
inant contribution from > lo6-g objects. At 
the same time, it suggests that the significant 
mass flux from such bodies predicted on the 
basis of the Spacewatch results is not well 
represented in the geochemical data, possi- 
bly because it is distributed only locally. 

In closing, we would like to note that 
the current extraterrestrial mass flux mea- 
surement could be improved by the use of 
detectors with larger surfaces or exposure 
times. Any experiments should, however, 
be carried out soon, as the projected in- 
crease in the flux of artificial orbital debris 
may seriously compromise the sensitivity of 
similar measurements in the future (33). 
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Melting of (Mg,Fe)SiO,-Perovskite to 625 Kilobars: 
Indication of a High Melting Temperature in the 
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A. Zerr and R. Boehler 
The melting curves of two compositions of (Mg,Fe)SiO,-perovskite, the likely dominant 
mineral phase in the lower mantle, have been measured in a CO, laser-heated diamond 
cell with direct temperature measurements and in situ detection of melting. At 625 kilobars, 
the melting temperature is 5000 L 200 kelvin, independent of composition. Extrapolation 
to the core-mantle boundary pressure of 1.35 megabar with three different melting relations 
yields melting temperatures between 7000 and 8500 kelvin. Thus, the temperature at the 
base of the lower mantle, accepted to lie between 2550 and 2750 kelvin, is only at about 
one-third of the melting temperature. The large difference between mantle temperature and 
corresponding melting temperature has several important implications; particularly the 
temperature sensitivity of the viscosity is reduced thus allowing large lateral temperature 
variations inferred from seismic tomographic velocity anomalies and systematics found in 
measured velocity-density functions. Extensive melting of the lower mantle can be ruled 
out throughout the history of the Earth. 

T h e  interpretation and understanding of 
geochemical differentiation of the Earth, 
geodynamics, rheology, and, more recent- 
ly, seismic tomography data hinge upon the 
melting temperatures of the lower mantle 
constituents: For example, (i) differentia- 
tion strongly depends on the degree of 
partial melting that occurred early in 
Earth's history; (ii) viscosity and anelastic- 
ity scale with the ratio of actual tempera- 
ture over melting temperature, TIT,; and 
(iii) the melting temperature limits lateral 
temperature variations and the temperature 
contrast between the bottom of the mantle 
and the core. (Mg,Fe)SiO,-perovskite is 
most likely the dominant phase in the lower 
mantle [up to -20% magnesiowiistite 
[(Mg,Fe)O] is also likely present]. Because 
perovskite melts closely to the eutectic in 
the MgO-SiO, system and the iron content 
of the mantle is only -lo%, the melting 
temperature of Mg-Fe-Si-perovskite repre- 
sents a lower bound for the melting temper- 
ature of the lower mantle. 

Earlier estimates of the melting curve of 
(Mg,Fe)SiO,-perovskite show extreme 
variations, and melting temperatures pre- 

Max-Planck-lnstitut fur Chemie, Postfach 3060, 55020 
Mainz, Germany 

dicted for pressures equivalent to those at 
the bottom of the mantle range from less 
than 2500 to 8000 K. Earlier experimental 
studies of melting of perovskite in the dia- 
mond cell have large uncertainties and are 
in strong contradiction to each other in 
both melting temperature and slope of the 
melting curve ( I ) .  Thermodynamic esti- 
mates rely on poorly known physical data 
obtained at low pressure and require a 
melting relation for extrapolation to mantle 
pressures (2). Molecular dynamics calcula- 
tions do not provide meaningful constraints 
on the melting curve (3). More accurate 
multianvil data do not extend to pressures 
greater than 250 kbar (4) and'yield only a 
weak constraint on the melting slope of 
perovskite above the majorite-perovskite- 
liquid triple point at about 220 kbar. 

