
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 96, NO. B9, PAGES 14,319-14,330, AUGUST 10, 1991 

The Shock Wave Equation of State of Brucite Mg(OH)e 

THOMAS S. DUFFY AND THOMAS J. AHRENS 

Seismological Laboratory, California Institute of Technology, Pasadena 

MANFRED A. LANGE 

Alfred Wegner Institute for Polar and Marine Research, Bremerhaven, Germany 

New equation of state (EOS) data for brucite Mg(OH)2 shocked between 12 and 60 GPa are 
reported. When combined with earlier data of Simakov et al. (1974), it is found that brucite EOS 
data between 12 and 97 GPa can be fit with a single linear Us-up relationship: Us -- 4.76(0.11) -•- 
1.35(0.05)up. The third order Birch-Murnaghan equation parameters are: Kos -- 51 + 4 GPa and 
K•os = 5.0 + 0.4. The lack of a Us-up discontinuity indicates that no phase transformation with 
a significant volume change occurs to at least 97 GPa. However, thermodynamic and theoretical 
Hugoriot calculations suggest brucite may dehydrate with only a small volume change. A lower 
bound for this dehydration pressure under shock conditions is inferred to be 26 GPa. We report 
the first partial release states measured for this material. The data are in quantitative agreement 
with earlier shock recovery experiments (Lange and Ahrens, 1984). Volatilization upon release 
begins at pressures as low as 12 GPa, much less than predicted by the shock entropy method. 
Calculated phase boundaries using the present EOS data are consistent with experimental data 
and indicate that brucite is unlikely to be stable under lower mantle conditions. However, brucite 
data, in conjunction with data for silicates and oxides, can be used to infer the effect of He O on 
lower mantle properties. At high pressure, bulk sound velocities calculated for MgO and Mg(OH)2 
are very similar, indicating that the presence of hydrous assemblages in the lower mantle may not 
produce anomalous bulk seismic velocities. Comparison of densities in brucite and other high- 
pressure phases under mantle conditions indicates that the water content of the lower mantle is 
between 0 and 3 wt %. 

INTRODUCTION 

For more than 20 years, shock wave data have played an 
important role in studying both the accretion of the Earth 
and the composition of the interior. Volatilization of im- 
pacting planetesimMs has been shown to be an important 
process'in the evolution of the Earth's atmosphere [Ahrens, 
1990]. It may also have a profound effect on the evolution of 
the interior since thermal blanketing by a thick early atmo- 
sphere could have resulted in extensive melting of the Earth 
[Abe and Matsui, 1986]. The stability of hydrous minerals 
under mantle conditions is also an important consideration 
in atmospheric evolution as degassing of the mantle over ge- 
ologic time can also possibly explain the present atmosphere, 
particularly if any primitive atmosphere was stripped by im- 
pact of a moon-forming bolide. 

During accretion, some fraction of the incoming volatile 
budget is incorporated into the growing planet. The incor- 
poration and retention of water would have large dynamical 
and structural effects. The presence of free water in the up- 
per mantle has been proposed as an explanation for the seis- 
mic low velocity zone [Liu, 1989]. Reactions involving water- 
bearing minerals may play a role in generating deep sub- 
duction zone earthquakes [Meade and Jeanloz, 1989]. The 
presence of a few wt. % water could alter mantle miner- 
alogy [Liu, 1987]. The effect of water on mantle dynamics 
has also been recently studied. The presence of water would 
reduce mantle viscosity and result in lower mantle temper- 
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atures for a given thermal output [McGovern and Schubert, 
1989]. Water would lower the mantle solidus as well, possi- 
bly allowing small amounts of hydrous partial melts to exist 
in the lower mantle [Duffy and Ahrens, 1990a]. 

In this paper, the behavior of the hydrous mineral brucite, 
Mg(OH)2, is studied under shock loading conditions. The 
results are brought to bear on both the volatilization of in- 
coming material and the role of water in the Earth's interior. 
Brucite is an ideal material to study in these respects since 
it is water-rich ( 25-30 wt. % H20) and because it is struc- 
turally and compositionally simple. Our results complement 
a recent shock wave study of the hydrous silicate serpentine 
[Tyburczy et al., 1991]. 

Previously, Sireskor et al. [1974] acquired shock data 
on brucite to 97 GPa. Their results provided no clear evi- 
dence for dehydration or other phase changes. We wished 
to reexamine this result and its potential implications for 
the Earth's interior. In addition, we report the first mea- 
surements of isentropic release states in brucite. These re- 
suits are then compared to shock recovery data [Lange and 
Ahrens, 1984] and theoretical predictions of volatilization 
and applied to Earth accretion models. 

EXPERIMENTAL DETAILS 

The natural brucite samples used in this study originated 
from Lodi, Nevada and Texas, Pennsylvania. Bulk chem- 
ical analyses of representative samples are shown in Table 
1. The average Archimedean bulk density of the samples 
was 2.382 + 0.022 g/cm s. The average crystal density, de- 
termined by weighing the samples in •ir and toluene under 
controlled temperature conditions, was 2.391 •: 0.017 g/cm s. 
This agrees well with the tabulated density of 2.39 g/cm s 
[Hurlbutt and Klein, 1977]. The porosity of the samples was 
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TABLE 1. Chemic•d Composition of Brucite Samples TABLE 2. Equation of State Standards 

Oxide Wt. % 

MgO 76.122 
FeO 0.393 

SiO9. 0.184 
MnO 0.015 

Cr9.O s 0.007 

N•zO 0.003 
CaO 0.003 

TiO e 0.002 

AleO s 0.000 

H•.O 25.394 
Total 102.123 

Average of seven analyses of brucite from Texas, Pennsyl- 
vania. H9.O obtained by thermogravimetric analysis. Others 
obtained by electron microprobe; all Fe reported • FeO. 

exceptionally small as the average difference between the 
bulk and crystal density was 0.4%. All samples were ma- 
chined into rectangular targets 3-3.5 mm thick with lateral 
dimensions at least 10 ram. 

Subsequent chemical analysis revealed that some samples 
from Lodi, Nevada contained potentially significant amounts 
of calcium hydroxide (portlandite). By comparing measured 
crystal densities with those expected for brucite and port- 
landire [Roberts et al., 1990], we find that samples used 
shots 200, 742, 744, and 745 may have contained more than 
10 mol.% portlandite. Shots 744 and 745 may contain the 
most calcium hydroxide with maximum amounts of 24% and 
44%, respectively. The implications of this sample variabil- 
ity will be discussed in a later section. 

