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Introduction:  The Mars Express OMEGA and Mars 
Reconnaissance Orbiter CRISM imaging spectrometers 
have identified phyllosilicates (Fe, Mg, Ca-smectites, 
kaolinite and chlorite) in Noachian aged terrains [1-3], 
often associated with lacustrine or fluvial deposits 
[4,5]. Carbonates have also been recently identified in 
similar areas [6]. Clay minerals usually result from 
long term weathering of primary minerals by liquid 
water at neutral to alkaline pH [7]. Their poresence and 
association with carbonates [6] suggests an early envi-
ronment completely different from the acidic condi-
tions responsible for the formation of sulfate outcrops 
widely observed on Mars [8].  

Starting from the hypothesis that phyllosilicates 
are formed by liquid water induced weathering of the 
primary basaltic outcrops, thermodynamic models are 
used to study the conditions on the surface during the 
Noachian. Focus was placed on the effect of CO2 par-
tial pressure and temperature using solution equilibria 
and thermodynamic models.  
Methods: The water composition data presented in 
Table 1 was used as input of the models. This composi-
tion reflects possible primary solutions on Mars [9]. 
Al3+ and SiO2 have been set up at typical terrestrial 
values, being generally driven by their low solubility. 
The Geochemical Workbench software package was 
used to model thermodynamic equilibria, with the 
thermo.com.v8.r6+ database, which contains about 350 
common silicates. This database uses Debye–Huckel 
theory for ionic activities, which is not the most accu-
rate to describe behavior of solutions at high concen-
trations, compared to the Pitzer model [10]. This lack 
of accuracy should be limited due to the very low solu-
bility of phyllosilicates and carbonates.  
 
Table 1. Primary concentrations and activities of dissolved 
species taken from [9] except for Al3+ which is estimated for 
the present work. 

Specie Log (Activity, 10-3 mol l-1) Concentration 
(mg L-1) 

SiO2 -4.5 60.1 
Al3+ -5 0.3 

Fe2+/3+ -3.1 44.7 
Mg2+ -3.0 24.3 
Ca2+ -3.3 20 
K+ -4.2 2.7 

Na+ -3.1 18.4 
SO4

2- -3.7 17.3 
Cl- -3.2 23 

 

 
Figure 2: Evaporation of the solution presented in Table 1 
after diossolving concentrations by a factor 100. This shows 
that even at high dissolution levels, the solution is still satu-
rated with respect to nontronite and magnetite. 
 
Evaporation simulations: In all simulations, the 
evaporation paragenesis is largely dominated by ferric 
phases. In such a Fe-rich geochemical system, the early  
paragenesis (high water content) includes mostly  non-
tronite, magnetite and chalcedony (Fig. 1). Nontonite 
and magnetite precipitate from the very beginning of 
the simulation, indicating that the early solution is 
largely supersaturated at neutral pH and high pe. In-
deed, dividing the concentrations in Table 1 by 100 
still shows supersaturation in nontronite and magnetite 
(Fig. 1).  

At higher concentration levels, and in low pCO2 (6 
mbar), talc and calcite precipitate in addition to non-
tronite, chalcedony and magnetite (Fig. 2A). Interest-
ingly calcite has been suggested to be present at the 
Phoenix landing site, along with a phyllosilicate phase 
[11], and thus could result from present-day alteration 
in the CO2 rich atmosphere [12]. Magnesite, recently 
observed ion Nili Fossae [6], is the last phase to pre-
cipitate,  in relatively minor amounts. 

At higher CO2 pressure (1 bar) becomes high, car-
bonates become predominant (Fig. 2B). Magnesite in 
particular precipitate much earlier in the system, and 
becomes the dominant phase, at the expense of talc. In 
both cases we do not observe siderite because of oxi-
dant conditions (pe = 13) 
Temperature effect: Two different scenarios were 
investigated for the effect of temperature on the pre-
cipitating parageneses. In the first one, the conditions 
are oxidizing (pe = 13.05) which can simulate the ef-
fect of increasing temperature on the surface, for ex-
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ample by volcanic activity. In this case, nontronite ap-
pears remarkably stable, destabilizing only at tempera-
ture above 150ºC (Fig. 3A) 

In the second scenario, conditions are strongly re-
ducing (pe = -5). This corresponds to typical terrestrial 
subsurface hydrothermal systems. In this case the min-
eralogical paragenesis appears very complex, with sev-
eral assemblages of Fe2+ and Fe3+ phyllosilicates evolv-
ing with the temperature (Fig. 3B). Globally, non-
tronite is stable only up to ~50ºC, at which it is re-
placed by saponite. We also observe the presence of 
Fe2+ phyllosilicates (minnesotaite). 

In both scenarios, at higher temperature the forma-
tion of serpentine (talc and antigorite) and chlorite 
(Daphnite) phases occurs. 

 
Figure 2: Simulations of evaporation processes at 25ºC using 
initial compositions presented in Table 1 with pe = 13 (high 
oxidation level). (A) pCO2 = 0.006 bar, pH = 7. (B) pCO2 = 1 
bar, pH = 7. 
Conclusions: These simulations confirm that the Noa-
chian mineralogical assemblages are controlled by the 
CO2 partial pressure rather than the pH or the water 
abundance [7]. In particular the presence of magnesite 
is very sensitive to the pressure of CO2 (Fig. 2). 

Thermal simulations indicate that chlorite identified 
by CRISM [2] formed in localized reducing conditions.  

Moreover, variation from Fe-dominated to Mg-
smectite may result from variations of surface tempera-
ture rather than only rock chemistry. 

Further study will focus on the variability of smec-
tite silicates (Fe, Mg, Al) to constrain primary solutions 
and the relationship with bedrock and atmosphere.  

 
Figure 3: Evolution of the secondary paragenesis as a func-
tion of the temperature of the system. (A) Oxidant conditions 
pH = 7 and pe = 13. (B) Reducing conditions with pH = 7 but 
pe = 0. Nontronite is much more stable at high pe, but the 
conditions need to be reducing for chlorite to precipitate.  
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