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INTRODUCTION

The high-pressure behavior of brucite-type hydroxides has 
been extensively examined in recent years as a model system 
for understanding hydrous minerals under compression. Brucite, 
Mg(OH)2, has a simple layered structure in which each Mg ion 
is surrounded by a distorted octahedron of O atoms. The Mg 
ions lie in planes with the O ions above and below them in a 
sandwich arrangement. The O-H bonds are perpendicular to these 
planes. The octahedral sheets are stacked along the c-direction 
with weak interlayer bonding. 

Geologically, brucite is found in serpentinites (Hostetler 
et al. 1966), and is expected to be an important phase in the 
forearc mantle overlying subduction zones, forming as a result 
of reaction between inÞ ltrating ß uids and the ultramaÞ c mantle 
(Peacock and Hyndman 1999). Many phyllosilicates such as 
lizardite and talc include brucite-like layers as one of their prin-
cipal structural units. The brucite dehydration reaction has also 
long been used to study volumetric properties of H2O at elevated 
pressures and temperatures (Irving et al. 1977; Johnson and 
Walker 1993; Mirwald 2005; Fukui et al. 2005). High-pressure 
studies have revealed a varied range of phenomena in brucite-
type hydroxides including pressure-induced amorphization, 
sublattice amorphization, crystal structure changes, hydrogen 
repulsion, and structural frustration (Kruger et al. 1989; Meade 

and Jeanloz 1990; Parise et al. 1994; Catti et al. 1995; Duffy et 
al. 1991, 1995a; Kunz et al. 1996; Raugei et al. 1999; Shieh and 
Duffy 2002; Shinoda et al. 2002; Mookherjee and Stixrude 2005; 
Speziale et al. 2005; Shim et al. 2006).

Neutron diffraction studies of Mg(OD)2 indicate that the 
deuteriums move to three off-axis sites in response to deute-
rium-deuterium repulsion induced by compression (Parise et 
al. 1994). The high-pressure behavior of brucite has also been 
studied by shock techniques (Duffy et al. 1991) and by theo-
retical calculations using density functional theory (Raugei et 
al. 1999; Mookherjee and Stixrude 2005). Static compression 
studies of brucite indicate that initially the compressibility is 
much greater normal to layering than parallel to it (Fei and Mao 
1993; Duffy et al. 1995b). Brillouin scattering measurements 
at ambient pressure show that the elastic constant C11 is about 
three times larger than C33 (Xia et al. 1998). The relative axial 
compressibilities change drastically over modest pressures with 
the c/a ratio initially decreasing before becoming nearly pressure 
independent by 15 GPa (Fei and Mao 1993; Catti et al. 1995; 
Duffy et al. 1995a; Nagai et al. 2000). To better understand the 
mechanical response of brucite to hydrostatic compression, we 
have determined the complete elastic tensor of brucite to 15 GPa 
using Brillouin scattering in the diamond anvil cell.

EXPERIMENTAL METHODS

Crystals with dimensions of approximately 30 × 30 × 15 mm were taken 
from natural brucite samples. The composition of the crystals was determined by 
electron microprobe analysis (Table 1). Six points were analyzed across each of 
two selected crystals and the average composition was Mg0.98Mn0.02(OH)2. Powder 
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ABSTRACT

The second-order elastic constants of brucite were determined by Brillouin scattering to 15 GPa 
in a diamond anvil cell. The experiments were carried out using a 4:1 methanol-ethanol mixture as 
pressure medium, and ruby as a pressure standard. Two planes, one perpendicular to the c axis (basal 
plane) and the other containing the c axis (meridian plane), were measured at room pressure and 10 
elevated pressures. Individual elastic stiffnesses, aggregate moduli, and their pressure derivatives were 
obtained by Þ tting the data to Eulerian Þ nite strain equations. The inversion yields individual elastic 
constants of C11 = 154.0(14) GPa, C33 = 49.7(7) GPa, C12 = 42.1(17) GPa, C13 = 7.8(25) GPa, C14 = 
1.3(10) GPa, C44 = 21.3(4) GPa, and their pressure derivatives of (∂C11/∂P)0 = 9.0(2), (∂C33/∂P)0 = 
14.0(5), (∂C12/∂P)0 = 3.2(2), (∂C13/∂P)0 = 5.0(1), (∂C14/∂P)0 = 0.9(1), (∂C44/∂P)0 = 3.9(1). Aggregate 
moduli and their pressure derivatives are KS0 = 36.4(9) GPa, G0 = 31.3(2) GPa, (∂KS/∂P)T0 = 8.9(4), 
(∂G/∂P)0 = 4.3(1) for the Reuss bound, and KS0 = 43.8(8) GPa, G0 = 35.2(3) GPa, (∂KS/∂P)T0 = 6.8(2), 
(∂G/P)0 = 3.4(1) for the Voigt-Reuss-Hill average. The ratio of the linear compressibility along the 
c and a axes decreased from 4.7 to 1.3 over the examined pressure range. The shear anisotropy (C66/
C44) decreased from 2.6(1) at ambient condition to 1.3(1) with increase of pressure to 12 GPa. Axial 
compressibilities and a compression curve constructed from our Brillouin data are in good agreement 
with previous X-ray diffraction data. The increased interlayer interactions and hydrogen repulsion 
that occurs as brucite is compressed produce a continuous variation of elastic properties rather than 
any abrupt discontinuities.
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X-ray diffraction patterns obtained at X17C of the National Synchrotron Light 
Source matched very well with expected peak positions for brucite and yielded 
lattice parameters of a = 3.150(1) Å and c = 4.783(5) Å. Individual crystals show 
a tabular habit and cleave easily on {0001} to form thin basal-plane sheets. Special 
attention was paid to the sample preparation because brucite is soft and cleaves 
easily under stress.

