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Introduction: Banded iron formations (BIFs) and 

associated lithologies are among the most important 

sedimentary rocks in the Archaean and Paleoproterozo-

ic. They have been used to constrain the redox state, 

biological activity and seawater chemistry on the an-

cient Earth. BIFs consist of alternating thin layers of 

iron-rich minerals (most often magnetite and hematite) 

and iron-poor silica. The iron source was probably 

hydrothermal ferrous iron Fe(II) [1-3], which was oxi-

dized into Fe(III) and precipitated.  

Several mechanisms have been considered to ex-

plain the oxidation of iron in an atmos-

phere/hydrosphere that was globaly anoxic. Some local 

“oxygen oasis” could have been produced by photosyn-

thesis in cyanobacteria [4, 5]. Another biogenic alter-

native is that Fe(II) was used directly as electron donor 

by microorganisms during a process known as anoxy-

genic photosynthesis [6, 7]. However, definitive evi-

dence of bacteria involvement in BIF formation is still 

missing [8], and a pure chemical process, photo-

oxidation, has been proposed as a possible Fe(II) oxi-

dation pathway [9, 10]. To investigate whether photo-

oxidation could have played a role in BIF formation, 

we performed laboratory photo-oxidation experiment 

and measured Fe isotope fractionation during this pro-

cess. Comparison of experiment results with BIF com-

positions allow us to test the viability of photo-

oxidation as an oxidation pathway in the Archean 

ocean. 

Methods: About 350 mL of H3BO3-NaOH buffer 

solution at a pH of ~7.3 was added to a 500 mL boro-

silicate glass reaction vessel, and bubbled with high-

purity argon gas (O2 < 0.1 ppm) for 3-4 h. After the 

dissolved oxygen was fully evicted, Fe(II) was intro-

duced through one of the three inlets to the reaction 

vessel by dissolving salts of (NH4)2Fe(SO4)2.6H2O in 

deoxygenated water. The final concentration of the 

Fe(II) was around 100 ppm, or 1.8 mM, which is 

equivalent to the Fe production of some modern deep 

sea vents [11]. 

A 450 watt Hanovia medium pressure Hg lamp was 

inserted into the center of the reaction vessel to irradi-

ate the Fe(II) solution. The lamp delivered a broad UV 

spectrum of 220-1370 nm. Around the lamp, an immer-

sion well connected to a chiller was used to keep the 

system from over-heating. A thermometer was inserted 

into one of the inlets of the reaction vessel to monitor 

temperature.  

One inlet to the reaction vessel was used to sample 

the solutions. One sample consisted of  ~ 7 mL solution 

aliquot taken with a syringe. A sample was taken be-

fore turning on the UV lamp. Another four 7 mL solu-

tions were collected at different times after the UV 

lamp was turned on. The time interval between samples 

was about 30 min. While still in an anoxic atmosphere, 

the samples were filtered with 0.1 μm Sartorius™ 

Minisart™ HF syringe filters to separate aqueous 

Fe(II) from Fe(III) precipitates. The collected Fe(II) 

and Fe(III) samples were dried and re-dissolved in 6 M 

HCl. Iron column chemistry was done to eliminate ma-

trix elements. Analyses of Fe isotopic compositions 

were performed with a Thermo Scientific Neptune Plus 

MC-ICPMS at the University of Chicago using previ-

ously established methods [12]. 

Results: Fe(II) concentration dropped from 90 ppm 

to 15 ppm over a 2 hour duration, pH decreased by 

~0.2 units, and temperature increased from room tem-

perature to 45 °C. Orange-coloured Fe(III) particles 

formed and precipitated. The three-isotope plot of 

Fe(II) samples, Fe(III) samples, and geostandard BIR-

1a and AGV-2 give a fractionation line with a slope of 

1.47 for δ' 57Fe vs. δ' 56Fe (Fig. 1). Ferric iron samples 

plot on the heavy isotope-rich side of the line while 

Fe(II) samples fall on the other side. The δ56Fe values 

of both Fe(II) and Fe(III) decreased as the experiment 

proceeded.  

Throughout the experiment, the δ56Fe values of the 

Fe(II) solutions and Fe(III) precipitates exhibit appar-

ent Rayleigh-type behavior, as shown in Fig. 2. The 

isotope fractionation between Fe(III) precipitates and 

aqueous Fe(II) for the overall reaction is 1.2 ‰. 

Discussion: In our experiment, Fe(III) precipitates 

were always enriched in the heavy isotopes of iron, 

which is consistent with results reported in an earlier 

paper [13] for low-pH photo-oxidation of aqueous 

Fe(II). However, the fractionation factor α (~1.0025 at 

41 °C) measured by them is notably higher than ours 

(~1.0012 at 45 °C). The difference might be due to the 

different photo-oxidation mechanisms at distinct pH 

conditions with different ligands in solutions.  

The fact that the solution and precipitates follow a 

Rayleigh fractionation model demonstrates that the 

produced Fe(III) precipitates do not exchange or sig-

nificantly exchange with the Fe(II) solution after for-

mation. The 1.2 ‰ fractionation between Fe(III) parti-

cles and aqueous Fe(II) is similar to that obtained in 

anoxygenic photosynthetic oxidation of Fe(II) (~1.5 
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‰) [14] and in O2-mediated oxidation (~1 ‰) [15]. 

Since the hydrothermal fluids have zero or slightly 

negative δ56Fe values [16], all the three fractionation 

factors would result in isotopic compositions for 

Fe(III) precipitates that cover the range of values 

measured in BIFs. Therefore, there is still no unambig-

uous isotope evidence indicating that BIFs formed ei-

ther microbially or photochemically.  

 

       
Fig. 1: Mass-dependent isotope fractionation line for 

Fe photo-oxidation. δ' is calculated as ln (δ /1000 + 1). 

 

 
Fig. 2: Rayleigh fractionation behavior of the photo-

oxidation samples. Predicted trendlines for both Ray-

leigh and equilibrium fractionation are shown. 1.0012 

was used as the Rayleigh fractionation factor (α). For 

equilibrium fractionation trends, a fractionation of 

1.69 ‰ between Fe(III) and Fe(II) was used.  

 

A possible way to isotopically test the Fe oxidation 

mechanisms would be to use mass fractionation laws, 

because different geological processes may follow dif-

ferent laws. Fig. 3 shows possible Fe isotope fractiona-

tion laws. Due to the large error bars of the current 

measurements, the underlying law cannot be clearly 

recognized. Further work must be done to reduce the 

errors and to measure the isotopic compositions of 

BIFs with high precision. 

   
Fig. 3: Mass-dependent isotope fractionation lines for 

different laws, expressed as deviations from exponen-

tial law (n = 0), n = -1 for equilibrium law, n = 1 for 

power law, and n = -1/2 for Rayleigh law. Olive 

squares are the data points obtained from the photo-

oxidation experiment. 

 

Conclusion: Our experiment reveals that Fe(III) 

oxides in BIFs could have been produced by photo-

oxidation, a completely abiotic process. The process 

follows a Rayleigh fractionation model, and isotope 

fractionation between Fe(III) precipitates and aqueous 

Fe(II) for the overall reaction is ~1.2 ‰ at 45 °C. This 

fractionation is similar to that of anoxygenic photosyn-

thetic oxidation and of O2-mediated oxidation, and 

therefore cannot be ruled out as a possible pathway to 

BIF formation. The only argument put forward against 

photo-oxidation [17] is curcumstantial and a more di-

rect demonstration of the involvement of biology in 

BIF precipitation is still missing. 
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