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Sound Velocities in Dense Hydrogen 
and the Interior of Jupiter 

Thomas S. Duffy, Willem L. Vos,* Chang-sheng Zha, 
Russell J. Hemley, Ho-kwang Mao 

Sound velocities in fluid and crystalline hydrogen were measured under pressure to 24 
gigapascals by Brillouin spectroscopy in the diamond anvil cell. The results provide con- 
straints on the intermolecular interactions of dense hydrogen and are used to canstruct an 
intermolecular potential consistent with all available data. Fluid perturbation theory cal- 
culations with the potential indicate that sound velocities in hydrogen at conditions of the 
molecular layer of the Jovian planets are 'lower than previously believed. Jovian models 
consistent with the present results remain discrepant with recent free oscillation spectra 
of the planet by 15 percent. The effect of changing interiortemperatures, the metallic phase 
transition depth, and the fraction of high atomic number material on Jovian oscillation 
frequencies is also investigated with the Brillouin equation of state. The present data place 
strong constraints on sound velocities in the Jovian molecular layer and provide an 
improved basis for interpreting possible Jovian oscillations. 

T h e  behavior of hydrogen at high pressure 
is central to a number of fundamental prob- 
lems in condensed matter and ~lanetarv 
science (I) .  Measurements of the sound 
vel*ocity of high-density hydrogen provide 
critical information on the elastic anisot- 
ropy, equation of state (EOS), and other 
thermodynamic properties of this material. 
This information is particularly important 
for the construction of accurate models for 
the interior structure of the giant planets 
(2). Uncertainty in the EOS of hydrogen is 
the source of the largest uncertainty in 
current Jovian models (3). Recently, the 
first successful observations of global free 
oscillations of Jupiter have been reported 
(4). Such measurements could provide a 
wealth of new information about the Jovian 
planets, much as helioseismology has revo- 
lutionized understanding of the solar inte- 
rior. Current interpretations of Jovian os- 
cillation spectra suggest a need for major 
revisions of interior models (5). Free oscil- 
lation spectra are sensitive to sound veloc- 
ities that are directly connected to the EOS 
in the planet's interior. Thus, measurement 
of sound velocities in dense hydrogen can 
~rovide more direct constraints on the seis- 
mic structure of the molecular region of the 
planet. 

We have developed a technique for in 
situ measurements of the elasticity of hydro- 
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gen and similar materials to very high pres- 
sures in a diamond anvil cell. We combine 
acoustic velocities measured by Brillouin 
scattering with the orientation and number 
of crystals determined by synchrotron x-ray 
diffraction. Brillouin scattering uses the fre- 
quency shift of laser light scattered by ther- 
mally generated sound waves to determine 
acoustic velocities (6). In this study, we 
have overcome a number of restrictions 
imposed by the diamond cell on the use of 
Brillouin scattering at high pressure (7). 
Previously, there have been trade-offs be- 
tween maximum pressure, number of crys- 
tallographic orientations probed, and the 
ability to separate the acoustic velocity 
from the refractive index. A com~lete'de- 
termination of the elastic properties of an- 
isotropic crystals requires the use of multi- 
ple scattering geometries, measurements in 
many crystallographic directions, and care- 
ful characterization of the crystals. The 
latter is a particular problem for materials 
that are eases at ambient Dressure and - 
whose orientation cannot be controlled 
when solidified at high pressure in_ the 
diamond cell. 

The development of single-crystal x-ray 
diffraction using synchrotron radiation for 
low atomic number materials has led to 
significant advances in the understanding of 
hydrogen and other molecular solids (8, 9). 
Synchrotron x-ray diffraction measure- 
ments on H, (8, 10, 11) tightly constrain 
the EOS between 5.4 and 42 GPa at room 
temperature. This EOS is consistent with 
data obtained by other methods (12). In 
this study, we use a pair potential model 
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Fig. 1 (left). Hydrodynamic sound velocity in H, as a function of pressure. 
Solid circles, this study; triangles, fluid phase data from (16); solid 
squares, selected data from (14); open squares, low-temperature (4 to 13 
K) solid data (35). Curves show values calculated from the intermolecular 
potentials [solid line (HSG), this study; short dashed line (YR), (18); 
dash-dot line (SG), (17)l. The vertical line is the 293 K melting boundary. 
The density ratio at top is relative to the ambient pressure, 0 K density of 
0.0870 g/cm3 (10). The inset shows data for the fluid Hz-He system. Solid 
curves are power law fits to data for H, [this study (14, 16)] and He (28). 

that fits both the Brillouin data and existing 
EOS data to investigate the properties of H, 
at high pressure and temperature, and in 
particular the P-T conditions prevailing 
within the molecular layer of the Jovian 
ulanets. 

