
SUPEROXIDE RADICAL FORMATION AND STABILITY UNDER MARS-LIKE CONDITIONS 
Zent, A. P.1, A. I. Ichimura2, R. C. Quinn,3 1NASA Ames Research Center, Moffett Field CA, 94035, 
2Dept. Chemistry, San Francisco State University, San Francisco CA, 94132, 3SETI Institute, Mountain 
View CA 94035. 
 
 
Yen et al., (2000) proposed a model for 
superoxide radical (  

! 

O2
- ) formation on Mars, 

wherein UV photons mobilize electrons in 
silicate materials.  The e- are trapped at the 
surface by adsorbed O2, forming surface   

! 

O2
- . 

They demonstrated the process in the laboratory, 
using labradorite as an analog. After a 20-hour 
UV exposure under O2, they reported   

! 

O2
-  

detection via Electron Paramagnetic Resonance 
(EPR) Spectroscopy.  The sample sat on a cold-
plate at -30°C during the UV exposure.  Thermal 
tests show that the oxygen radical signature 
survived to 200°C, and persisted at room 
temperature over a week.  They argued that   

! 

O2
-  

was a good candidate for the thermally stable 
oxidant reported in the Viking Gas Exchange 
(GEx) experiment. 
Although the sample  pre-treatment, particularly 
with respect to surface dehydration was not 
specified by Yen et al (2000), their results were 
apparently consistent with the behavior of   

! 

O2
-  on 

much more commonly studied substrates such as 
TiO2, as summarized and confirmed by Atwood 
et al (2003).  Atwood et al (2003) reported stable 
  

! 

O2
-on thoroughly-dehydrated and reduced 

anatase and rutile (TiO2).  The higher the 
dehydration temperature, the more different sites 
the   

! 

O2
-  occurred in. The radicals are stabilized at 

crystal defect sites, which become more 
abundant and heterogeneous as O is driven from 
the crystal. Substantial differences in O radical 
populations on various polymorphs of TiO2 
demonstrate that oxide radical chemistry is 
complex, and the nature of the mineral substrate 
is a fundamental control on the chemistry 
pathway and radical population.  In TiO2 which 
is not dehydrated, no   

! 

O2
-  can be seen once the 

UV flux is cut off.   

! 

O2
-  is stabilized on the 

dehydrated surface because defect sites that 
stabilize the radical are available.  On hydrated 
surfaces, defect sites are often occupied, and 
unstabilized   

! 

O2
-  undergoing surface diffusion are 

reacted away by collision with H2O. 
We found that we were able to reproduce this 
behavior in synthetic TiO2 that we have used 
previously to study oxidant complexation. 
Indeed, H2O2 adsorbed on this material to yield 
peroxy complexes, as reported by Quinn and 
Zent (1999).  EPR examination of the peroxy-
complexed TiO2 as part of this study showed   

! 

O2
-  

had formed on the TiO2 (Fig. 1).  The TiO2 was 

never dehydrated, and had been stored at room 
temperature for 6 years. We postulate that a 
Fenton-type reaction, such as 

Ti4+ + H2O2 →Ti3+ +HO2/O2
-
 + H+ 

may occur on the surfaces of some transition 
metal oxides.  Thus, there exists another path for 
  

! 

O2
-  formation, with  H2O2 as a precursor, at least 

on TiO2, and the presence of surface H2O does 
not necessarily prevent the formation or 
stabilization of   

! 

O2
- .  

We examined labradorite, in an attempt to 
reproduce the results of Yen et al (2000), but 
small amounts of Fe2+ in our sample prevented 
us from seeing the   

! 

O2
-  signal. Our results are not 

necessarily inconsistent with Yen’s; among the 
differences in experimental protocol, the fact that 
they irradiated their sample while it was 
relatively warm (240K) may account for a 
difference in the final   

! 

O2
-  population and 

detection.  
Instead, we used albite, (NaAlSi3O8), which was 
ground to a fine powder (< 45 µm).  In the work 
reported here, the albite was not baked out prior 
to analysis. The experiment was conducted with 
2.0 mW microwave power, which did not lead to 
line-broadening in this case.  The EPR spectrum 
of albite photolyzed under vacuum at 77 K is 
shown in Figure 2 (top).  After comparison of the 
g-values with the to literature (Che and Tench, 
1983), the g-values are consistent with 
superoxide:  g1=2.004 (3270.7 G), g2=2.015 
(3253.1 G), and g3=2.039 (3214.1 G) formed on 
the surface of a silicate that contains mono- and 
di-positive cations.  A weak signal at g=1.977 
(3315 G, origin unknown) is also observed after 
photolysis.  After addition of oxygen at room 

 
Fig. 1. EPR spectra of 

  

! 

