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[1] Brillouin scattering from polycrystalline MgO
(periclase) non-hydrostatically compressed to, and decom-
pressed from, 60 GPa at room temperature documents shear-
and compressional-wave velocities ~20% lower than values
measured under hydrostatic compression. Calculations
reveal that wave velocities can be lowered due to the elastic
effects of non-hydrostatic stresses, but by only a few per-
cent. Neither these elastic effects nor preferred orientation
can account for the reduction in the sound velocity.
Citation: Gleason, A. E., H. Marquardt, B. Chen, S. Speziale,
J. Wu, and R. Jeanloz (2011), Anomalous sound velocities in poly-
crystalline MgO under non-hydrostatic compression, Geophys.
Res. Lett., 38, L03304, doi:10.1029/2010GL045860.

1. Introduction

[2] Elastic properties of minerals reveal Earth’s internal
structure through the interpretation of seismic models based
on compressional- and shear-waves and normal modes [e.g.,
Ishii and Tromp, 1999]. The internal dynamics of Earth,
however, involve non-hydrostatic stresses that drive plate
tectonics, trigger earthquakes, deform the lithosphere and
define the long-term evolution of our planet’s interior [e.g.,
Watts, 1978; Kanamori, 1980; Chung and Kanamori, 1980;
Munguia and Brune, 1984; Fukao and Kikuchi, 1987,
Kanamori et al., 1998; Ruff, 1999; Conrad and Hager,
1999; Buffett, 2006; Kaus et al., 2009].

[3] In order to understand the effects of non-hydrostatic
stresses on elastic wave velocities of minerals in Earth’s
mantle we make acoustic wave-velocity measurements on
polycrystalline samples because single crystals cannot sus-
tain large non-hydrostatic stresses. We use Brillouin spec-
troscopy, which has been shown to yield reliable values for
seismic wave velocities from both single crystals and
polycrystals taken to large (quasi-) hydrostatic pressures
[e.g., Campbell and Heinz, 1992; Marquardt et al., 2009;
Murakami et al., 2009; Gleason et al., 2009; Chen et al.,
2010]. Our focus here is on MgO (periclase), because it is
the end member composition of ferropericlase (Mg,Fe)O
that is a major component of Earth’s deep mantle. Periclase
also serves as an important standard in mineral physics [e.g.,
Jackson and Niesler, 1982].
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[4] MgO is stable in the NaCl-type (B1) crystal structure
(Fm3m) to the bottom of the mantle; being cubic, it has
3 independent second-order elastic moduli (¢;1, ¢1, and c44).
We use three initial sample types: 1) MgO powder ground to
5-10 pm particle size, verified via optical microscopy
(particles may not be single crystals, Mallinckrodt, Analyt-
ical reagent #6015, 99.3% purity); 2) 1 pm particle size
powder MgO, verified via BET analysis (American Ele-
ments, MG-OX-03-P, 99.9% purity); and 3) 6 um average
grain size sintered translucent MgO [Chen et al., 2008].

[5] Brillouin spectra were collected in two scattering
geometries — equal-angle transmission, and backscatter —
using 0.50 W of polarized 532 nm radiation from a con-
tinuous-wave Nd:YVO, laser, along with confocal optics
and a Sandercock six-pass tandem Fabry-Perot interferom-
eter [Gleason et al., 2009]. For equal-angle transmission
(external scattering angle ) with a parallel-sided platelet
sample, Aw is the measured frequency shift, )\, is the
incident laser wavelength, and the wave velocities for shear
(Vs) or compressional (¥,) modes are given by V;, =
(Aw)\o/2 sin (%) . All experiments use a short, symmetric
diamond-anvil cell, with 300 pum culet diamonds and a
130 pm hole in a stainless steel gasket (pre-indented to a
final thickness of 50 pm) serving as the pressure chamber.
Pressure is calibrated by ruby fluorescence [Mao et al.,
1978].

[6] To check the reliability of our method, we first study
polycrystalline MgO under quasi-hydrostatic loading. The
6 pum sintered MgO was polished to 30 pm, sliced to a
75 x 75 pm square and loaded in a 50 um thick gasket along
with < 1-2 um diameter ruby spheres (as calibrant) and 4:1
methanol:ethanol (ME) mixture as pressure-transmitting
medium. We see no evidence of ME peaks in any of the
Brillouin spectra, including at pressures where the ME
compressional mode would stand alone [Armstrong et al.,
2008]. Ruby spheres also did not give a Brillouin signal.
Due to intense grain-boundary (elastic) scattering, we were
unable to collect useful Brillouin signals from loose powder
samples under hydrostatic loading.