Shock compression of brucite was achieved using the Cal- 
tech 40-mm propellant and 25-mm light gas guns which to- 
gether are capable of launching metallic flyer plates between 
0.8 and 6.5 km/s. Projectile velocity was determined both 
by double exposure flash X ray photography and by laser 
interruption intervals on the 40-mm gun. On the light gas 
gun, projectile velocity was measured using two 15-ns flash 
X ray sources and electronic time interval counters. Targets 
consisted of a metallic driver, brucite sample, and a low den- 
sity buffer materiM. The targets were stepped so that two 
small mirrors could be epoxied onto the rear surface of the 
driver and sample. An additional mirror was affixed to the 
rear surface of the buffer. Shock wave velocities in the tar- 

get and buffer were determined by recording the destruction 
of the mirrors by the shock arrival via an image converter 
streak camera and Xenon light source. More detailed discus- 
sions of the experimental technique may be found in Jackson 
an Ahren [1979] and Ahren [1987]. 

Tungsten and aluminum flyer and driver plates were used, 
with symmetric impact conditions applying in all experi- 
ments. Equation of state (EOS) parameters for the flyers 
and drivers are listed in Table 2. Material velocity behind 
the shock front was determined through impedance match- 
ing [Ahrens, 1987] and pressure-volume states were calcu- 
lated using the Rankine-Hugoniot equations which relate 
thermodynamic variables to the kinematic variables of the 
flow. Uncertainties were determined by standard error prop- 
agation techniques [Jackson and Ahrens, 1979]. 

Material up Range, Po, c o , s 
km/s g/cm 3 km/s 

Tungsten 0-2.1 19.24 4.04 1.23 
Aluminum 1100 0-1.8 2.71 5.38 1.34 

Polystyrene foam 0-4.8 0.0497 0.243 1.118 
5.6-7.9 0.0497 -0.493 1.354 

Lexan 0- 2.9 1.196 2.449 1.498 

Graphite foam 0-4.7 1.011 0.79 1.30 

All data from Marsh [1980]. 

Partial release states were obtained by measuring the 
shock wave transit time through low impedance buffers in 
contact with the sample. The buffer materials were lexan, 
polystyrene foam, and graphite foam (Table 2). The pres- 
sure and particle velocity at the buffer-sample interface were 
determined from the measured shock velocity and the known 
buffer equation of state. An upper bound for the density 
of the partially released state is obtained by integrating 
the Riemann integral over a linear P-V path [Lyzenga and 
Ahrens, 1978]. 

RESULTS AND DISCUSSION 

A total of 13 Hugoniot equation of state experiments 
were conducted on brucite specimens. Peak shock pressures 
ranged between 12 and 60 GPa. The experimental parame- 
ters are listed in Table 3, while the results of shock and re- 
lease experiments are shown in Tables 3 and 4. The results 
of those shots potentially containing significant amounts of 
Ca are largely indistinguishable from the others, and conse- 
quently, all will be considered together. The small amount of 
scatter in the data indicates that sample variability is not a 
significant problem in these experiments. The results of shot 
200, however, lie significantly outside the uncertainty range 
of the remainder of the data and will be excluded from sub- 

sequent analysis. The exceptionally high density resulting 
from this shot may be due to transformation of the Ca-rich 
component to a high-pressure phase as expected from static 
compression studies [Meade and Jeanloz, 1990]. 

Compression States 

In Figure 1, new shock compression data for brucite are 
presented in the shock velocity-particle velocity plane along 
with the earlier data of Simakov et al. [1974]. The present 
data appear to be slightly more incompressible, however, the 
two data sets are consistent in that there is no measurable 

change in slope throughout the pressure range of the data. 
This indicates that no phase transition with an appreciable 
volume change is occurring within the pressure and temper- 
ature range of these experiments. The density reported by 
Simakov et al. [1974] is 2.37 g/cm s, which is 0.5% less then 
the average of our samples. Thus, the samples of Simakov 
et al. may have more porosity, water, or light impurities. 

It is known empirically that shock wave data for many 
materials can be described by a linear function of the form: 

U. = Co + sup (1) 

where U• is the shock wave velocity, up is the material veloc- 
ity behind the shock, co is the zero pressure bulk sound ve- 
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TABLE 3. Brucite Hugoniot Experiments 

Shot Flyer/ u/p, km/s p,, g/cm 8 U,, km/s up, km/s P, GPa p, g/cm 8 
Driver 

553 W 2.419 2.397 7.489 2.007 36.02 3.275 

0.031 0.003 0.051 0.026 0.52 0.019 

554 W 2.343 2.387 7.526 1.941 35.01 3.230 

0.099 0.003 0.080 0.084 1.54 0.050 

670 W 1.873 2.400 6.916 1.567 26.00 3.103 

0.030 0.001 0.067 0.026 0.47 0.018 

671 W 1.551 2.388 6.603 1.305 20.57 2.975 

0.016 0.001 0.066 0.014 0.28 0.011 

742 W 2.360 2.377 7.457 1.961 34.76 3.225 

0.026 0.002 0.049 0.022 0.44 0.016 

743 W 2.433 2.382 7.523 2.019 36.19 3.256 

0.033 0.001 0.023 0.028 0.51 0.017 

744 W 1.894 2.360 6.924 1.588 25.96 3.062 

0.034 0.002 0.131 0.029 0.63 0.026 

745 W 1.891 2.325 7.004 1.587 25.83 3.007 

0.030 0.033 0.105 0.02{} 0.62 0.048 

750 W 1.508 2.393 6.557 1.2{}9 19.91 2.967 

0.015 0.002 0.055 0.013 0.25 0.010 

751 W 1.017 2.410 5.870 0.886 12.25 2.827 

0.011 0.004 0.128 0.010 0.27 0.014 

199 AI 4.699 2.384 8.387 2.494 49.86 3.393 

0.004 0.001 0.201 0.028 0.78 0.049 

200 AI 5.602 2.378 8.185 3.079 59.94 3.812 

0.003 0.003 0.164 0.029 0.84 0.065 

208 AI 5.194 2.394 8.68{} 2.753 57.26 3.505 

0.00{} 0.002 0.283 0.039 1.19 0.075 

W, tungsten; AI, aluminum 1100; u/p, flyer plate velocity; and p,, initial bulk density. 

locity, and the parameter s is related to the pressure deriva- 
tive of the zero pressure bulk modulus K•oo by 

K•oo ---- 4s -- 1 (2) 
This is known as the shock wave equation of state. 

A linear weighted least squares fit to the data of Table 1 
yields 

Us ---- 4.83(0.10) -[- 1.34(0.05)u•o 

velocities were 6.28(0.18) km/s and 2.95(0.19) km/s, yield- 
ing a bulk sound velocity of 5.28(0.26) km/s which is about 
10% greater than the U,-u•, intercept, co, obtained from our 
experiments. 