O
2
-  on synthetic TiO2 from 

anatase. 
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temperature followed by photolysis, the same 
spectrum of superoxide is obtained with 
approximately the same intensity (not shown), 
but without the g=1.977 signal.  In both cases, 
the signal decays rapidly at room temperature but 
a weak superoxide spectrum is still visible at 2 
mW microwave power after only 5-10 minutes at 
298 K.  
In Figure 2 (bottom), the EPR spectrum of albite 
heated to 450 °C is shown. After photolysis, 
addition of oxygen, etc., no further changes are 
observed.  For this isotropic spectrum, g = 2.005, 
and is probably due to a silicate radical.  
Thus, adsorbed O2 is not required to form   

! 

O2
-  

radicals, and perhaps other more transient 
species, on the surface of albite, although 
adsorbed H2O is. The lifetime of   

! 

O2
-  on the 

surface of albite is short, probably due to 
reaction with water.   
It is worth remembering that surface radicals 
generated via this technique can only be detected 
via EPR if they sufficiently long lifetimes.  
However, the oxidative chemistry at the Martian 
surface could be dominated by radicals with 
lifetimes much shorter than   

! 

O2
- .  Possible 

examples are   

! 

O3
-  and 

  

! 

O
- . 

The mechanism of   

! 

O2
-  generation is speculative, 

but after formation of electron-hole states, may 
pass through a sequence of reactions that 
includes peroxide intermediates, such as: 

O- (hole)  + H2O   →  O2- (oxide)  +   H+  + OH. 
2OH. →  H2O2 

OH.   + H2O2     →    H2O  +  HOO. 
HO2

. →    H+  +     

! 

O2
-

 
This production mechanism, which operates only 
under UV illumination, is balanced by the 
reaction between   

! 

O2

- and other water molecules: 
2H2O + 2  

! 

O2
-→ H2O2 + O2 

This hypothesis, if correct, implies that as long 
as substrate surfaces are hydrated, that   

! 

O2
-  is 

either chemically stable, or mobile across grain 
surfaces, but cannot simultaneously be both.  
The radical is stabilized precisely because it is 
bound to specific sites;   

! 

O2
-  that is undergoing 

surface diffusion (required to explain its 
presence below the UV-illuminated surface) will 
react with H2O molecules.   
The H2O abundance inferred from Mars Express 
OMEGA data has been reported to be 5 – 13 % 
(Poulet et al. 2005).  There is an increase in the 
depth of the 3 micron band as one goes north.  At 
low latitudes, the abundance of H2O is perhaps 
4-5%, some of which could be adsorbed water, 
and some of which could be poorly-bonded 
water (such as in vesicles) internal to the grains. 
However, it is probable that the systematic 
increase in the 3 µm band at higher latitudes is 
due to increased adsorbed H2O.  The population 
of adsorbed H2O on visible regolith grains is 
therefore considerable, and the interactions of the 
superoxide radical with H2O that are discussed 
above are expected to operate.  
Our data are not consistent with the 
photolytically-produced superoxide radical as an 
explanation for the Viking observations. 
However, the ability of H2O2 to convert to 
stabilized   

! 

O2
-  on some surfaces, with neither 

photolytic activation nor extraordinary 
dehydroxylation suggests another mechanism to 
be investigated for the distribution of   

! 

O2
-  through 

at least the shallow Martian regolith.  The 
mechanism of peroxide to superoxide conversion 
may also explain the potential presence of the 
superoxide radical at depth.  H2O2 could 
conceivable diffuse to a depth of at least several 
cm in the martian regolith, and there convert, at 
some low rate, to   

! 

O2
- .  
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Figure 2.  EPR spectrum of superoxide 
formed by the photolysis at 77 K of albite 
evacuated to ~10-5 torr (top).  EPR spectrum of 
albite after heating to 450°C for two hours 
under vacuum (bottom). 
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