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Sulfate Clues for the Early 
History of Atmospheric Oxygen 

Adina Paytan 

Earth's atmosphere and its composition 
played a key role in the origin and evo- 
lution of  life and the development o f  

Earth's surface environment (1). Prebiotic 
chemical evolution, which culminated in the 
origin of  life, would have been impossible in 

an atmosphere con- 
Enhanced online at taining much free 
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some molecular oxy- 
gen, life could have not evolved to its pre- 
sent-day level o f  complexity. Sedimentary 
deposits reveal that there was a change in the 
oxidation state of  the atmosphere during the 
Early Proterozoic [-2300 million years ago 
(Ma)] (1, 3, 4), but the details remain elu- 

extent, poorly preserved and mostly highly 
metamorphic. The geochemical remnants of 
ancient biologic signatures in such se- 
quences are chemically complex and highly 
altered and the information they originally 
contained has been all but obliterated. 

In their attempts to elucidate the history 
and evolution o f  atmospheric oxygen, 
many researchers have turned to the iso- 
topic composition o f  sulfur-bearing miner- 
als such as marine sulfates and sedimenta- 
ry pyrite (3, 8 ) .  Local depositional effects 
andior postdepositional modifications fre- 
quently affect the sulfur isotopic composi- 
tion o f  these minerals ( 9 ) .  Nevertheless, 
the 634S values of  Archean sulfur deposits 
turn out to be fairly consistent between dif- 
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oxygen couldthen be &wered by determin- 
ing when the oceans became sulfate-rich and 
SRB became active. 

The answer may lie in the isotopic com- 
position o f  sedimkntary (biogeniE) pyrite, 
which reflects chemical conditions during 
its formation through bacterial sulfate re- 
duction. The 634S values o f  Archean sul- 
fides and sulfates differ from those o f  
younger sediments. They are characterized 
by a tight grouping o f  S isotope values, 
with both sulfates and sulfides falling 
mostly within a narrow range o f  0 + 5 
mil (10). The small isotopic difference be- 
tween Archean sulfates and sulides and the 
scarcity o f  sulfates in Archean sediments 
have often been interpreted as indicative of  
a magmatic sulfur source. Sedimentary sul- 
fides were considered to be o f  hydrother- 
mal rather than biogenic origin; thermo- 
chemical redox conditions could have 
caused the observed small isotopic fraction- 
ation (14) .  The scarce sulfate minerals 
would, in this view, have formed through 
H2S oxidation by anaerobic sulfide-oxidiz- 
ing bacteria. The above interpretation im- 
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Possible scenarios for explaining the Archean sulfur isotope record. Pre- reducing bacteria. Values marked with an asterisk were suggested by Ohmo- 
sent-day partial pressure of oxygen (PO,) = 106.' atm. A34Sis the difference to (5),but A34S in such systems would only depend on the relative rates of 
in the 634Svalue between contemporary sulfates and sulfides. SRB is sulfate- sulfate uptake by SRB and sulfate diffusion to the sediment (see text). 

sive. Estimates for the timing of  accumula- 
tion o f  appreciable concentrations o f  free 
oxygen in the Archean atmosphere range 
from as early as 3500 Ma (5, 6) to 2000 Ma 
(7).Although biologically mediated isotope 
distributions in the geological record could 
potentially constrain the time of  evolution of  
the underlying biochemical processes and 
environmental conditions, in fact this source 
of  information has proved fi-ustrating: Rock 
sequences of  Archean age are rare, o f  limited 
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ferent sites, indicating that global patterns 
are captured in the record (10). A study by 
Canfield et al. on page 658 o f  this issue 
(11)sheds light on how the sulfur isotopic 
signature may be interpreted to reveal the 
characteristics o f  the Archean atmosphere. 

How can sulfur-containing minerals as- 
sist in timing the evolution o f  atmospheric 
oxygen? Sulfate (SO4?-) is likely to have es- 
tablished itself as a mobile and ubiquitous 
constituent o f  the upper ocean at the time 
when oxygen became a prominent con-
stituent o f  the atmosphere (12, 13). It is like- 
ly that this abundant sulfate was accompa- 
nied by the proliferation o f  sulfate-reduc- 
ing bacteria (SRB). The question of  when 

plies that Archean seawater was H2S-rich 
and SO4*-poor and that the partial pres- 
sure o f  atmospheric oxygen was low. But 
comparative biochemical evidence suggests 
that sulfate reduction may have arisen in the 
earliest stages of  biological evolution, prob- 
ably at about 3500 Ma (15). Other explana- 
tions for the small isotopic difference be- 
tween sulfate and sulfide minerals in the 
Archean are thus required (see the figure). 

