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There are two major reasons for expecting carbonates on Mars: 1) if Mars underwent a period of climatic warming 
due to a thicker C02 atmosphere, carbonates would have formed at a rapid rate (1.2) and 2) the thermodynamically 
stable weathering products of igneous material on Mars under current conditions also include carbonates (3). 
Earth-based spectroscopy of the Martian surface in the 4.0 pm region has placed an upper limit on the carbonate 
abundance of c 1 - 3 W~%O in the optical surf- of the regions measmed based on laboratory mixing models (4.5). 
The implications for weathering and climate change on Mars using various models to explain the low carbonate 
abundance are presented. 

Model 1. The observed upper llmit on carbonate abundance (1.e. el wt%) is representative 
of the Martian regolith. A 1 km mega-regolith with 1 wt% carbonate could at most contain 0.6 bars of C02 
(2). well short of the 3-5 bars (2.6.7) needed for global warming by a C02 greenhouse at average orbital parameters. 

A consequence of an early wet warm Mars is that liquid water would be present to remove C02 from the atmosphere 
by formation of carbonates would occur at rates of approximately 1 bar C02 removed every 107 years (1.2). If the 
low carbonate abundance observed (0.6 bars), accurately reflects the planetwide inventory, then a 3-5 bar early 
greenhouse lost most of its C02 by other mechanisms and had a duration of a few million years. A short greenhouse 
contradicts the geomorphic evidence which shows valley networks (a major geomorphic feature supporting an early 
greenhouse), forming during throughout the first billion years. Recycling carbonate to replenish the atmospheric 
C02. whether by volcanic (2) or by impact (8) processes. may be able to extend the length of the greenhouse, but the 
last few bars would have to have been stored in the near surface environment (i.e. if you are forming carbonates by 
surface water, the last carbonates formed must be near the surface). 

A low carbonate abundance would also imply that the weathering products observed (i.e. the dust) are not the 
thermodynamically stable end-members of weathering under current ambient Martian conditions. As an illustration, 
consider the thermodynamically stable decomposition products from the weathering of basalt of the same composition 
as Shergotty. Shergow is a basaltic achondrite from the SNC (S=Shergotty, N=Nakhla, and C=Chassigny) group of 
meteorites. SNC are thought for a variety of reasons to come from Mars (e.g. 9). The weathering products of a 
Shergotty-like basalt which has reached thermodynamic equilibrium by gas-solid interactions at 240°K and current Mars 
atmospheric conditions, based on (3) indicate a total carbonate abundance of 32.48 wt %. If the 1 .wt% carbonate in 
the dust is a reasonable upper limit, then about only about 3% of the dust could have formed by gas solid reactions 
camed to equilibrium. The majority of the dust would have formed by other processes. Similarly, if liquid water 
containing dissolved C02 and 0 2  from the current Mars atmosphere were involved, again based on (3). the end 
products would contain 18.07 wt% cinbonate, leaving 5 5  wt% of the dust to form by this process. Clearly, either the 
majority of the dust formed by processes other than surface weathering under current ambient conditions, or the 
formation process has been halted mid-way by kinetic barriers leaving metastable products. 

Model 2. Carbonate deposits are located at depth. Carbonates deposits at depth are impossible to 
detect with spectroscopy, as spectroscopy looks only at the optical surface. Previous models calling for the recycling 
of carbonates to sustain an early greenhouse (2,s) assume that carbonates are well mixed in the regolith. Carbonate 
recycling rates from both impact and volcanic burial are too slow to replenish the carbon dioxide f i e d  as carbonates 
by liquid water (8). Carr (1989) suggested that the rate of carbonate fixation may have been overestimated. If liquid 
water was not continuously present on the surface, then carbonate formation would have preceded at a much slower rate. 
Temperatures, while warmer than the current epoch, would have remained just below the point at which liquid water 
could exist. Ground water would be close to the surface and under proper hydrostatic conditions would break out and 
form valley networks. Even with the slower carbon dioxide fixation rates, carbonates would form in the near surface 
environment where they should be detectable. Thus, a mechanism to for locating carbonates at depth is needed. 

