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Abstract

The complete set of elastic stiffness coefficients of a single crystal of Mg,SiO, in the modified spinel (wadsleyite)
structure are reported at eight pressures from ambient to 14 Gigapascals (GPa). All moduli vary linearly with pressure within
the resolution of the data. Third-order Birch—Murnaghan equation fits to aggregate elastic moduli yield values of 170 (+2)
GPa and 4.3 (4 0.2) for the adiabatic bulk modulus and its first pressure derivative, and 115 (+2) GPa and 1.4 (+0.2) for
the shear modulus and its first pressure derivative. These data, together with previous results for «-Mg,SO,, enable us to
make the first in situ determination of the velocity increase due to the a—g transition at the pressure (~ 13.8 GPa) of the
410 km discontinuity. The room-temperature velocity increase at the transition pressure is 9.8% for compressional waves

and 12.4% for shear waves.
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1. Introduction

The transition zone of the Earth’s mantle, defined
by seismic discontinuities near 410 and 670 km
depth, has long been recognized as one of the most
important and enigmatic regions of the Earth’s inte-
rior [1]. A detailed knowledge of the phase and
chemical changes responsible for the seismic struc-
ture of Earth’s upper mantle is essential for achiev-
ing an integrated theory that can describe the evolu-
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tion, dynamics, and physical state of the mantle. Of
critical importance for understanding seismic obser-
vations is the change in elastic properties across the
transformation sequence in (Mg,Fe),SiO, from the
olivine (o) to modified spine (B) to spinel (y)
structure.

Upper mantle mineralogical models satisfying
one-dimensional seismic velocity profiles can be
constructed from mineral elasticity and phase equi-
libria data. The previous generation of upper mantle
models [2,3] were unable to reach a consensus re-
garding upper mantle mineralogy due to the lack of
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direct elasticity measurements at high pressure and
temperature. This has motivated considerable efforts
to extend mineral sound velocity measurements to
higher pressures [4-10]. While the single-crystal
elastic properties of the olivine phase are now rea
sonably well characterized at high pressure [5,7-9],
there have previoudy been no such measurements
for the high-pressure polymorphs.

2. Experimental method

Single-crystal samples of B-Mg,SiO, were syn-
thesized in a large volume press at 18.8 GPa and
1500°C. Two high quality samples were selected and
polished to flat, parallel plates with thicknesses of 30
and 50 wm. Each was polished within a few degrees
of the crystallographic plane which intersects the
three crystal axes at equa angles. Electron micro-
probe analysis demonstrated that the samples were
pure Mg,SiO,. Electron microscopy showed that
submicron inclusions are present in restricted areas
for both samples. Raman spectroscopy revealed no
peaks that could be attributed to hydroxyl. Single-
crystal X-ray diffraction was performed at ambient
and at selected elevated pressures (1.8 GPa, 3.2 GPa
and 10.2 GPa). The ambient pressure volume was
535.8 (+0.2) A3, consistent with a previous determi-
nation [11]. High-pressure volumes also agree with
the earlier data, as well as with the equation of state
from Brillouin scattering determined here.

Acoustic velocities were measured using Brillouin
scattering in a diamond anvil cell. There are a num-
ber of potential problems that can arise when making
such measurements, including restricted optical ac-
cess and overlap of Brillouin peaks from the pressure
medium and the sample. We have recently succeeded
in developing techniques that overcome these prob-
lems and allow for determination of the complete set
of elastic stiffness coefficients at high pressures for
materials of orthorhombic and hexagonal symmetries
[6-8]. However, when examining materials with high
acoustic velocities, such as high-pressure poly-
morphs, compressional Brillouin peaks from the
sample fall within the same spectral region as the
shear peaks from the diamond anvils. Since the
volume of diamond is much larger than the volume
of sample material, the diamond Brillouin peaks
completely obscure the sample peaks. Since the two

diamonds will aso, in general, have different crystal
orientations, each will contribute its own Brillouin
peaks and a large spectral region can be affected. For
B-Mg,SiO,, the compressiona wave velocities of
the sample were obscured by the diamond shear
wave peaks at pressures above 10 GPa. To overcome
this problem, a long focal length cylindrical lens
together with a spatial filter were used to reduce the
astigmatism introduced by the anvils. This method
was found to reduce the intensity of the diamond
signal by more than 90% for a 30 wm thick sample
(Fig. 1). The astigmatism correction also markedly
reduces the size of the peaks from the pressure
medium. While it was not possible to remove the
diamond signal completely, it was sufficiently de-
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Fig. 1. Comparison of Brillouin spectra of wadsleyite at 10.5 GPa
before (upper panel) and after (lower panel) astigmatism correc-
tion. Peaks: R = unshifted Rayleigh peaks; P and S=

compressional and shear pesks in 8-Mg,SiO,, respectively; ME
= peaks from the methanol—ethanol pressure medium; D = peaks
from the diamond anvils. Similar data collection times were used
in obtaining both spectra.
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pressed that the sample compressional wave signal
could be readily observed.