[7] For non-hydrostatic loading, powder is placed on bare
culets and pressed together to form a semi-transparent disc
of ~50 pm thickness on one culet face. After decompres-
sion, radial cracks form in the MgO [e.g., Meade and
Jeanloz, 1988, Figure 6b]. On the opposite culet 5-8 ruby
spheres, each < 1-2 pm in diameter, are distributed across
the chamber to monitor pressure. The hole in the gasket
slices through the polycrystalline MgO disc in a cookie-
cutter fashion when the cell is closed, thus creating the
sample used for the measurements. A similar procedure is
followed for non-hydrostatically loading the 6 pum sintered
MgO, with the original sintered polycrystalline wafer
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Figure 1. Pressure dependence of the compressional and
shear acoustic velocity of polycrystalline MgO. Grey sym-
bols: compressional mode; black symbols: shear mode. Large
and small circles are hydrostatically loaded, sintered MgO
wafers in methanol:ethanol and calculated single-crystal
averages [Sinogeikin and Bass, 2000; Spetzler, 1970],
respectively; black crosses: Murakami et al. [2009]. Voigt
(solid upper), Reuss (dashed lower) and Hashin-Shtrikman
(solid black inner) bounds are provided for each single
crystal dataset [Bateman et al., 1961; Simmons and Wang,
1971; Schreiber et al., 1973; Birch, 1978]: Bogardus [1965]
(upper-most trio of curves for V), and V), Sinogeikin and
Bass [2000] (middle), and Jackson and Niesler [1982]
(lower-most). Dark grey shaded area indicates the range of
single crystal absolute maximum and minimum V; and ¥,
[Sinogeikin and Bass, 2000; Schreiber et al., 1973]. Non-
hydrostatically loaded polycrystals: squares (5-10 pm
pressed powder); triangles (1 pm pressed powder); diamonds
(6 pm sintered). Inset. spectra of hydrostatically and non-
hydrostatically loaded samples at 7-10 GPa, compression
and decompression for our polycrystalline sample, and for a
hydrostatically loaded single crystal of (Mgg.9g7,Feq.013)O
[100] [Reichmann et al., 2008].

(450 pm thick) polished on both sides down to 50 pm
thickness.

[8] At each pressure, Brillouin spectra were collected in
two scattering geometries — equal-angle transmission and
backscatter. The measurements were performed on several
cycles of compression and decompression, to a maximum
pressure of 60 GPa. Each measured spectrum was folded
about the central Rayleigh peak and fitted with Gaussian
peaks to extract acoustic velocities [Gleason et al., 2009].
We assigned the higher- and lower-frequency peaks to the
compressional and shear modes, respectively.
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[v] The sintered MgO sample gives shear- and
compressional-wave velocities matching the single-crystal
average at ambient conditions; when quasi-hydrostatically
compressed, it gives velocities that also match single-crystal
averages, and values for polycrystalline MgO loaded in
NaCl [Murakami et al., 2009] (Figure 1).

[10] In contrast, all of our non-hydrostatically loaded
samples exhibit velocities significantly lower than the
corresponding hydrostatic values at the same pressure
(Figure 1). From 0-10 GPa, we observe shear and com-
pressional wave speeds 2-3 km/s below the aggregate
values for MgO (a drop of 30-50%) at ambient conditions.
At roughly 10 GPa, there is a change in the observed
pressure variation for Vp and Vg (both on compression and
decompression of the pressed powder), with the velocity
trend roughly parallel to that for the hydrostatically com-
pressed aggregate between 10 and 60 GPa. For example,
after compressing to 60 GPa and then decompressing to
35 GPa, we see a mode at 12.5 GHz, equivalent to
5.8 (£0.1) km/s, which we interpret to be the MgO shear
mode at ~15% lower velocity than the hydrostatic value of
6.8 km/s [Sinogeikin and Bass, 2000; Murakami et al.,
2009]. We observe the same anomalously low velocities
for non-hydrostatically loaded MgO in the measurements
performed in backscatter geometry (not shown) and in
equal-angle scattering geometry (Figure 1); the analysis of
the former requires knowledge of the sample’s index of
refraction, whereas the latter do not [Shimizu et al., 1998].
Some of the Brillouin spectra exhibited only one of the two
modes, either due to weak elasto-optic coupling (due to the
combination of incident and scattered light polarizations), or
overlapping of the MgO compressional mode and the dia-
mond shear-mode at pressures above ~30 GPa. We also note
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Figure 2. Maximum shear stress (0 eqrsmress) i polycrystal-
line MgO calculated as O yearsiress = & 92, where h is the sam-
ple thickness, and dP/dr is the measured pressure gradient
based on spatial distribution of ruby spheres. Inset: veloc-
ity difference of the shear mode ¥V (hydrostatic velocity -
non-hydrostatic velocity normalized by the hydrostatic
velocity) at the corresponding shear stress normalized by
the measured pressure, only a few points shown for clarity.
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Figure 3. Calculated compressional (p) and shear (g)
velocity trends for single-crystal MgO along the [001] and
[110] crystallographic directions. Using density [Speziale
et al., 2001] and experimental third order elastic constants
[Bogardus, 1965] the compressional and shear velocities in
[001] and [110] directions [Bateman et al., 1961; Mason,
1958] are calculated. These pressure dependent velocity
trends under hydrostatic conditions (solid curves) are com-
pared to the non-hydrostatic case, e.g., different values of
applied uniaxial stress (o) (all dashed curves).

that peak profiles for polycrystalline data are generally
broader than those of single crystals at the same pressure,
reflecting the averaging over crystal orientations [Gleason
et al., 2009; Chen et al., 2010].