An alternative hypothesis calls for stratified carbonate layers. If carbonates exist at depth in stratigraphically 
localized deposits a possible formation scenario could be: a) Mars is wann, valley networks form; b) carbonates form 
rapidly. decreasing the atmospheric C02 pressure until temperatures drop below the temperature needed to keep liquid 
water around to form carbonates; c) carbonate formation ceases and volcanic and impact processes bury the carbonates; 
d) carbonates are buried to a depth where rapid decrepitation occurs, releasing a pulse of C02; e) the released C02 
causes another episode of greenhouse warming and valley network formation, and carbonates begin to form again. If a 
carbonate decrepitation depth of about 17 km, as suggested by Carr (1989). is valid then the cycle of rapid carbonate 
formation followed by burial could repeat itself about 10 times in the first billion years according to liquid stirring 
models (8). Declining impact rates would then slow the burial rates, leaving the carbonate layer stratified somewhere 
in the Martian crust. There is some geomorphic evidence for a strength discontinuity at about 1 krn depth (10) which 
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could be a carbonate layer. Geochemical arguments which focus on the calcium deficiency of the Viking fines when 
compared to SNC meteorites also indicate that a carbonate layer may be present at depth (11). 

Model 3. The low carbonate abundance is the result of secondary weathering processes 
which have removed carbonates from the regolith. The presence of the sulfate in the Martian fines 
measured by Viking Landers 1 and 2 (12). may have major implications for carbonate abundance. 

The stability of carbonates in the presence of gaseous SO2 has been addressed by (13) and (14) with differing 
results. Clark et. al. (13) performed laboratory experiments which indicated that carbonates decompose readily in the 
presence of SO2 leaving sulfates. Sidorov and Zoltov (14) examined kinetic constraints and showed that the reaction 
encounters a kinetic barrier which would make this reaction negligible. Understanding the possible role of SO2 in 
destroying carbonates is critical in understanding the composition and evolution of the fines at the Martian surface. 
Alteration of the surface by airborne reactive components may be a major process in the formation of salts on Mars. 

Settle (15) proposed a sulfate aerosol model for the formation of the sulfate duracrust at the Viking sites. The 
acidic nature of these aerosols would tend to decompose carbonates readily. If carbonates do decompose in the presence 
of SO2 vapor or sulfate aerosols. C02 would be released from the decomposed carbonates back into the Martian 
atmosphere. A terrestrial example of aerosol formed salts are the sulfate and nitrate deposits form in Antarctica from 
the deposition of stratospheric anions, which react with local rocks which provide the cations to form these deposits 
(16). 

Carbonates and sulfates must be considered together. If carbonates are absent from the surface due to interactions 
with volcanic aerosols. then the rate of SO2 released by volcanoes on Mars must be greater than the rate of regolith 
overturn exposing new carbonates. Fresh craters which have occurred after the height of volcanism would be expected 
to show evidence of carbonates brought up from depth The rates of both volcanism and cratering were higher during 
the early portion of Martian history than at the present (e.g. 17, 18). If the sulfur in the Martian regolith is the result 
of sulfate aerosol deposition throughout Martian history, then the release of C02 by sulfate aerosols may have played 
a critical role in the rapid recycling of C02 throughout Martian history. 

Model 4. Weathering environments on Mars did not form carbonates. The majority of materials 
examined on the Martian surface are weathering products formed by unknown mechanisms. As discussed previously, 
the expected carbonates from surface atmospheric interactions do not seem to be present in large quantities in the 
optical surface of Mars. Processes unique to Mars may have formed the observed dust. A weathering mech,anisms 
which may have created the dust is impact ejecta from volatile rich targets (19). 

In addition to the hydrothermal alteration of material in throughout sheets, Kieffer and Simonds (19) proposed that 
a fme ash deposit formed by the rapid expansion of silicate, melttvapor by superheated steam from pore water or by 
carbon dioxide from decrepitated carbonates. The ash formed by the interaction of melt and vapor and would occur at 
the top of the crater's stratigraphic sequence. Erqsion has removed this ash layer from terrestrial craters which, by 
analogy with melt sheets from impacts into crystalline material, would be 1-5% of the volume excavated. Impacts 
into volatile rich material provide a way of producing a large volume of fine grained material of unknown composition. 
The alteration of the melt in the vapor cloud would be controlled by the dominant volatile propelling the expansion of 
the melt-vapor cloud. Thus, if water was the principle volatile, oxidation and hydration products would domina~ and 
little if any carbonate would form. Due to the speed with which this event would occur, the altered material would be 
poorly crystalline or crystalline on a small scale. 
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