thickness
measurements were carried out using two different
digital micrometers, resulting in lengths of 47, 52, and
31�m for the [1 0 0], [1 1 1], and [1 1 0] plates, re-
spectively. The various thickness measurements were
reproducible and consistent to 1�m.

Unit-cell parameters for the ringwoodite samples
were measured by the eight-position centering of∼20
reflections, giving an average cell volume of 530.80±
0.05 Å3. Thus, compared to nominally dry Fo90 ring-
woodite (Sinogeikin et al., 1998) hydration to 1 wt.%
H2O is associated with a positive volume of hydration
of about 4.6 Å3, or about 1%.

Micro-FTIR absorption spectra were measured on
the three ultrasonic samples using a Bruker IFS 120
HR high-resolution FTIR spectrometer. The spec-
tra are typical for hydrous ringwoodite, showing
broad absorption in the region of 3750–2750 cm−1

(Fig. 1) and indicate that all three samples contain
(within uncertainty) the same amount of hydrogen.
Our spectra show a dominant absorption band at
around 3160 cm−1, with an additional shoulder around
3580 cm−1. These assignments could correspond to
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Fig. 1. Unpolarized FTIR spectra from the three Fo89 hydrous ringwoodite crystals used in the ultrasonic study.

those at 3120 and 3695 cm−1, respectively, observed
by Bolfan-Casanova et al. (2000)in pure-Mg hy-
drous ringwoodite, with shifts due possibly to the
iron-content of our samples. For lack of a specific
(ringwoodite) calibration, we used the method of
Paterson (1982)to estimate the average water content
of the samples, resulting in about 9960 ppm weight
(1 wt.%) H2O, or about 161,000 H/106 Si.

Combining the microprobe, Mössbauer, and FTIR
data results in the formula, Mg1.7Fe0.22H0.16SiO4,
with about 10% of the iron the ferric state. Therefore,
the calculated density of this hydrous Fo89 ringwood-
ite is 3.651± 0.005 g/cm3.

2.2. Ultrasonics

We recently produced pure ultrasonic shear waves
over a broad bandwidth (0.5–2.0 GHz) by P-to-S
conversion inside a single-crystal acoustic buffer rod
(Jacobsen et al., 2002). The resulting high-frequency
shear is of suitable wavelength (∼1–10�m) and has
a known polarization direction for elasticity measure-
ments on single-crystal samples as thin as 20–30�m
in length, on the bench or in the diamond anvil
cell. The new technique takes advantage of an or-
thogonal P-to-S conversion inside an oriented YAG
single-crystal buffer rod, illustrated inFig. 2a. Incident
P-waves are produced by a ZnO sputtered thin-film

transducer. Using Snell’s Law,VP
[1 0 0], and VS

[1 0 0]

to calculate the angle incidence (i), we force the con-
version to occur at exactly 90◦. This allows for both
the incident P-wave and reflected S-waves to travel in
pure-mode directions of the cubic single-crystal buffer
rod, as well as allowing for the symmetric return of
the wave (labeled PSSP inFig. 2) for detection at
the source transducer. In this way, delay-line acous-
tics are carried out in the usual way (Spetzler et al.,
1993).