For the basal plane, a natural cleavage platelet was used without further 
preparation for both room pressure and high-pressure Brillouin measurements. To 
obtain a platelet containing the [001]-axis (hereafter referred to as the meridian 
plane), a brucite piece with dimensions 15 × 10 × 6 mm was placed vertically and 
immersed in epoxy in a cylindrical container with a diameter of 25 mm. After the 
epoxy solidiÞ ed, the cylinder was cut into a disk with a thickness of 5 mm. The disk 
was then double-side polished with successively Þ ner grits down to a Þ nal alumina 
paper of 1 μm. To prevent distortion or bending of the brucite crystal, it was kept 
in the epoxy disk and had a Þ nal size of 15 × 3 × 3 mm. The meridian platelet was 
Þ rst measured at room pressure and then further polished to a thickness of 30 μm 
for high-pressure measurement. The basal and the meridian platelets, each with 
approximate thickness of 30 μm and lateral dimensions of 100 × 100 μm, were 
loaded separately into modiÞ ed Merrill-Basset diamond anvil cells with angular 
opening of 96°. Stainless steel gaskets were pre-indented to 50�60 μm and then 
a 250 μm diameter hole was drilled in the center of the anvil indentation. A 4:1 
methanol-ethanol mixture was used as pressure transmitting medium, and more 
than four ruby chips were placed around the sample as pressure standards. Both 
samples were compressed to about 15 GPa with 10 individual pressure steps. Pres-
sure was determined by measuring the ruby ß uorescence shift (Mao et al. 1986). 
The ß uorescence peaks did not show signiÞ cant broadening over the examined 
pressure range. To allow for possible stress relaxation after each compression step, 
Brillouin measurements were carried out at least one day after pressure increase. 
The differences between pressures measured from different ruby chips around the 
samples never exceeded ±0.2 GPa except for the last pressure near 14.6 ± 0.5 GPa. 
Pressures measured before and after each Brillouin data set collection were always 
equivalent within mutual uncertainties.

The samples were excited with a single frequency vertically polarized neo-
dymium vanadate laser (λ = 532.15 nm) with a power of 150 mW. Brillouin spectra 
were measured using a six-pass Sandercock tandem Fabry-Perot interferometer 
in a forward symmetric scattering geometry in which acoustic velocities, V, can 
be determined without knowledge of the sample refractive index (WhitÞ eld et 
al. 1976):

V B=
ν λ
θ

0

2 2sin( / )  (1)

where, λ0 is the incident laser wavelength, ∆νB is the measured Brillouin frequency 
shift and θ is the scattering angle external to the diamond cell (70 ± 0.03° in this 
study). For both planes, Brillouin spectra were recorded in more than 37 directions 
over an angular range of 180° with 5° steps. Typical spectrum collection time is 
between 4 to 10 minutes. Eulerian angles (θ0, ϕ0+ϕ, χ0) relating the crystallographic 
coordinate system to the laboratory coordinate system were used to specify the crys-
tal orientation and acoustic wave-vector direction (Shimizu 2004). The azimuthal 
angle, ϕ, was the only one that was varied during measurement. The accuracy, preci-
sion, and reproducibility of our system were tested on standard single crystals of 
MgO and SrTiO3 with known velocities and we reproduced the expected velocities 
with an uncertainty less than 0.5%. Details of the experimental setup are reported 
elsewhere (Speziale and Duffy 2002; Jiang et al. 2004a, 2004b).

RESULTS

Figure 1 shows typical Brillouin spectra at 1 bar and 7.5 
GPa for the basal and meridian plane. The measured frequency 
shifts have been converted to velocity along the horizontal axis 
using Equation 1. For the basal plane, all three acoustic modes, 
one quasi-longitudinal (LA) and two quasi-transverse (TA1 and 
TA2) acoustic modes were observed. While for the meridian 

plane, one LA mode and one TA mode were observed below 8.8 
GPa. Above 8.8 GPa, both TA1 and TA2 modes were observed 
at some angles, and this helps in the TA mode assignment of the 
two TA branches. 

