
well, and there is controversial evidence 
from the martian meteorite ALH84001 that 
supports this view (23). But there are pos- 
sible abiotic sources for CH4, too, on both 
Mars and early Earth. The one that was prob- 
ably most important is that identified by 
Sagan and Chyba, namely, submarine out- 
gassing at mid-ocean ridges. Submarine vol- 
canism favors CH, over C02 by shifting the 
chemical equilibrium to the right in the reac- 
tion C02 + 2 H20 t, CH4 + 2 0 2 .  Today, the 
CHJCO, ratio in hvdrothermal vent fluids 

J. F. Kasting, Origins Life20, 199 (1990). 
J. L. Bada. C. Bigham, S. L. Miller, Proc. Natl. 
Acad. Sci. U.S.A. 91, 1248 (1 994). 
J. W. Schopf, Earth's Earliest Biosphere: Its Ori- 
gin and Evdution (Princeton Univ. Press, 
Princeton. NJ, 1983). 
L. Brown, thesis, Pennsylvania State University, in 
preparation. 
Y. L. Yung, M. Allen, J. P. Pinto, Astrophys. J. 
Suppl. Ser. 55,465 (1984); C. P. McKay, J. B. Pol- 
lack, R. Courtin, lcarus 80,23 (1989). 
J. T. Kiehl and R. E. Dickinson, J. Geophys. Res. 
92,2991 (1987). 
J. C. G. Walker, Evolution of the Atmasphere 
(Macmillan, New York, 1977). 

7. C 

is only -1% (24), but it could have been 
much hieher in the ~ a s t  if the ~rimitive 1 
mantle were more reduced.  videi ice for a 
reduced early mantle is provided by thermo- 
dynamic analyses of diamond inclusions (25) 
and by recent studies of metal-silicate parti- 
tion coefficients of siderophile elements 
(26), which indicate that the upper mantle 
could originally have been in equilibrium 
with metallic iron. Applying these same ar- 
guments to early Mars is speculative but not 
outside the realm of possibility. 

I note, parenthetically, that maintaining 
f(CH,) = 0.01 in the primitive martian at- 
mosphere would require a CH, source com- 
parable to that on modem Earth, which 
would almost certainly have to be biological. 
It would also require that hydrogen be 
bottled up at the exobase so that it escaped at 
less than the diffusion-limited rate (1 8). This 
latter constraint seems physically plausible 
in light of the cold temperatures expected in 
a C02-rich upper atmosphere, but it has not 
been demonstrated that the escape of H 
would have been slow. So, it is far from obvi- 
ous that high CH4 concentrations are the 
solution to the early Mars climate problem. It 
does seem likely that Sagan and Chyba are 
on the right track, however: Reduced gases 
probably were present in significant concen- 
trations on both early Earth and Mars, and 
they played an important role in climate evo- 
lution on both planets. Sagan himself had 
been fond of this idea for many years. It seems 
likelv that his excellent scientific intuition 
will once again be found to be correct. 
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