It has been argued that the generally small 
34S depletion in Archean sulfides relative to 
sulfates is a result o f  rapid sulfate reduction 
in oceans with moderate concentrations o f  
sulfate (thus, less isotopic discrimination) 
(13,16), sulfide formation in a closed system 
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of poorly mixed sediments (13, 1 3 ,  or sul- 
fide formation in sulfate-poor oceans (6, 18). 
In all these scenarios, SRB were able to re- 
duce available sulfate to sulfur efficiently, re- 
sulting in limited isotopic fractionation be- 
tween sulfide and sulfate. But the environ- 
mental implications of these scenarios differ 
widely. A small fractionation caused by low 
oceanic sulfate concentrations would indicate 
low partial pressures of atmospheric oxygen, 
whereas a reduced fractionation effect due to 
rapid reduction rates at high temperatures 
would imply moderate to high sulfate and 
oxygen concentrations. Reduced fractiona- 
tion in closed system sedimentary environ- 
ments only indicates that the sulfate reduc- 
tion rates in the sediment were higher than 
the diffusion rate of sulfate into the sedi- 
ments. Such conditions can occur over a 
large range of seawater sulfate concentrations 
and are not diagnostic of Archean oxygen 
concentrations. 

Com~arison of sulfur isoto~e fractiona- 
tion by iRBand the isotopic rkcord of sul-
fide and "lfate ( 6 ,  1 3 3  18, 19) 
could help assess the validity of the argu- 
merits made in support of the different in- 
terpretations. The kinetic isotope fractiona- 
tion associated with bacterial sulfate Kduc- 
tion depends on parameters such as reduc- 
tion pathways and rates, type and concen- 
hation and temperature. 
If we know how the isotopic fractionation 
is influenced by these and other parame- 
ters,thiswouldhelpusunderstandtheen-
vironmental conditions in the Archean. 
Canfield et al. (I  I)  study natural bacteria 
populations and observe relatively large S 
isotope fractionation (and presumably high 
reduction rates) during sulfate reduction at 
elevated temperatures. Other systems, with 
different organisms or settings, indicate re- 
duced fractionation under conditions of 
high reduction rates (20). If in the Archean, 
SRE3 were similar to the present-day natu- 
ral assemblages studied by Canfield et al. 
( I I ) ,  then arguments attributing low frac- 
tionation to high reduction rates at high 
temperatures would have to be discounted. 
Unfortunately, extensive data on organism- 
specific fractionation effects and their de- 
pendence on environmental parameters are 
still lacking. As more data such as that pre- 
sented by Canfield et al.  (11) become 
available, the formulation of a theoretical 
framework for the interpretation of envi- 
ronmental conditions at this important time 
of Earth's history should become possible. 

Such new and innovative studies impose 
constraints on interpretations of the Archean 
S isotope record, but firm conclusions con- 
cerning the environmental evolution of the 
kchean Earth cannot yet be reached. To do 
so, we need a more reliable record of the 
chemistry of the atmosphere andor oceans. 

As yet, data are limited, and the biological 
origin of many S-bearing minerals of 
Archean age remains questionable. Indepen- 
dent i n d i c a t o r ~ u c h  as trace element con- 
centrations and oxygen, strontium, and iron 
i s o t o p e m a y  enable us to distinguish be- 
tween sulfate and sulfide deposits of bio- 
genic and magmatic origins and possibly 
between minerals that precipitated from sul- 
fate-poor versus sulfate-rich solutions. Like- 
wise, independent proxies for atmospheric 
oxygen or seawater sulfate concentrations in 
the Archean are needed. Sulfate concentra- 
tions in other marine minerals (such as car- 
bonates) or distribution of redox-sensitive 
elements may also prove useful. 
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The Best of Times, 
the Worst of Times 

W. French Anderson 

According to recent press coverage, 
gene therapy has fallen on hard times. 
If one were to believe the news me- 

dia, gene therapy is both a scientific failure 
and unsafe. Is this gloomy picture true? For- 
tunately, no. The paper by Cavazzana-Calvo 
et al. (1) on page 669 of this issue provides 
an example of the exciting results that are 
starting to be obtained in human gene thera- 
py clinical trials. The authors have success- 
fully treated with gene therapy (for at least 
up to 10 months) two infants suffering from 
inherited severe combined imrnunodeficien- 
cy (SCID). 

Mutations in several different genes of 
immune cells can result in SCID. The first 
gene therapy tnal almost 10 years ago treat- 
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ed two girls suffering from a type of SCID 
caused by a deficiency in the enzyme 
adenosine deaminase (ADA). In the new 
study, Cavazzana-Calvo et al. treat patients 
with an X-linked form of SCID (SCID-X1) 
caused by a mutation in the gene encoding 
the yc subunit, a component of certain cy- 
tokine receptors. After several years of pre- 
clinical studies, these investigators have car- 
ried out a clinical trial with two SCID-X1 
patients, ages 11 and 8 months. They took 
hematopoietic stem cells (which expressed 
the surface marker CD34 and were capable 
of differentiating into all types of blood 
cells) from the infants' bone marrow and in- 
cubated the cells ex vivo with a retroviral 
vector carrying the yc cDNA. The trans- 
duced stem cells were then transfused back 
into the SCID-XI patients. The authors pre- 

Sent data from months of and 
the results are very encouraging. Ten 
months after receiving transduced stem 
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