The 50 pm thick sample was loaded into a dia-
mond anvil cell together with an argon pressure
transmitting medium and a grain of ruby for pressure
calibration. Brillouin spectra were recorded at 3.1,
6.3, 8.1, and 9.4 GPa. After pressure release, the
sample was recovered and Brillouin spectra were
measured at ambient pressure. The 30 pm thick
sample was loaded in a separate diamond cell with a
4:1 methanol—ethanol mixture as a pressure medium.
Brillouin spectra were recorded at 10.1 and 10.5
GPa. This sample was then unloaded, recovered, and
reloaded using a helium pressure medium. Brillouin
spectra were recorded at 14.2 GPa. However, prema
ture failure of the diamond anvils resulted in loss of
this sample during pressure release from 14.2 GPa.

3. Results

At each pressure, the compressional and two shear
acoustic velocities were determined at about 18 di-
rections at 10° intervals within the plane perpendicu-
lar to the diamond cell axis. A total of 400 acoustic
velocities, representing more than 400 h of total data
collection time, were recorded in this study. The data
were inverted using non-linear least-squares to ob-
tain the nine independent elastic moduli as a function
of pressure (Fig. 2, Table 1). Previous ambient pres-
sure data [12] are also shown in the figure; thisis the
first determination of individual elastic moduli at
high pressure for this material. All elastic moduli
vary linearly with pressure within the resolution of
the data.

Bounds on the bulk and shear moduli of a ran-
domly oriented polycrystaline aggregate of -
Mg,SiO, were obtained from the single-crystal mod-
uli using Voigt—Reuss-Hill averages [13] (Fig. 3).
The Voigt and Reuss limits differ by 0.3-0.9% for
the bulk modulus and by 1.2-2.8% for the shear
modulus. Fitting the data to the Birch—Murnaghan
equation yields a vaue of 170 (+2) GPa for the
bulk modulus, K g, and 4.3 (£0.2) for its pressure
derivative, K',s. Values of 115 (+2) GPa and 1.4
(£0.2) are obtained for the shear modulus, G,, and
its pressure derivative, Gj. For the ambient pressure
moduli, these values are in reasonable agreement
with previous single-crystal elasticity data [12] for
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Fig. 2. Single-crystal elastic moduli of wadsleyite as a function of
pressure. Filled symbols are the present data with 2o uncertain-
ties. The solid lines are linear fits to the data. A single lineis used
to fit the data for C;; and C,,. Previous ambient pressure data
[12] are shown as open symbols.
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this phase (K ;s = 174 GPa, G, = 114 GPa). Aggre-
gate sound velocity measurements were previously
reported for a slightly porous, polycrystalline aggre-
gate of B-Mg,SiO, to 3 GPa using ultrasonic tech-
niques [9]. The pressure derivatives obtained in that
study [K,=4.8 (£0.1) and G, =1.8 (£0.1)] are
higher than those found here. More recently, these
measurements were extended to 12 GPa using a
large-volume press [10]. When fit in the same man-
ner as our data (i.e, to third-order finite strain
equations), the pressure derivatives (K, = 4.5, Gy =
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Table 1
Elastic moduli of p-Mg,SiO,
P Cll C22 C33 C44 CSS C66 c12 C13 C23
0 370.5 367.7 2724 111.2 122.5 103.1 65.6 95.2 105.1
7.8 6.5 58 3.6 4.0 39 45 52 44
31 379.3 382.0 292.2 111.2 122.7 100.7 85.4 105.5 112.4
115 104 45 22 18 6.1 6.6 54 53
6.3 3934 399.9 316.7 126.6 1175 117.0 83.9 118.2 119.1
7.9 12.3 6.1 37 2.6 5.8 6.1 4.6 50
8.1 404.2 418.3 324.0 121.4 123.6 1185 94.4 122.3 123.4
11.2 16.8 54 6.4 6.7 7.0 6.8 55 6.7
9.4 414.4 439.8 3331 127.1 122.8 118.4 103.9 1238 131.8
11.2 13.0 58 53 38 6.4 59 6.8 59
10.1 428.8 416.0 333.9 117.6 128.2 121.1 104.5 130.2 110.8
11.3 9.9 7.9 22 30 24 41 6.9 58
10.5 421.9 425.7 330.7 121.7 127.2 116.2 107.8 127.9 125.4
6.7 14.2 7.7 6.8 43 33 44 54 6.0
14.2 4445 464.9 386.8 130.9 121.7 129.7 1239 142.0 151.9
159 16.1 11.3 37 2.8 33 4.6 12.2 19.6
All quantities are in GPa. Uncertainties (20 ) are listed below each value.
1.6) are intermediate between our results and the 4. Discussion

