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Introduction:  The OMEGA and CRISM instru-

ments in Martian orbit have detected Noachian-aged 
iron-bearing clay minerals with near-IR spectroscopy 
[e.g. 1-6] (Figure 1). The Noachian period of Martian 
geologic history is thought to have been lacking in 
oxidants [3,7].  Therefore, in the detected clays, only 
ferrous iron (FeII) is expected unless later oxidation has 
occurred; a mixture of FeIII and FeII in clays is what is 
actually observed [1,3,8,9]. Clays are of interest as 
they are the predicted aqueous weathering and altera-
tion products of the basaltic Martian crust [10,11,12].  
Their presence is a primary indicator of aqueous fluids 
near Mars’ surface in the Noachian. 

The presence of FeIII-bearing clays such as 
nontronite may mean that conditions in the Noachian 
were more oxidizing than previously thought.  Alterna-
tively it may mean that the clays contained FeII when 
formed and have since been oxidized.  Analog studies 
can determine whether oxidation of the FeII-bearing 
clays expected of the Noachian can produce FeIII-
bearing clays consistent with those observed today.  

There are multiple plausible oxidants that may have 
acted upon the Martian clays; these oxidants may pro-
duce detectable differences in the structure of the final 
clay.  In this study, three oxidants are used on FeII-
bearing clay to investigate the structural changes they 
cause.  If structural properties of a clay can be linked 
to a specific oxidation pathway, this yields information 
about the chemical conditions at oxidation and increas-
es clays’ importance as environmental markers. 

Methods:  A Ca-saturated FeII-bearing saponite 
was synthesized using an anoxic hydrothermal (200°C 
for 6 days) sol-gel procedure [13].  The clay was de-
signed to have an ideal saponite formula with half the 
magnesium replaced by ferrous iron:  

Ca0.5Mg1.5Fe1.5Si3AlO10(OH)2·nH2O 
Oxidation by three chemical species was investi-

gated: H2O2, which is present on Mars [14]; NO3
-, 

which has not been detected on Mars but co-occurs 
with ClO4

- in the Antarctic dry valleys [15] and may 
similarly co-occur with ClO4

- on Mars; and O2, present 
on Mars at a pressure of 10-5 bar [16]. Following expo-
sure to each oxidant, subsets of the reacted clay were 
treated under one of 3 conditions.  One series was al-
lowed to react at 25°C for six days with the oxidant  in 
aqueous solution; this is referred to as “exposed to 
<oxidant>”.  This series did not undergo further heat-
ing.  Another portion was washed free of oxidants and 
then underwent further anoxic heating (200°C for 6 

days); this is referred to as “re-crystallized after <oxi-
dant>”.  The final subset of samples were heated 
(200°C for 6 days) in the presence of the oxidant and 
called “re-crystallized in <oxidant>”.  Each sample 
(including pre-oxidation) was studied with Fe K-edge 
X-ray absorption spectroscopy (XAS) at the Advanced 
Photon Source.  XANES spectra were collected to ex-
amine oxidation state and provide insight into general 
coordination environment and EXAFS spectra were 
collected to examine in detail the structural changes in 
the clay upon oxidation. 

Results: 
Oxidation by H2O2: H2O2 produces the greatest de-

gree of oxidation when the clay reacts with it at room 
temperature (Figure 1).  EXAFS data (Table 1) for this 
sample shows the shortest bond distance in the O shell 
(1.96 Å). The short bond distance, along with a pre-
edge feature observed in its XANES spectra, suggests 
that some tetrahedral FeIII has formed. The second 
shell decreases after exposure to H2O2 as a result of the 
Fe neighbors disappearing.  Some Fe is ejected from 
the structure and may be adsorbed to the clay or in the 
interlayer. The decrease in the O shell that occurs upon 
exposure to H2O2 is reversed upon heating, and Fe 
appears to re-enter the octahedral sheet. The more 
symmetric O shell after re-crystallization suggests a 
dioctahedral structure (Figure 1). 