Ultrasonic travel-times are measured using interfer-
ometric methods, described in more detail bySpetzler
et al. (1993). Briefly, a pulse generator is used to
gate a continuous RF signal, resulting short (∼100 ns)
phase-coherent tone bursts that are introduced to the
sample via a buffer rod (Fig. 2). The impedance con-
trast at the BR-sample interface produces a reflection,
which is interfered with an echo produced at the far
end of the sample, either by lengthening the width
of the input signal, or by carefully delaying two tone
bursts such that the first sample echo overlaps with
the second BR echo (seeJacobsen et al., 2002for a
standard, thick-sample echo train). In this case, the
samples are so thin (and associated travel times so
short, 10–20 ns) that the sample echoes cannot be sepa-
rately resolved in time (see inset ofFig. 3a). Therefore,
we measure simply the amplitude of the interfered
tone burst where there is only first-order interference
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Fig. 2. The new P-to-S conversion ultrasonic shear-wave buffer rod. (a) In schematic, showing the GHz P-wave source transducer, the
orthogonal P-to-S conversion, and back reflections from the tip of the buffer rod (PSSP) and from the far end of the sample. The buffer
rod is sharpened for placement in the cone of a diamond anvil cell. For bench-top measurements, the sample is gently weighted by an
optically aligned glass rod (shown at right). (b) A pulse echo train from the buffer rod resulting from a single sine wave input signal. The
echo labeled PSSP1 results from one round trip through the buffer rod. Many PSSP echoes are observed, illustrating the high efficiency
of the conversion and precision of the facet orientations. The round trip within the sample is considerably shorter than the width of each
burst and can, thus, not be resolved separately. Each echo is about 100 ns in duration and the frequency of the sine wave within them is
1200 MHz. Therefore, there are over 100 cycles per burst. The structure within the bursts (observed here) results from aliasing inherent
in the display of a digitizing oscilloscope.

between the sample and the first buffer rod echo. The
resulting interference pattern contains maxima (and
minima) produced each time there is an integer num-
ber (or half-integer for minima) of wavelengths in the
round-trip (Fig. 3a). Acoustic coupling between the
sample and the buffer rod is achieved by either direct
(dry) contact or with wet and cured glue thin-films, but
in all cases a weight of a few grams is applied through
an optically aligned glass rod (shown inFig. 2a).

Fig. 3ashows an example of a shear-wave interfer-
ence pattern measured from 600 to 1200 MHz for the
[1 1 0] ringwoodite sample, vertically polarized (Tv),

i.e. [0 0 1]. The complex BR and overlapping sam-
ple echo are also shown, indicating at what positions
the uninterferred and interfered amplitudes were mea-
sured. The resulting travel-time data calculated from
eachfmax andfmin are shown inFig. 3b. In this way, we
determined seven different pure-mode phase veloci-
ties from compression wave travel times in the [1 0 0],
[1 1 1], and [1 1 0] directions, and shear-wave travel
times in the [1 0 0] and [1 1 1] directions, plus both
shear polarizations (Th andTv) for the [1 1 0] propaga-
tion direction as given byBrugger (1965), and listed
in Table 2.
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Fig. 3. Micro-crystal shear wave ultrasonic interferometry data from theVS
[1 1 0] vertically polarized (Tv) [0 0 1] experiment. (a) Amplitude

vs. frequency data from two positions within a 100 ns buffer rod echo (PSSP), shown as inset in the time domain. The smooth curve
was measured at a position in the buffer rod echo (PSSP) before the first sample echo arrives. The curve showing∼100 MHz modulation
results from interference between the first sample echo and the buffer rod echo. Arrows indicate exactly where in the complex echo each
curve was measured. (b) Travel-time data are calculated from the frequency of each maxima and minima, for several values ofm(1), the
number of whole wavelengths in the round trip (2l) for the first maxima. The consequence of choosing the wrongm is illustrated in the
travel-time data calculated form(1) ± the correct value, in this case, 7.

3. Results and discussion

Measured P- and S-wave travel times were used
to calculate ultrasonic wave velocities (Table 2)
and the single-crystal elastic constants of Fo89 hy-
drous ringwoodite, compared to other ringwoodite

studies inTable 3. Substitution of plane wave so-
lutions into the equations of motion (e.g.Brugger,
1965) gives the c11 elastic constant directly from
ρ(V

[1 0 0]
P )2 = 298±13 GPa, where the propagation of

error is calculated using standard Gaussian methods.
Although travel-times can be routinely measured on
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Table 3
Single-crystal and aggregate elastic properties of ringwoodite and hydrous ringwoodite