Brillouin scattering measurements were 
carried out on both fluid and single-crystal 
hydrogen compressed at room temperature 
in a diamond cell (1 3). Figure 1 shows the 
hydrodynamic or bulk sound velocity, c = 
[(dP/dp)s]112, where P is the pressure and p 
is the density, measured in both this and 
previous studies. For fluid Hz (Fig. 1, inset), 
the bulk sound velocities are directlv ob- 
tained from Brillouin frequency shifts mea- 
sured in a 90" scattering orientation. The - 
present results agree well with previous fluid 
data (14). For crystalline Hz, both quasi- 
compressional and quasi-shear velocities 
were measured for 15 to 20 separate crystal- 
lographic orientations at each of six pres- 
sures between 6 and 24 GPa. These data 
weie inverted to obtain the elastic con- 
stants, the aggregate bulk and shear moduli, 
and a self-consistent EOS for H, (15). 

The adiabatic bulk modulus, Ks, and 
density determine the bulk sound velocity, 
c = m. Uncertainties in the velocities 
are approximately f 1% for both fluid and 
solid phase data. For solid Hz, the bulk 
sound velocities of this study do not agree 
with results of previous work (1 6). While 
the Brillouin measurements themselves are 

Density (g/cm3) 

Open circles are calculated from Brillouin freq'uency shifts for a 50 mol% 
H, mixture of H, and He (7), and the dashed line is the mixing law 
calculation (37). Fig. 2 (right). Equation of state data for hydrogen 
and deuterium compared with intermolecular potential calculations. Com- 
parisons of the potential models are made for 293 K isotherm data 
(circles), Hugoniot data (triangles) for H, and D, (inset), and a Jovian 
adiabat. Linestyles for the potentials are the same as in Fig. 1. The long 
dashed line shows the 293 K isotherm derived from Brillouin data. 
Selected temperatures along the Jovian adiabat are indicated. 

in agreement. the assumution of elastic - 
Gotropy and the treatment of quasi-pure 
modes as pure modes led to an overestima- 
tion of the compressibility of solid H, by 
(1 6). The acoustic anisotropy of Hz is 
substantial, amounting to 8% for quasi- 
compressional waves and 18% for quasi- 
shear waves. This emphasizes the impor- 
tance of combining Brillouin measurements 
with a complete crystallographic character- 
ization of the specimen. 

The EOS from the Brillouin data is 
slightly more compressible than that found 
solely with the x-ray data (lo), but the EOSs 
overlap within their mutual uncertainties 
(Fig. 2). The combined Brillouin-x-ray data 
set urovides a test for intermolecular uoten- 
tials that are essential for obtaining a ther- 
modynamic description of dense hydrogen at 
high P-T conditions. Figures 1 and 2 show a 
comparison of sound velocity, static com- 
pression, and shock data with the predic- 
tions of H, potentials (1 0, 17, 18). A large 
number of Hz potentials have been pro- 
posed; it has been found that the form 
proposed by Silvera and Goldman (SG) (1 7) 
can be used as a starting poht  for describing 
high-pressure data. The parameters of the 
SG potential are based on low-pressure (<2 
GPa) experimental data that do not ade- 
quately include the attractive many-body 
forces that become important at high pres- 
sure. Ross et al. (1 8) introduced a modifica- 
tion of this potential (Young-Ross, YR) at 

short range to fit shock compression data. 
The shock data (1 9) sample high-tempera- 
ture fluid states but have larger uncertainties " 
than the static x-ray and sound velocity 
data. Current models for Jupiter have been 
constructed with the YR potential (20, 21) 
or an interpolated Hz EOS (22). Hemley 
et al. (10) showed that room temperature 
x-ray diffraction measurements required an 
additional softening of the YR potential. 
Here we develop a new form of this po- 
tential [Hemley-Silvera-Goldman (HSG)] 
(23) that fits both static compression data 
(to 42 GPa) and the sound velocity data 
(Figs. 1 and 2). This potential is also 
consistent with shock wave data (24). 
With the development of a potential that 
fits a wide variety of experimental data, 
including sound velocities. more direct con- - 
straints on the properties of the molecular 
layer of the Jovian planets are obtainable. 

