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Introduction:  Phyllosilicate clay minerals, abun-

dant in Noachian terrains on Mars [1], represent the 
products of fluid interaction with Martian basaltic crust 
in subsurface [2] and near-surface [3,4] settings. The 
iron oxidation state of Martian phyllosilicates may 
constrain the planet’s trajectory of oxidative evolution. 
The majority of orbitally detected Fe-bearing phyl-
losilicates are ferric (e.g. nontronite) [1]. However, the 
thermodynamically predicted and experimentally dem-
onstrated products of basalt weathering under anoxic 
conditions are ferrous smectites [5,6]. If, like early 
Earth, Noachian Mars was anoxic, then ferric phyl-
losilicates observed at the Martian surface today may 
be the products of oxidation of precursor ferrous smec-
tites.  

We conducted experimental studies to test this hy-
pothesis and to determine plausible mechanisms for 
forming nontronite from ferrous smectites [7,8]. Trioc-
tahedral ferrous smectites with  Fe/(Mg+Fe) molar 
ratios from 1.00 to 0.33 were synthesized by precipitat-
ing and hydrothermally aging amorphous silicate gels 
under anaerobic conditions.  

Chemical Oxidation by O2: After 7 days of expo-
sure to air-saturated solution, the ferrous smectites 
demonstrated incomplete Fe2+ oxidation (24-38% 
Fe3+/ΣFe as quantified by Fe K-edge XANES and 
Mössbauer spectroscopy). This oxidation was accom-
panied by contraction of the octahedral sheet, as shown 
by a decrease in XRD-derived 060 spacing (Fig. 1) and 
a decrease in EXAFS-derived Fe-O and Fe-Fe dis-
tances (Fig. 2). A contracting octahedral sheet is con-
sistent with occupancy of the octahedral sheet by a 
smaller cation (Fe3+) and with reduced site occupancy 
towards dioctahedral nontronite. 

Oxidation to fully ferric compositions was kineti-
cally limited, likely because the octahedral sheet con-
tained few vacancies to accommodate cation migration 
and charge redistribution. More complete oxidation (up 
to 94% Fe3+) was possible upon re-exposure to dis-
solved O2 after 7 days of anoxic hydrothermal matura-
tion (which accelerated cation movement and charge 
redistribution in the octahedral sheet). Those re-
oxidized samples display VNIR reflectance bands con-
sistent with nontronite.  

 An important side effect of chemical oxidation of 
ferrous smectites was ejection of a fraction of the oxi-
dized Fe from the octahedral sheet. Fourier trans-
formed EXAFS spectra show reduced intensity of the  

Fe-Fe peak, indicating loss of octahedral nearest 
neighbors (Fig. 2). Initial ejected Fe byproducts were 
X-ray amorphous; after hydrothermal treatment of the 
oxidized products at 200° C, the secondary Fe phases 
recrystallized as nanoparticulate hematite (Fig. 1).  

Transformations from ferrous smectite to non-
tronite by O2 were also observed in the absence of an 
aqueous medium. Dry smectite powders developed a 
FeFe-OH VNIR peak at 2.29-2.30 µm consistent with 
nontronite [8]. 

Chemical Oxidation by Peroxide: Immersion of 
the ferrous smectites in 0.1% solutions of H2O2 for 3 
days caused near-complete oxidation of Fe (97-100% 
Fe3+/ΣFe). Peroxide was structurally disruptive to the 
smectites, causing significant loss of short-range order 
and ejection of Fe3+ to form ferrihydrite and/or hema-
tite. Mössbauer spectra showed the appearance of a 
nanoparticulate hematite sextet (Fig. 3). Upon recrys-
tallization, a dioctahedral smectite with a VNIR spec-
trum equivalent to nontronite was observed [8]. 

UV Photooxidation: Ferrous smectites were sus-
pended in anoxic DI water and were subjected to 120 
non-consecutive hours of irradiation by a Hg UV lamp 
[9].  Modest increases (10-18% Fe3+/ΣFe) in ferric iron 
content and accompanying octahedral sheet contrac-
tions were observed. Photooxidation of mineral-bound 
Fe has previously been shown to be slower than pho-
tooxidation of aqueous Fe2+ [10]. Neoformed iron ox-
ide or oxyhydroxides were not observed via XRD in 
UV-oxidized smectites, but we cannot yet rule out the 
presence of X-ray amorphous secondary products.  

Although UV photooxidation was unable to fully 
oxidize Fe smectite in our experiments, it may have 
influenced the redox state of Martian Fe smectites on 
longer timescales. Over geologic time, UV may have 
contributed to oxidation of newly exposed surficial 
ferrous smectite deposits, although that effect would 
act in parallel with oxidation by atmospheric oxidants. 
Additionally, UV photooxidation may have acted to 
partially oxidize Fe in surficial clay mineral-forming 
environments in the Noachian, even before atmos-
pheric oxidation.  

Implications for Gale Crater: Our experiments il-
lustrate that detections of ferric smectites in Noachian 
terrains need not imply an oxic early Mars; instead, 
they may be post-Noachian oxic alteration products of 
preexisting ferrous smectites. Curiosity has provided 
evidence that these ferrous smectites existed at Gale 
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Crater. CheMin XRD patterns of trioctahedral smec-
tites detected in the Sheepbed Mudstone [11] are con-
sistent either with ferrous smectites or with ferrian 
(Fe3+ > Fe2+) smectites [7,12]. Either case suggests that 
Fe2+-Mg smectites were the primary products of anoxic 
basalt alteration at Gale Crater during the late Noa-
chian. The persistence of Fe2+-bearing smectites in the 
very shallow subsurface suggests that current oxidation 
rates are slow relative to regional erosion.  

Upsection from the Sheepbed Mudstone, mud-
stones of the Murray Formation have been demon-
strated to contain hematite and both dioctahedral and 
trioctahedral smectites [13]. This mineralogical shift 
has been interpreted as an early Hesperian environ-
mental shift to drier, more oxidizing conditions [13] or 
as coeval sediments in a redox-stratified lake [14]. Our 
experiments are consistent with these interpretations 
and suggest that the phyllosilicate-hematite assemblage 
could be produced by exposing ferrous smectite-
bearing sediments to oxidizing fluids and atmosphere. 
Oxic alteration of fresh basalt can also produce assem-
blages of hematite, nontronite, and Mg-saponite [5]. 
We cannot definitively distinguish between these for-
mation pathways for the phyllosilicate-hematite as-
semblage; we suggest that the Murray Formation mud-
stones contain both originally ferrous smectites (inher-
ited and/or detrital) and neoformed nontronites.  
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Figure 1. XRD patterns for smectite A (Mg-free 
endmember). Rightward shifts in the 060 peak indi-
cate octahedral sheet contraction. Hematite (‘h’) 
peaks appear after recrystallization. [8] 

 
Figure 2. Fe K-edge Fourier transformed EXAFS 
spectra for smectite A. With oxidation, the Fe-O and 
Fe-Fe peaks shift to shorter distances, and the Fe-Fe 
peak reduces in intensity, indicating a loss of nearest 
neighbors as a result of Fe ejection.  [8] 

 
Figure 3. Mössbauer spectra for peroxide-treated smec-
tite D (mixed Fe-Mg), illustrating complete Fe oxida-
tion and appearance of a hematite sextet. [8] 
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