Pressure-density states attained in the shock compression 
of brucite are shown in Figure 2. The results may be bet- 
ter understood by reducing the data to an isentrope and fit- 
ting to a Birch-Murnaghan EOS. A convenient formalism for 
achieving this is the normalized pressure-normalized strain 

where the numbers in parentheses represent one standard or F-f formalism [Birch, 1978] adapted for Hugoniot analysis 
deviation uncertainties. Simakov et al. [1974] did not report [Heinz and Jeanloz, 1984; Ahrens and Jeanloz, 1987]. 
uncertainties for their experiments. An unweighted least 
squares fit to their data yields 

4.46(0.22) + 1.41(0.08)u•o 

The two data sets overlap at the 2a level. We therefore 
adopt the combined data set as representing the shock wave 
equation of state of brucite. A least squares fit to all the 
data using equal weights gives 

The Eulerian strain, f, is expressed as 

f--• -1 (3) 

where p and po are Hugoniot and ambient densities respec- 
tively. The normalized pressure, F, reduced from Hugoniot 
to isentropic conditions is 

U, = 4.76(0.11) + 1.35(0.05)up 

which is similar to the fit from the present data alone. The 
zero pressure bulk modulus from the shock wave EOS is 54 
+ 3 GPa and the first pressure derivative is 4.4 + 0.2. 

Zero pressure sound velocities were measured ultrasoni- 
cally for several samples. Average compressional and shear 

-- P (4) F -- 3f(1 + 2f)i [1 + (2 -- 1.57)f] 
where 7 is the Gruneisen parameter and P is the Hugoniot 
pressure. The Birch-Murnaghan equation to third order in 
strain can be expressed as a linear equation: 
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TABLE 4. Brucite Partial Release States 

Measured Calculated 

Shot Buffer Usb , km/s upb, km/s P6, GPa P6, g/cma Pc, g/cma To, K 
553 Lexan 6.551 2.738 21.40 2.924 3.009 737 

0.194 0.130 1.65 0.153 

Polystyrene 4.615 3.911 0.90 2.448 2.414 678 
0.079 0.071 0.03 0.058 

554 Lexan 6.381 2.625 19.98 2.935 2.968 715 

0.194 0.130 1.59 0.185 

Gr ap hi te 4.897 3.159 16.54 2.565 2.889 708 
0.070 0.054 0.52 0.158 

670 Lexan 5.662 2.145 14.49 2.847 2.860 531 

0.081 0.054 0.57 0.070 

Polystyrene 4.630 3.924 0.90 1.840 2.427 498 
0.094 0.084 0.04 0.064 

671 Lexan 5.230 1.856 11.58 2.703 2.775 445 

0.129 0.086 0.82 0.103 

Polystyrene 3.771 3.156 0.59 1.970 2.406 420 
0.089 0.080 0.03 0.062 

742 Lexan 6.459 2.677 20.63 2.887 2.973 710 

0.166 0.111 1.38 0.129 

Polystyrene 5.571 4.766 1.32 1.834 2.412 655 
0.085 0.076 0.04 0.051 

743 Lexan 6.513 2.713 21.08 2.950 3.041 746 

0.103 0.069 0.87 0.084 

Graphite 4.815 3.096 15.94 2.745 2.923 736 
0.060 0.046 0.44 0.064 

744 Lexan 5.743 2.199 15.07 2.722 2.833 530 

0.089 0.059 0.64 0.084 

Polystyrene 4.665 3.955 0.92 1.817 2.388 496 
0.099 0.089 0.04 0.068 

745 Lexan 5.700 2.170 14.76 2.752 2.824 531 

0.088 0.059 0.63 0.083 

Gr ap h ite 4.084 2.534 10.46 2.558 2.711 523 
0.077 0.059 0.44 0.081 

750 Polystyrene 3.659 3.055 0.56 1.993 2.410 412 
0.066 0.059 0.02 0.048 

751 Lexan 4.294 1.232 6.31 2.658 2.645 348 

0.199 0.133 0.97 0.143 

Polystyrene 2.509 2.027 0.25 2.146 2.419 336 
0.031 0.028 0.01 0.031 

199 Polystyrene 6.821 5.402 1.83 2.124 2.429 1143 
0.199 0.147 0.10 0.086 

200 Grap hire 6.245 4.196 26.49 3.338 3.088 1373 
0.226 0.174 2.06 0.167 

208 Polystyrene 8.959 6.981 3.11 1.625 2.468 1213 
0.324 0.239 0.22 0.104 

Us•, buffer shock velocity; u•,•, release state particle velocity; Pb, release state pressure; Pb, 
release state density of brucite; Pc, calculated release state density using (17) and (18); To, calculated 
release state temperature using (19). 
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Particle Velocity (krn/s) 

Fig. 1. Shock velocity-particle velocity data for brucite. Solid 
circles with error bars are data from this study (Table 2). Open 
symbols are data reported by Simakov et al. [1974]. The line 
is a least squares fit to the combined data set. The range of 
ultrasonically determined bulk sound velocities is shown by the 
box along the/t axis. 

0.00 0.06 0.12 0.18 0.24 

Strain, f 

Fig. 3. Shock data for brucite in the normalized pressure (F)- 
normalized strain (f) representation. Symbols are the same as 
in Figures 1 and 2. The solid curve is a straight line fit to the 
combined data set with all data weighted equally. The dashed 
curve is a weighted fit to the present data only (solid symbols) . 

F = Ko• (1 - 2ff3,) (5) 

where Ko• is the 0 pressure isentropic bulk modulus and f3H 
is given by 

f3H -- f [1 + (2 - 7)f] (6) 
1 4-(2- 1.57)f 

and 

= }(4- 
The data are presented in the F-f plane in Figure 3. 

One source of uncertainty in this calculation is the 

lOO 

• 60 

• •o 

2O 

2.2 

, / 

' ' 'O ' 

o/O//MgO + H20 

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 

Density (gm/cm 3) 

Fig. 2. Pressure-density data for brucite. Solid symbols are data 
of this study (Table 2). Open symbols are data of Simakov et al. 
[1974]. The dashed curve is a theoretical Hugoniot constructed for 
an ideal mixture of MgO and H20 with the thermal corrections 
described in the text. The solid curve is a fit to the combined 

data using the normalized pressure-normalized strain formalism 
(see Figure 3). 

Gruneisen parameter, 7- Its value can be obtained from 
the thermodynamic identity 

(8) 70 = poCp 
The volume coefficient of thermal expansion, a, of brucite 
is unknown, but we estimate a • 25 x 10 -6K -• based on 
data for hornblende and MgO [Skinner, 1966; Suzuki, 1975]. 
C'p, the specific heat at constant pressure, is 1.325 J/gK for 
brucite [Robie et al., 1978]. Combining these with po and 
Ko• from above, we estimate that 

7o • 0.43 + 0.40. 