To reduce these uncertainties, we inves- 
tigated the melting of Fe-Mg perovskite 
using a recently developed diamond-cell 
technique (5) in which thin section sam- 
ples are embedded in an argon pressure 
medium and heated with a high-power CO, 
laser. This method circumvents the exper- 
imental problems of. earlier laser-heating 
experiments, which caused large systematic 
errors; particularly, it avoids large tempera- 
ture gradients and allows direct temperature 
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Fig. 1. Schematic cross section through a dia- 
mond cell assemblage. A thin sample, thermal- 
ly insulated from the diamonds by an argon 
pressure medium, is heated with a broad C02- 
laser beam. This technique produces small 
axial and radial temperature gradients in the 
sample (5). Temperatures were measured from 
areas with 3 to 5 pm in diameter. 

measurement and direct detection of melt- and in the detection of melting. The good required to calculate the melting slope above 
ing (Fig. I), which was not possible with agreement with the calculated melting curve the majorite-perovskite-liquid triple point 
earlier methods. Melting was measured by by Ohtani (2) may be fortuitous because the were poorly constrained at that time. 
slowly increasing the laser power until con- numerous thermodynamic parameters that are We extrapolated our melting curve to 
vective motion could be observed, which 
was accompanied by a drastic increase in 
the absorption of the laser light by the 
sample. Rounded melting features with 
clear signs of recrystallization in the sample 
were observed under the microscope upon 
temperature quenching (Fig. 2). Texture 
and crystallinity of samples held just below 
the melting temperature remained essen- 
tially unaltered even after prolonged heat- 
ing. Raman spectra of the samples 
quenched from above the melting temper- 
ature were weak, but clearly showed the 
presence of crystalline perovskite and no 
indication of vitrification to the highest 
pressures of this work. 

We obtained melting data between 220 
and 625 kbar (Fig. 3) using natural single 
crystals of (Mg,,Fe. ,,) 30,-orthopyroxene 
from an alpine lhemlite ( I ~ ~ ~ ~ ,  ~ ~ l ~ ) ,  syn- Fig. 2. (A) Unheated sample of natural (Mg,,Fe,,,)SiO,-orthopyroxene at 625 kbar in an argon 

thetic M ~ s ~ o ~ - ~ ~ ~ ~ ~ ~ ~ ~ ,  or enstatite glass as pressure medium. Sample dimensions are approximately 80 by 50 by 15 pm. (6) Sample after 
melting experiment. The melted portion (round feature), about 30 pm in diameter, shows signs of 

startingmaterialrial The temperature range of at recrystallization. The larger darkened portion shows the transition to perovskite, as evident from 
least five measurements of the onset of melt- micro-Raman spectra, 
ing was typically less than 400 K. The uncer- 
tainty in pressure is mainly atmbuted to the 
use of a limited number of ruby chips in the Fig. 3. Experimental re- 
pressure cell, a precaution taken to avoid sultsonmeltingof (Mg,Fe)- 
chemical reaction with the sample. The melt- SiO3-Perovskite. The pre- 

ing curves determined for both compositions Sent melting curve is a fit 

are identical within the experimental uncer- all the data from both 4000- 
compositions and is near- 

tainty and are in good agreement with multi- ly identical for all three 
anvil data at lower pressure (4).  The slope melting relations (6). Ver- - above the majorite-perovskite-liquid mple tical bars represent the 
point at about 220 kbar is about 6 K/kbar, variation of at least five 
decreasingtoabout4K/kbarat600kbar.The different temperature 
determined melting curve is at considerably measurements at the on- 
greater temperatures than curves determined set of melting at constant 
from data obtained with YAG-laser heating in Pressure. KK and IK 0.1 0.2 0.3 0.4 0.5 0.6 
a diamond cell without a pressure medium ( 4 )  are from multi- P (Mbar) 
( I ) .  The extremely large temperature gradi- anvil experiments (abbre- 

viations refer to authors of studies). SH, HJ, and KJ (1) are results of YAG-laser heating experiments in those experiments caused large system- on polycrystalline samples with no pressure medium using indirect melting criteria. 
atic errors in the temperature measurements 

