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Introduction: Oxychlorine species (perchlorate 

and chlorate) are ubiquitous (~1 wt.%) in Martian soil 

and rocks [1]. Cl isotopic studies on in-situ rocks of 

Gale Crater and on meteoritic apatite suggest that 

oxychlorine formation processes have been active 

during their deposition [2] and possibly during the entire 

geological history of Mars [3-4]. Analysis of meteorite 

EETA79001 and plausible formation processes suggest 

greater or equal production of chlorate (ClO3
-) than 

perchlorate (ClO4
-) on Mars [5], with inconsequential 

amounts of chlorite (ClO2
-) and hypochlorite (ClO-) [1]. 

While ClO4
- is kinetically unreactive with Fe(II) [6], 

ClO3
- has been shown to cause iron oxidation [7]. 

However, the reaction kinetics and mineral products of 

Fe(II) oxidation by ClO3
- under Mars-relevant 

conditions are unexplored. In this study, the rates and 

products of dissolved Fe(II) oxidation by ClO3
- are 

investigated in Mars-relevant fluids at 22°C at pH 3 to 

7. The results are then extrapolated to lower 

temperatures (0°C) and varying fluid compositions 

using a published activation energy [7] to further 

explore the oxidation potential of ClO3
- on Mars. 

Methods: (A) Experiments: All studies were carried 

out inside an anaerobic chamber [N2 = 97%, H2 = 3%, 

O2 <1 ppmv] to isolate oxidation caused by oxychlorine 

species. Reactors were wrapped in Al foil to prevent 

photooxidation and continuously rotated during 

reaction. 40 ml solutions were prepared containing 10 

mM Fe(II) with 10 mM NaClO3 at initial pH 3, 5 and 7 

in a background salt mixture of 0.1 M MgCl2, MgSO4 

or Mg(ClO4)2 to simulate the most common Mars fluid 

conditions. The background salts buffer the ionic 

strength and provide anions with different ability to 

complex dissolved iron. The pH of the solutions was 

allowed to drift with the progress of the reaction which 

also serves as a secondary indicator of Fe(II) oxidation. 

Corresponding oxychlorine-free control experiments 

were set up at pH 7 and 3. The pH and Fe(II) 

concentration were measured at regular time intervals, 

the latter via spectrophotometry following 

complexation by ferrozine [8]. Select experimental 

replicates with 150 mL total volume were conducted for 

about 4 weeks for greater solid phase production needed 

for mineral characterization. Additional batch 

experiments with 100 mM Fe(II) were also conducted at 

pH 7 and 3 to explore the effect of concentration on the 

type(s) of mineral precipitated. The resultant solution 

was allowed to settle and the fluid separated from the 

solids via either centrifugation or filtration. The 

resulting solid samples were dried in the anaerobic 

chamber in a vacuum desiccator for 3-4 days. The 

mineralogy of the solids was characterized by powder 

X-ray diffraction (XRD) and quantitatively analyzed 

using the Rietveld method. 

(B) Modeling: The experimental data were 

compared to the two-term rate law proposed by [7]. The 

rate constants (k) in this published work were corrected 

for activity coefficients at the prior study's temperature 

(40°C) using REACT. k values were then determined for 

the experimental temperature (22°C) and other 

simulated temperatures using the reported activation 

energy (Ea). In testing, it was found that the Ea needed 

to be adjusted from 80.4 to 84.0 kJ/mol to reproduce our 

measurements, within the 5 kJ/mol reported uncertainty 

[7]. The model was compared to the experimental data 

for all fluid compositions and was then used in REACT 

to simulate Fe(II) oxidation by ClO3
- at 0 to 20°C in 

varying fluid compositions. 

