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A mechanism for generating the superoxide radical 
  

! 

O2

-  and it’s possible role in the Viking GEx 
experiments has been described wherein UV 
photons mobilize electrons in silicate materials, 
which are trapped at the surface by adsorbed O2, 
forming surface   

! 

O2

- . [1].   Using labradorite, a 
calcium, sodium feldspar, as a Mars analog, they 
reported the detection of surface   

! 

O2

-  radicals via 
Electron Paramagnetic Resonance (EPR).  In a scan 
after a 20-hour exposure to a low pressure Hg 
vapor lamp, they argued that the   

! 

O2

-  signal was 
visible in the 3300 Gauss region.  The sample sat 
on a cold-plate at -30°C during the exposure   
Thermal tests show that the radical signature 
survived to 200°C. Further, there was little or no 
degradation in the EPR absorption intensity at 
room temperature over a week. 
Several questions arise from this work. The 
bandgap (Eg) of olivine, pyroxenes, spinels, and 
garnets with a variety of divalent cation 
substitutions range from 7.5 – 9.5 eV Eg increases 
with the ratio x = Mg/ (Mg+Fe+Mn+Ni+Ca); in 
olivine it varies from 7.8 eV in fayalte to 8.8 eV in 
forsterite [2].   
At the Martian surface, the solar UV flux is 
attenuated at energies above about 5 eV, and the 
atmosphere is essentially opaque at energies greater 
than 6.5 eV [3].   Therefore, electron delocalization 
in the catalyst, an essential first step to   

! 

O2

-  
formation mechanisms, would be controlled by 
defects, substitutions, and it is not possible to 
predict the minimum photon energy required to 
begin electron delocalization, but defect-controlled 
surface states would not allow electrons full access 
to the lattice, limiting  production to well below 
that observed in transition metal oxides.  Further, 
the GEx results from beneath Notch Rock, which 
exhibited about 10% of the reactivity observed on 
the surface, requires the   

! 

O2

-  to be mobile across 
grains and mineral contacts.  To assess the role of  
in Mars redox chemistry, we repeated the 
experiments of Yen et al., and assess those results 
in terms of plausible surface chemical models for 
Mars. 
Experimental Results: Our experiments on 
synthetically-prepared anatase (TiO2) are 
consistent with well-documented results in the 
literature [4], and serve to confirm our technique. 
On substantially dehydrated surfaces, the 
superoxide radical can form and stabilize. Once 
stabilized, the radical is stable against reaction with 
OH and H2O, and does not require special handling 

to preserve the signature. On fully-hydrated 
surfaces, the superoxide radical population goes to 
zero as soon as the UV flux goes to zero. On 
partially hydrated surfaces, the population of 
superoxide is diminished during radiation, and 
appears to drop off on a timescale of hours to days 
after the UV flux is cut off.  
Albite, (NaAlSi3O8), was ground to < 45µm.  In 
August 2003, immediately after grinding, the EPR 
spectrum showed evidence of three signals, Fe3+, 
Mn2+, and a signal at about g=2.0 which is likely 
due to a radical associated with dangling bonds in 
the freshly-generated surfaces.. After evacuation, 
addition of O2, and photolysis at 77 K, a signal is 
very similar to the one obtained by Yen et al. 
After a period of months, during which the 
dangling bonds were satisfied, the EPR spectrum 
of albite photolyzed under vacuum at 77 K is 
shown in Figure 1. After addition of oxygen at 
room temperature followed by photolysis, the same 
spectrum of superoxide is obtained with 
approximately the same intensity. In both cases, the 
signal decays rapidly at room temperature. 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 measured 

in minutes, probably due to reaction with water.   

The falloff in spin intensity as a function of 
annealing temperature (total 25 minutes) is shown 
in Figure 2.  Note that the albite was not 
dehydroxylated, which limits the lifetime of the 
radical to no more than a few hours after the UV 
flux is terminated. 

 
Figure 1. EPR spectrum of superoxide formed by the 
photolysis at 77 K of albite evacuated to ~10-5 torr 
(top). 
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The diffusion coefficient of  on TiO2 as a function 
of unit cell at 350 K is shown in Figure 3 [5], with 
the unit cell of rutile indicated.   This allows us to 
calculate the diffusion coefficient at any 
temperature by solving for the pre-exponential 
factor Do 

    

! 

D = Doe

"Ediff

kT  
The mean displacement as a function of time, a 
lower limit on surface diffusion in the absence of a 
chemical potential gradient can then be found from 

    

! 

Dt =
1

4t
r

2  

Figure 4 shows mean displacement as a function of 

temperature for 1 sol and 1 Mars year, confirming 
that even under optimal circumstances,   

! 

O2

-  cannot 
migrate to the subsurface more than 1 – 2 cm. 
Extrapolation to Mars: These results, and the 
reaction mechanisms previously suggested [6] 
argue that some minerals will be considerably more 
effective than others in catalyzing surface reactions 
on Mars. The band gaps in the iron(III) (hydr)oxide 

minerals hematite, goethite, lepidocrocite, 
akaganeite and schwertmannite are near 2.0 –2.5 
eV; TiO2 is near 3.3 eV, and gaps in the manganese 
(IV) oxide phases pyrolusite, birnessite, 
cryptomelane are 1.0 –1.8 eV [7].  Among these 
transition metal oxides, hematite and 
schwertmannite  exist on Mars, and could dominate 
heterogeneous redox chemistry. 
An alternative mechanism, in which H2O2 converts 
to   

! 

O2

-  on adsorption was observed and reported last 
year [6].  This process, similar to the Haber-Weiss 
reaction, may account for   

! 

O2

-  in the Martian 
subsurface, and continues to be investigated. 
One could argue that the surface must necessarily 
be oxidizing due to electron photoemission in the 
surface UV flux.  The surface material would 
exhibit an electron deficit equal to the column 
population of electrons in the photoelectron sheath, 
leading to a variety of electron-hungry surface 
sites.  In addition, lofted dust would be expected  to 
accumulate some of the photoelectrons [8].  
However, this process is insufficiently 
characterized to permit even a qualitative 
assessment of the Martian photoelectron sheath.  
Referencing The same laboratory measurements 
[9] have been used to argue for work functions 
ranging from 3.9 to 8 eV [10,11].   Considerable 
laboratory effort is required to characterize the 
behavior of rock-forming minerals under Martian 
surface conditions. 
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Figure 2.  The intensity of the superoxide adsorption 
decreases rapidly when the sample is held for 25 
minutes at higher temperatures.  

 
Figure 3. Dependence of the diffusion coefficient of a 
superoxide radical anion on the lattice parameters a and 
b. The brown lines are rutile cell dimensions, with log D 
= -8.2. 
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Figure 4. . The diffusion coefficient of   

! 

O2

"
 on TiO2, 

and the mean squared displacement due to random 
walk in the absence of a chemical potential gradient. 
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