The volume dependence of 7 was modeled by 

(9) 

Values of q between 0 and 2 were considered in the analy- 
sis. A linear unweighted least squares fit using (5) to the 
combined data set yields the parameters: Ko• = 51 -4- 4 
GPa and K•o• = 5.0 -4- 0.4. A weighted least squares fit to 
the present data alone gives a similar result: Ko• = 53 -4- 
3 GPa and K•os = 5.0 -4- 0.4. The fit to the combined data 
in the P-p plane is shown in Figure 2. By optimizing phase 
equilibria and heat capacity data for brucite, Saxena [1989] 
obtained comparable values for the isothermal bulk modulus 
and pressure derivative: KoT = 57.1 GPa and K'oa, = 4.7. 

Jeanloz[1989] has derived a criterion for the formal equiv- 
alence of the Birch-Murnaghan and shock wave equations 
of state. The relation that must be satisfied is 18s7o = 
162s 2 - 360s 4- 215. Using the shock wave EOS above, we 
must have 7o = 1.0 4- 0.1 for this materiM. This result 
does not overlap the range of Gruneisen parameters deter- 
mined from the thermodynamic data above. Thus, the shock 
wave equation of state and the third order Birch-Murnaghan 
equation cannot by considered equivalent descriptions for 
this materiM. A similar result has been found for serpentine 

[Tyburczy et al., 1991]. 
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An interesting feature of the data is that all the brucite 
U• - u v data can be fit wi, th a single straight line (Figure 
1). Most minerals studied to date exhibit slope disconti- 
nuities in the U• -uv plane which are interpreted as being 
due to polym0rphic phase transitions. Brucite thus joins 
a small group of minerals (e.g., MgO and A12Oa) that can 
be expressed by a single U•- uv relationship to pressures 
up to at l•ast 97 GPa. However, some phase transitions 
(e.g., melting) have volume changes that are too small to be 
detected on the Hugoniot. Any phase transition involving 
brucite must therefore involve only a small volume change. 

Temperatures along the Hugoniot were calculated from 
the Hugoni0t energy equation and the first law of thermo- 
dynamics using the method of McOueen et al. [1967]: 

dT (•) a• (Vo V)+ P •V - (10) dV = -T + 2C,, 
where T is the temperature, P is the pressure, and Vis the 
specific volume along the tIugoniot. C•, the specific heat at 
constant volume, is assumed to be constant with pressure 
and equal to Cp. The entropy, S, along the ttugoniot can be 
determined from a similar equation: 

as (Vo- v)+ P 
dV = 2T (11) 

Equations (10) and (11) were integrated numerically using 
q=l in (9). The calculated pressure-temperature Hugoniot 
path is shown in Figure 4. 

The equilibrium phase boundary for the reaction 

Mg(OH)•. = MgO + H:O (12) 
was calculated using available data for brucite, periclase, 
and H•O. Thermodynamic properties of H•.O were taken 
from the corresponding state formulation of the virial equa- 

I I iot 
ß Kanzaki, 1990 

I .•\• ß Canil an 40 [ I•/ Schramke d Searle, 1990 x et al., 1962 
Irving et al., 1977 

+ et al., 1970 ] / '• Y .... ka 

• l* Bruci%e stable / ?.•, 30 [ 

• 20 // 

o 

o 300 600 900 12oo 15oo 

Ternperat•re (øC) 

Fig. 4. Calculated phase diagram for brucite. The dashed curve 
is the boundary for the reaction of (12) when compressibility arid 
thermal expar•sivity of the solids are not accounted for. The solid 
curve (dashed above 27 GPa) shows the calculated phase bound- 
ary when these factors are included. The solid curve labeled 
Hugoni0t is the shock pressure-temperature path. The dash-dot 
line is the projected ice VII melting curve [Mizhima and Endo, 
1978]. The open circle represents the lower bound of the calcu- 
lated dehydration boundary at room temperature. Other symbols 
represent experimental determi. 'nations of brucite-periclase equi- 
librium. The room temperature vibrational datum of Kruger et 
al. [1989] is represented by the star at 34 GPa. The dash-double 
dot curves axe representative mantle geotherms. 

tion given by Saxena and Fei [1987]. The Gibbs free ener- 
gies obtained from this expression are in agreement with the 
data of Halbach and Chatterjee [1982], who used a modified 
Redlich-Kwong equation to obtain thermodynamic proper- 
ties of H20 to 20 GPa and 1000 øC. Thermodynamic prop- 
erties of the solid phases were taken from Robie et al. [1978]. 
The properties of brucite above 600 øC were extrapolated 
using lower temperature data. 

The stability of brucite as a function of pressure and tem- 
perature was evaluated using 

IXG• (P, T) = IXG• (1, T) + AV•dP + RTln fa:o (13) 

where AGr is the difference in Gibbs free energy between 
products and reactants, lXV• is the volume change between 
the solid ph•es, and fH•o is the fug•ity of water. The 
d•hed curve in Figure 4 shows the ph•e boundary result- 
ing from the above equation when the effects of compressibil- 
ity and therm• expansion in the solid phis are neglected. 
The c•culation is in good agreement with experiment• data 
up to 1000 øC. The U-shaped dehydration curve is due to 
the large compressibility of water. While temperature max- 
ima •sociated with transformation to dense ph•es have 
been observed experiment•ly for many hydrous miner,s, 
no temperature ma•mum solely due to H20 compressibil- 
ity h• been experiment•ly observed. Yamaoka et al. [1970] 
reported a temperature ma•mum in the stability of brucite 
at 1000 øC on the b•is of quenched samples. Later work, 
including DTA results, demonstrates that no temperature 
ma•mum occurs to at le•t 8 GPa and 1250 øC [Irving et 
al., 1977; Kanzaki, 1990; Canil and Scarfe, 1990]. 

