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The concept of a "warm early Mars" depends upon the observation of widespread 
geomorphological changes via fluid processes early in Mars history. Acid waters, which seem 
inevitable on Mars because of the S-rich lithosphere [I] and a relatively high SOx/H20 ratio [9], 
would allow a "cold" early Mars if neutralizing reactions were sufficiently slow. 

(&gassing Source for Martian Volatiles. Volcanism on Mars has been widespread in both space 
and time. Notwithstanding important specific differences between the mantles of Earth and Mars, 
the geochemical similarities are such that the suite of gases emitted from martian volcanic activity 
should include H20, C02, S-containing gases (e.g., H2S andfor SO2) and C1-containing gases 
(e.g., C12 and/or HC1). Both H20 and C02 exist in the atmosphere of Mars. Both are also 
present as surface condensates. However, spectroscopic observations of the martian atmosphere 
clearly show that the S- and C1-containing gases such as SO2, OCS, H2S, and HC1 are severely 
depleted, with upper limits of to 10-8 of the abundance of C02 [2]. Likewise, there is no 
evidence of polar condensates of compounds of these elements, as there is for C02 and H20. 
Within the soil, on the other hand, there has been direct measurement of incorporated H20 [3] and 
abundant compounds containing sulfur and chlorine [4]. Barring some as yet implausible 
geochemical sequestering process, the SIC1 ratio of about 6: 1 in martian soils implicates a limit of 
5% on the contribution of material of solar-like composition (e.g., carbonaceous chondrite or 
cometary matter) to these volatiles [5]. Hence, exogenous sources are minor or not yet observed, 
and fie dominant source of observable volatiles at the surface of Mars is magmatic outgassing. 

A-ssed Water. Estimates for the total magma generated after crustal formation and 
the terminal stages of heavy bombardment have recently been updated. Although some 60 times 
lower than the current areal rate of extrusive lava resurfacing on Earth [6] ,  the martian total is still 
equivalent to the release of 50 m of water averaged over the planet for every 1 % (wtlwt) of H20 
released from extrusive and inferred near-surface intrusive magmas. 

for Cold Hvdrous Weatherina and Fate of Martian Surface Volatiles 
1. Predominant source of voiatiles is magmatic 

Only minor amounts exogenously imported, as evidenced by SIC1 ratio 
2. Magmatic gases are acidic (Sop, SOg, HCI), or convert photochemlcally 

to strong acids (H2S-->S02- ->S03- ->H2S04;  C1,--2HCI). 
3. H20,  HCI and H2SO4 form acid lakes. Via eutectic freezing point 

depression, portions remain liquid down to 200 K. 
4. Chemical Weathering reaction rates are low 

(a) low temperatures; (b) armoring of mineral grains; (c) resistant minerals 
5. Physical Weathering reaction rates remain high 

Geomorphological modifications occur via hydrological processes 
(a) erosion by flowing liquids; (b) infiltrationlsapping; (c) freeze-thaw phenomena 

6. Eventually, chemical weathering becomes the sink for acids and H 2 0  
Salt formation removes S, CI; H20 goes into clays, Fe oxyhydroxides, etc. 

Acidity of Water. High acidity will result due to the preponderance of S and C1 components in 
magmatic emissions. On Mars, the acid/H20 ratio appears to be considerably higher than for 
Earth. Dreibus and Waenke [8] have pointed out that Mars mantle C1/H20 may be nearly 1 : 1 (by 
weight). With the observed high SIC1 ratio in soil, the H2S04/H20 ratio in surface waters could 
become quite high (0.1 to 10). Waenke et al. [9] have proposed, in fact, that SO2 would be more 
abundant than H20 and would be the dominant fluid for physical weathering on Mars. However, 
SO2 rapidly converts via photochemically-driven atmospheric reactions into SO3, and subsequently 
into H2S04. Furthermore, S is removed from aqueous sulfuric acid solution more rapidly than 
H20 in typical weathering processes. 
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Simplified Phase Diagram 
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Physical Activity of Acid Waters. The phase diagram of H2SO4/HCVH20 is highly complex, due 
to the existence of several solid hydrates of each of the strong acids, as well as H20 ice. Pure 
HC1 freezes at 161 K. Although pure H2SO4 itself freezes at 283 K, its aqueous solutions have 
extraordinarily depressed freezing points. Of great potential consequence for Mars is that the 
eutectic aqueous solution of 39% H2S04 does not freeze until about 200 K, well below the 
diurnally-averaged temperatures at all latitudes on contemporaneous Mars during local summer 
(except on residual ice deposits). Eutectics form by freeze out of end-member or intermediate 
products. Thus, precipitation of ice or acid hydrates drive the residual liquid toward the eutectic 
point so that liquid remains present even at very low temperatures. Viscosity will be high because 
of the low temperatures and acid content. Erosion and sapping processes will still occur due to the 
transport properties of the fluid, augmented in part by increased density (1.3 g/cm3 at the above 
eutectic). Analogs on Earth are difficult to come by, although erosive lavas and mud flows may 
represent better analogies than the extremes of fresh water or glacier ice. 

Persistence of Acid Waters. Some minerals will be more susceptible to weathering than others, but 
reaction rates vary enormously as a function of temperature [7] and H20 availability. Susceptible 
materials, such as olivines, glass, or carbonates, will be chemically attacked, while pyroxenes, 
feldspars, and Fe,Ti oxides will be much more resistant. The mineral assemblages of shergottites 
are in the second category. Initial acid-mediated weathering rinds typically form barriers to greatly 
slow further conversion of source material 18, 1 11. 

Fate of Water. Chemical annoring and sediment sealing of lake beds can form a barrier to further 
attack. Infall of eolian transported debris will provide new material, but settling rates, grain size, 
composition-dependent reaction rates all affect the acid neutralization rate. If Mars' dominant 
soluble anion is S042-, then strong freezing-point depressors such as CaC12 would not be available 
for salt brines [lo] because of spontaneous reaction to form poorly-soluble CaS04. A pervasive 
drawdown of atmospheric volatiles would result from chemical reaction with abraded and 
comminuted surface materials and may be key to climatological evolution on Mars. 
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