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Introduction: Sulfate deposits have been observed on 
Mars. A common mechanism for sulfate production is 
microbial oxidation of pyrite; it is an integral part of 
the terrestrial sulfur geochemical cycle, therefore an 
important biogeochemical process on Earth’s surface 
and possibly also on Mars [1]. Microbes such as Acid-
ithiobacillus ferrooxidans (A.f.) are known to initiate, 
accelerate, and amplify pyrite oxidation, but the exact 
biochemical mechanisms and reactions and oxygen 
sources are still debated [1, 2, 3, 4].  

In its initial slow-growth lag-phase, A.f. oxidizes 
the sulfur from the sulfide mainly using atmospheric 
oxygen (FeS2 + 7/2 O2 + H2O → Fe2+ + 2 SO4 + 2 H+). 
Then A.f. switches to oxidation of the released Fe2+ 
(Fe2+ + H+

 + 1/4 O2 → Fe3+ + 1/2 H2O). The produced 
Fe3+ rapidly and inorganically oxidizes more sulfide, 
providing ample Fe2+ for the microbes which by then 
completely switch their metabolism to Fe-oxidation, 
further fueling inorganic sulfide oxidation (FeS2 + 14 
Fe3++ 8 H2O → 15 Fe2++ 2 SO4 + 16 H+). In this expo-
nential second stage of growth, sulfate is formed abi-
otically with oxygen from water as the only oxidant. 

Oxygen isotopic compositions of sulfates (δ18OSO4) 
are determined by the isotopic selectivity of the 
mechanism(s) responsible for their changes, and the 
δ18O value of the reactants (O2 vs. H2O). The triple 
isotopes of oxygen (Δ17O’ = δ17O’ – 0.528 * δ18O’), 
however, are distinct fingerprints of these reservoirs, 
independent of fractionation factors that can be am-
biguous. Δ17OSO4 signatures identify one process, 
whereas δ18OSO4 values carry the combined signature 
of two or more processes. 

We conducted controlled abiotic and biotic labora-
tory experiments with isotopically spiked water, allow-
ing us to quantify the sources of sulfate oxygen and the 
stable isotopic effects that differentiate microbial from 
abiotic processes, and, therefore, the processes attend-
ing sulfate formation. 

Samples and Methods: Controlled abiotic and bi-
otic (A.f.) 30-days pyrite oxidation experiments were 
carried out with the use of both normal water and water 
spiked with 18O to obtain an extreme, negative Δ17OH2O 
(–20‰) endmember. The atmospheric Δ17OO2 end-
member value is that of air oxygen (–0.345‰). Pro-

duced SO4 was precipitated as BaSO4 in frequent 
(hours to days) sampling intervals. Isotope analyses 
were done by high-precision laser-fluorination of the 
BaSO4 and dual inlet isotope ratio mass spectrometry 
(Thermo Finnigan DeltaTM). 
 

 
Figure 1. δ17OSO4 vs. δ18OSO4 plot. The spiked water 
has a Δ17O value of –20‰, atmospheric oxygen (air) –
0.345‰. The mass-dependent terrestrial fractionation 
line (TFL) has a slope of 0.528. Time t=30 indicates 
the cumulative sulfate at the end of the cycle. 1 ml of 
such a mature culture is used to inoculate (t=0) a fresh 
SO4-free 150 ml culture (dashed arrow). Time t=0.03 
indicates the very first sampling of the new culture. 
SO4 produced during the initial lag-phase (oxidation of 
S by A.f.) contains 7/8 atmospheric oxygen and 1/8 
water-oxygen (triangles, t=0.03 to t=2.5), and therefore 
does not plot on the TFL. Inorganic Fe2+-oxidation of 
the second, much faster stage produces SO4 with only 
water-oxygen (squares, t=2.5 to t=30, dotted arrow). 
The final analyzed sulfate produced during this abiotic 
phase has Δ17O values of –18.7 ‰, very close to the 
water-endmember value of –20 ‰ (see text).  
 