[11] At each pressure, Brillouin spectra were collected at
4-8 locations evenly distributed around the sample chamber.
Near these same locations within the sample chamber, the
pressure was determined by way of ruby fluorescence,
providing an estimate of pressure gradients across the
sample. The sample thickness prior to compression is esti-
mated to be 50 pum, that is the measured thickness of the
pre-indention in the gasket. After decompression from
60 GPa, the gasket is removed from the diamond-cell and the
new thickness is measured to be 10 = 2 yum on average. The
pressure gradient combined with a measure of the sample
thickness before and after decompression allows for a cal-
culation of the shear stresses [Meade and Jeanloz, 1988],
(Figure 2). We correlate these shear stresses, normalized by
the measured pressure, with the measured velocity offsets
(as seen in Figure 1) between the hydrostatic single-crystal
aggregate average and the non-hydrostatic trends normal-
ized by the hydrostatic velocity. As the normalized shear
stress increases over the pressure range of our experiments,
0-60 GPa, the normalized velocity difference also increases
(Figure 2, inset).

[12] Prompted by our observation that non-hydrostatically
loaded polycrystalline MgO velocities are substantially
lower than the values under hydrostatic loading, we calcu-
late the elastic effects of non-hydrostatic stresses on the
sound velocities. Specifically, we use second- and third-
order elastic constants to determine shear and compressional
velocities in uniaxially compressed cubic crystals (Figure 3).
Uniaxial compression serves here as a proxy for non-
hydrostatic stress applied to a cubic single crystal.
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[13] Following Bateman et al. [1961], we calculate the
velocities under imposed uniaxial stresses of 0.5, 1.0, 3.0 or
6.0 GPa, plotting the difference between the velocity under
hydrostatic and non-hydrostatic conditions in Figure 3: we
find a 7% drop, at most. The calculations do indicate a
velocity decrease in the plane perpendicular to the applied
uniaxial stress for MgO, corresponding to the plane that is
probed by our Brillouin scattering experiments. However,
the magnitude of this effect — on its own — cannot account
for our observations. Based on these calculations, it does not
seem possible that the tens of percent velocity deviations we
reproducibly measure for non-hydrostatically compressed
MgO powder can be explained by the elastic effects of
uniaxial stresses.

[14] Influences of texturing (preferred orientation) in
monomineralic, polycrystalline MgO cannot account for our
observed low velocities. The magnitude of those effects is at
most +~6% about the aggregate average velocity at all
pressures studied here, as documented by the observed
orientation-dependent velocity variations (elastic anisot-
ropy) at high (quasi-hydrostatic) pressures, as well as the
velocities calculated from second- and third-order elastic
constants (Figure 1) [Schreiber et al., 1973; Sinogeikin and
Bass, 2000]. It is possible that combined effects of non-
hydrostaticity and a strong degree of crystal preferred ori-
entation (or texturing) could yield, at most, a 13% drop in
velocities, however, we find that unlikely since this can only
be reached at certain pressures and we document our non-
hydrostatically loaded MgO exhibits only partial degrees of
preferred orientation, using x-ray powder diffraction on our
high-pressure samples. Note that MgO becomes acoustically
isotropic at ~20 GPa.

[15] MgO reacts with atmospheric moisture and hydrates
to form Mg(OH), (brucite); the anomalously low velocities
we observe are comparable to those of brucite between
0 and 10 GPa [Jiang et al., 2006]. However, we found no
evidence of Mg(OH), contamination in any of our samples
based on either x-ray diffraction or Raman spectroscopy
(see Figure S1 of the auxiliary material).'

[16] Using ultrasonic techniques, Yeheskel et al. [2005]
found Young’s modulus and the average shear modulus of
nanocrystalline MgO to be lower by 13% than that of sub-
micron grain-size MgO at zero pressure and room temper-
ature. They propose that the decrease in elastic moduli is
directly related to an increase in the volume fraction of grain
boundaries. If our sample is crushed in the non-hydrostatic
loading, the volumetric fraction of grain boundaries could
increase, resulting in a Brillouin signal dominated by scat-
tering from grain-boundary material, thereby showing
decreased sound velocities. Thus, the influence of grain
boundaries and crystallite size on Brillouin spectra — and on
elastic properties more generally — need to be clarified in
future studies (H. Marquardt et al., Elastic properties of
nano-crystalline MgO powder to high pressures by Brillouin
light scattering, submitted to Physical Review B, 2011). A
deeper understanding of these phenomena is essential for
reliably characterizing non-hydrostatic effects on elastic
properties of Earth materials.

'Auxiliary materials are available in the HTML. doi:10.1029/
2010GL045860.
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