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Introduction: The Mars Express OMEGA imag-

ing spectrometer recently identified clay minerals 
(nontronite and montmorillonite) in several outcrops of 
Noachian age [1]. Clay minerals usually result from 
long term alteration of primary minerals by liquid wa-
ter and on Earth are usually the products of weathering 
processes. The presence of clay minerals suggests a 
primary environment completely different from those 
responsible for the formation of sulfate outcrops such 
those observed at Meridiani Planum [1]. While these 
also result from aqueous processes, sulfate minerals 
suggest a very different geodynamical environment to 
those responsible for the clay minerals, involving lim-
ited action of water [2]. Here we consider the thermo-
dynamics of clay minerals in order to help elucidate 
the conditions of their formation and the geochemical 
environment on the surface of Mars during the Noa-
chian period. 

Methods: The nontronite stability field has been 
determined using the water composition data in Table 
1. This composition reflects possible primary solutions 
on Mars, with mainly a high Fe2+ content and rela-
tively lower Mg2+ and Ca2+ compared to solutions 
commonly found on Earth [3]. The Al3+ has been set 
up at a low value, because of its low abundances in 
Martian rocks, and its generally low solubility. All the 
other diagrams are made by varying these parameters. 
The thermodynamic values come from [3,4]. They 
reflect “standard” values for clay minerals, which have 
variable chemical compositions, inducing changes in 
Gibbs free energy of formation. However, these 
changes are relatively small [4] and do not strongly 
influence the stability field of the phases.  

 

 concentration 
(mol/kg) Log(activity) 

H4SiO4 1 -3 
Al3+ 3.2 10-7 -6.5 
Fe2+ 0.8 -3.1 
Mg2+ 1 -3 
Ca2+ 0.5 -3.3 

Table 1. Primary concentrations and activities of dis-
solved species taken from [3] except for Al3+ which 
are estimated for the present work. 
 

Results and discussion: Montmorillonite should 
form on Mars in relatively high activities of H4SiO4 

and mobile cations (Ca2+ and Mg2+, Fig. 1). Then the 
transition towards kaolinite and then gibbsite occurs 
through progressive loss of Ca2+, Mg2+ and then silica. 
In this case the transformations imply increasing 
amounts of water leachant, but also because reactions 
consume H2O, as for example for montmorillonite 
transformation into kaolinite: 

Ca1/6(Al5/3Mg1/3)Si4O10(OH)2 + 1/3 Al3+ + 5 H2O = 
Al2Si2O5(OH)4 + 1/6 Ca2+ + 1/3 Mg2+ + 2 H4SiO4  

 

 
Figure 1. Stability diagram for aluminium-bearing 

phases in terms of H4SiO4 activity and ratio of the ac-
tivities of mobile ions (Ca2+ and Mg2+) to the activity 
of an immobile ion (Al3+). 

 
The pE-pH shows that nontronite is stable at rela-

tively high pH (>5) and high pE (Fig. 2). These condi-
tions are quite different from those required by the 
sulfate-type deposits identified by OMEGA [5] or the 
jarosite-bearing outcrops in Meridiani Planum [6], for 
which pH was probably very low [7]. Indeed relatively 
high pH is reached when the relative amount of water 
is important compared to the species susceptible to 
decrease the pH (i.e. CO2 and SO2) and/or when water 
has a sufficient time to react with surrounding rocks. 

Nontronite can be in equilibrium with siderite if the 
pressure of CO2 exceeds 10-4 atm. If the pressure is 
below this value, then the nontronite is in equilibrium 
with Fe(OH)2 or with Fe2+-silicates greenalite 
Fe2+

3Si2O5(OH)4 and minnesotaite Fe2+
3Si4O10(OH)2 (Fig. 

3). Minnesotaite should precipitate at high concentra-
tions of H4SiO4 and greenalite at lower H4SiO4 and 
high Fe2+ concentrations, but their formation is 
strongly dependant on the pH (Fig. 3). In addition, as 

Lunar and Planetary Science XXXVII (2006) 1038.pdf



previously discussed by Catling (1999), siderite is 
highly favored at higher PCO2 (Fig. 4), which explains 
also why Fe2+-silicates are favored at higher pH (or 
lower PCO2). Therefore the nontronite alone cannot be 
used to infer the CO2 partial pressure during the Noa-
chian. Paragenesis of nontronite is required to con-
strain the composition of the primary atmosphere. 

 
Figure 2. pE-pH stability diagram of nontronite in 

primary Martian conditions. The dark green area cor-
responds to siderite stability field calculated for PCO2 = 
1 atm. The dashed lines correspond to the equilibrium 
between nontronite, Fe2+ and Fe(OH)2 (or Fe2+-
silicates), if PCO2 < 10-4 atm. 

 
Figure 3. Stability diagram of Fe2+-silicates greenalite 
and minnesotaite, calculated at pH = 7. The dashed 
line correspond to the same equilibrium but at pH = 6. 
The equilibrium line between minnesotaite and 
greenalite is independent from the pH. 
 

Alternatively, the potential absence of Fe2+ phases 
has important consequences on the primitive environ-
ment on Mars. Indeed, it is generally stated that early 
conditions on the surface of telluric planets are reduc-
ing, as evidenced by siderite on the Earth [8]. There-
fore, the apparent absence of Fe2+ phase implies that 
surface conditions became oxidizing very early. How-
ever the possible oxidants effective at this epoch are 

quite limited. H2O2 has probably always remained a 
minor or even a trace species in the atmosphere, and 
thus is unlikely to be an important oxidation agent on 
the surface. O2 is usually invoked in alteration models. 
On Earth its high abundance is widely accepted to be a 
result of photosynthesis which requires the presence of 
life. The last potential oxidant on Mars is H2O fol-
lowed by the escape of H2, Such mechanisms have 
been previously evoked to explain the rise of photo-
synthetic O2 on the Earth [9]. Here the irreversible 
oxidation of early Mars occurs through out-of-
equilibrium oxidation, H+ being used as the main oxi-
dant, providing a sink for oxygen in oxidized species 
and explain the loss of water from Mars [10]. 

 
Figure 4: Stability diagram of Fe2+-silicates and side-
rite as a function of H4SiO4 activity and CO2 partial 
pressure. 

 
Conclusions: Thermodynamic calculations show 

that nontronite and montmorillonite have formed on 
Mars in the presence of abundant water, and near neu-
tral pH. Such environment is very different from the 
sufate-acidic media of Meridiani Planum and related 
formations. In addition the presence of nontronite sug-
gests that conditions became oxidizing early in the 
Martian history. Alternatively detection of Fe2+-phases 
such as silicates / siderite, if present, could bring im-
portant insights into the primitive conditions during 
the Noachian, propice to the emergence of life. 
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