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a b s t r a c t

The high-pressure elasticity of diaspore (AlOOH) has been determined by Brillouin spectroscopy to 12 GPa
in diamond anvil cells. Experiments were carried out using a 16:3:1 methanol–ethanol–water mixture
as pressure medium, and ruby as pressure standard. Acoustic velocities were measured in three roughly
orthogonal planes at ambient and eight elevated pressures. The nine individual elastic stiffness con-
stants of the orthorhombic crystal were obtained by fitting the velocity data to Christoffel’s equation.
Aggregate elastic moduli and pressure derivatives were calculated from the Cijs by fits to Eulerian finite
strain equations, yielding: KS0 = 152(1) GPa, G0 = 117.2(5) GPa, (∂KS/∂P)T0

= 3.7(1), (∂G/∂P)0 = 1.5(1) for
the Voigt–Reuss–Hill average. All individual Cijs increase with pressure but C23 and C55 exhibit anomalously
low pressure derivatives. From calculated linear compressibilities, the a-axis is the most compressible.
The b-axis becomes the least compressible axis at high pressures. Over the examined pressure range, the
azimuthal P-wave anisotropy decreased from 22% to 16%, while the azimuthal S-wave anisotropy increased
from 15% to 21%. Both volume and axial compression curves calculated using our Brillouin results are in
good agreement with the results from static compression studies. High-pressure sound velocities in dias-
pore exceed those of other hydrous minerals as well as many anhydrous phases relevant to Earth’s upper
mantle.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Hydrous phases in the Al2O3–SiO2–H2O system are relevant
to understanding subducted pelitic sediments and Al-rich basalts
(Williams and Hemley, 2001). Diaspore, �-AlOOH, is an aluminum
hydroxide stable to at least 65 GPa at room temperature (Greene et
al., 1994). It has also been reported to be stable at conditions as high
as 14 GPa and 950 ◦C (Schmidt, 1995; Ohtani et al., 2001). Diaspore
is found naturally in low T/high P metamorphic rocks (Theye et al.,
1997). A high-pressure form of diaspore, �-AlOOH, has been iden-
tified as a potential water carrier in subducting slabs at transition
zone and lower mantle conditions (Suzuki et al., 2000; Ohtani et
al., 2001).

Hydroxides and oxyhydroxides are materials that readily form
in natural environments in both the bulk state and on surfaces.
These minerals span a range of chemistries and possess diverse
bonding and structural properties. Aluminum hydroxides and oxy-
hydroxides (e.g., gibbsite, bayerite, boehmite, diaspore) are widely
found in soils and sediments and are industrially important as a

∗ Corresponding author. Tel.: +1 609 258 3261.
E-mail address: fumingj@princeton.edu (F. Jiang).

major source of aluminum. Diaspore is isostructural with goethite
(�-FeOOH), one of the most widespread iron oxides found in nature.

Diaspore crystallizes in the orthorhombic system (space group
Pbnm). Fig. 1 shows the projection of the crystal structure along the
c-axis. The structure can be described as an approximately hexag-
onally close packed oxygen framework with aluminum cations
occupying half of the octahedral interstices (Ewing, 1935). The
structure consists of double rows of edge-sharing AlO6 octahe-
dra running along the c-axis. The rows are linked to each other
through corner sharing resulting in the formation of vacant chan-
nels between the rows. The double chains form layers parallel to
(1 0 0) and the OH groups form hydrogen bonds in this plane that
cut across the channels near [1 0 0]. The structure of diaspore has
been studied at high pressures up to 50 GPa using single-crystal
X-ray diffraction (Friedrich et al., 2006, 2007).

Compared with other hydroxides such as brucite, diaspore is
dense, incompressible, and exhibits relatively strong hydrogen
bonding. Spectroscopic studies highlight the role of non-linear
hydrogen bonds and repulsive effects as potentially important
factors in the mechanical response to compression for this struc-
ture type (Williams and Guenther, 1996; Nagai et al., 2003). The
characterization of the high-pressure elastic properties of dias-
pore is important for understanding its mechanical response to
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Fig. 1. Projection of diaspore crystal structure viewed along c-axis. The structure
consists of double rows of edge-sharing AlO6 octahedra running along c: small
spheres represent hydrogen atoms, and Al atoms occupy the centers of the oxygen
octahedra.

compression, computation of its stability diagram (Schmidt and
Poli, 1994; Grevel et al., 2000), modeling of seismic wave speeds
in the deep crust and upper mantle, and testing of intermolecular
potentials and theoretical calculations (e.g., Chroneos et al., 2006;
Friedrich et al., 2006). Characterization of the elastic behavior of
relatively simple hydroxide phases such as diaspore is an essential
starting point for understanding the effect of H incorporation on
elasticity in more complex aluminosilicates (e.g., Mao et al., 2007).

