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Introduction:  On Earth, biologically mediated re-

actions enable the occurrence of minerals in geochemi-

cal environments which should pose a significant kinet-

ic barrier to their formation. Abundant jarosite and 

haematite on Meridiani Planum, Mars recorded by 

Mars Exploration Rover Opportunity indicated that 

iron oxidation occurred in low pH (~2-3) waters [1-5]; 

but O2-mediated oxidation of iron is extremely slow in 

acidic conditions [6-8] and on Earth it is only made 

viable by iron-oxidizing acidophiles [9]. There are 

strong mineralogical and geochemical similarities be-

tween Meridiani Planum and terrestrial acid mine 

drainage environments, where acidophiles using Fe
2+

 

oxidation as a source of metabolic energy  accelerate 

the reaction kinetics by a factor of ~10
5
 [6,9-12]. Use 

of this analogue depends on whether a) compelling 

evidence for ancient life is discovered on Mars, or b) a 

viable abiotic pathway for iron oxidation can be 

demonstrated. One possible mechanism is UV photo-

oxidation [7,8,13]. Experiments have shown UV pho-

to-oxidation is a viable process for forming the precur-

sor minerals to banded iron formations on Earth before 

the rise of atmospheric O2 [8,14,15]. However, photo-

oxidation in small Martian water bodies faces the ob-

structions of weaker solar radiation; unbuffered acidifi-

cation, which slows the rate of UV absorption; and 

rapid evaporation of standing water. We have con-

structed a model for photo-oxidation on Mars which 

incorporates the caveats above, and a more realistic 

UV radiation spectrum for the Martian surface. We 

find that the viability of photo-oxidation at Meridiani 

Planum is dependent upon the evaporation rate and 

initial water depth, and the potential for a water body 

to fully oxidize improves with increasing initial water 

depth. Evaporation has little direct effect on photo-

oxidation until the late stages of desiccation, where it 

can slow photo-oxidation by accelerating acidification. 

The Model: We calculate the rate of photo-

oxidation of Fe(II) in mol sec
-1

 cm
-2

 over a water col-

umn of depth z,  following the equation of [14]: 

 

Where ε
Fe(II)

(λ) and Φ
Fe(II)

(λ) are the molar absorpitivity 

and quantum efficiency (atoms oxidized per photon 

absorbed) of Fe(II) species, and F(λ, z) is the surface 

radiation attenuated through the water column. We use 

an experimentally determined Φ
Fe(II)

(λ) [8],  and a ~3.9 

Ga, 0.1 bar CO2 atmosphere surface radiation model  

 
Figure 1: Surface radiation flux (solid line) used in the 

model, adapted from [16] for Mars’ orbit; and top of atmos-

phere (TOA; dashed line) flux used in previous models [8].  

 
Figure 2: Time for total photo-oxidation (dashed line, open 

squares) and total evaporation at 0.1 m y-1 (solid line) and 1 

m yr-1 (dotted line). 

 

adapted from [16] to Martian orbital distance (Figure 

1). Photo-oxidation in water columns with initial condi-

tions of [17] was modelled by removing Fe(III) and 

SO4
2-

 and releasing H
+
 in the stoichiometric propor-

tions for schwertmannite; and re-equilibrating after 

each time step [7,8]. We run models with upper- and 

lower-limit evaporation rates (0.1-1 m yr
-1

) for early 

Mars [18], and performed control runs at fixed depth 

for comparison with [8].  

Results and Discussion: The time required for 

90% oxidation [4] in non-evaporating water is shown 

as a function of depth in Figure 2. Photo-oxidation 

times are longer in our model are because we utilize a 

photon flux which is cut off below 200 nm by atmos-

pheric absorption, however our data agree with [8] to 

better than a factor of 2. At depths <~10 cm, even  

lower limit evaporation rates outpace photo-oxidation, 

so that Fe(II) concentrations rise to levels where fer-

rous minerals would precipitate before most Fe(II) is  
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oxidized [17]. Therefore scenarios where ferric mineral 

deposition on Meridiani Planum occurred through re-

peated small scale effusions of groundwater to the sur-

face appear unlikely, because very shallow (<10 cm) 

water bodies always dry out before significant photo-

oxidation occurs. However, at shallow depths, photo-

oxidation times increase only slightly with increasing 

depth, so that at ~10 cm depth, the timescales for total 

oxidation and evaporation at 0.1 m yr
-1

 are similar. 

Figures 3 and 4 show photo-oxidation scenarios for 10 

cm water depth with fast, slow, and no evaporation. In 

the fast evaporation scenario, only 20% oxidation oc-

curs before total desiccation. Fe(II) concentrations rise 

sharply to >0.1 mol L
-1-

, around which point ferrous 

iron minerals would precipitate [17] (Figure 3). In the 

slow evaporation scenario, the eventual result is again 

sharply climbing Fe(II) concentrations, however over 

90% photo-oxidation occurs prior to evaporative con-

centration, so the Fe(III)/FeTotal
 
of the deposits would 

satisfy Opportunity data [4] (Figure 4). Figure 4 shows 

that despite rising concentrations of Fe(II), photo-

oxidation rates (normalized to the initial depth) remain 

unaffected by evaporation until its very latest stages. 

Therefore, the proportion of Fe(II) oxidized evolves 

with time in the same way in all scenarios whilst suffi-

cient water remains. We suggest that photo-oxidation 

rates may fall in the late stages of desiccation because 

H
+
 becomes extremely concentrated in solution, which 

favours speciation of FeOH
+
 to the less absorptive Fe

2+
 

ion. At greater depths (>1 m), the relationship between 

photo-oxidation time and depth becomes more linear 

(Figure 2). There should be an effective depth of UV 

photon penetration due to attenuation of UV radiation 

through the water column, so essentially all photo-

oxidation will occur within a shallow region. For deep-

er water bodies, the time required for total oxidation 

should scale proportionally to the relative depth of the 

‘UV photic zone’ to the total water column. Our model  

results indicate that if even small-scale (>10 cm) 

ephemeral lakes [19] were able to persist on the order 

of years to decades,  photo-oxidation appears to be a 

viable solution to the oxidation of iron under acid con-

ditions on Meridiani Planum. 

Conclusions: Haematite-jarosite deposition re-

quires iron oxidation to occur at low pH, which on 

Earth is made possible by the influence of iron-

oxidizing microbes. On Mars, an alternative pathway is 

UV photo-oxidation, which we have modelled here 

with evaporation and a more realistic radiation flux. 

Photo-oxidation appears to still be an effective mecha-

nism for Fe(III) mineral formation at Meridiani 

Planum, provided that initial water depths are at least 

tens of cm and/or evaporation rates lie close to lower 

limits provided by geomorphological constraints.    
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Figure 3: Evolution of Fe(II) concentration with progressive 

photo-oxidation and evaporation, for Z0=10 cm. 

 

Figure 4: % of oxidation (black), and photo-oxidation rates 

normalized to Z0 (red), for Z0=10 cm. Dotted, solid and 

dashed lines are for 1 m yr-1, 0.1 m yr-1, and no evaporation. 
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