The incorporation of thermM exp•sivity and compress- 
ibility of the solid ph•es h• a dramatic effect on the loca- 
tion of the high pressure ph•e boundary. This is indicated 
by the solid curve (d•hed above 27 GPa) in Figure 4. Ther- 
mM expansion •d EOS data for periclue were t•en from 
Suzuki [1975] and Jackson and Niesler [1982]. EOS data for 
brucite were t•en from the present study and the thermM 
expansion of brucite w• assumed to be the same • MgO. 
High temperature volumes were cMculated from 

V (T) = • exp • (T) dT (14) 

where a is the thermM expansion coefficient. The integrM 
in (13) w• evMuated using the Murnaghan equation: 

V (P, T) = V (T) 1+ Ko / (15) 
The stability field of brudte is markedly extended at high 
pressure because brudte is significantly more compressible 
than MgO. While this ph•e bound•y is uncert•n above 
1000 øC, it appears to be in better agreement with the ex- 
perimentM data of Kanzaki [1990]. It is Mso consistent with 
vibrationM spectra in,caring that brucite is stable at room 
temperature to at le•t a4 GPa [Kruger et al., 1989]. To 
investigate the stability of brucite at room temperature, we 
ev•uated (13) by directly integrating the compression curve 
of ice VII [Hemley et al., 1987]. The Gibbs free energy of 
ice VII at room pressure and temperature must be greater 
th• that of liquid water. The vMue for water provides a 
lower bound for the reaction which is cMculated to be 24 
OPa (Figure 4). This boundary is very sensitive to EOS 
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parameters of brucite as well as the r•ference free energy 
value. 

The possibility must also be considered that the EOS pa- 
rameters of brucite obtained here are biased due to the de- 

hydration reaction. As Ko and K•o are increased, the calcu- 
lated stability field of brucite contracts. The phase bound- 
ary calculated when compressibility is ignored corresponds 
to infinite Ko or //o. Incorporation of a temperature de- 
pendent bulk modulus would expand the brucite stability 
field, however. The ph•e diagram b•ed on our EOS is 
gener•ly consistent with both the high temperature dehy- 
dration experiments and the high pressure vibration• data 
and therefore we believe it provides the best estimate of the 
s•ability of brucite av•lable with eMsting data. 

Th extension of the c•culated dehydration boundary in- 
tersects the brucite Hugoniot at 41 OPa. The equilibrium 
ph•e boundary provides a lower bound on the shock de- 
hydration pressure • many reactions need to be strongly 
overdriven before occurring under shock conditions. The re- 
le•e data discussed below •so provide a constrent • we 
infer that some H:O is ret•ned upon rele•e from pressures 
• high • 56 OPa, •though most HaO is lost upon rele•e 
at 26 OPa. Thus, the rele•e data suggest 26 OPa • a lower 
bound for the dehydration of brucite under shock conditions. 

With av•lable EOS data, a theoretic• Hugoniot for the 
mixed o•de •semblage Ha O + MgO w• constructed. Fol- 
lowing Al'tshuler and Sharipdzhanoo[1971], we •sume ide• 
mi•ng between the o•de ph•es. The density of the shock 
compressed mixture is found by averaging the component 
densities according to their weight fractions: 

p•(P) = p,(p) (16) 
where pro(P) is the density of the mixture •t Hugoniot pres- 
sure P, pi is the density of the o•de component, •nd Xi is 
the weight fraction of the component. This method h• been 
shown to be successful in predicting the Hugoniot proper- 
ties of severM silicates [Al'tshuler and Sharipdzhanoo, 1971]. 
It Mso produces reasonable bounds on the Hugoniot of • 
complex w•ter-s•tur•ted grout [Grady and Furnish, 1988]. 

Hugoniot properties of water •re from Mitchell and Nel- 
lis [1982] •nd the properties of MgO •re from Vassiliou 
and Ahrens [1981]. Temperatures achieved upon shocMng 
w•ter are up to 3000 K hotter th•n those achieved Mong 
the brucite Hugoniot. MgO temperatures •re up to 1500 
K colder. To account for these differences, effective ther- 
mM expansion coe•cients were computed •t each pressure 
by comparing the Hugoniot density with that Mong • 300 
K isotherm. The relewnt isotherm d•t• are from Jackson 

[osa] vdum 
change on melting for HaO •bove 25 GPa w• •ssumed to 
be 16.67 cm•/g [Zharkoo and Trubitsyn, 1978]. The ther- 
mM expansion coe•cients were used to correct the densities 
to temperature conditions Mong the brucite Hugoniot. The 
resulting mixed oMde Hugoniot for brucite is shown •s the 
d•shed curve in Figure 2. CMcul•ted densities Mong the 
mixed o•de Hugoniot •re up to 4 % denser th•n the fit 
to the brucite d•t•. Given the uncert•nties in shock tem- 

peratures and the •ver•ging procedure, the correspondence 
between these curves is re•on•ble. This implies that EOS 
d•t• provide little •dditionM information on the possible de- 
hydration of brucite • reaction of (12) is predicted to h•ve 
only • smM1 effect on the EOS. 

In summary, brucite shock data can be fit by a single EOS 
up to 97 GPa. Our preferred phase diagram is consistent 
with brucite dehydration occurring above 41 GPa. Brucite 
release data place a lower bound on dehydration at 26 GPa 
which is similar to the lower bound inferred from the room 

temperature compression curve of ice VII. There is no evi- 
dence for dehydration along the Hugoniot, possibly because 
of the small volume change associated with the reaction. 
Estimated mantle geotherms are shown in Figure 4. In nor- 
mal mantle, brucite is not expected to be stable at pressures 
greater than a few GPa although it could persist to some- 
what greater depths in slabs. Brucite is therefore unlikely 
to be a stable water-bearing phase in the lower mantle. 

It is interesting to contrast brucite with the behavior of 
its isomorph, calcium hydroxide (Ca(OH)2), which has been 
compressed statically to 38 GPa [Meade and Jeanloz, 1990]. 
Amorphization of Ca(OH)2 was found to occur and this is 
interpreted as due to a phase transition below 11 GPa. Thus, 
magnesium hydroxide appears to be more stable than cal- 
cium hydroxide. This is analogous to the situation that 
occurs in oxides where magnesium oxide is more stable than 
calcium oxide. 

Partial Release States 

Partial release states for brucite are listed in Table 4 and 

shown in Figure 5. At intermediate pressures, most release 
points lie near or slightly to the left of the Hugoniot in ac- 
cord with expected behavior. Near 10 GPa, the paths begin 
to diverge from the Hugoniot and final post shock densities 
are substantially less than the ambient density of brucite. 
This contrasts with release paths for silicates, including ser- 
pentine, which are anomalously steep due to phase changes 
[Chhabildas and Miller, 1985; Tyburczy et al., 1991]. This 
reinforces the hypothesis that no large-volume phase change 
occurs over the pressure range of these experiments. 