Ringwoodite Hydrous ringwoodite

�-Mg2SiO4 �-Mg1.82Fe0.18SiO4 �-Mg1.89Si0.97H0.33O4 �-Mg1.7Fe0.22SiH0.16O4

ρ (g/cm3) 3.559 3.701± 5 3.469 3.651± 5
c11 (GPa) 327± 4 329± 3 281± 6 298± 13
c44 126 ± 2 130± 1 117± 4 112± 6
c12 112 ± 3 118± 2 92 ± 5 115± 6
Aa 0.113 0.149 0.160 0.138
KS (GPa) 184± 2 188± 3 155± 4 176± 7
G (GPa) 119± 2 119± 2 107± 3 103± 5
VP (km/s) 9.79 9.69± 0.02 9.27 9.26± 0.20
VS (km/s) 5.77 5.68± 0.01 5.56 5.31± 0.13
Reference Weidner et al. (1984) Sinogeikin et al. (1998) Inoue et al. (1998) This study

a Anisotropy factorA = [(2c44 + c12)/c11] − 1.

micro-crystals to a few parts in 103, the rather large
uncertainty in the elastic constants are dominated by
the much larger uncertainty in the thickness mea-
surement, in this case±1�m. There are two ways
of obtaining c44 directly; from VS

[1 0 0] we obtain
c44 = 112±5 GPa, and fromVS

[1 1 0] polarized [0 0 1]
we obtainc44 = 112± 7 GPa, in perfect agreement.
Given c11 andc44, we have four remaining equations
for obtainingc12 (listed in Table 2), resulting in 115,
118, 110, and 116 GPa, also showing good internal
consistency. We use for all subsequent calculations
the average value,c12 = 115± 6 GPa. Despite the
rather large reported uncertainties resulting from cor-
rect propagation of uncertainty in the length, we note
that the internal consistency among the seven inde-
pendent equations determined from three different
crystals is much better. For example the standard de-
viation in the mean forc12 using the four independent
equations is only 3 GPa, or about half the reported
uncertainty.

Another way of approaching this calculation
is to solve all seven equations simultaneously by
least-squares. Using a standard over-determined
least-squares inversion with data matrix [ρV2], we
obtain c11 = 297, c44 = 112, andc12 = 116 GPa,
in excellent agreement with the (preferred) direct
approach.

The single-crystal elastic constants of various ring-
woodite samples with and without Fe and water are
listed in Table 3. We obtain for the (VRH averaged)
aggregate bulk and shear moduli,K0S = 176± 7 GPa
and G0 = 103± 5 GPa, corresponding to isotropic

bulk sound velocitiesVP = 9.26 ± 0.20 andVS =
5.31 ± 0.13 km/s. The bulk sound velocities for hy-
drous Fo90 ringwoodite are about 4.4 and 6.5% slower
(for P and S, respectively) than for dry Fo90 ring-
woodite (Sinogeikin et al., 1998). Thus, hydration of
ringwoodite appears to have a larger effect on S-wave
velocities than P, so hydration should increase the ratio
VP/VS in the Earth, an important seismic parameter.
We calculateVP/VS = 1.74 ± 0.04 for our hydrous
sample, compared toVP/VS = 1.706± 0.002 for dry
Fo90 ringwoodite (Sinogeikin et al., 1998). Although
the ratio VP/VS for our sample has a rather large
uncertainty due to propagation of the uncertainty in
length (around 2%), we note that uncertainties in the
ratio VP/VS for the various measured crystallographic
directions are much lower (around 0.5%) because
VP/VS = (2l/tP)/(2l/tS) = tS/tP, wherel is the sam-
ple length andtS and tP are the P-wave and S-wave
travel-times, respectively. Using travel times and as-
sociated uncertainties found inTable 2, we calculate
(VP/VS)[1 0 0] = 1.64 ± 0.01, (VP/VS)[1 1 1] = 1.83 ±
0.01, (VP/VS)[1 1 0] = 1.68± 0.01 for shear vertically
polarized (Tv) and (VP/VS)[1 1 0] 1.86± 0.01 for shear
horizontally polarized (Th).

Compared to dry iron-bearing ringwoodite
(Sinogeikin et al., 1998), the c11 elastic constant of
hydrous Fo∼90 ringwoodite is reduced from 329 to
298 GPa (or 9.4%), and thec44 elastic constant is
reduced from 130 to 112 GPa (or 13.8%). In con-
trast, thec12 elastic constant is statistically identical
to that measured for nominally dry ringwoodite with
or without iron. Consequently, the anisotropy factor
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Fig. 4. Variation of the bulk and shear modulus of ringwoodite with (a) water and (b) iron content.