Brucite crystallizes in the trigonal system (P3�m1) and is 
characterized by 6 independent elastic stiffness constants (C11, 
C33, C12, C13, C14, and C44). The velocity data for all modes in 
both planes at each pressure were Þ t together using non-linear 
least squares methods to Christoffel�s equation (Every 1980) to 
retrieve the six elastic constants and six Eulerian angles describ-
ing the two crystal orientations. The procedure for the acoustic 
mode assignment and inversion for the elastic constants has been 
reported elsewhere (Speziale and Duffy 2002; Jiang et al. 2004a, 
2004b). A starting model based on literature values of Cij (Xia 
et al. 1998) and density at ambient conditions was used for the 
room-pressure velocity Þ tting, and the initial Eulerian angles for 
(θ0, ϕ0, χ0) were systematically varied until a satisfactory agree-
ment between calculated and experimentally obtained velocities 
was attained. Elastic constants and orientations were then further 
reÞ ned by non-linear least squares. Densities at high pressures 
were initially estimated by using the Birch-Murnaghan equation 
of state, with ambient pressure values of the isothermal bulk 
modulus, KT0, and an initial guess for the pressure derivative of 
the isothermal bulk modulus, K'T0 = (∂KT/∂P)T0. High-pressure 
elastic constants were obtained by Þ tting the velocity curves 
using the calculated density and the Cij values from the previous 
pressure as initial guesses. A ±0.1 GPa uncertainty of pressure 
was propagated in our density error when estimating the errors 
in elastic moduli.

TABLE 1. Result of microprobe and powder X-ray diff raction analysis at ambient conditions

Oxides (wt%)
Sample  MgO Al2O3  SiO2  CaO  MnO   FeO Na2O  H2O SUM

No. 1  65.780 0.003 0.019 0.050 0.781 0.007 0.030 31.052 97.700
No. 2 64.458 0.000 0.020 0.081 2.236 0.005 0.020 30.824 97.700

Notes: Average Composition: Mg0.982Mn0.018(OH)2; Lattice Parameters: a = 3.150(1) Å, c = 4.783(5) Å; Density: ρ = 2.379(4) g/cm3.

FIGURE 1. Brillouin spectra at (a) 1 bar and (b) 7.5 GPa. Upper and 
lower panels are for the basal plane and meridian plane, respectively. 
LA = longitudinal acoustic mode; TA = transverse acoustic mode; TA1 
and TA2 are the slow and fast TA mode, respectively. D = diamond TA 
mode; ME = methanol-ethanol medium.
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After the Þ rst round of Þ tting, the full compliance tensor 
(Sij) was calculated from the elastic stiffness tensor (Cij) at each 
pressure. Adiabatic aggregate bulk, KS, and shear moduli, G, 
in the Reuss (isostress) limit were then calculated (Watt et al. 
1976). The Reuss bound to the aggregate bulk modulus was Þ t 
to the third-order Eulerian Þ nite strain equation (Birch 1978) 
to obtain KS0 and K'S0 = (∂KS/∂P)T0. These parameters were then 
converted to isothermal values, KT0 and (∂KT/∂P)T0, by applying 
the thermodynamic relations: 

KT0 = KS0/(1 + αγT) (2)

( / ) ( ) [( / ) / ( /∂ ∂ ≈ + ∂ ∂ − ∂−K P T K P T K KT T0 S T T T1 1
0 0αγ γ ∂∂T ) ]P0

      (3)
where α is the volume thermal expansion coefÞ cient and γ is 
the Gruneisen parameter (Table 2). We note that there has been 
some variability in the γ values reported in the literature (Duffy 
et al. 1991; Redfern and Wood 1992). The isothermal KT0 and K'T0 
were then used to construct improved isothermal compression 
curves and to reÞ ne densities at high pressures. The velocities 
at each pressure were reÞ t using reÞ ned densities. The above 
procedure was repeated until convergence was achieved after 
four iterations.

Figures 2 and 3 show the observed velocities (symbols) and 
calculated velocity curves (lines) of brucite for the meridian 
plane and the basal plane at room pressure and a pressure of 10.8 
GPa. Table 3 displays the best-Þ t density, elastic constants, and 
the root mean square (RMS) differences between observed and 
calculated velocities at all pressures. The Þ t was very good, as 
reß ected in the low RMS deviations (Table 3). The variation of 
the elastic constants as a function of pressure is shown in Figure 
4. The ambient-pressure elastic constants and pressure deriva-

tives obtained from Þ tting to Eulerian Þ nite strain equations are 
shown in Table 4. 