A number of models &rethe interior of 
Jupiter have been constructed that satisfy 
observational data for the mas's, rotation 
rate, radius, and gravitational harmonics of 
the planet (20-22). These models consist of 
a predominantly Hz-He envelope overlying 
a dense rock and ice core, reaching a 
central pressure and temperature of -5000 
GPa and -25,000 K. The envelope is 
subdivided by the transformation of hydro- 
gen from a low-pressure molecular phase to 
a high-pressure metallic phase at pressures 
of -170 to 500 GPa and temperatures of 
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lo3 to lo4 K in current models. An accurate 
intermolecular potential is needed to reli- 
ably extrapolate over the P-T range charac- 
terizing the molecular region of the planet. 

Major uncertainties in Jovian models 
include the core size, metallic hydrogen 
phase transition level, the mass fraction of 
He (Y), and the EOS of molecular Hz at 
densities between 0.1 and 1 g/cm3. The 
interior of Jupiter is usually assumed to be 
fully convective and adiabatic (2), but al- 
ternative models with compositional gradi- 
ents have also been proposed (25). Assum- 
ing the adiabatic model, EOSs were calcu- 
lated with the YR and HSG potentials and 
fluid perturbation theory (26) for pure Hz 
along a Jovian adiabat (T = 165 K at 1 bar) 
(Fig. 2). At low pressures (p < 0.1 g/cm3), 
there is little difference between the EOSs. 
At higher pressures, the EOSs diverge such 
that the HSG EOS is 5 to 9% denser than 
the YR EOS at P = 25 to 300 GPa. Thus, 
the experimentally determined potential 
indicates that molecular Hz is substantially 
softer under Jovian conditions than previ- 
ous models have indicated. 

Recently, effort has focused on detecting 
Jovian global oscillations to obtain better 
constraints on the interior structure. The 
successful optical observation of low-degree 
acoustic oscillations has now been reported 
in two separate studies by Mosser (4). A 
fundamental parameter derived from the 
observations is the characteristic frequency 
or equidistance, v,. The equidistance is the 
inverse of twice the travel time of a ray from 
the planet's center to the surface 

where R is the radius of the planet. Al- 
though interpretation of currently available 
spectra is difficult, the observed value of the 
equidistance is estimated to be 136 k 10 
kHz (4) for low-degree modes. In contrast, 
values of v, computed from existing Jovian 
models range from 156 to 160  HZ (5), a 
discrepancy of 7 to 27%. If the Jovian 
observations are correct, a substantial revi- 
sion of interior models is required. The 
molecular region (P = 0 to -2 to 5 Mbar) 
contributes about 40% to the value of v, for 
Jupiter. Thus, it is important to consider 
the extent to which changes in the EOS. - 
temperature, and composition within the 
molecular region of Jupiter affect the equi- 
distance of Jovian models. 

Figure 3 shows sound velocities in Hz 
along Jovian adiabats calculated with the 
HSG and YR potentials. The HSG poten- 
tial yields sound velocities that are up to 7% 
lower than the YR potential at high pres- 
sure. The Jovian interior model of Chabrier 
et al. (20) includes a detailed thermody- 

5b I bo 150 260 250 3b0 
Pressure (GPa) 

Fig. 3. Sound velocities calculated along a 
Jovian adiabat with the YR and HSG potentials 
for H,. Also shown are sound speeds for some 
other principal components of Jupiter at the P,T 
conditions of the pure H, Jovian adiabat. For 
He and H,O, sound velocities were determined 
with an exponential-6 potential (36), and the 
range of values for the rock component 
(hatched region) were estimated from shock 
compression data. The long dashed curve 
shows the sound velocities in the molecular 
region required to satisfy seismic data. 

namic treatment of dense hydrogen with 
the YR potential (27). The transition to 
metallic hydrogen (plasma phase) was 
found to be first-order and to occur at 171 
GPa in Jupiter. If the molecular portion of 
this model is adjusted to reflect the lower 
sdund velocities of Fig. 3, the equidistance 
for the Jovian interior is reduced by 
-1.6%. Although this is in the correct 
direction to explain the seismic discrepan- 
cy, it accounts for only - 10% of the differ- 
ence between observations and models. 
Thus, the improved EOS for molecular Hz 
can only partially explain the apparently 
anamalous seismic properties of Jupiter. 
The magnitude of the change in the Hz 
EOS required to fit the seismic data lies well 
outside of experimental uncertainties in the 
sound velocity and density data (Fig. 3). 
The present H, EOS at 0 K agrees well with 
the interpolated 0 K EOS used in the 
Jupiter models of Zharkov and colleagues 
(2, 22). This is consistent with the slightly 
lower equidistance found in those models 
(5). Other features of Jovian models that 
might need to be modified include the 
interior temperatures, core size, composi- 
tion, molecular-metallic phase transition, 
interior stratification, and the metallic 
EOS. The required changes are large, how- 
ever, necessitating approximately a 15% 
reduction in sound velocity over the planet 
as a whole. 