A = [(2c44 + c12)/c11] − 1 is reduced from 0.149 to
0.138 or about 7.4%.

Hydration of Fo∼90 ringwoodite to 1 wt.% H2O re-
duces the bulk (K0S = 176±7 GPa) and shear (G0 =
103±5 GPa) moduli by about 6 and 13%, respectively,
compared to nominally dry iron-bearing ringwoodite

(Fig. 4). Our value for the adiabatic bulk modulus is in
relatively good agreement with the isothermal value,
K0T = 169± 3 GPa, measured in a companion paper
of this volume (Smyth et al., 2003b). Using the tem-
perature derivatives of the moduli∂KS/∂T = −0.021
and ∂G/∂T = −0.016 measured for dry Fo91 ring-
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woodite (Sinogeikin et al., 2001), we estimate that at
room pressure hydrating Fo∼90 ringwoodite to 1 wt.%
H2O is roughly equivalent to raising the temperature
by about 600 and 1000◦C. From the adiabatic mod-
uli and density, we calculate bulk sound velocities (in
m/s): VP = 9260 andVS = 5310. Anchoring these
data to the dry Fo91 ringwoodite data fromSinogeikin
et al. (1998), we obtain a rough linear estimate for the
elastic moduli and velocities Fo∼90 ringwoodite as a
function of water content:

KS0 = 188− 0.0012CH2O (GPa)

G0 = 119− 0.0016CH2O (GPa)

VP = 9690− 0.042CH2O (m/s)

VS = 5680− 0.036CH2O (m/s)

whereCH2O is the water concentration in ppm H2O by
weight (1000 ppm weight= 0.1 formula wt.% H2O).

Hydration of Fo∼90 ringwoodite to 1 wt.% H2O
reduces its density from 3.70 to 3.65 g/cm3, or about
1.4%. The bulk P- and S-wave velocities are reduced
by 4.3 and 6.3%, respectively, thus, reducing the
impedance (ρV) by 5.8% for P-waves and 7.6% for
S-waves. For comparison, the effect of adding 10%
Fe to dry ringwoodite is to increase the impedance by
3.2% for P-waves and 2.4% for shear waves. Without
adiabatic moduli for wet wadsleyite, we cannot spec-
ulate on the potential impedance contrast between
wet–wet versus dry–dry wadsleyite–ringwoodite man-
tle discontinuities. However, between this study and
existing isothermal compression data for hydrous
Mg-wadsleyite (Yusa and Inoue, 1997), hydrous
Mg-ringwoodite (Yusa et al., 2000), and Fo89 hydrous
ringwoodite (Smyth et al., 2003b), a larger picture is
emerging on the relative magnitude of effects that hy-
dration has on the elasticity of high-pressure silicates.
If the effects of relatively small amounts of water (on
the order of one-tenth of 1 wt.%) are still large enough
at the P–T conditions of Earth’s transition zone to
affect seismic velocities more than the likely range
of Fe/Mg ratios or temperature gradients away from
subduction zones, then water should be considered
a very likely compositional variable able to produce
lateral velocity variations and topography on the
discontinuities as observed by seismic tomography.

Duffy and Anderson (1989)used the relatively low
P- and S-velocities of the transition zone in PREM

(Dziewonski and Anderson, 1981) to infer that the
mantle in that region could not contain more than
about 50% of an olivine-stoichiomery phase, i.e. ring-
woodite or wadsleyite. Consideration of the effects of
hydration of ringwoodite on velocities removes this
constraint so that the P- and S-velocities of the lower
transition zone in PREM are consistent with a hydrated
ringwoodite-rich composition. Further, it is interest-
ing to note that the current results indicate a strong
effect of hydration onVP/VS, raising the value from
1.706 for dry to 1.744 for this hydrated ringwoodite at
ambient conditions. If these results are confirmed in
future studies at elevated pressures and temperatures,
it may be possible to distinguish hydration from high
temperatures in the transition zone of the mantle.
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