DISCUSSION

Elastic stiffness constants, aggregate moduli, and pressure 
derivatives

Our observed Cij are generally in good agreement with those 
obtained by previous Brillouin measurements (Xia et al. 1998) 
within uncertainties (Table 4, Fig. 4). However, the measured C11 
and C13 are slightly higher than the Þ t values at room pressure. 
This may be due either to small amounts of strain in the room-
pressure brucite sample and/or the uncertainties in assigning the 
TA modes for the meridian plane. It was found in our experiment 
that brucite tends to bend and cleaves easily during polishing 
when the sample becomes thin. Therefore the meridian platelet 
of brucite was measured at room pressure with the sample Þ xed 
in an epoxy disk. The sample was removed from the epoxy 
after further thinning for the high-pressure measurements. This 
may cause slight differences for certain constants due to strain 
differences. Another uncertainty is caused by TA mode assign-
ment for the meridian plane. As seen from Figure 1, only one TA 
mode was observed for the meridian platelet at room-pressure. 
In the present study, a trial and error method was used in the TA 
mode assignment (Speziale and Duffy 2002; Jiang et al. 2004a, 
2004b) until a satisfactory agreement was obtained between cal-

TABLE 2.  Thermodynamic parameters used for adiabatic to isother-
mal conversion

Parameter Value References

Density ρ0 2.38 g/cm3 This study
Thermal expansion α0 5.0 × 10–5 K–1 Xia et al. (1998)
Grüneisen parameter γ0 0.58 Calculated*
Specifi c heat CP 76.62 J/(mol·K) Berman and Brown (1985)
(∂KT0/∂T)P0 –0.011 GPa/K Xia et al. (1998)

* Grüneisen parameter obtained as γ0 = α0K0S/(ρ0CP).

TABLE 3. Best-fi t density, elastic constants

P ρ C11 C33 C12 C13 C44 C14 RMS
(GPa) (g/cm3) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (m/s)

10–4 2.38 159.0(16) 49.5(7) 43.3(17) 11.1(25) 22.8(4) 1.8(25) 31
1.1(1) 2.446 164.1(10) 59.2(7) 45.5(8) 12.3(8) 25.2(3) 3.1(4) 50
2.1(1) 2.496 169.3(9) 73.2(7) 46.2(8) 16.6(7) 28.9(3) 4.1(4) 43
3.5(1) 2.558 179.6(10) 94.0(8) 52.0(9) 22.1(8) 33.4(3) 4.8(5) 48
4.8(1) 2.605 184.3(8) 110.0(6) 53.1(6) 28.2(5) 36.8(3) 5.6(3) 30
6.1(1) 2.650 191.7(8) 125.7(7) 57.4(6) 33.9(6) 40.7(3) 7.2(4) 33
7.5(1) 2.693 202.0(9) 141.2(9) 61.0(10) 39.5(9) 44.5(3) 7.9(5) 51
8.8(1) 2.731 209.0(8) 155.6(8) 63.4(8) 44.9(7) 48.9(3) 10.1(4) 41
10.8(1) 2.783 221.3(8) 173.7(9) 70.6(9) 52.1(7) 54.4(4) 12.2(4) 41
12.4(2) 2.823 228.1(7) 182.1(9) 70.4(8) 55.9(7) 58.8(4) 13.3(4) 35
14.6(5) 2.873 239.9(12) 201.9(18) 71.6(16) 68.0(14) 66.3(7) 15.1(6) 74

Notes: RMS = root mean square of the diff erence between observed and calculat-
ed sound velocities. Numbers in parenthesis are 1-σ deviations in last digits.

TABLE 4.  Extrapolated individual elastic constants, and their pressure 
derivatives at ambient conditions

Elastic constants C11 C33 C12 C13 C14 C44

 (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

Mg(OH)2 

This study* 154.0(14) 49.7(7) 42.1(17) 7.8(25) 1.3(10) 21.3(4)
This study† 159.0(16) 49.5(7) 43.3(17) 11.1(25) 1.8(25) 22.8(4)
Xia et al.(1998) 156.7(8) 46.3(8) 44.4(10) 12.0(15) 0.2(8) 21.7(5)
Pressure derivatives
 ∂C11/∂P ∂C33/∂P ∂C12/∂P ∂C13/∂P ∂C14/∂P ∂C44/∂P
This study 9.0(2) 14.0(5) 3.2(2) 5.0(1) 0.9(1) 3.9(1)

* From fi t to Eulerian fi nite strain equations.
† Observed values.