Recent determinations of the bulk modulus and its pressure
derivative by static compression, theory, and elasticity data span
a wide range (Haussuhl, 1993; Mao et al., 1994; Grevel et al.,
2000; Winkler et al., 2001; Friedrich et al., 2006). The elastic con-
stants have been measured at 1 bar by ultrasonic resonance and
also calculated theoretically, but there are discrepancies (∼5–23%)
between theory and experiment for some of the individual mod-
uli (Haussuhl, 1993; Winkler et al., 2001). In addition, there are
no high-pressure experimental constraints on the shear behavior.
In this study, we performed Brillouin spectroscopic measure-
ments of single crystal diaspore up to 12 GPa in diamond anvil
cells to determine the elastic moduli and their pressure depen-
dence.

2. Experiments

Natural single crystals of diaspore from an unknown source
were used in the present study. Three approximately orthogonal
platelets with dimensions of 15 mm × 5 mm × 1 mm were first pol-
ished plane-parallel for ambient pressure measurements, and then
further polished to a thickness of about 30 �m for high-pressure
study. Examination under a polarizing optical microscope revealed
no zoning. Compositions were determined by electron microprobe
analysis on two of the three plates. Six points were analyzed across
for each sample and the average composition was determined to
be (Al0.995Fe0.005)OOH (Table 1). Lattice parameters measured by
single-crystal X-ray diffraction are: a = 4.4017(5) Å, b = 9.4288(11) Å,
and c = 2.8459(3) Å.

Samples of approximate size 100 �m × 100 �m × 30 �m, were
loaded into modified Merrill–Basset diamond cells with an angu-
lar opening of 96◦. Stainless-steel gaskets were pre-indented to

about 50 �m thickness and a 250-�m hole was drilled in the center.
A 16:3:1 methanol–ethanol–water mixture was used as pressure
transmitting medium, and rubies were placed around the crystal
as a pressure standard. Acoustic velocities were measured in all
platelets at ambient and eight elevated pressures to 12 GPa. After
each pressure increase, the diamond anvil cell was left overnight
to allow possible stress relaxation. Pressure calibration using the
ruby fluorescence scale (Mao et al., 1986) from different ruby chips
placed around the crystals before and after Brillouin measurement
were identical within experimental uncertainty (±0.1 GPa).

A single-frequency Nd:vanadate laser with a wavelength of
� = 532.1 nm was used in our experiment, and the incident power
on the sample was about 150 mW. The Brillouin spectra were
measured using a six-pass Sandercock tandem Fabry–Perot inter-
ferometer in a forward symmetric scattering geometry, and the
signal was collected using an avalanche photodiode.

In forward symmetric scattering geometry, the acoustic veloc-
ities, V, can be determined independent of the refractive index
(Whitfield et al., 1976):

V = �B�0

2 sin(�/2)
(1)

where, �B is the measured Brillouin frequency shift, �0 is the inci-
dent laser wavelength, and � (70◦ in this study) is the scattering
angle external to the diamond cell. For all three planes, Brillouin
spectra were collected in more than 37 directions over an angu-
lar range of 180◦ with a 5◦ step. Collection times were typically
12–20 min per spectrum. Further experimental details can be found
elsewhere (Speziale and Duffy, 2002; Jiang et al., 2004).