The effect of changes in interior temper- 
atures produced by, for example, a bound- 
ary layer near the Jovian surface (5) can be 
assessed by computing adiabats at different 
starting temperatures. Pure HZ adiabats at 
initial temperatures of 65 K and 265 K 
produce temperatures at the 1- to 2-Mbar 

level that are found to differ by 5000 to 
6000 K, but the sound velocity difference is 
less than 1% at these pressures. If the sound 
velocity changes are restricted to the 
boundarv laver itself. the oresence of such a , , , . 
boundary is unlikely to produce an appre- 
ciable change in the equidistance of a plan- 
et that is dominantly adiabatic. Adjusting 
the metallic phase transition level between 
171 and 500 GPa affects the eauidistance 
by 4%, with higher transition pressures 
corresponding to higher equidistances. If 
the phase transition occurs continuously 
over this range, however, the equidistance 
is reduced relative to its value-at 171 GPa 
by 1 to 2%. 

Experimental sound speeds in fluid H, 
and measured Brillouin frequency shifts in 
He (28) and Hz-He (7) at high pressure and 
293 K can be used to infer the comoosition- 
a1 effects on the sound velocities of mixtures 
relevant to the giaint planets. We adopt a 
model for the H2-He system in which the 
refractive index is given by the Lorentz- 
Lorenz mixing rule (29), the density is 
computed from the additive-volume law [in 
agreement with (30)], and bounds on the 
bulk modulus are obtained from volume 
fractions (3 I) .  This approach reproduces 
the Brillouin scattering data for a 50 mol 
percent Hz mixture of Hz-He (7) to 5 GPa 
(Fig. 1, inset). We therefore adopt this 
model for preliminary estimates of compo- 
sitional effects on sound velocities in the 
Jovian interior. For a homogeneous mix- 
ture, approximately doubling the He mass 
fraction of both the metallic and molecular 
regions to Y - 0.58 is required to reduce 
the sound velocities in the model of (20) by 
the amount required to satisfy the seismic 
data. This is far in excess of values from 
observations of the Jovian atmosphere (Y = 
0.18 k 0.04) (32), the expected nebular 
abundance of He (Y - 0.28) (33), or 
current Jovian models [-one-third non- 
hydrogen by mass, including core (20-22)]. 
Whether large increases in the nonhydro- 
gen component can be reconciled with grav- 
ity and mean density data needs to be exam- 
ined in future Jovian models. Assuming 
nebular abundance of He and attributing the 
remaining mass excess to the_ Z (non-hydro- 
gen-helium) component requires enrich- 
ment of the Jovian rock plus ice component 
by a factor of -23 relative to nebular values, 
whereas current models have enrichment 
factors of 3 to 10 (20-22). 

The measurement of sound velocities in 
dense hydrogen coupled with advances in 
Jovian seismology presents new opportuni- 
ties for probing the internal structures of 
the Jovian planets, which make up more 
than 99% of the ~lanetarv mass of the solar 
system. ~x~er imen ta l  data now constrain 
the properties of a growing fraction of Jupi- 
ter. The large discrepancy with observa- 
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tional data underscores the need for major 
revisions of Jovian models beyond features 
connected to the molecular Hz EOS or 
suggests that reanalysis of the free oscilla- 
tion observations is required. 
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Short-Lived Chemical Heterogeneities in 
the Archean Mantle with Implications 

for Mantle Convection 

Janne Blichert-Toft and Francis Albarede 
The neodymium isotope and samarium-neodymium systematics of 2.7-billion-year-old 
mantle-derived magmas indicate that the lifetime of chemical heterogeneities was much 
shorter in the Archean mantle than in the modern mantle. Isotopic evidence is compatible 
with a Rayleigh number 100 times larger and convection 10 times faster in the Late Archean 
compared with the present-day mantle. Modern plate tectonics thus may be an impsbable 
analog for the Archean. Chemical heterogeneities in the mantle may originate upon magma 
migration and mineralogical phase changes rather than by recycling of oceanic and 
continental crust. 

T h e  extent of mantle heterogeneity in ites and continental basalts, may have been 
Archean time is considerably more elusive contaminated by crustal material (1). In 
than that in the modern mantle. Preserva- addition, the resolution of isotopic data is, 
tion of pre-Phanerozoic mid-ocean ridge from the nature of radiogenic decay, smaller 
basalts is uncertain, and other mantle-de- in the Archean than at present. 
rived rocks in the Archean, such as komati- The development of isotopic heteroge- 
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