Results: This Δ17O tracer study shows that A.f. mi-
crobes initiate pyrite S-oxidation within hours of expo-
sure, and that initial sulfate is produced from 87% at-
mospheric oxygen (Fig. 1), corresponding to the py-
rite-oxidation reaction. In our experiments, A.f. starts 
to oxidize dissolved Fe2+ after 2.5 days. This is ex-
pressed as a rapid negative shift of Δ17OSO4 values (Fig. 
2). The following exponential phase of abiotic sulfide 
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oxidation, using only water-oxygen and facilitated by 
the microbial Fe2+-oxidation, produces Δ17OSO4 values 
that approach, but does not reach, the water endmem-
ber Δ17OH2O value of –20‰ (Figs. 1, 2). The deviation 
from the 100% Δ17OH2O value indicates that the bulk 
sulfate retains a measureable atmospheric signal that it 
had acquired in the early microbial stages of precipita-
tion. For one culture, for example, it can be calculated 
that the sulfate produced between t=7 and t=28 days 
has a Δ17O value of –19.5‰. We predict that sulfate 
produced in the last few days of the cycle would have a 
100% water-oxygen signature of Δ17O = –20‰. 

The amount of produced sulfate, however, does not 
increase significantly until the main phase of the pyrite 
oxidation begins at around 14 days (Fig. 2). 

Despite the very small amounts of SO4 produced 
in the initial pyrite oxidation stage, we are able to ob-
serve the early transition in microbial stages because of 
the use of spiked water. 
 

 
Figure 2. Δ17OSO4 (left axis, solid line) and amount of 
produced cumulative SO4  (right axis, dashed line) vs. 
time. The isotopic evolution of the sulfate shows that 
the microbial switch from air-to-water-oxygen (S- to 
Fe-oxidation metabolism, at t=2.5) occurs before the 
main stage of the inorganic pyrite oxidation and related 
sulfate production (~ t=14).  
 
Discussion: We use the Δ17OSO4 signatures of our 30-
day microbial experiments as an indicator of the per-
cent contributions of oxygen from the two endmember 
sources, air and water. This allows the determination 
of empirical oxygen isotope fractionation factors for 
the two different mechanisms of sulfate formation by 
regressing the sulfate samples on a Δ17O vs. δ18O plot 
(Fig. 3). 

The biotic aerobic formation of sulfate is character-
ized by a fractionation factor of ε18OSO4-O2 = –27‰, 
which is a much larger value than expected and than 

previously suggested [2,3,4]. The inorganic formation 
of sulfate is characterized by ε18OSO4-H2O of +10‰. 
 

 
Figure 3. Δ17O vs. δ18O plot. The dashed line is a lin-
ear regression of all sulfate samples (squares) from the 
30-day experiment. Its intersections with the Δ17OO2 (–
0.345‰) and the Δ17OH2O (–20‰) horizontal lines cor-
respond to the respective endmember δ18OSO4 composi-
tions. Thus, the fractionation factors ε18OSO4-O2 and 
ε18OSO4-H2O can be established. 
 

Conclusions: The characterization of oxygen 
sources and pathways during sulfate formation helps to 
understand identifying the mechanisms behind their 
formation. The spiked triple-isotope microbial experi-
ment has provided insights into the close links between 
microbial life cycle and sources of sulfate oxygen dur-
ing sulfide oxidation, and their oxygen isotopic expres-
sions. These observations will help elucidate the role 
of microbial oxidation in natural sulfate systems. For 
example, if microbial populations in natural systems 
remain in a perpetual lag-phase due to constrains of 
chemistry, atmospheric oxygen will imprint its isotopic 
signature onto sulfate deposits.  

A deeper understanding of the initial stage of pyrite 
oxidation is essential in terms of understanding the 
ecology and evolution of  microbes (survival strate-
gies), and for the evaluation of isotope patterns related 
to pyrite oxidation that could indicate the presence or 
absence of life (biomarkers). Ultimately, such informa-
tion could be used as biosignatures on Early Earth or 
Mars. The persistence of a distinctive atmospheric Δ17O 
contribution even after much more sulfate was pro-
duced by the abiotic process attests to the potential for 
this approach to detect a biosignature. 

References: [1] Brunner B. et al. (2008) EPSL, 
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