3. Results

Fig. 2 shows representative Brillouin spectra at 1 bar and
5 GPa, respectively. On the horizontal axis, the measured Bril-
louin frequency shift has been converted to velocity using Eq. (1).
For all three planes, one quasi-longitudinal (VP) and one quasi-

Fig. 2. Brillouin spectra at 1 bar and 5 GPa. LA: quasi-longitudinal acoustic mode;
TA: quasi-transverse acoustic mode. D-TA: diamond TA mode; MEW: Brillouin peak
from the methanol–ethanol–water medium.
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Table 1
Result of microprobe and powder X-ray diffraction analysis at ambient conditions

Sample Oxides (wt%)

MgO Al2O3 SiO2 CaO MnO FeO Na2O H2O Total

No. 1 0.003 82.978 0.015 0.005 0.021 0.638 0.008 14.989 98.6
No. 2 0.005 82.629 0.013 0.012 0.012 0.525 0.007 15.007 98.2

Average composition: (Al0.995Fe0.005)OOH, other trace; lattice parameters: a = 4.4017(5) Å, b = 9.4288(11) Å, c = 2.8459(3) Å; density: � = 3.382(4) g/cm3.

transverse (VS) mode was observed. The other quasi-transverse
acoustic mode could not be detected likely because of the weak
elastic–optical coupling coefficient for the scattering geometry
employed in this study. In Brillouin experiments, the inten-
sity of the acoustic modes is related to the magnitude of the
elastic–optic tensor components, and the polarization and direc-
tion of the incident and scattered light (Cummins and Schoen,
1972).

To determine all elastic constants of an orthorhombic crys-
tal such as diaspore, three mutually perpendicular platelets are
desirable. Figs. 3 and 4 show the measured (symbols) and cal-
culated best-fit velocities (solid lines) of diaspore at ambient
pressure and 5 GPa, respectively. The velocity data measured for
all planes were simultaneously fit to Christoffel’s equation (Every,
1980). The procedure to retrieve the elastic constants has been
discussed elsewhere in detail (Speziale and Duffy, 2002; Jiang
et al., 2004). In this study, Cij values obtained by ultrasonic
method (Haussuhl, 1993) and density determined by X-ray diffrac-
tion were used as our starting model for the fitting at ambient
conditions. We inverted for the elastic moduli and the three Eule-
rian angles (Shimizu, 1995) that describe the orientation of each
platelet, a total of 18 parameters in all. The orientations of the
platelets determined from the fit are (−0.003, −1.000, 0.000),

Fig. 3. Acoustic velocity data for diaspore at 1 bar: symbols are observed velocities;
solid lines are calculated from best-fit elastic constants. The indicated planes and
directions are approximate, as the measured planes are not exactly the principal
planes.

(0.060, −0.051, 0.997), and (0.947, −0.259, −0.190) which are
all within 20◦ of the three principal crystal planes. The orien-
tation of one platelet was measured using single-crystal X-ray
diffraction at beamline X17C of the National Synchrotron Light
Source and determined to be (0.183, 0.078, 0.980). The differ-
ence in the orientation of the second platelet obtained by X-ray
diffraction and our Brillouin fit is about 10◦. For diaspore, the
recovered elastic constants are not strongly sensitive to orienta-
tion uncertainties, and the differences in resulting elastic constants
caused by 10◦ orientation differences are less than 1 GPa for
diagonal constants and less than 0.5 GPa for the off-diagonal con-
stants.

At each pressure, the fit parameters from the previous pressure
were used as the starting model. Densities were initially estimated
by using the third-order Birch–Murnaghan equation of state, with
the ambient values of the isothermal bulk modulus KT0 and an ini-
tial estimate for its pressure derivative, K ′

T0
= (∂KT/∂P)T0

. After the
first round of fitting at each pressure, the Reuss (isostress) bounds
on the aggregate bulk modulus were calculated (Watt et al., 1976)
and then fit to third-order Eulerian finite strain equations (Birch,
1978) to derive the adiabatic pressure derivative of the bulk modu-
lus K ′

S0
= (∂KS/∂P)T0

. The adiabatic bulk modulus KS0 , and pressure

Fig. 4. Acoustic velocity data for diaspore at 5 GPa bar: symbols are observed veloc-
ities; solid lines are calculated from best-fit elastic constants. The indicated planes
and directions are approximate, as the measured planes are not exactly the principal
planes.
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Table 2
Thermodynamic parameters of diaspore

Parameter Value References

Density, �0 3.382 g/cm3 This study
Thermal expansion, ˛0 2.87 × 10−5 K−1 Grevel et al. (2000)
Grüneisen parameter, �0 1.44 Calculateda

Specific heat, Cp 52.3 J/(mol K) Perkins et al. (1979)
(∂KT/∂T)P0

−0.017 GPa K−1 Grevel et al. (2000)

a Grüneisen parameter obtained as �0 = ˛0K0S/(�0Cp).