The rapid shallowing of the release paths is similar to the 
expected behavior of a material undergoing shock melting 

•' 4o 

ß 57 GPa 
ß 36 GPa 
+ 26 GPa 
x 20 GPa 
ß 12 GPa 

1.6 1.9 2.3 2.6 2.9 3.3 3.6 

Density (gm/cm a) 

Fig. 5. Partial release states obtained for brucite. Hugoniot 
points are indicated by solid and open circles as in Figure 2. The 
solid curve is the fit to the data obtained in Figure 3. Other 
symbols represent measured partial release states; each symbol 
corresponds to a different peak Hugoniot pressure as indicated in 
the legend. Dashed curves are calculated Mie-Gruneisen release 
paths from Hugoniot pressures of 12 and 36 GPa. The dash-dot 
curve is the actual inferred release path from 36 GPa. 
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or vaporization upon adiabatic release [Ahrens, 1987]. Final 
postshock volume is generally a decreasing function of peak 
shock pressure, suggesting that increasing amounts of mate- 
rim are being volatilized upon release. Most of the decrease 
in postshock density occurs at pressures up to 26 GPa and 
there is relatively little reduction in postshock density after 
this. This agrees qualitatively with shock recovery data for 
brucite [Lange and Ahrens, 1984] in which it was found that 
brucite had lost 18% of its water at 13 GPa and 59% at 23 
GPa. 

We can attempt to quantify the amount of vaporization 
by comparing measured densities with those predicted by 
Mie-Gruneisen theory. Points on the release adiabat can be 
calculated from the Hugoniot state by combining the Mie- 
Gruneisen equation, 

P=PH+• (•?) 

with the second law of thermodynamics under isentropic 
conditions, 

dE: -PdV (18) 

to yield an incremental expression for the release paths [Mc- 
Queen et al., 1970; Anderson et al., 1990]. Calculated re- 
lease paths for selected Hugoniot pressures are shown in Fig- 
ure 5 and Table 4. 

Comparison of the calculated and measured release paths 
from 36 GPa shows that the actual release path is generally 
shallower than the Mie-Gruneisen prediction in which vapor- 
ization is not allowed to occur. At low pressures (,.ol GPa), 
measured densities are generally much lower than expected 
from (17) and (18). The difference between the measured 
and calculated results can be used to infer the amount of 

materiM lost due to vaporization. In Figure 6, the density 
difference is attributed to water loss and plotted as a func- 
tion of peak shock pressure. The agreement with shock re- 
covery experiments [Lange and Ahrens, 1984] is quite good. 

There is some evidence of heterogeneity in the release 
paths. Both shot 553 (36 GPa) and shot 199 (50 GPa) 

lOO 
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Fig. 6. Water loss upon isentropic release as a function of peak 
shock pressure. Water loss is inferred by comparing the mea- 
sured final release density with calculated values based on Mie- 
Gruneisen theory. The circles are the data of this study, and the 
solid line is a fit to this data. The triangles are the results of solid 
recovery experiments [Lange and Akrens, 1984]. 

result in postshock densities that are large relative to the 
rest of the data set. This may be attributable to the het- 
erogeneous nature of the shock deformation process and the 
important role played by thermal heterogeneities and local 
heat generation [Grady, 1980]. This type of behavior has 
been seen in the release data for a number of minerals [e.g., 
Tyburczy et al., 1991]. 

The shock pressures expected to produce volatilization 
upon isentropic release can be estimated by the entropy 
method [Ahrens and O'Keefe, 1972]. In this technique, en- 
tropies achieved along the Hugoniot are compared to the en- 
tropy required to volatilize brucite at ambient pressures. If 
the release path is nearly isentropic, then the entropy should 
be largely unchanged as the release path passes through am- 
bient pressure. 

Temperatures required to dehydrate brucite have been 
measured by a number of workers [Nutting, 1943 ; Ball 
and Taylor, 1961; Chen et al., 1989]. The dehydration of 
brucite is complex, involving the formation of an intermedi- 
ate phase, and depends on the rate and duration of heating 
as well as grain size [Ball and Taylor, 1961]. The range 
of temperatures reported for the dehydration reaction is 
475-750 K. Comparing the entropies at these temperatures 
[Robie et al., 1978] with Hugoniot entropies indicates that 
brucite should dehydrate upon release from shock pressures 
between 27 and 49 GPa. The measured release paths as well 
as shock recovery data [Lange and Ahrens, 1984] both indi- 
cate that dehydration in brucite occurs at pressures as low 
as 12 GPa, considerably less than predicted theoretically. 

Temperatures along the release path can be calculated 
from the following identity under isentropic conditions: 

dT dV 

-•- = --7-•- (19) 
The temperatures corresponding to the measured release 
points are listed in Table 4. It is interesting to note that 
final post-shock temperatures at and below 26 GPa are be- 
low the minimum temperature (475 K) needed to vaporize 
brucite under ambient conditions. Thus, post-shock tem- 
peratures are also a poor guide for predicting the onset of 
release vaporization. The intense heterogeneous deforma- 
tion occurring during the shock process may play some role 
in facilitating volatilization, possibly by creating local ther- 
mal anomalies. Calculated temperatures and entropies may 
also be in error, particularly if our assumption about the 
Gruneisen parameter (equation (9)) does not hold. 

Partial release states measured for brucite thus lend quan- 
titative support to the results of earlier recovery experi- 
ments [Lange and Ahrens, 1984]. Brucite volatilizes upon 
release from pressures much lower than predicted theoreti- 
cally, although the pressure required for complete volatiliza- 
tion is in agreement with the shock entropy prediction. This 
work, therefore, reinforces conclusions regarding the pres- 
sures and hence impact velocities required to partially and 
completely vaporize incoming materiM during the Earth's 
accretion [e.g., Ahrens, 1990]. While brucite is probably not 
an important source of volatiles in the incoming materiM, 
its structural and chemical simplicity make it an ideal ma- 
teriM to test basic assumptions regarding the volatilization 
process. 

Implications for the Earth's Interior 

Recently, a number of dense high-pressure water bearing 
phases have been identified [Ringwood and Major, 1967; Liu, 
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1987; Finger and Prewitt, 1989; Finger et al., 1989]. The 
possibility that these or other hydrous phases may play an 
important role in the Earth's lower mantle has not been con- 
sidered previously. Brucite is not likely to be a lower mantle 
phase. However, the EOS data for Mg(OH)2 obtained here, 
together with recent shock data for serpentine [ Tyburczy et 
al., 1991], can be used to estimate the effect of I-I20 on seis- 
mic velocity and density profiles for the mantle. 

Bulk sound velocities can be obtained from Hugoniot data 
by considering small isentropic expansions off the Hugoniot 
state and accounting for energy differences between the two 
curves using the Gruneisen parameter [Mc•ueen et al., 1967; 
Ahrens, 1987]: 

(20) 
Where V4 is the bulk sound velocity and (o•P] is the local 

\ op; H .... 
slope of the Hugoniot. If the EOS can be represented •n the 
form of (1), this becomes 

where the strain, e, is given by 

e = I- P--%. (22) 

Sound velocities calculated in this way are in good agree- 
ment with those measured by interferometric and optical 
analyzer techniques [McQueen et al., 1984; Chhabildas et 
al., 1988; Duffy and Ahrens, 1990b]. 