FIGURE 2. Velocity data at 1 bar for the meridian plane (upper) and 
the basal plane (lower); symbols are observed velocities; solid lines are 
calculated from best-Þ tting elastic constants.
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culated, and measured velocities and orientations were reached. 
For pressures above 8.8 GPa, two TA modes appeared at some 
angles for the meridian platelet, and this greatly reduced the 
uncertainty in TA mode assignment both above and below 8.8 
GPa and constrained the crystal orientation much better. Larger 
1-σ standard deviations are given at room pressure in Table 3 
due to the uncertainty in mode assignment and poorer constraint 
of crystal orientation for the meridian platelet.

Using the measured elastic constants, the Reuss and Voigt 
bounds, and Voigt-Reuss-Hill (VRH) average of the aggregate 
bulk and shear moduli were calculated and Þ t to the Eulerian 
Þ nite strain equations (Table 5). Figure 5 shows the pressure 
dependencies of the aggregate moduli: Þ lled symbols are from 
the present study, lines are Þ ts, and open symbols are from the 
literature (Xia et al. 1998). The Reuss bound on the isothermal 

bulk modulus and its pressure derivative is compared with 
literature values (mainly static compression) in Table 6. The 
present study is the Þ rst high-pressure measurement to obtain 
all individual elastic constants, bulk moduli, and their pressure 
derivatives. 

There are several interesting features of the elasticity of bru-
cite aggregates as a function of pressure. First, there is a large 
difference between the Voigt and Reuss bounds on the aggregate 
moduli, with differences of 40% for the bulk modulus and 25% 
for the shear modulus. However, these differences, which reß ect 
the degree of elastic anisotropy (Chung and Buessem 1972), 
decrease rapidly with pressure, and at the highest pressure, the 
difference in bounds for the bulk and shear moduli are only 
about 1 and 3%, respectively. Other aggregate elastic constants 
show a strong variation with pressure. The aggregate Poisson�s 
ratio is given by σ = (3K � 2G)/[2(3K + G)], where K is the bulk 
modulus and G is the aggregate shear modulus. Using the Reuss 

FIGURE 3. Velocity data at 10 GPa for the meridian plane (upper) 
and the basal plane (lower); symbols are observed velocities; solid lines 
are calculated from best-Þ tting elastic constants.

FIGURE 4. Pressure dependencies of the elastic stiffness constants 
Cij; C66 is given by (C11 � C12)/2; solid lines are Þ ts using Eulerian Þ nite 
strain equations; open symbols are from Xia et al. (1998.)

FIGURE 5. Brucite aggregate adiabatic bulk moduli KS and G (Þ lled 
symbols) and Þ ts (lines) using Eulerian Þ nite strain equations; open 
symbols are from Xia et al. 1998.

TABLE 5.  Aggregate moduli and pressure derivatives at ambient 
conditions

This study Reuss Voigt  VRH

K0S (GPa) 36.4(9) 51.2(10) 43.8(8)
K0T (GPa) 35.8(9) 50.5(10) 43.2(8)
G0 (GPa) 31.3(2) 39.1(5) 35.2(3)
∂K0S/∂P 8.9(4) 5.2(2) 6.8(2)
∂K0T/∂P 8.9(4) 5.2(2) 6.8(2)
∂G0/∂P 4.3(1) 2.7(1) 3.4(1)

TABLE 6.  Bulk moduli (Reuss) and their pressure derivatives of brucite 
at 300 K

References K0T (GPa) (∂ KT/∂ P)0 Method

Duff y et al. (1991) 51(4) 5.0(4) SW
Fei and Mao (1993) 54.3 4.7 PXD
Parise et al. (1994) 47 4.7* PND
Duff y et al. (1995) 42 5.7 SCXD
Catti et al. (1995) 39 7.6 PND
Nagai et al. (2000) 44 6.7* PXD
Fukui et al. (2003) 41.8(13) 6.6(3) PXD
Xia et al. (1998) 36.7 – BS
 39.6 6.7 PXD
This study 35.8(9) 8.9(4) BS

Notes: SW = Shock wave compression; PXD = Powder X-ray diff raction; PND = 
Powder neutron diff raction; SCXD = Single crystal X-ray diff raction; BS = Bril-
louin scattering. 
* Fixed value.
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bounds, the aggregate σ value of brucite varies from 0.17(2) at 
1 bar to 0.26(1) at 14.6 GPa. Finally, the elastic properties of 
brucite are also remarkable for the very high values of pressure 
derivatives in this system. The VRH average pressure derivative 
of the bulk modulus (K'VRH = 6.8) is much larger than the typical 
value of 4. In some cases, it has been found that materials with 
high K' values are more appropriately Þ t with a higher order 
equation of state (Webb and Jackson 1993). In the case of brucite, 
only marginal improvement of the Þ t results from the use of 4th 
order Þ nite strain equations for K and G, and the inclusion of an 
additional term is not justiÞ ed. The pressure derivative of the 
shear modulus [G' = ∂G/∂P = 3.4(1) for Hill average, 4.3(1) for 
Reuss bound] for brucite is remarkably large. There are very few 
reported measurements of G' ≥ 2.5 for minerals (e.g., Hofmeister 
and Mao 2003; Isaak 2001). Some of these reports appear to be 
of questionable quality, whereas for one material (BaTiO3), the 
high G' value is clearly associated with recovery of the modulus 
immediately following a soft mode phase transition (Fischer et 
al. 1993). Neglecting such cases, brucite has the highest shear 
modulus pressure derivative yet reported in any mineral.