Fig. 5. Pressure dependence of (a) longitudinal elastic stiffness constants and (b)
shear and off-diagonal constants.

derivative K ′
S0

were then converted to isothermal values using the
relations:

KT0 = KS0 /(1 + ˛�T)
(∂KT/∂P)T0

≈ (1 + ˛�T)−1[(∂KS/∂P)T0
− �T/KT0 (∂KT/∂T)P0

]
(2)

where ˛ is the volume thermal expansion coefficient and � is the
Gruneisen parameter (Table 2). The newly obtained KT0 and K ′

T0
were then used in the third-order Birch–Murnaghan equation of
state to refine the density at each pressure. The above procedures
were repeated until convergence was achieved after four iterations.

Fig. 6. Voigt and Reuss bounds of aggregate adiabatic bulk, KS, and shear, G, moduli.

Fig. 7. Isothermal compression curve of diaspore derived from this study (solid line)
and its extrapolation to 25 GPa (dotted line). Previous static compression studies are
plotted for comparison.

Table 3 lists the best-fit density, individual elastic constants, and
the root-mean-square (RMS) differences between the observed and
calculated velocities. Fig. 5 shows the variation of elastic constants
as a function of pressures. Individual elastic constants and related
pressure derivatives at ambient condition are listed in Table 4.

4. Discussion

4.1. Elasticity and pressure derivatives

The elastic constants of diaspore were measured previously at
ambient conditions by ultrasonic resonance techniques (Haussuhl,
1993). Our observed values of Cijs are in very good agreement with
the experimental study as the differences in Cij are within 1%, except
for C13 and C23 (Table 4). These off-diagonal constants are more

Table 3
Best-fit density and elastic moduli of diaspore at each pressure

P (GPa) � (g/cm3) C11 (GPa) C22 (GPa) C33 (GPa) C12 (GPa) C13 (GPa) C23 (GPa) C44 (GPa) C55 (GPa) C66 (GPa) RMS (m/s)

10−4 3.382 249.4(3) 334.2(4) 391.5(4) 67.7(4) 45.5(5) 100.5(6) 125.9(3) 98.0(2) 115.7(2) 21
2.8(1) 3.445 264.7(9) 348.3(14) 402.9(24) 81.9(13) 50.0(14) 102.7(16) 131.3(7) 101.6(6) 118.1(6) 64
3.8(1) 3.467 275.9(14) 358.8(11) 399.8(13) 79.4(13) 54.5(14) 103.5(17) 134.1(7) 101.6(6) 121.8(7) 65
4.9(1) 3.490 280.3(8) 367.9(11) 409.2(17) 86.6(11) 57.6(8) 101.6(15) 134.2(6) 100.1(5) 124.5(6) 62
6.0(1) 3.513 290.9(10) 371.0(13) 416.1(13) 88.6(18) 69.3(19) 106.0(17) 133.7(8) 100.3(6) 126.5(9) 65
7.8(1) 3.550 298.5(11) 387.0(18) 420.3(27) 92.2(18) 72.4(23) 104.2(19) 139.3(7) 98.9(6) 132.7(9) 56
9.7(1) 3.587 316.9(16) 400.0(18) 426.0(27) 98.1(27) 76.0(23) 104.9(22) 141.7(9) 101.9(7) 135.0(9) 88

10.7(1) 3.607 320.1(11) 410.6(25) 437.6(25) 104.2(18) 80.9(15) 110.7(21) 144.5(8) 102.9(6) 140.5(7) 62
11.9(1) 3.630 329.4(10) 413.0(32) 445.4(25) 110.0(20) 76.9(14) 115.6(23) 145.9(8) 104.2(6) 143.9(7) 55

RMS: root mean square of the difference between observed and calculated sound velocities. Numbers in parenthesis are 1 − � deviations in last digit(s).
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Table 4
Individual elastic moduli of diaspore and their pressure derivatives at ambient conditions

