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VOLATILES ON MARS: THE ROLE OF S@; H. W W e ,  G. Dreibus, E. Jagoutz, and 
L.M. Mukhin, Max-Planck-Institut fiir Chemie, Saarstrasse 23, D-6500 Mainz, Germany 

The contradictory evidence of a dry Martian mantle as indicated by the low water content of SNC meteorites - 
generally assumed to represent Martian rocks ejected into space by large impacts - and the erosional Martian surfax 
features which seem to require large amounts of water has recently been discussed by Carr and W&ke (1). 

For their estimates of the water content of the Martian mantle Dreibus and W W e  (2) have used data on the 
water content of Shergotty of 180 ppm H20 measured by Yang and Epstein (3). Shergotty is enriched in La by a 
factor of 5 relative to the unfractionated Martian mantle. Assuming a similar enrichment for H20 a mantle concen- 
tration of 180:5=36 ppm was found This is exactly the value obtained earlier by Dreibus and W W e  (4) in a very 
indirect way. The exact match is, of course, purely fortuitous considering the uncertainties. The value of 180 ppm 
H20 for Shergotty could be considered to be too low as the sample was preheated to 350°C to remove water of ter- 
restrial origin. Last year it has been shown that indeed SNC meteorites give off considerable amounts of water below 
350°C, but both W D  analyses (5) as well as oxygen isotopes (6) indicate large portion of terrestrial water contribu- 
tion below 350°C. The most interesting results in respect to water on Mars were obtained by Karlsson et al. (6) who 
extracted 420 ppm H20 from Zagami without preheating. Zagami is in many respects similar with Shergotty and 
hence can be compared best. The difference of 180 to 420 pprn is most likely due to the preheating of Shergotty. 
However the oxygen isotopes indicate that for all the SNC meteorites aside the presence of terrestrial contamination 
a large fraction of the water, although Martian, is not derived from the Martian mantle but obviously represents 
Martian surface water with a strange oxygen isotope composition up to three times further away from the terrestrial 
isotope fractionation line than the oxygen in the silicates of SNC meteorites. As at the high temperatures during 
magma generation in the Martian mantle isotopic equilibration between oxygen of the silicates and of water has cer- 
tainly been established only a fraction of the water found in SNC-meteorites can be mantle derived and the other non- 
terrestrial part must come from the Martian surface. If the oxygen isotopes of the surface component were created by 
non-linear isotope fractionation process the total amount of water of this composition must be very small. 
Alternatively we have to involve an d o w n  source for this water (comets?). 

In total the 36 ppm water in the Martian mantle as estimated by Dreibus and W W e  (2) cannot be substan- 
tially too low but they might be too high. Nevertheless in spite of a more solid value we will use the 36 pprn value 
in our following discussion. Let as first consider loss of H20 from the Shergotty magma during ascent and prior to 
crystallization. For this we compare the ratios of volatile resp. moderately volatile elements. The H2O/CI ratio in 
C1 chondrites is 105, terrestrial ocean water with H20/C1=50 is only a factor 2 lower and even MORB samples are 
with a ratio of 35 not far off. Shergotty contains 108 ppm chlorine (2), together with 180 ppm Hz0 we find a 
H2O/Cl ratio of 1,7 a value more than an order of magnitude below the ratio in terrestrial basalts. The K/Cl ratio of 
C1 chondrites is 0,8 while in MORB and other terrestrial basalts this ratio varies between 13 and 26 indicating the 
large depletion of the volatile element chlorine compared to the moderately volatile element K. For Shergotty a K/Cl 
ratio of 15 is found indicating no significant loss of C1 from the magma if we assume similar K/C1 ratios for Earth 
and Mars an assumption not absolutely proven but well justified (4). No loss of C1 indicates no substantial loss of 
H20 as well. 

If we take 180 ppm H20 in Shergotty at face value and compare it with the 1330 ppm S and 620 ppm C in 
Shergotty it is evident that sulfur and carbon respectively SO2 (2660 ppm) and CO;! (2270 ppm) are the most abun- 
dant volatiles in the Shergotty magma MORB contain about 2100 ppm H20 and about similar concentrations of 
CO2 and S@. Generally the amount of sulfur in basalts is governed by sulfide solubility. As there is clear evidence 
for extraction of chalcophile elements from the Martian mantle due to segregation of FeS the high abundance of sul- 
fur in shergottites is not surprising. This is even more so if we take into account that the solubility of sulfur in 
mafic melts increases with increasing FeO content (7) and taking into account that the FeO content of Shergottites 
exceeds that of terrestrial basalts by about a factor of two. 