Fig. 4. Melting tempera- 
tures of (Mg,Fe)Si03-pe- 
rovskite for the pressure 
range of the lower man- 
tle. The results of fitting 
our melting data to the 
melting relations listed in 
(6) and the extrapolated 
melting temperatures to 
the CMB are shown 
along with all previous 
estimates from thermo- 
dynamic calculations [0, 
P, and SB (Z)], molecular 
dynamics calculations 
[MP and KG (3)], and 
previous laser-heating 
experiments [HJ, SH, 
and KJ (I)]. An approxi- 
mate mantle geotherm, 
shows the large difference between adiabatic gradient and melting gradient in the lower mantle. 
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higher pressures by three frequently used 
melting relations: the two empirical rela- 
tions by Simon and Kraut-Kennedy and the 
quasi-theoretical melting criterion by Lin- 
demann (6) (Fig. 4). We estimate that the 
melting temperature of (Mg,Fe)SiO,-pe- 
rovskite at the core-mantle boundary 
(CMB) is between 7000 and 8500 K. This 
temperature and the melting curve are also 
significantly higher than well-accepted 
temperatures of the lower mantle geotherms 
(Fig. 4). 

Most likely, the melting temperature of 
the lower mantle is not substantially below 
that of perovskite, because perovskite melts 
near the eutectic of the Mg-Fe-Si-0 system 
(4), which represents lower mantle chem- 
istry. If this conclusion holds, the extreme- 
ly large difference between the temperature 
of the lower mantle and the melting tem- 
perature of perovskite has some important 
geophysical and geochemical implications: 
(i) Large-scale melting and chemical differ- 
entiation of the lower mantle resulting from 
formation and separation of a melt can be 
excluded, even if the Earth was significantly 
hotter in past geologic times. (ii) The 
temperature dependence of physical proper- 
ties related to the shear modulus such as 
viscosity and anelasticity scale with the 
homologous temperature, TIT,. The data 
suggest that the dependence is most re- 
duced in the lower mantle, because this 
value decreases significantly with depth. 
(iii) The high melting temperatures of pe- 
rovskite allow the existence of a large ther- 
mal boundary across the D region between 
mantle and core (7). (iv) Large lateral 
seismic velocitv anomalies in the lower Dart 
of the mantle, found from seismic tomogra- 
phy, may result from large variations in 
temperature (8) because such variations 
would not necessarily result in partial melt- 
ing or large decreases in the viscosity. 
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3.4-Billion-Year-Old Biogenic Pyrites from 
Barberton, South Africa: Sulfur Isotope Evidence 

Hiroshi Ohmoto,* Takeshi Kakegawa, Donald R. Lowe 
Laser ablation mass spectroscopy analyses of sulfur isotopic compositions of micro- 
scopic-sized grains of pyrite that formed about 3.4 billion years ago in the Barberton 
Greenstone Belt, South Africa, show that the pyrite formed by bacterial reduction of 
seawater sulfate. These data imply that by about 3.4 billion years ago sulfate-reducing 
bacteria had become active, the oceans were rich in sulfate, and the atmosphere 
contained appreciable amounts ( > > l o - l 3  of the present atmospheric level) of free 
oxygen. 

Sulfate is the second most abundant anion 
in present-day seawater. It is generated 
primarily on land by weathering of S042-  
minerals and pyrite (FeS2) under an 0,-  
bearing atmosphere and is transported by 
rivers to the oceans where it is converted to 
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S042-  minerals, chiefly by evaporation of 
seawater, and to pyrite. The pyrite forms 
mostly in normal marine sediments where 
SO:- supplied from the overlying seawater.- 
is converted to H2S (that is, reduction of 
S6+ to S2-) by SO:--reducing bacteria 
(SRB); the H2S reacts with Fe-bearing min- 
erals in the sediments to form pyrite. After 
burial, lithification, metamorphtsm, and 
uplift, exposure of ,marine sedimentary 
rocks to air generates S042-.  The present- 
day cycles of sulfur in the Earth, therefore, 
are controlled by the presence of free O2 in 
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