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Introduction: Thanks to the instruments onboard 

recent ground-based and orbital missions, an unprece-
dented amount of high quality data exists relevant to 
the secondary minerals characteristics of the altered 
martian surface. One of the most striking results is that 
sulfates are among the most abundant secondary 
phases and are concentrated in geological units inter-
mediate in age between older Noachian terrains where 
clays are observed and younger Amazonian terrains 
dominated by the presence of nanophase iron oxides 

[1]. These observations are of interest as they are rele-
vant to important questions, such as the abundance and 
lifetime of liquid water over geological time. 

In this respect the sulfate-rich bedrocks analyzed 
by the rover Opportunity in Eagle and Endurance cra-
ters at Meridiani Planum provide important constraints 
on the physical and thermodynamic conditions at the 
time of sulfate deposition. Among the different inter-
pretations proposed in literature [2-4], the models in-
volving in-situ alteration of basaltic sands have the 
advantage that they alleviate the need for large uniden-
tified external sources of altered grains and/or brines. 
With these issues in mind we have used a geochemical 
simulator (JChess) to model basalt alteration as a func-
tion of time, with the aim of identifying self-consistent 
scenarios for rock-formation at Meridiani. 

Model parameters: The initial silicate material 
modeled is unaltered olivine-rich Martian basalt Adi-
rondack from Gusev crater, described in [5]. The initial 
fluid phase is assumed to be pure H2O at 0°C, pro-
duced by melting of near-surface ground ice. One of 
the originalities of our model is that the source of sul-
fur, as well as the driving force of alteration, is as-
sumed to be gaseous SO3, the most soluble and most 
acidic of the potential sour gases assumed to be de-
rived from oxidation volcanic SO2, the aqueous phase 
simply acting as a medium allowing the chemical reac-
tions to proceed. Dissolution of SO3 into water at 0°C 
is considered to be instantaneous, and simulations were 
performed assuming partial pressures for O2 and CO2 
close to values observed in the current Martian atmos-
phere. For kinetic reasons the precipitation of quartz 
(replaced by chalcedony), hematite (replaced by 
goethite) and secondary mafic minerals is suppressed 
in the calculations.  

Previous calculations  [6] assuming congruent dis-
solution and corresponding to an embedded dune situa-
tion (W/R=6), showed that at low SO3/basalt the solu-

tion is neutralized by hydrolysis of the rock to produce 
a secondary assemblage dominated by clays and car-
bonates, while at the highest modeled SO3/basalt (~1), 
alteration produces amorphous silica and sulfates 
(jarosite and gypsum). However, reproduction of the 
mineralogy observed at Meridiani required the addition 
of a large amount of SO3, largely in excess of that 
measured by the rover Opportunity. To assess the ef-
fect of kinetic, additional simulations as a function of 
time are presented here, using specific dissolution ki-
netics for each rock-forming mineral. Dissolution rates 
were calculated for initial grains 1 millimeter in diame-
ter, using dissolution constants derived from laboratory 
data at low pH [7] and taking into account variations of 
pH and deviation from equilibrium. Assuming closed 
system alteration, the bulk-rock sulfur content of Me-
ridiani samples provides a direct estimate of the 
SO3/basalt ratio of to be used (~0.25). 

Results: Based upon a series of simulations with 
W/R from 0.5 to 100, we tested whether it is possible 
to explain the compositional variations previously 
highlighted [3] by a variation in local proportions of 
altered solids and dry salts from the coexisting brine 
(coming from the in-situ evaporation of the final 
brine). We find that the Meridiani trend lies along such 
a mixing line only (Fig. 1A) at W/R≤1 and for short 
reaction times (around 2 years at W/R=0.5). However, 
the calculated mineralogy (Fig. 1B), suggests that sig-
nificant quantities of unreacted olivine remain, in con-
trast to spectroscopic observations [8].  

Finally, we explored higher values of SO3/basalt. 
Best fit with mineralogical data (SO3/basalt > 0.25) 
necessarily implies loss of at least part of the brine 
component at the end of reaction. As an example (not 
showed), at W/R = 1, SO3/basalt = 0.48 (the maximum 
value compatible with Meridiani data) and alteration 
times in the range 12 to 20 years, the compositions of 
the altered solids fall very close to Meridiani bulk-rock 
data with little or no contribution of the brine compo-
nent being necessary: olivine has been eliminated, but 
significant primary pyroxenes and plagioclase remain, 
secondary mineralogy is dominated by sulfates 
(jarosite, gypsum, and epsomite), iron oxide, and 
amorphous silica, all these mineralogical characteris-
tics being consistent with mini-TES and Mössbauer 
measurements of the rocks at Meridiani Planum [9]. 

Conclusion: We conclude that the best working 
hypothesis to explain the petrogenesis of rocks ana-
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lyzed by Opportunity is that they are dominated by the 
solid residues of in-situ alteration of basalt, a signifi-
cant fraction of the coexisting brines having been 
transported elsewhere before evaporation.  

Furthermore, we highlight the fact that these kinetic 
calculations predict that continued hydrolysis acts to 
neutralize the aqueous solution, destabilizing jarosite 
and stabilizing phyllosilicates. Thus, the close corre-
spondence between modeled and observed mineralogy 
is limited in time (in this case <~20 years), consistent 
with an emerging picture of conditions at Martian sur-
face during the last 3.5Ga [10-12].  

References:  
[1] Bibring J.-P. et al. (2006) Science 312, 400-

404. [2] McLennan S.M. et al. (2005) E.P.S.L. 240, 
95-121. [3] Squyres S.W. et al. (2006) Nature 443, 
doi:10.1038/nature05212. [4] McCollom T.M. and 
Hynek B.M. (2005) Nature 438, 1129-1131. [5] 
McSween H.Y. et al. (2006) JGR 111, E02S10. [6] 
Treguier E. et al. (2008) J.G.R. 113, E12S34. [7] Zolo-
tov M.Y. and Mironenko (2007) J.G.R. 112, E07006. 
[8] Glotch T.D. et al. (2006) J.G.R. 111, E12S03. [9] 
Squyres S.W. et al. (2006), JGR, 111, E12S12. [10] 
Hurowitz J.A. and McLennan S.M. (2007) EPSL 260, 
432-443. [11] Chevrier V. and Mathé P.E. (2007) 
Planet. Space Sci. 55, 289-314. [12] Niles P.B. and 
Michalski J. (2009) 40th LPSC, # 1972. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1: Kinetic model of alteration with SO3/basalt = 
0.25 and W/R = 0.6. Panel A represents chemical composi-
tions in the ternary diagram. The red line is the trend of the 
solid fraction, the blue line of the coexisting brine. Panel B 
represents the mineralogy of the solid fraction. 
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