Reflecting the similar abundances of H20, CO;! and S@ in terrestrial magmas these three compounds are 
also found in about equal abundances in the gases of some terrestrial volcanos. According to Anderson (8) Etna vol- 
canic gas contains in mol% H2049%, C%=23%, SO;!=26%. Similar values are reported for Kilauea volcanic gas. 
On a planet with a mantle considerably poorer in water than the Earth but similar in CO;! and SO;! (or even richer in 
S02) these two compounds are expected to dominate the exhalation gases although part of the sulfm might degas in 
form of H2S and elemental S. 

In order to explain the runoff channels and valley net works present on ancient, heavily c r a d  Martian terrain 
it was suggested that Mars was warmed by the greenhouse effect of a dense C@ atmosphere (9, 10). However, re- 
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cent work by Kasting (1 1) has shown that this mechanism does not work in the early solar system history when the 
luminosity of the Sun was about 25 to 30% lower than today because of the formation of CO;! clouds. SO;! is an 
very efficient greenhouse gas and its importance for heating of the Martian atmosphere was pointed out by Postawko 
and Kuhn (12). However, let us ignore for the moment this effect. 

At presence the mean surface temperature of Mars at low latitudes is 218 K or -55OC while on the poles the 
temperature drops to less than -140°C. Considering the lower solar luminosity 3.5 bys ago the equatorial mean 
temperature would drop to about 200 K or -73OC or close to the freezing point of SO;!. Thus without an appreciable 
greenhouse effect H20 should have been a solid at all latitudes, CO;! a solid or gas depending on latitude and SO;! a 
liquid or solid depending on latitude. On Earth the CO;! from erupting lavas amounts to less than 10% of the 
amount of CO;! emitted to the aaosphere ftom fracture zones and diffusive loss through volcano flanks. Under sim- 
ilar conditions on Mars S@, CO;! and H20 would migrate through the (mega)-regolith towards the surface. Most of 
the CO;? will be quickly transferred to the atmosphere while SO;! gas would feed solid respectively liquid SO;! tables 
at low depths. Local warming by a volcanic intrusions will liquefy all  the stored SO2 and drive it to the surface as a 
liquid at temperatures close to the SO;! triple point (16 mbar and -73°C). 

Liquid SO2 having a density of 1.61g/cm3 at its melting point would lead to similar, but due to its higher 
density, enhanced erosional features than water. In fact, liquid SO;! has been suggested to be responsible to form the 
complexly eroded scarpes on 10 (13) which are very similar to such features on Mars. Contrary to H20, with its den- 
sity anomaly, solid SO;! is 15% denser than the liquid. Thus SO;! rivers and lakes would not form an SO;! ice cover 
to prevent evaporation. However, crystallized SO;!-hydrate floating on liquid S@ would be a possibility. Without 
an efficient lid to lower evaporation, Mars would of course warm up by the introduction of SO;! into the atmo- 
sphere. However, the situation would be quite different in the case of short timely separated discharges. As the atmo- 
spheric lifetime of SO;! is limited by photochemical oxydation to SO-j and atmosphere-surface reactions greenhouse 
warming would be limited to periods in the order of years after discharge of SO;!. Nevertheless the time could be suf- 
ficient to melt water ice stored at or near the surface. 

Kasting (1 1) has recently considered liquid C02 as possible liquid at the surface of Mars. Mixtures of liquid 
CO.2 and SO;! might be an alternative. 

We know that Mars contains considerable amounts of FeS (14). Although today most of the FeS resides in 
the Martian core a certain fraction has remained in the mantle from which sulfur rich magmas were formed. 
Formation of SO.2 requires a s o m e  of oxygen. In the absence of water FeO from the silicates will be reduced to 
form metallic iron as observed in lunar basalts (15) and in wcrites (16). The Martian soil contains about 35% S 
most probably in form of sulfates. The oxygen required to transform FeS to SO-j resp. sulfate may have had an im- 
portant influence on the oxygen fugacity of the Martian surface and might well be the limiting factor for water. As 
water is the most likely source of oxydation to transform S@ released into the atmosphere to S@ we have to ask 
what portion of water once present at the Martian surface was used up for this process. Could it be that in the photo- 
chemical steps a non-linear fractionation of oxygen is hidden which could explain the observed oxygen isotopes of 
SNC water (6). In general the processes for the transformation of S& to sulfate demand an exact quantitative 
analysis (17). 

In summary we like to stress the importance of SO;! on Mars. In the case that water should have been sup- 
plied in sufficient quantities to the Martian surface by a late veneer the greenhouse warming by SO;! has seriously to 
be considered. In the contrary liquid SO;! might be an alternative to explain the erosion features especially if a 
mechanism to reduce volatilization is found. Carbonate formation on Mars is only possible if CO;! is in excess of 
S02. 
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