In Figure 7, bulk sound velocities are shown for brucite 
calculated from the equation of state and Gruneisen param- 
eter determined above. Also shown are sound velocities for 

periclase, the anhydrous analogue of brucite, obtained from 
its EOS and Gruneisen parameter [Vassiliou and Ahrens, 
1981]. The difference in sound speed between the two ma- 
teriMs exhibits a marked reduction as a function of pres- 
sure. At pressures above 40 GPa, bulk sound velocities 
in MgO and Mg(OH)2 overlap within their respective un- 

certainties. Similar results are obtained when serpentine is 
compared to its anhydrous analogues [Tyburczy et al., 1991]. 
These results suggest that high-pressure hydrous phases or 
water-containing mixtures may be sufficiently compressed 
such that they are virtually indistinguishable from similar 
anhydrous assemblages in bulk sound velocity. The impli- 
cation is that hydrous phases would not produce anomalous 
seismic velocities in the Earth. 

The density of high-pressure water-bearing phases may 
also be addressed by the data obtained in this study. In 
Figure 8, pressure-density Hugoniot data for brucite (25-31 
wt % H•O) and serpentine (13-15 wt % H20) are compared 
to Hugoniot densities for some anhydrous phases at lower 
mantle pressures. It is evident that a considerable reduc- 
tion in density occurs for assemblages containing substantial 
amounts of water. 
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Fig. 8. Hugoriot data for both hydrous and anhydrous high- 
pressure phases that may be important in the lower mantle. The 
hatched region represents bounds for the predicted Hugoriot of 
the high-pressure assemblage of phase B composition. 
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Fig. 7. Bulk sound velocity for brucite and periclase determined 
from their respective Hugoriots as discussed in the text. Brucite 
results are shown by the solid curve, and MgO results are the 
dash-dot curve. Representative error bars are shown at selected 
pressures. 

The phase or phases that water would be found under 
lower mantle conditions is unknown. A wide variety of struc- 
tures and chemistries are expected for hydrous magnesian 
silicates [Finger and Prewitt, 1989]. Two important struc- 
tures under upper mantle conditions are phase A and phase 
B [Ringwood and Major, 1967]. A recent structure determi- 
nation for phase B yielded the formula: Mg•2Si40•9(OH)• 
with Si in both octahedral and tetrahedral coordination 

[Finger et al., 1989]. The stability of phase B has been 
demonstrated to 20 GPa and 1000øC [Liu, 1986]. At higher 
pressures, it is reasonable to suppose that phase B would 
transform to one or more phases involving complete octahe- 
dral coordination of silicon. A theoretical Hugoniot for this 
high-pressure assemblage can be constructed by considering 
the following hypothetical reactions: 

Mgxo_Si, Oxg(OH): = 4Mg2SiO, + 3MgO + Mg(OH): 

Mg•.Si, Ox9(OH)a = 4MgSiOs + 7MgO + Mg(OH):• 

Mga•Si, OaaOI-I)• = 4SiO• + 11MgO + Mg(Ott),_ 

Theoretical Ilugoniots were constructed using the weight 
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fraction additivity scheme discussed above without correct- 
ing for temperature differences. The sources for high pres- 
sure Hugoniot data for silicates and oxides are: MgO [Vas- 
siliou and Ahrens, 1981]; SiO2 [Lyzenga and Ahrens, 1983]; 
MgSiOa [Simakov and Trunin, 1973]; Mg2SiO4 [Jackson and 
Ahrens, 1979]. 

Calculated densities for the phase B assemblage closely 
parallel densities for MgO throughout the lower mantle pres- 
sure range (Figure 8). At 100 GPa, the density of phase B 
is within 1% of MgO and is about 3% less dense than the 
Mg2SiO4 high-pressure phase and 5% less dense than the 
MgSiOa high-pressure phase. The near equivalence in den- 
sity of phase B to that of MgO suggests that in the upper 
mantle, the amount of water present is limited, in princi- 
ple, only by the quantity of phase B present. The possible 
presence of water in the lower mantle is further discussed 
below. 

EOS data for brucite can be used to constrain the range 
of possible water content of the lower mantle. In Figure 
9, the Hugoniot for En85 ((Mg.ssFe.l•)SiO•) [Trunin et al., 
1965] is shown along with a calculated Hugoniot for brucite 
with 0.15 mole fraction Fe, Brs• ((Mg.s•Fe.l•)(OH)•). The 
Brs5 Hugoniot was calculated by mixing the Hugoniots of 
MgO, H20, and FeO [Jeanloz and Ahrens, 1980]. The abil- 
ity of the brucite structure to accommodate iron is enhanced 
markedly by the application of pressure. Fe concentrations 
of 21 atomic % have been achieved at 3 kbar [Delnavaz and 
Allmann, 1988]. Natural samples with about 10 mol. % 
Fe have been reported [Berman, 1932]. Temperatures along 
the Hugoniot are much hotter (3000-5000 K) at lower man- 
tle pressures than corresponding geotherms (2000-3000 K). 
We assume a maximal density correction of 0.10 g/cm • for 
both Ens• and Brs• [Watt and Ahrens, 1986]. By choos- 
ing a maximal temperature correction and a relatively high 
iron concentration, we are able to estimate the maximum 
amount of H20 that would be consistent with seismic den- 
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Fig. 9. Hugoniot data for enstatite and brucite compared with 
Earth model PREM (solid curves). The curve labeled Brss rep- 
resents the brucite Hugoniot adjusted to geotherm temperatures 
and containing 0.15 mole fraction Fe. The curve labeled Enss is 
the Hugoniot for enstatite also with 0.15 mole fraction iron and 
corrected to geotherm temperatures. The curve Ens5 + Brs5 rep- 
resents enstatite mixed with 10 % brucite by weight. This is the 
maximum amount of brucite that can be mixed with enstatite 

and still agree with the seismic model PREM within respective 
uncertainties. Representative error bars are included at selected 
pressures. 

sity profiles. The pressure-density curves in Figure 9 are 
corrected to geotherm temperatures. Also shown is Earth 
model PREM [Dziewonski and Anderson, 1981] with 0.5% 
uncertainty. Ens• alone matches PREM within its uncer- 
tainty. PREM can also be fit by averaging in successively 
greater fractions of Brs• up to 10 wt % as shown in the 
figure. Larger amounts of Brss are allowed only if com- 
pensated by some additional high-density materiM. The 
maximum fraction of brucite corresponds to 3 wt. % H20. 
Thus, seismic density profiles and shock data for enstatite 
and brucite constrain the water content of the lower mantle 

to be 0-3 wt. %. This conclusion is unlikely to change sig- 
nificantly no matter what the stable H•O-bearing phase is 
under lower mantle conditions as long as the mixing model 
discussed above holds. Denser water-bearing phases may be 
present in greater quantities but the total amount of water 
allowed must remain nearly fixed. The applicability of the 
mixed oxides model for HeO-bearing phases has been con- 
firmed by Tyburczy et al. [1991] who demonstrated that the 
high-pressure phase of serpentine can be modeled using the 
Hugoniots of Mg(OH)e, MgO, and SiOe. 