C11 (GPa) C22 (GPa) C33 (GPa) C12 (GPa) C13 (GPa) C23 (GPa) C44 (GPa) C55 (GPa) C66 (GPa)

AlOOH
This studya 248(1) 331(2) 387(3) 69(2) 45(3) 99(2) 126(1) 98(1) 113(1)
This studyb 249.4(3) 334.2(4) 391.5(4) 67.7(4) 45.5(5) 100.5(6) 125.9(3) 98.0(2) 115.7(2)
Haussuhl (1993) 250.7(2) 336.8(5) 394.2(5) 66.7(10) 41.7(8) 95.3(12) 127.1(5) 96.6(4) 116.2(5)
Winkler et al. (2001)c 237(8) 347 400 73 46 103 129 124 128

∂C11/∂P ∂C22/∂P ∂C33/∂P ∂C12/∂P ∂C13/∂P ∂C23/∂P ∂C44/∂P ∂C55/∂P ∂C66/∂P

Pressure derivatives
This study 7.0(2) 7.3(2) 5.0(3) 3.2(2) 3.1(3) 1.2(2) 1.8(1) 0.5(1) 2.6(2)

a From fit to Eulerian finite strain equations.
b Observed values at 1 bar.
c Calculated values at 0 K.

Fig. 8. Pressure dependences of linear compressibilities for the three crystallo-
graphic axes of diaspore.

difficult to constrain because they cannot be obtained from a direct
velocity measurement in a special direction. Winkler et al. (2001)
calculated the elastic constants using density functional theory at
0 K. Their results generally agree with our 300 K experimental data
to within 10%, but C13 and C55 are overestimated by 15% and 23%,
respectively.

The longitudinal elastic stiffness constants Cii (i = 1, 2, 3) relate
the compressional stress to compressional strain along the respec-
tive crystal axes. C33 is the largest longitudinal modulus, reflecting
the stiffness of the chains of edge-sharing double octahedra along
the c-axis. C11 is the smallest reflecting weak bonding along the a-
axis which is the direction of the hydrogen bonds. C33 has the lowest
pressure derivative of the longitudinal moduli and so the variation
among the longitudinal moduli is reduced at high pressures with
C22 and C33 converging in particular.

Of the shear moduli, C44 is the largest which reflects the edge
sharing of octahedra in the bc plane. C66 is only modestly smaller
than C44 indicating that the framework of corner-linked double-

Table 5
Aggregate moduli and pressure derivatives at ambient conditions

This study Reuss Voigt VRH

KS0
, (GPa) 148(1) 156(1) 152(1)

KT0 , (GPa) 146(1) 153(1) 150(1)
G0 (GPa) 115.8(5) 118.7(10) 117.2(5)
(∂KS/∂P)T0

4.0(1) 3.4(1) 3.7(1)
(∂KT/∂P)T0

4.0(1) 3.4(1) 3.6(1)
(∂G/∂P)0 1.5(1) 1.5(1) 1.5(1)

VRH: Voigt–Reuss–Hill average.

octahedra in the ab plane also has high rigidity. C55, which is
resistance to shear in the (0 1 0) plane, has the lowest modulus and
this is also the easiest cleavage plane. With pressure, C55 shows
very weak, almost negligible, pressure dependence compared to
the other shear moduli. At 12 GPa, C44 and C66 are 50% larger than
C55. Thus, the shear anisotropy of the structure increases with pres-
sure. Among the off-diagonal moduli, C13 and C12 are much smaller
than C23 with C13 only about 45% of C23 at ambient conditions. The
off-diagonal moduli relate compressional strains to perpendicular
compressional stresses and hence the lower values of C13 and C12
again reflect the softness of the structure in a direction. However,
C13 and C12 have a pressure derivative of about 3 in comparison
with a pressure derivative of 1.2 for C23 (Table 4). The result is that
by 12 GPa, C23 and C12 are nearly equal and both are greater than
C13.

