
Efficiency of Fe(II) Oxidation by Chlorate on Mars 
Eleanor L. Moreland1*, Kaushik Mitra1, Jeffrey G. Catalano1,2

1 Department of Earth & Planetary Sciences, Washington University, Saint Louis, MO
2 McDonnell Center for the Space Sciences, Washington University. St. Louis MO

*Contact: morelandellie@wustl.edu

1. Introduction 3A. Rates and Extents of Fe(II) Oxidation by Chlorate

2. Materials and Methods

4. Conclusions 5. References

3B. Effect of Fe(II) to Chlorate Ratio on Mineral Products

6. Acknowledgement

• Fe(II) is oxidized by chlorate in Cl- and 

SO4-rich fluids across near-neutral to 

acidic pH in both stoichiometrically 

equivalent ([Fe(II)]:[ClO3
-] ~6:1) and 

deficient ([Fe(II)]:[ClO3
-] ~10:1) systems

• Fe(II) oxidation by chlorate is slightly 

faster in Cl-rich solutions compared to 

SO4-rich solutions due to Fe(II) 

complexation by sulfate [7]

• Fe(II) oxidation and Fe(III) hydrolysis 

decrease solution pH to between 2.0 –

2.6, irrespective of the initial pH

• Fe(II) oxidation rates are proportional to 

chlorate concentration

• Complete consumption of chlorate 

occurs in all systems investigated 

• Oxidation of Fe(II) by chlorate closely 

follows the kinetic model parameterized 

under chlorate-excess conditions [7]

• Chlorate displays its full capacity to 

oxidize Fe(II) in Mars-relevant fluids and 

form Fe(III) minerals

Figure 3: Results of kinetic experiments in chloride-rich (left column) and sulfate-rich (right column) solutions.

Experimental solutions contained ~10 mM Fe(II) in 100 mM MgCl2 or MgSO4 in ~1.67 mM (6:1) or 1 mM (10:1)

chlorate in initial pH 7, 5 and 3. Green data points represent an iron (II) to chlorate ratio of ~10:1 while red

represents ~6:1. All kinetic data compared with kinetic model proposed by [7].

Figure 1: Simplified Oxychlorine Cycle on Mars. Background photo

from Smithsonian Online Magazine.

Figure 2: The experiment 

set-up. All experiments 

conducted with control 

experiments to ensure no 

photooxidation or 

oxidation by oxygen. 

Figure 4: XRD patterns and corresponding mineral 

abundances determined via Rietveld refinement. Experiments 

are organized by ratio of iron(II) to chlorate. The abbreviated 

labels for each experiment represent the fluid composition (C = 

chloride or S = sulfate), ratio of iron(II) to chlorate (either 6:1 or 

10:1), initial concentration of iron(II) in mM, and the initial pH.

• Chlorate (ClO3
-) can oxidize 

dissolved Fe(II) [7-9] in Mars-

relevant fluids to form Fe(III) 

minerals (goethite, lepidocrocite, 

jarosite, akaganeite) which can 

produce hematite upon 

diagenesis [7, 10]

• Mass balance demonstrates that 

1 mole of chlorate can oxidize 6 

moles of Fe(II) to Fe(III), forming 

chloride (Cl-) as a byproduct

• Chlorate reduction to chloride 

proceeds sequentially through six 

individual reactions, producing 

intermediate oxychlorine species

• Whether these intermediate 

species react with Fe(II) before 

decomposing remains unknown

• The previous studies conducted 

in an excess of chlorate [7-9] and 

its effective Fe(II) oxidation 

capacity is thus uncharacterized

Can chlorate experimentally oxidize iron to the 
maximum theoretical capacity?

Kinetic Studies (inside Anaerobic Chamber)

• To determine if one mole of chlorate can oxidize 6 moles of Fe(II) and can 

express its maximum theoretical oxidizing capacity 

• Experiments were conducted with [Fe(II)]:[ClO3
-] either ~6:1 or ~10:1

• The experiments were conducted in chloride- and sulfate-rich solutions to 

investigate Fe(II) oxidation by chlorate in Mars-relevant fluids [11]

• The initial pH of different reactors were set at 3, 5, or 7 and allowed to drift 

with the reaction as Fe(II) oxidation may drive the acidity on Mars [12]

• The pH and [Fe(II)] in the reactors were monitored periodically, the latter 

via UV-Vis Spectrophotometry following complexation with Ferrozine [13]

Mineral Precipitate Studies (in Serum Bottles)

• The kinetic studies were replicated at larger volumes (150 mL) to facilitate 

greater mineral precipitation and to analyze and identify the minerals 

which precipitate from these experiments

• Reactors were prepared inside the anaerobic chamber, wrapped in Al foil, 

and placed on a shaker table outside of the anaerobic chamber

• Chlorate-free control experiments verified the efficacy of the serum bottles 

to prevent inadvertent Fe(II) oxidation (by O2 and UV photooxidation) 

• The mineral precipitates were identified using X-ray diffraction (XRD), with 

quantitative mineralogy determined via Rietveld refinements
• Chlorate can oxidize Fe(II) to its maximum stoichiometric capacity; each 

chlorate ion can oxidize 6 moles of Fe(II) in Mars-relevant fluids

• Fe(II) oxidation rates closely match predictions of our previously developed kinetic 

model [7], providing further validation of its predictive capability

• The stoichiometry of Fe(II) oxidation by chlorate generates a large amount of ferric 

iron; 0.5 wt.% Cl occurring as chlorate can produce about 7.5 wt.% hematite 

• If an active oxychlorine cycle operates on Mars, chlorate can be regenerated from 

reduced chloride ions making possible further iron oxidation on Mars

• Oxidation of Fe(II) by chlorate can produce a diverse array of mineral products that 

are controlled by fluid composition and the rate of reaction
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Chlorate (ClO3
-), an oxychlorine species, is abundant

and ubiquitous on the Martian surface (0.5-1 wt.%) [1-3].

It can be produced by various atmospheric and surface
processes on past and present-day Mars [4-6].
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− + 𝟔𝑯+ = 𝟔𝑭𝒆𝟑+ + 𝑪𝒍− + 𝟑𝑯𝟐𝑶
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• Fe(II) oxidation by chlorate precipitated Fe(III)-

bearing minerals that are found on Mars, e.g., 

goethite [14], lepidocrocite [14], magnetite [15], 

and schwertmannite [16]

• Mineral products varied with [Fe(II)]:[ClO3
-] ratio; 

different minerals form in chemically-similar fluids 

because this ratio alters the rate of oxidation

• Notably, jarosite forms from rapid oxidation in SO4-

rich fluids [7], while slower oxidation produces 

schwertmannite from the same fluid

• The rate of Fe(II) oxidation is thus a critical 

control on the mineral products; variations in 

the evolution of solution pH during the early stages 

of reaction likely impacts mineral nucleation

• Non-stoichiometric magnetite, also reported at 

Gale Crater [17],  forms in SO4-rich, neutral pH 

solutions

• Jarosite and akageneite, mineralogical indicators 

of acidic paleoenvironments, did not form even 

under favorable conditions [7]