Results: (A) Reaction Kinetics: All experiments 

containing ClO3
- displayed near-complete Fe(II) 

oxidation within 30 days, accompanied by an increase 

in acidity. While the rate of oxidation varied little with 

initial pH in a given fluid, it was slower in sulfate-

bearing systems (Fig 1). No Fe(II) oxidation or pH 

changes were observed in oxychlorine-free control 

experiments or when perchlorate was the sole 

oxychlorine species present. The data could be 

reproduced using an empirical rate law dependent on 

Fe(II), ClO3
-, and H+ concentration (not shown), which 

revealed that H+ generation had an autocatalytic effect. 

Following this validation, a more complex rate law after 

[7] was implemented that accounted for the effects of 

activity corrections, complexation of dissolved species, 

and acidity generation affected by Fe(III) mineral 

solubility (Fig 1). 

 
Figure 1: Oxidation of 10-2 M Fe(II) by 10-2 M NaClO3 

in 10-1 M MgCl2, MgSO4, or Mg(ClO4)2 fluids at initial 

pH 3 at 22°C compared to kinetic model simulations. 
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(B) Mineral Products: The mineralogy of the solids 

produced during Fe(II) oxidation by chlorate varied 

with fluid composition (Fig 2). Lepidocrocite and 

goethite precipitated as the primary mineral in solutions 

containing 10 mM Fe(II) in 0.1 M background salt in all 

fluid conditions (Fig 2). At higher Fe(II) concentrations 

(100 mM) akaganéite formed in chloride fluids, mixed 

Na- and H3O-jarosite formed in sulfate fluids, and 

lepidocrocite formed in perchlorate fluids at all pH 

conditions. 

(C) Geochemical Modeling: Extrapolating the rate 

model to lower temperature indicates that complete 

Fe(II) oxidation by 10 mM chlorate at 0°C occurs in 

about 1 year, with oxidation timescales of a few day in 

1 M systems, as might occur for brines (Fig 3). 

Simulations containing higher chlorate and lower pH 

showed faster Fe(II) oxidation with increasing acidity 

and ClO3
- concentration (not shown). 

Discussion: The study demonstrates that Fe(II) 

oxidation by ClO3
- proceeds under a wide pH range and 

is autocatalytic in nature, with H+ generation 

accelerating the reaction. Oxidation rates are more rapid 

than for oxidation by O2 below pH ~5 [9] or for UV light 

[10]. Predictions of the resulting kinetic model suggest 

that ClO3
- may contribute to the widespread oxidation 

of iron on the Martian surface, including at temperatures 

down to 0°C. The abundance of ClO3
- and its ability to 

oxidize Fe(II), even under acidic conditions and in the 

absence of light, make this species an important 

candidate for the production of Fe(III) minerals on 

Mars. The formation of akaganéite and jarosite by ClO3
- 

indicates the potential importance of this oxychlorine 

species as an oxidant capable of precipitating minerals 

that require acidic formation conditions. Oxidation by 

ClO3
- drives local microenvironments into the stability 

fields of these acidic minerals, even in solutions starting 

at neutral pH, all while enhancing the oxidation rate. 

Fe(III) oxides like goethite and lepidocrocite have been 

suggested as important hematite precursor minerals and 

their diagenetic transformation could generate hematite 

found in regions such Gale Crater and Meridiani 

Planum [11]. Oxychlorine brines may also potentially 

induce Fe(II) oxidation in the subsurface by percolating 

into sediments and rock fractures, facilitating Fe(II) 

oxidation in environments where other oxidants, such as 

O2(g) and UV light, are absent. Chlorate is thus a 

potentially important iron oxidant operating on both 

early and modern Mars. 
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Figure 2: The mineral proportions calculated from 

Rietveld Refinement of the XRD scans of the solid-

phase precipitate produced by Fe(II)-oxidation by 

chlorate at pH 7 for chloride and perchlorate fluids, 

and pH 3 and 7 for sulfate-fluid. The pH values indicate 

the initial acidity of the system. 

 

Figure 3: Geochemical models showing the oxidation 

of 10-2 M Fe(II) by 1 M NaClO3 in 10-1 M Mg- sulfate 

fluids at initial pH 3 at 20, 15, 10, 5 and 0ᵒ C. 
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