The aggregate bulk and shear moduli for the Reuss and Voigt
bounds, and the Voigt–Reuss–Hill (VRH) averages were calculated
using the measured elastic constants, and then fit to the Eulerian

Fig. 9. Relative compression of the principal crystal axes of diaspore.
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Table 6
Bulk moduli and their pressure derivatives of diaspore at 300 K

References KT0 (GPa) (Reuss) KS0
(GPa) (VRH) (∂KT/∂P)T0

(Reuss) G0 (GPa) (VRH) Method

This study 146(1) 152(1) 4.0(1) 117.2(5) BS

Friedrich et al. (2006) 143.7(9) 4.4(6) DFT
150(3) 4.0a PXD

Xu et al. (1994) 230 4.0a PXD
Mao et al. (1994) 167.5(20) 4.0a PXD
Grevel et al. (2000) 134(4) 4.0a PXD
Haussuhl (1993) 145.3(4)b 150.7(3) 118.2(2) UE
Winkler et al. (2001) 147 154 4.5 126 DFT

KT0 and its pressure derivative are Reuss bounds, others are VRH averages. DFT: density function theory; PXD: powder X-ray diffraction; UE: ultrasonic elasticity; BS: Brillouin
scattering.

a Fixed value.
b Converted from adiabatic value of 147.1(4) (Haussuhl, 1993).

finite strain equations to determine pressure derivatives (Table 5).
Fig. 6 shows the variation of aggregate moduli with pressure. The
aggregate Poisson’s ratio for diaspore is relatively small (0.19) at
1 bar, reflecting the high value of the rigidity relative to the bulk
modulus. With pressure, Poisson’s ratio increases and reaches a
value of 0.22 at 12 GPa.

4.2. Volume compression behavior

Using the Reuss bound of the isothermal bulk modulus and its
pressure derivative, an isothermal volume compression curve was

constructed from our Brillouin results. Fig. 7 shows the volume
compression curve together with experimental static compression
data from X-ray diffraction at high pressures (Xu et al., 1994; Mao
et al., 1994; Grevel et al., 2000; Friedrich et al., 2006). Our cal-
culated compression curve is generally in good agreement with
previous studies, and in excellent agreement with the recent single-
crystal hydrostatic results of Friedrich et al. (2006) up to 7 GPa.
The data of Mao et al. (1994) exhibit deviations at higher pressures
that probably reflect development of non-hydrostatic stresses due
to freezing of the methanol–ethanol pressure medium. There are
differences among reported values of bulk moduli from static com-

Fig. 10. Stereogram showing distribution of P-wave velocity (left panel) and shear wave velocity splitting in percentage for diaspore at (a) ambient pressure and (b) 12 GPa.
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pression studies (Table 6). The result of Xu et al. (1994) deviates
from all other studies, because no pressure medium was used and
large deviatoric stresses probably existed in their sample. Exclud-
ing Xu et al.’s result, KT0 values from static compression range
from 134 GPa to 170 GPa for fixed K ′

T0
= 4 (Table 6). This range

of values mainly reflects limitations in the ability to recover the
bulk modulus from static compression data rather than any seri-
ous measurement discrepancies, as the P–V points reported in
these studies are generally consistent with the equation of state
obtained here from Brillouin scattering (Fig. 7). The good agree-
ment of the present study with previous ultrasonic measurements
(Haussuhl, 1993) and theoretical calculations of the bulk modulus
(Winkler et al., 2001; Friedrich et al., 2006) yield further confi-
dence in the obtained bulk and shear moduli and the compression
curve.

4.3. Compressibility and anisotropy

Theoretical and experimental diffraction studies (Mao et al.,
1994; Grevel et al., 2000; Winkler et al., 2001; Friedrich et al.,
2006, 2007) show that the compression of diaspore is anisotropic
with the a-axis being the most compressible. This has been
attributed to shortening of the hydrogen bonds that cross the
channels of crystal structure in the (0 0 1) plane nearly parallel to
the a-axis (Friedrich et al., 2006, 2007). Linear compressibilities
were calculated at all pressures from our measured elastic mod-
uli according to the relationship given by Nye (1985). The linear
compressibilities along the three crystallographic axes at ambi-
ent conditions are ˇa = 3.2 × 10−3 GPa−1, ˇb = 1.83 × 10−3 GPa−1,
ˇc = 1.71 × 10−3 GPa−1. Under compression, the a-axis compress-
ibility decreases more strongly than those along b and c (Fig. 8).
While at ambient pressure the c-axis is slightly stiffer than b-axis,
they reverse at around 6 GPa and at higher pressure the b-axis
becomes the stiffest axis. The higher incompressibility of the b-
axis at high pressure is consistent with theoretical calculations
(Winkler et al., 2001; Friedrich et al., 2006). Using our measured
compressibilities, the relative axial compressions were computed
and are compared with static compression studies in Fig. 9. Our
results for a/a0 and b/b0 are in a good agreement with Mao et
al. (1994) and Grevel et al. (2000), while c/c0 is less compress-
ible than those by Mao et al. (1994) and Grevel et al. (2000). For
all three axes, our results are in close agreement with the recent
single-crystal hydrostatic compression study by Friedrich et al.
(2006).