A lower mantle water content of 3 wt. % would corre- 

spond to 8.8 x 1025 g of water. The Earth's oceans contain 
approximately 1.4 x 10 e• g of water [ Walker, 1977] meaning 
that the lower mantle could contain between 0-63 oceans' 

worth of water. Petrological estimates suggest the mantle 
contains 0.1 wt. % HeO [Ringwood, 1975]. Estimates based 
on accretion scenarios have concluded that greater than five 
times [Liu, 1987], or 3-10 times [Abe and Matsui, 1986] the 
mass of the oceans are contained in the mantle. Thus, the 
amount of water required in accretion and petrological mod- 
els can easily be accommodated by seismic density profiles. 

The existence of high-pressure water-bearing minerals has 
implications for the accretion of the Earth and the evolu- 
tion of the atmosphere. A consideration of present accre- 
tion models allows the possible role of hydrous minerals to 
be better understood. Ringwood [1979] identifies two stages 
in the accretion process: mode A and mode B. During mode 
A, incoming planetesimals are not completely devolatilized. 
This phase continues until the Earth reaches 0.2-0.5 times its 
present radius [Ahrens, 1990]. Assuming an average density 
of 5.5 g/cm 3, 7.5 x 1026 g is the maximum amount of mate- 
rial that could have accreted during this phase. Assuming 
all volatiles are incorporated into the Earth, then 3 wt. % 
HeO could result if the accreting planetesimals averaged 12 
wt. % HeO. While this is typical of C1 (20 wt. % H20) and 
C2 (13 wt. % HeO) meteorites [Mason, 1971], it is consid- 
erably greater than previous estimates of planetesimal HeO 
contents (0.1-3.0 wt. % HeO) [Ringwood, 1979; Liu, 1987]. 

During mode B, incoming materiM is completely 
volatilized and a number of processes are occurring which 
might affect the incorporation of water into the interior. The 
rehydration of anhydrous silicates in the planet's regolith is 
one such process. It is especially important in the absence 
of an atmosphere [Zahnle et al., 1988]. If this process is 
very efficient, large amounts of water may still be incorpo- 
rated into the interior at large planetary radii [Jakosky and 
Ahrens, 1979]. As a steam atmosphere builds through im- 
pact devolatilization, surface temperatures may rise until a 
magma ocean forms [Abe and Matsui, 1986; Zahnle et al., 
1988]. Large amounts of volatiles can be dissolved in silicate 
melts. These volatiles may then be transferred into the in- 
terior convectively and could be retained when the magma 
ocean freezes at high pressure [Liu, 1987]. 
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Atmospheric escape of H2 and impact erosion of the atmo- 
sphere also affect the volatile budget of the planet. Recent 
models suggest that in most scenarios these processes are 
not highly efficient in reducing a planet's total volatile bud- 
get [Zahnle et al., 1988; Chyba, 1990]. Nonetheless, there 
is insufficient evidence to fully evaluate the importance of 
these processes. Large impacts at late times can have a large 
effect on the accretion process. A Mars-sized bolide could 
strip away the primitive atmosphere and extensively melt 
the mantle of the impacted planet. In this scenario, the 
stability of high-pressure water-bearing phases is of great 
importance as the present atmosphere might be formed by 
subsequent degassing of the mantle. The existence of a deep 
water reservoir that survives the bolide impact may provide 
a source for the atmosphere. 

In the models of Abe and Matsui [1986], the total mass 
of water in the atmosphere is independent of the water con- 
tent of the planetesimals. Any excess water is buried in the 
mantle (3-10 oceans' worth in their models). The question 
remains whether this water could remain buried in the man- 

tle throughout the lifetime of the Earth. The existence of 
high-pressure water-bearing phases such as phase B suggests 
that water can be retained, at least under upper mantle con- 
ditions. The problem also hinges on the relative efficiency of 
volatile release at the ridges versus regassing at the trenches. 
The details of the convective system are also important. 

In summary, the present data provide support for the two 
stage accretion model in which some fraction of incoming 
volatiles can be retained in the growing planet. For brucite, 
impact-induced volatilization begins at 12 GPa and is com- 
plete near 56 GPa. EOS data for brucite do not preclude the 
continued existence of a large water reservoir in the Earth's 
interior. However, brucite itself is probably not stable in 
most of the mantle. 

SUMMARY 

1. New shock equation of state data on magnesium hy- 
droxide between 12 and 60 GPa are reported. The present 
data are slightly more incompressible than the data of 
Simakov et al. [1974]. Taken together, brucite data up to 
97 GPa can be fit by a single Us-u r relation: U8 = 4.76 + 
1.35ur. Third-order Birch-Murnaghan parameters are Ko, 
= 51 4- 4 GPa and K•o, = 5.0 4- 0.4. 

2. While a single EOS satisfies all brucite data, brucite 
may dehydrate at high pressure. A lower bound for this 
dehydration reaction is inferred from release data to be 26 
GPa. EOS data for brucite were combined with thermody- 
namic data to assess the stability of brucite at high pressure 
and temperature. The equilibrium boundary for dehydra- 
tion along the Hugoniot is inferred to be near 41 GPa. Cal- 
culated phase boundaries are consistent with experimental 
data. The measured EOS of brucite is similar to that pre- 
dicted for the mixture MgO + H•O. 

3. Brucite volatilizes upon release from shock pressures as 
low at 12 GPa and volatilization is nearly complete upon re- 
lease from 56 GPa, in good agreement with shock recovery 
data. The sh,ck entropy method overestimates the pres- 
sures required to initiate volatilization in this material. 

4. While brucite is unlikely to be stable in the lower man- 
tle, brucite EOS data can be used to evaluate the effect of 
H20 on lower mantle properties through the use of mix- 
ing models. Bulk sound velocities calculated for Mg(OH)2 
are indistinguishable from MgO at pressures above 40 G Pa. 

The presence of hydrous assemblages in the lower mantle 
may not, therefore, produce a seismic bulk velocity discon- 
tinuity. Data on brucite and other high-pressure phases were 
compared to seismic density profiles. The 1t20 content of 
the lower mantle is constrained to be 0-3 wt. %. 
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