Oxidation by NO3
-: NO3

- produces the greatest oxi-
dation when the clay reacts with it at 200°C, but virtu-
ally no oxidation occurs at room temperature (Figure 
1).  Fe-O bond distances (Table 1) are consistent with 
this pattern. Re-crystallization after exposure to NO3

- 
produces a similar degree of oxidation as re-
crystallization in NO3

-; this may be an artifact from 
residual NO3

-. The more symmetric O shell in “re-
crystallized in NO3

-” suggests the beginning of a tran-
sition to a dioctahedral structure. Finally, the number 
of Fe neighbors changes very little, suggesting that 
NO3

- is not highly disruptive to the clay structure. 
Oxidation by O2: O2 produces a similar degree of 

oxidation under all conditions studied  (Figure 1).  It 
does not fully oxidize the clay. EXAFS data (Figure 1) 
shows that two samples (“exposed to O2” and “re-
crystallized in O2”) have produced a split O shell, and 
a mixture of FeII and FeIII as indicated by both the bond 
distance of its O shell (Table 1) and edge energy shift. 
The values for the Fe-O bond distances obtained by the 
EXAFS-derived parameters are intermediate between 
values between those expected by FeII and FeIII, sug-
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gesting partial oxidation of the starting clay. The se-
cond shell is largest in “re-crystallized after O2.”  

Conclusions: Different oxidants produce different 
effects on FeII-smectites. H2O2 causes significant ejec-
tion of Fe from  the octahedral sheet upon reaction 
with the clay.  H2O2  appears close to generating a fer-
ric smectite (short Fe-O bonds, likely dioctahedral 
structure) if given time to re-crystallize following ex-
posure.  Gradual oxidation by H2O2  may yield a final 
ferric smectite product without this initial structural 
disruption. NO3

- appears capable of oxidizing clay 
only under hydrothermal conditions.  Therefore, it is 
unlikely to have caused the oxidation seen in the Mar-
tian clays as the main plausible source of NO3

- on 
Mars is surface deposition following production in the 
atmosphere.  O2 does not fully oxidize ferrous smec-
tites on the timescale explored (24 hours). UV light 
may activate Fenton chemistry and cause further oxi-
dation. Such an oxidation route cannot occur for clays 
in Mars subsurface [2].  More extensive oxidation by 
O2 may occur at time scales longer than explored in 
this study. 

Preliminary spectra (in progress) suggest that these 
differences may be detectable with VNIR spectrosco-
py.  OH vibrational bands and electronic transitions 
occur at shorter wavelengths for FeIII-clays than FeII-
clays.  In addition, the amount of Fe in a clay affects a 
band known as the Christiansen feature [17]. Being 
able to discern the specific oxidant that acted on the 
Martian clays would allow inferences about the for-
mation location.  For example, O2 oxidation may re-
quire UV light to occur, suggesting a surface or near-
surface environment.  Structural and electronic chang-
es in the clay induced by oxidation may also affect the 
trace element content and alter the preservation poten-
tial of any associated organic matter. 
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Figure 1. Iron XANES (left) and EXAFS (right) spec-
tra of a ferrous smectite oxidized by H2O2 (top), NO3

- 
(middle), and O2 (bottom). 
 
 
Table 1. EXAFS-derived structural parameters for 
ferrous smectite and its oxidation products. 
Sample Ave. Fe-O (Å) # Fe Neighbors 
Unoxidized 2.08 1.5 
Exposed H2O2 1.96 0.0 
RC1 after H2O2 2.02 1.9 
RC in H2O2 1.98 0.9 
Exposed NO3

- 2.11 1.6 
RC after NO3

- 1.99 1.5 
RC in NO3

- 2.03 1.4 
Exposed O2 2.03 1.4 
RC after O2 2.08 1.8 
RC in O2 2.05 1.4 
1RC = re-crystallized 
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