Volume compression behavior 

An isothermal compression curve for brucite was constructed 
from our Brillouin measurements using the Reuss bound on the 
isothermal bulk modulus and its pressure derivative following 
the adiabatic to isothermal conversion discussed above (Table 5). 
Our compression curve (solid line) and its extrapolation to higher 
pressures (dotted line) are in very good agreement with selected 
previous static X-ray and neutron diffraction studies (Fig. 6). In 
contrast, there is a large range of reported KT0 and K'T0 values from 
previous studies (Table 6). The KT0 values of Fei and Mao (1993) 
and Parise et al. (1994) are higher and they are close to our Voigt 
bound values. While the KT0 values by other researchers (Catti et 
al. 1995; Duffy et al. 1995a; Nagai et al. 2000; Fukui et al. 2003a) 
are close to the Hill average of the Reuss-Voigt bound. These 
discrepancies could in part reß ect differences in the strain state 
achieved in previous studies depending on experimental condi-
tions and pressure medium used. However, it is expected that 
static compression results should be close to the Reuss bound. 
Many previous studies were conducted under non-hydrostatic 
conditions either with a solid or no pressure medium (e.g., Catti 
et al. 1995; Nagai et al. 2000; Fukui et al. 2003a), and it is well 
known that even small amounts of deviatoric stress can lead to an 
overestimate of the bulk modulus (Duffy et al. 1999). Our Reuss 
bound on KT0 is in very good agreement with a previous report 
using the Brillouin method at room pressure. In the present study, 
a 4:1 methanol-ethanol mixture was used as pressure transmitting 
medium. The sample remains under hydrostatic condition up to 
12 GPa. The determination of the bulk modulus and its pressure 
derivative from static compression relies on Þ ts to the slope of 
the measured P-V curve, and hence is less direct than Brillouin 
measurements. As a result, static compression also suffers from 
a well-known trade-off between Þ t values for KT0 and K'T0 (Bass 
et al. 1981). Furthermore, if measurements are restricted to 
purely hydrostatic conditions, the compression range is limited 
making it difÞ cult to reliably constrain the bulk modulus. On the 
other hand, data that cover a broad pressure range are subjected 
to variable degrees of non-hydrostatic stress depending on the 

nature and amount of the pressure transmitting medium. The 
good agreement in Figure 6 between our calculated volumes 
and direct measurement indicate that despite large variance in 
reported bulk moduli and pressure derivatives, static compression 
data on brucite are generally in very good agreement with each 
other and with the present Brillouin results.

Elastic anisotropy and the structure of brucite at high      
pressures

The elastic constants of brucite exhibit striking anisotropy 
at ambient pressures (Table 3, Fig. 4). The elastic constants C11 
and C33 relate compressional stress to compressional strain along 
the a- and c-directions, respectively. At ambient pressure, C11 is 
3.2(1) times greater than C33, which reß ects the large interlayer 
thickness and weak bonding along the c direction. C33 increases 
with pressure much more rapidly than C11 such that at 14.6(5) 
GPa the ratio of C11/C33 has been reduced to 1.20(1). The strong 
anisotropy is also reß ected in large differences between off-
diagonal elastic constants C12 and C13. C12 is about four times 
greater than C13 at room pressure. C13 increased by 513% in 
contrast to an increase of 65% for C12 over the examined pres-
sure range, reducing the C13/C12 ratio to 1.05(5). The shear 
anisotropy in trigonal crystals is given by the ratio of elastic 
constants C66 = (C11 � C12)/2 and C44 where C44 is the elastic 
modulus corresponding to shear waves propagating along the 
c axis and C66 is the elastic modulus corresponding to a shear 
wave propagating in the Y-direction in the basal plane (normal 
to Bravais a1 axis) and polarized in the X-direction (parallel to 
Bravais a1 axis). The shear anisotropy (C66/C44) decreased from 
2.6(1) at room pressure to 1.3(1) upon compression to 12 GPa, 
where C66 is given by (C11 � C12)/2. Figure 7 shows the P-wave 
velocity data within the meridian plane at different pressures. 
The P-wave velocity increases by 75% along the c-axis direction 
in comparison with an increase of 10% along the a axis upon 
compression to 12.4 GPa. 

