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DRY CARBONATE FORMATION ON MARS: A PLAUSIBLE SINK FOR AN EARLY DENSE C02 
ATMOSPHERE? Stuart K. Stephens and David J. Stevenson, Division of Geological 
and Planetary Sciences, California Institute of Technology, Pasadena, CA 91125. 

The Problem. Morphological features on the present surface of Mars 
suggest to many observers [l-51 that Mars once had an atmosphere with a 
pressure greater than the -1 bar thought to be required for an atmospheric - 
greenhouse. Pollack et al. (1987) [4], among others, have discussed models of 
carbonate formation and recycling to buffer the early C02 pressure in such an 
atmosphere. However, since carbonate formation is usually assumed to require 
standing liquid water at the surface, there is a problem with such carbonate 
cycles, in that the transition from a greenhouse atmosphere to a pressure of a 
few millibars (too cold for liquid water) would seem to require an additional 
mechanism for reducing the atmospheric pressure. 

Alternative sinks for the early atmosphere (to bring the pressure below 
-1 bar) include impact erosion of the atmosphere [6] and adsorption in the reg- 
olith [7]. However, impact erosion would have been most important before the 
end of the late heavy bombardment (3.8 Gyr); thus, its dominant effect may have 
preceded a greenhouse atmosphere which lasted until later. Also, adsorption in 
the regolith is thought to be cnly marginally capable of storing 1 bar of C02, 
and this is a sink that would necessarily have been filled -- and therefore 
unavailable for further use -- during the time of greenhouse conditions. 

This work investigates another alternative sink for an early dense C02 
atmosphere on Mars: dry carbonate formation. 

Booth and Kiefferts Experiment. An experiment performed by Booth and 
Kieffer (1978) [8] seemed to demonstrate that carbonate will form on silicate 
grains under Martian conditions in the absence of liquid water. Their result 
was 1012-l3 molecules of carbonate evolved per cm3 per second -- yielding much 
less than a monolayer of carbonate on -40 pm grains in the span of several 
days. The authors show that this reaction rate more than accounts (by several 
orders of magnitude) for a C02 inventory of 1 bar over geologic time. However, 
their study had a major limitation, namely that there is no reliable basis for 
extrapolation, since less than a monolayer was formed, and the nature of the 
"rind" formed was not closely examined. 

We attempted to find published results where the carbonate formed by C02 
interaction with silicates in the absence of water was actually examined (e.g., 
with a scanning electron microscope), but without success. Unfortunately, a 
precise theoretical approach holds little promise either, since the exact 
nature of any rind formed on a substrate of uncertain character (glass vs. 
crystals? mono- vs. polyminerallic?) is poorly constrained a priori. 

Present Theoretical Work. In the absence of experimental results, then, 
we considered the worst case -- that in which the formation of a rind limits 
the effectiveness of the rapid reaction reported by Booth and Kieffer. Namely, 
we considered the question: Is the process (of dry carbonate formation) 
reaction-limited or diffusion-limited? This involves comparing: (1) the 
thickness of the reaction layer formed, assuming infinite diffusivity, with 
(2) the thickness of the roduct layer formed (which is a multiple of the 
diffusion distance (Dt) 1/4 -- see 2 paragraphs below), assuming infinite 
reactivity. The result is that the diffusion-limited case requires the 
diffusivity D to be < lo-' cm2 s-l. 

Next, the diffusivity of C02 through carbonate was required. Again, no 
directly pertinent experimental reports were found in the literature, so we 
used results of Bhatia and Perlmutter (1983) [9] for diffusion of C02 through 
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carbonate formed on lime (CaO). Their experiments were performed at high 
temperature ( >  600 K) and must be extrapolated (using an Arrhenius relation) 
to low temperature, but this probably results in a conservative (i.e., low) 
estimate of the diffusivity since diffusion mechanisms other than the one 
fitted by their data probably operate in the low-temperature regime (i.e., 
mechanisms with smaller activation energies, thus giving higher diffusivities 
upon extrapolation). The extrapolated diffusivity is D - cm2 s-l, 
implying a diffusion-limited reaction. 

The amount of carbonate formed in such a diffusion-limited case is 
determined by consideration of tarnishing reactions [10,11], for which the 
thickness of product formed on a solid by a gas reacting with it is given by a 
relation involving the densities of gas (C02) and product (carbonate) -- it 
reduces to b(t) - 0.06 (~t)l/~. 

Results. Over geologic time, this diffusion-limited dry carbonate 
formation is capable of forming a Layer -60 A thick on silicate grains. For 
a 1 km regolith and 40 pm particles, this means that -0.05 bar C02 can be 
stored. This is a conservative estimate, since: (1) D is probably higher, 
and (2) we've assumed that the rind is non-porous. Note, however, that our 
estimate of the diffusivity places us eighteen orders of magnitude on the 
diffusion-limited side of the inequality. Even if this estimate is wrong by 
many orders of magnitude, it implies that the Booth and Kieffer results are 
irrelevant, because we are in the diffusion-limited regime. 

Discussion. The possibility that a significant amount of C02 can be 
stored by dry carbonate formation on early Mars has implications for the 
evolution of atmospheric C02 pressure after bodies of liquid water were no 
longer available for aqueous carbonate formation. However, whether the C02 
pressure would have declined gradually or very quickly depends on the precise 
behavior of the diffusivity, which is a function of temperature and therefore 
time. The answer awaits further work. 

Note that if the carbonate is indeed produced in thin ( < <  pm) layers, 
as described above, then it may not be readily observable by current remote 
sensing techniques. Thus, the proposed C02 storage mechanism cannot be said 
to be inconsistent with the latest near-infrared telescopic observations [12] 
which do not reliably detect carbonate. 

Conclusions. Thus, we have used assumptions concerning the validity of 
published experimental work, and conservative estimates of parameters and mech- 
anisms, to arrive at the result: Dry carbonate formation is almost certainly 
diffusion-limited and the results of Booth and Kieffer are irrelevant. Even 
with a very low diffusivity, the tarnishing process may provide a significant 
sink for atmospheric C02 on early Mars. It may therefore help explain the 
transition from an early dense atmosphere to the present low pressure. 
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