previous ultrasonic studies. The use of polycrys
talline samples, which retain some porosity even at
the highest pressures, may be responsible for these
differences.

One of the advantages of single-crystal elasticity
measurements is that they define the complete veloc-
ity surface at high pressure. This is particularly
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Fig. 3. Bulk (KS) and Shear (G) moduli of wadsleyite and forsterite [7,8] as a function of pressure. Symbols are Voigt—Reuss—Hill averages
and solid lines are third-order finite strain fits to the data. Uncertainties in the VRH averages are approximately the size of the symbols.
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Fig. 4. Sound velocity distributionsin the & and B forms of Mg,SiO, at 13.8 GPa. The data are shown for the three principal planes, ab,
bc, and ca. Forsterite data are from [7,8]. Linear least-squares fits to the individual moduli (e.g., Fig. 2) were used to compute the moduli at
13.8 GPa.

important for understanding the seismic anisotropy approximately the pressure of the 410 km discontinu-
of the Earth’s upper mantle [14-16]. Fig. 4 shows a ity in the mantle. Near the a direction and through-
comparison of the velocity distributions in the princi- out most of the a—c plane, compressional sound

pa planes for «- and B-Mg,S0O, a 13.8 GPa, velocities in forsterite and wadsleyite are similar. For
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Fig. 5. Aggregate compressional and shear wave velocities of waddeyite and forsterite from single-crystal Brillouin scattering measurements
[7,8] as a function of pressure and depth. O and @ = experimental data. Solid lines are calculated using the third-order Eulerian finite strain
equations. The vertical dashed line corresponds to the 410 km discontinuity.
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compressional velocities, the major difference be-
tween the two phasesis along the b direction. Thisis
the minimum velocity direction in forsterite, but the
maximum velocity direction in 3-Mg,SiO,. Within
the principal planes, neither form of the material
exhibits a large amount of anisotropy for shear ve-
locities. The velocity anisotropy is a weakly decreas-
ing function of pressure. The compressional velocity
anisotropy for B-Mg,SIO, is 17% at ambient pres-
sure, but is in the range of 10-14% at pressures
between 10 and 14 GPa. Similarly, the maximum
shear wave birefringence is 18% at ambient pressure,
but is found to be 13—14% at the highest pressures.

The present results, together with previoudly re-
ported data for forsterite to 16 GPa[7,8], allow usto
make the first direct determination of the velocity
difference between the a and B8 phases of Mg,SIO,
a the pressure of the 410 km discontinuity. Com-
pressional and shear velocities for randomly oriented
polycrystalline aggregates for both phases are shown
in Fig. 5. At ambient pressure, the velocity contrast
between the two phases is 12.3% for compressional
waves and 14.2% for shear waves. At 13.8 GPa,
these differences have been reduced to 9.8% for
compressional waves and 12.4% for shear waves.
Typical seismic velocity contrasts across the 410 km
discontinuity are in the range of 4-5% [17-19].
These are 31-51% of the value of the room-tempera-
ture a—B velocity jump at this depth. In an earlier
analysis [7], which used extrapolated low-pressure
data [4] to characterize the elasticity of 5-Mg,SiO,,
it was concluded that, based on the magnitude of the
410 km discontinuity, the olivine faction of the
mantle at this depth is less than 40%. When the
present results for wadsleyite are substituted into this
analysis, the maximum allowable olivine fraction of
the mantle increases to 50% by volume [20]. Future
refinement of these values can be obtained from
measurements of the effect of temperature on the
velocity contrast across the discontinuity.
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