 The compression of brucite to modest pressures up to 15 GPa 
is thus sufÞ cient to dramatically reduce the anisotropy ratios of 
pairs of related elastic constants. This pressure range corresponds 
to a region where a strong decrease in the crystallographic c/a 

FIGURE 6. Isothermal compression curve of brucite calculated 
from the present study (solid line) and its extrapolation to higher 
pressures (dotted line). Previous compression studies are plotted for 
comparison.
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ratio is observed in X-ray and neutron diffraction experiments 
and theoretical calculations (Fei and Mao 1993; Catti et al. 
1995; Duffy et al. 1995b; Nagai et al. 2000; Mookherjee and 
Stixrude 2005). Structure reÞ nements and theory also indicate 
that over this pressure range the interlayer spacing along c 
decreases markedly whereas the octahedral layer thickness is 
mainly unchanged (Nagai et al. 2000; Mookherjee and Stixrude 
2005). At ~12 GPa, the interlayer and octahedral layers achieve 
nearly the same thickness (Nagai et al. 2000; Mookherjee and 
Stixrude 2005). At higher pressures, the c/a ratio exhibits little 
further change with pressure and possibly even undergoes a slight 
increase with compression. The large increases of C33, C13, and 
C44 with compression therefore reß ect a pronounced stiffening 
of the structure as the interlayer distance is reduced and there 
is a corresponding strong increase in interlayer bonding. At 
pressures above ~12 GPa, the compressibility of brucite in the 
c direction mainly reß ects compression of the octahedral layer 
and the corresponding elastic constants (C33, C13, C44) display 
shallower slopes compared with low-pressure behavior. 

The value of C14 gives a measure of the anisotropy of the 
basal plane normal to the threefold axis. At ambient pres-
sure, brucite is not resolvably different from the condition for 
transverse isotropy (C14 = 0). Basal plane anisotropy increases 
weakly with pressure (cf. Fig. 3). At the highest pressure, the 
maximum basal plane deviations from the values of C11, C66, 
and C44 are 0.5, 10, and 2%, respectively, indicating that longi-
tudinal anisotropy in the basal plane remains small, but shear 
anisotropy becomes more appreciable. 

The linear compressibility, β, of a crystal is the relative de-
crease in length when the crystal is subjected to hydrostatic 
pressure, and is deÞ ned for trigonal crystals by (Nye 1985):

β= + + − + − −( ) ( )S S S S S S S n11 12 13 11 12 13 33 3
2  (4)

where n3 is the direction cosine with the c axis, and the elastic 
compliances Sij are converted to isothermal conditions. Figure 8 
shows the linear compressibility curves for the meridian plane at 
various pressures. Figure 9 compares the pressure dependencies 
of linear compressibility along c and a axis derived from the 

present study together with data from a previous X-ray diffrac-
tion experiment (Xia et al. 1998). The linear compressibility 
along the c axis experienced a remarkable change in comparison 
with a moderate change for the direction along the a axis. The 
compression anisotropy is the ratio of the linear compressibility 
along the c and a axes (Chung and Buessem 1972). This quantity 
decreased from 4.7 to 1.3 over the examined pressure range. 
The compressibilities along the a-axis and c-axis directions are 
comparable at pressures above 14 GPa. Our high-pressure Bril-
louin results are in excellent agreement with independent static 
compression data.

Some previous studies have reported step changes in the c/a 
ratio at various pressures between 4 and 12 GPa (Fei and Mao 
et al. 1993; Catti et al. 1995; Nagai et al. 2000), while others 
have not observed such changes (Duffy et al. 1995b; Mookher-
jee and Stixrude 2005). Although no new diffraction peaks are 
observed, some new bands in the Raman spectrum associated 
with a Fermi resonance were also reported at 4 GPa in brucite 
(Duffy et al. 1995a). Parise et al. (1994) have shown that the 
hydrogen positions in brucite do not coincide with the threefold 
symmetry axis along c at high pressures but are split along three 
off-axis sites. Compression of brucite may therefore result in 
structural changes involving abrupt or continuous movement of 
hydrogen positions or changes in the degree of static or dynamic 
disorder (e.g., Mookherjee and Stixrude 2005). Increased H-H 
repulsion as the octahedral layers are compressed is thought to 
be a major driving force for structural evolution (Parise et al. 
1994; Raugei et al. 1999; Mookherjee and Stixrude 2005). In 
this study, we observe that the Cij values and hence axial com-
pressibilities vary smoothly with pressure without any distinct 
discontinuities through the region of c/a changes and increas-
ing hydrogen repulsion. The observed discontinuities in c/a 
may be related to uncertainties in diffraction data or variations 
in deviatoric stress as they are observed at different pressures 
and in some studies only. The elasticity data indicate that the 
increased interlayer interactions and hydrogen repulsion produce 
continuous variation in the mechanical response rather than any 
abrupt discontinuities.

