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1. Introduction 

The present Earth’s atmosphere is made up of 78% of nitrogen, 21% of oxygen (we 
breathe oxygen to live!), and 1% of other gases.  However, the present oxygen-rich 
atmosphere is not the Earth’s original atmosphere.  The atmosphere changed its 
chemical composition in the history of Earth.   

The present oxygen-rich atmosphere was built up by photosynthesis of cyanobacteria, 
and it has been known that the Earth’s atmosphere contained almost no oxygen in the 
Archean (>2.5 billion years ago (Ga)).  There have been several geological indicators for 
the atmospheric oxygen level such as presence of detrital pyrite and uraninite in 
sedimentary rocks for the reducing atmosphere and presence banded iron formations and 
red beds for the oxidizing atmosphere.  Geological records for transition from the 
reducing atmosphere to the oxidation atmosphere (Great Oxygenation Event) have been 
found in the Paleoproterozoic sedimentary rocks.   
 
2. Mass-independent fractionation of sulfur isotopes and its relation to the atmospheric 
chemistry 

Sulfur has four stable isotopes (32S, 33S, 34S, and 36S).  Their average relative 
abundances in the solar system are 95.02%, 0.75%, 4.22%, and 0.017% for 32S, 33S, 34S, 
and 36S, respectively, but they can be varied by various physical, chemical, and/or 
biological processes.  The variations of relative abundances of 32S and 34S in minerals or 
rocks have been used to understand geological and biological processes on the Earth.  
Other two minor isotopes (33S and 36S) had not been measured intensively because their 
relative abundances were assumed to vary with following the mass-dependent 
fractionation law.  However, Farquhar et al. (2000) discovered the evidence of 
mass-independent fractionation (MIF) of sulfur isotopes from sedimentary rocks older 
than ~2.5 billion years ago.  Since this discovery, many signatures of sulfur-MIF have 
been found from Archean or Paleoproterozoic rocks (e.g., Mojzsis et al., 2003; Ono et al., 
2003; Papineau et al., 2007).  The MIF is hardly produced by thermally-activated 
processes, where isotopic fractionations are usually dependent on masses of isotopes.  
However, the MIF can be explained by processes that are activated non-thermally, such 
as photochemical reactions.  Farquhar et al. (2001) interpreted sulfur-MIF signatures in 
Archean or Paleoproterozoic rocks, based on their experimental results, to be the results 
of photochemical reactions of volcanic sulfur-bearing gas in an anoxic atmosphere 
because of following reasons: (1) Low oxygen contents in the atmosphere (<10-5 of the 
present atmospheric oxygen level; PAL) could have prevented reducing and oxidizing 
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sulfur aerosols formed by photochemical reactions of sulfur-bearing gas species from 
being re-mixed to erase their MIFs.  (2) Low oxygen contents in the atmosphere could 
have allowed UV radiation to penetrate deep in the atmosphere.  The timing when a 
large degree of sulfur-MIF signatures diminishes (~2.47 Ga; Farquhar et al., 2000) is 
broadly consistent with the timing after which no detrital pyrite and uraninite are found, 
suggesting that the sulfur MIF can be used as the oxygen level indicator. 
 
3. Rise of oxygen 

The degree of sulfur-MIFs in sedimentary rocks may be closely related to the oxygen 
level in the atmosphere.  Thus, decrease of the degree of sulfur-MIFs in Paleoproterozoic 
rocks may reveal the timing and duration of the “Great Oxygenation Event” on the Earth.   
Bekker et al. (2003) have found near-zero sulfur-MIF in pyrites from shales of the 
Rooihoogte and Timeball Hill Formations (2.316±0.007 Ga; Hannah et al., 2004), the 
Transvaal Supergroup, South Africa, and have concluded that atmospheric oxygen may 
have reached ~10-5 PAL by 2.32 Ga.  However, the database for sulfur-MIFs in 
Paleoproterozoic rocks is still limited in size, and not enough for comprehensive 
understanding of the great oxygenation event.  We have recently found clear evidence of 
sulfur-MIF in sulfides from the Huronian Supergroup (Ontario, Canada), which was 
deposited between 2.45-2.22 Ga, possibly overlapping with deposition of the Rooihoogte 
and Timeball Hill Formations (Tachibana et al., in prep.).  The MIF signature we found 
may be younger than near-zero sulfur-MIF from the Transvaal Supergroup, and may be 
the youngest evidence of sulfur-MIF ever.  Our finding indicates that the Great 
Oxygenation Event occurred later than 2.32 Ga or that the atmospheric oxygen level was 
fluctuated in the Paleoproterozoic. 

 
Conclusion 

Research on sulfur-MIF in sedimentary rocks is one of the frontiers of stable isotope 
geochemistry.  Further investigations will reveal the timing and duration of the “Great 
Oxygenation Event”, the largest environmental change in the Earth’s history, in detail. 
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