The anisotropy of both P- and S-waves varies under com-
pression for diaspore. The azimuthal anisotropies are defined as
((VS,Max − VS,Min)/VS,aggr) for S-waves (regardless of polarization)
and ((VP,Max − VP,Min)/VP,aggr) for P-waves, respectively. For shear
waves, the polarization anisotropy (AVS) can also be defined as
the percentage difference in the velocity of the two orthogonally
polarized shear waves (dVS) in a given direction AVS = dVS/VS,aggr.
Fig. 10 shows stereograms of P-wave velocity (left panel) and
shear wave velocity splitting percentage, AVS (right panel). The
calculated anisotropy for P-waves decreases from about 22%
to 16%, while azimuthal S-wave anisotropy increases from 15%
to about 21% from ambient pressure to 12 GPa. The decrease
in P anisotropy reflects the rapid stiffening of the a direction
due to compression of the hydrogen bond along this axis. The
relative variation in both longitudinal and off-diagonal moduli
decreases with compression. However, the relative anisotropy of
the shear moduli increases with compression due to the very
low value of ∂C55/∂P. Thus, the comparatively low resistance to
shear in the ac plane at high pressures is responsible for the
increase in shear anisotropy with compression. The polarization

anisotropy for the shear waves is maximum in the [0 0 1] direc-
tion and increases from 12% to 17% over the pressure range studied
(Fig. 10).

4.4. Sound velocities at high pressures

Aggregate sound velocities of diaspore at high pressures and
300 K are compared to those of other minerals including corun-
dum, olivine, and the hydrous minerals: brucite, lawsonite, zoisite,
in Fig. 11. Most hydrous minerals exhibit relatively low acoustic
velocities compared to anhydrous phases, and observations of low
seismic velocities in the Earth’s mantle have sometimes been con-
sidered to be a potential signature of the presence of hydrogen.
Brucite, Mg(OH)2, is a layered hydroxide that exhibits very low
sound velocities at ambient pressure that increase strongly with
pressure (Jiang et al., 2006). Hydrated Ca–Al silicates such as law-
sonite and zoisite also have sound velocities that lie below those of
olivine, the expected main mineral of the upper mantle. Diaspore,
on the other hand, exhibits remarkably high sound velocities for a
hydrous mineral. Compressional and shear velocities for diaspore
are 12% and 8% below those of corundum, Al2O3 and are consider-
ably larger (by 11–17%) than those of olivine. Corundum has among
the highest velocities of any mantle-relevant mineral, and thus the
high velocities in diaspore reflect in part the structural features
it has in common with corundum. Static compression studies have
shown that the high-pressure polymorph of diaspore, �-AlOOH, has
a bulk modulus of 252(3) GPa (assuming K ′

T0
= 4) which is compa-

rable to that of corundum and 66% greater than that of diaspore
(Vanpeteghem et al., 2002). As a dense, close-packed mineral with
strong hydrogen bonding, diaspore can be considered a model for
the types of structure that hydrous phases may be more likely to
adopt with increasing depth in the mantle.

Fig. 11. Sound velocities of diaspore at 300 K in comparison with corundum: cor
(Gieske and Barsch, 1968; Zhang and Chopelas, 1994), olivine: ol (Duffy et al.,
1995); brucite: br (Jiang et al., 2006); zoisite: zo (Mao et al., 2007); lawsonite: law
(Sinogeikin et al., 2000). K ′

S0
and G′

0 are fixed to 4 and 1.4, for lawsonite and zoisite,
respectively.
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