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Introduction: Lander and orbiter observations of 

Martian surface mineralogy demonstrate the wide-
spread occurrence of alteration products of the primari-
ly basaltic crust [1]. Phyllosilicate clay minerals and 
associated phases suggest both hydrothermal alteration 
and near-surface open system weathering have oc-
curred [2,3]. Hydrous sulfate mineral assemblages, 
often with associated iron oxides, provide clear evi-
dence for evaporation-driven mineral deposition and 
extensive iron oxidation [4]. 

The occurrence of these secondary phases clearly 
indicates that extensive water-rock reactions have oc-
curred in Mars’ past, including extensive basalt altera-
tion and leaching. However, determining the processes 
involved, the environmental conditions at the time of 
reaction, and the relative timing of formation and any 
later alteration or redeposition is challenging given the 
complex mineral assemblages present. While great 
insight has been obtained from comparison of second-
ary mineral assemblages observed on Mars with those 
produced through weathering and alteration on Earth 
(e.g., [3]), terrestrial analogs are imperfect because of 
the strongly oxidizing atmosphere resulting from 
abundant molecular oxygen. Sites of basalt alteration 
and weathering under low O2 conditions, especially in 
the presence of sulfate-rich fluids, are rare and difficult 
to study. This lack of low O2 analogs hinders our abil-
ity to properly interpret past environmental conditions 
on Mars as iron partitioning and mobility is substan-
tially affected by the redox state of the system. 

Additional uncertainties remain regarding the pro-
cesses responsible for formation of sulfate deposits and 
constraints on their later alteration. Sulfates are inter-
preted to indicate acidic conditions unsuitable for phyl-
losilicate formation, but co-formation scenarios have 
only been minimally investigated [5,6]. In addition, the 
Interior Layered Deposits (ILDs) contain alternating 
layers of polyhydrated and monohydrated sulfates 
[7,8]. It is unclear if the different hydration states are 
depositional, suggesting repeated periods of evaporite 
formation, or reflect recent alteration [7]. Pure Mg-SO4 
fluids do not form monohydrated sulfates upon evapo-
ration except at elevated temperatures [9] or in systems 
with other humidity buffers [10]. However, the evapo-
ration of mixed-anion fluids is poorly studied. A more 
complex fluid composition may produce evaporites 
containing multiple hydration states during deposition. 

Thermodynamic modeling provides a route to ex-
plore weathering, alteration, and secondary phase for-

mation scenarios that lack clear analogs on the modern 
Earth or are otherwise challenging to study. Both 
thermodynamic stability and mass balance constraints 
can be employed to explore possible origins of mineral 
deposits currently observed on Mars. Here we investi-
gate alternative scenarios for the formation of phyllo-
silicates, most notably ferric smectites, the possible 
contemporaneous formation of phyllosilicates and sul-
fate evaporites, and a depositional origin for the mono- 
and polyhydrated sulfate sequences. 

Methods: Equilibrium thermodynamic calculations 
were made in The Geochemist’s Workbench [11] using 
the LLNL thermochemical database [12] modified to 
include data for iron- and magnesium-bearing phyllo-
silicate phases and sulfate and chloride minerals [13-
15]. A modified Pitzer-type database was used for 
evaporation calculations [14,15]. Basalt of the ‘Adi-
rondack’ composition observed in Gusev Crater [16] 
was used in the rock alteration and weathering calcula-
tions. These calculations were performed as a function 
of water-rock ratio because this is a major control on 
the types of phyllosilicates produced. 

Results: Routes to Ferric Smectites. The occur-
rence of ferric smectites in Noachian-aged terrains has 
been used to suggest that early in Mars’ history weath-
ering occurred under oxidizing conditions and a lim-
ited range of water-rock ratios [17]. Modeling con-
firms that oxidative weathering of typical Mars basalts 
readily generates ferric phyllosilicates but such for-
mation is favorable under a wider range of water-rock 
conditions (Figure 1) than previously assumed [17]. 
However, others have concluded that the Noachian 
lacked oxidants in the abundance [18] needed for such 
widespread iron oxidation, suggesting that other routes 
to ferric smectite production warrants consideration. 