FIGURE 7. Quasi-longitudinal velocity data (symbols) and their Þ ts 
for the meridian plane at pressures of 1 bar, 1.1, 2.1, 3.5, 4.8, 6.1, 7.5, 
8.8, 10.8, 12.4, and 14.6 GPa, respectively, from bottom to top. 

FIGURE 8. Anisotropy of linear compressibility curves in the meridian 
plane at pressures of 1 bar, 1.1, 2.1, 3.5, 4.8, 6.1, 7.5, 8.8, 10.8, 12.4, and 
14.6 GPa, respectively, from outer to inner curves. 
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Stability of brucite and comparison with portlandite

While the decomposition of brucite at relatively low pres-
sures and high temperatures (e.g., Irving et al. 1977; Johnson 
and Walker 1993; Fukui et al. 2005) is well studied, it appears 
that brucite remains stable at high pressures (>80 GPa) to at least 
modest (600 K) temperatures (Duffy et al. 1991; Fei and Mao 
1993). On the other hand, the isomorph portlandite, Ca(OH)2, 
undergoes pressure-induced amorphization at 11 GPa (Meade 
and Jeanloz 1990) and transforms to a new polymorph at 7 GPa 
and 600 K (Kunz et al. 1996). The elastic moduli of portlandite, 
Ca(OH)2, have also been reported at ambient pressure both by 
Brillouin experiment (Holuj et al. 1985) and calculated using 
density functional theory (DFT) (Laugesen 2005). The results 
from DFT calculations are similar to experiment except that C13 
is found to be four times smaller than the experimental value, 
and this is more consistent with relative values of Cij observed 
for brucite. The aggregate bulk modulus from the calculations 
is 26.6 GPa for the Reuss bound and 31.5 GPa for the VRH 
average. The bulk modulus obtained from static compression at 
high pressure is 33�38 GPa (Meade and Jeanloz 1990; Pavese 
et al. 1997; Fukui et al. 2003b). In general, the individual elastic 
moduli of portlandite are lower than brucite values and both 
exhibit strong elastic anisotropy. The anisotropy of longitudinal 
(C11/C33) and off-diagonal (C12/C13) moduli are similar in brucite 
and portlandite, but portlandite shows greater shear anisotropy 
(C66/C44 = 3.2�4.3) compared with brucite (C66/C44 = 2.6).

The Born stability criteria can be used to investigate the 
mechanical stability of brucite and portlandite. The stability 
criteria require that the elastic constant tensor be positive 
deÞ nite and for a trigonal crystal are (Fedorov 1958; Binggeli 
et al. 1994; Gregoryanz et al. 2000):

B C C

B C C C C

B C

1 11 12

2 11 12 33 13
2

3 1

0

2 0

= − >

= + − >

=

,

( ) ,

( 11 12 44 14
22 0− − >C C C) .

  (5)

For brucite, all three stability criteria are satisÞ ed. The mag-
nitudes of B1, B2, and B3 increase over the experimental pressure 
range, supporting the continued mechanical stability of the phase 

to high pressures. For portlandite, the stability criteria are also 
satisÞ ed when using theoretical elastic constants but their values 
are lower than for brucite. The value of B3 for portlandite is only 
20% of the value for brucite. High-pressure elastic constants 
for Ca(OH)2 are needed to evaluate the mechanical stability as 
pressure-induced amorphization is approached.

Implications for the mantle

Layered hydrous minerals are potentially important geo-
logical constituents of the upper mantle. The contrasting elastic 
properties between related hydrous and anhydrous minerals (e.g., 
forsterite and serpentine) can be a useful diagnostic tool in inter-
preting seismic observations of the mantle. At ambient pressure, 
the elastic wave velocities of hydrous layered minerals are gen-
erally characterized by low average values and high anisotropy 
compared with other minerals. Our results for brucite show that 
the degree of anisotropy can be reduced rapidly upon applica-
tion of pressure. Furthermore, the aggregate velocity contrast 
is also reduced. At ambient pressure, aggregate compressional, 
bulk, and shear wave velocities in brucite are about 50% lower 
than those in the anhydrous oxide periclase (MgO) (Sinogeikin 
and Bass 2000). However, extrapolating our measurements to 
20 GPa indicates that velocity contrast is reduced to about 13% 
for bulk sound waves and 26% for shear velocity. At 1 Mbar, the 
bulk wave velocity of brucite is within 3% of periclase values 
consistent with earlier inferences from shock compression data 
(Duffy et al. 1991) whereas the shear velocity contrast remains 
larger (17%). If applicable to other hydrous minerals including 
silicates, these results suggest that hydrous minerals will become 
increasingly difÞ cult to detect with depth but that shear velocity 
contrast may be greater than that of other wave speeds.
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