If weathering conditions were not oxidizing during 
the Noachian then different phyllosilicates are ex-
pected to have formed. Modeling predicts that anoxic 
weathering of basalt produces abundant ferrous iron 
smectites in the form of saponite (Figure 1). Phyllosili-
cate generation during hydrothermal alteration of bas-
alt, likely a more widespread form of alteration during 
the Noachian [3], also produces abundant ferrous iron 
phyllosilicates (not shown). Oxidation of either of the-
se assemblages during a later alteration event yields 
the ferric iron smectite nontronite (Figure 2). The 
widespread occurrence of ferric smectites today [2,3] 
thus does not indicate that iron oxidation was neces-
sarily occurring in the Noachian. Plausible pathways 
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exist for ferric smectite formation via oxidative altera-
tion at a later stage in Mars’ evolution. 
 

 
Figure 1. Minerals formed from weathering of basalt 
under anoxic (left) and oxic (right) conditions as a 
function of initial water-rock ratio. 
 

 
Figure 2. Oxidative alteration of the phyllosilicate 
assemblage produced by the weathering of basalt under 
anoxic conditions. 

 
Possible Co-Formation of Phyllosilicates and Sul-

fates: Weathering driven by a combination of sulfate 
and CO2 produces a Mg-FeII-Ca-Na-SO4 fluid under 
water-rock ratios consistent with phyllosilicate for-
mation. Evaporating the fluid remaining from anoxic 
weathering (Figure 1) at a water-rock ratio of 2500 
yields a depositional sequence of calcium sulfate fol-
lowed by a mixture of polyhydrated ferrous iron, mag-
nesium, and sodium sulfates (Figure 3). Drainage of 
weathering fluids to topographic lows could thus gen-
erate phyllosilicates at the point of weathering and also 
spatially-separated evaporite sequences where the flu-
ids collected. Geochemically-plausible scenarios thus 
exist for contemporaneous basalt weathering to phyllo-
silicates and formation of sulfate evaporites. 

Controls on Polyhydrated and Monohydrated Sul-
fate Formation: Consistent with past studies [9], mod-
eling predicts that the evaporation of fluids resulting 
from basalt weathering by a SO4-bearing solution does 
not form monohydrated sulfates (Figure 3). The fluid 
composition does not enter into the stability field of 
such phase. However, evaporation of the fluid pro-
duced from weathering by a mixed SO4-Cl solution 
brings the fluid composition into the monohydrated 
sulfate stability field by facilitating a drop in the activi-
ty of water. This generates an evaporite sequence 
capped by monohydrated sulfates and then polyhydrat-
ed chlorides (Figure 3). Simple evaporation processes 

can thus explain the observed polyhydrated and mono-
hydrated sulfate sequences without requiring hypothet-
ical recent hydration or dehydration processes [7]. 

 

 
Figure 3. Mineral sequence predicted for the 
evaporation of the residual fluid produced from the 
weathering of basalt under anoxic conditions by a 
sulfate and mixed sulfate-chrloride solution. 
 

Conclusions: Thermodynamic modeling demon-
strates plausible routes to mineral assemblages ob-
served on Mars that have not been previously consid-
ered. Later oxidation of phyllosilicates produced by 
anoxic weathering or hydrothermal alteration of basalt 
can generate ferric smectites without requiring oxidiz-
ing conditions during the Noachian. Phyllosilicate and 
sulfate co-formation coupled to spatially-separated 
deposition is plausible, and the alternating sequences 
of polyhydrated and monohydrated sulfates in the ILDs 
appear to be an expected depositional sequence rather 
than indicating recent hydration or dehydration. 
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