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The environmental expression of sulfur compound disproportionation has
been placed between 640 and 1050 million years ago (Ma) and linked to
increases in atmospheric oxygen. These arguments have their basis in
temporal changes in the magnitude of 34S/32S fractionations between sulfate
and sulfide. Here, we present a Proterozoic seawater sulfate isotope record
that includes the less abundant sulfur isotope 33S. These measurements imply
that sulfur compound disproportionation was an active part of the sulfur
cycle by 1300 Ma and that progressive Earth surface oxygenation may have
characterized the Mesoproterozoic.

There is a strong link between the oxidation

state of the Earth_s surface environment and

the microbial sulfur metabolisms that influ-

ence the sulfur cycle (1–3). This link is re-

vealed through sulfur isotope studies where

different microbial metabolisms contrib-

uted to the final isotopic composition of

sulfur species preserved in the geologic

record (4–6). The relation between isotopic

fractionation due to sulfate-reducing pro-

karyotes (SRP; SO
4
2– Y H

2
S) and seawater

sulfate concentration has been the primary

tool for interpreting the sulfur isotope record

of Earth surface oxidation (7–11). For exam-

ple, the isotopic record of sedimentary sul-

fides reveals that SRP may have dominated

the global sulfur cycle until the Neoprotero-

zoic. After this, greater 34S/32S fractionations

cannot be explained by sulfate reduction alone

(1), and they likely reflect the added contri-

bution of sulfur compound–disproportionating

prokaryotes (SDP; S0/SO
3
2–/S

2
O
3
Y SO

4
2– þ

H
2
S). Because sulfide oxidation is responsible

for the intermediate sulfur compounds used

by SDP (12–15), the widespread activity of

SDP has been interpreted to indicate increased

atmospheric oxygen content (1). New data,

however, suggest that the isotopic fractiona-

tion between seawater sulfate and sulfide in

the Neoproterozoic may have been smaller

than previously estimated (16, 17). This raises

the prospect that the d34S record may not

uniquely reveal the activities of SDP during

the Neoproterozoic.

Recent experiments illustrated that SRP

and SDP produce resolvable 33S/32S fraction-

ations for similar magnitudes of 34S/32S

fractionations (18, 19). In those experiments,

the compositions of sulfate associated with

SDP were more 33S enriched than sulfate

associated with SRP (20). The fractiona-

tions preserved in the sulfur isotope record

reflect largely the combined influence of these

two metabolisms (6). We propose that by

considering both the fractionations associated

with 33S/32S and 34S/32S, as preserved in

ancient marine sulfide and sulfate minerals,

we can elucidate the role of SRP and SDP

on the global sulfur cycle. Here, we combine

a steady-state, open-system isotope mass-

balance model with data from sediments de-

posited between È2000 and È500 million

years ago (Ma) to constrain how sulfur iso-

tope signatures are transferred through a glob-

al sulfur cycle that includes SRP and SDP

(fig. S1). The model tracks the sulfur iso-

topic composition of the seawater sulfate and

reactive sulfide reservoirs as sulfur is micro-

bially cycled between them. A fundamental

assumption in the model is that any reoxida-

tion flux from reactive sulfide to seawater

sulfate ultimately occurs through dispropor-

tionation reactions.

A series of model calculations were run

incorporating the whole range in 33S/32S and
34S/32S fractionations observed in pure and

enriched culture experiments (21). Inputs

to the model are (i) the experimentally

calibrated 33S/32S and 34S/32S fractiona-

tions associated with SRP and SDP, (ii) the

isotopic composition of the sulfate entering

the model through the seawater sulfate

reservoir (the origin in Figs. 1 to 3), (iii)

the proportion of sulfate entering the model

through the seawater sulfate reservoir that

leaves the model as pyrite rather than as

sulfate minerals ( f
py
), and (iv) the propor-

tion of sulfur entering the reactive sulfide

pool that is completely reoxidized to sul-

fate ( f
r-o
). We began each calculation by

choosing fractionations for SRP and SDP.

By varying f
py

and f
r-o
, a unique array of

relationships between the d34S and D33S of

model seawater sulfate {D33S 0 d33S –

E(d34S/1000þ1)0.515 – 1^ � 1000} (22, 23)

was produced (fig. S2).
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Fig. 1. D33S versus
d34S values for sea-
water sulfate predicted
from an open-system
steady-state S cycle
model. The discrete
curves are calculated
for a sulfur cycle that
includes only SRP. Dif-
ferent curves are cal-
culated for different
values of experimen-
tally constrained iso-
topic fractionations by
SRP (table S2). The
field bound by a solid
line is accessible to a
strict SRP S cycle (SRP

system). The field bound by a dashed line is accessible to a combined SRP-SDP microbial S cycle
(SRP/SDP system). (Inset) The direction that D33S versus d34S trajectories evolve as fpy and fr-o
increase. The different D33S versus d34S regions accessed by the SRP and SRP/SDP systems are used
to assess the microbial contribution to the oceanic sulfur cycle at the time of sulfate deposition.
Modeled and measured isotopic compositions are standardized to the V-CDT (Vienna Canyon
Diablo Troilite) scale.
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As f
py

increases in a model system in-

cluding only SRP, the composition of

seawater sulfate becomes 34S enriched

relative to the sulfate entering the model

(Fig. 1) (5, 11, 24–26). In this case, the D33S

values of model seawater sulfate become

more negative as d34S values increase (18).

This is reflected in the orientation of the

curves that outline the field of D33S and

d34S in Fig. 1 labeled SRP system. When

the model S cycle is expanded with a re-

oxidative subcycle that allows for micro-

bial sulfur disproportionation, increasing f
r-o

leads to seawater sulfate that is more en-

riched in 34S and has more positive D33S

than when only SRP are included. This is

reflected by the field labeled SRP/SDP

system (Fig. 1). These model results form

the basis for the use of the isotopic com-

position of proxies for seawater sulfate to

distinguish the role of microbial sulfur dis-

proportionation within the global sulfur

cycle.

We measured the sulfur isotopic compo-

sition of 49 Proterozoic to Cambrian sulfate

samples from either carbonate-associated

sulfate (CAS) (35 in total) or sulfate min-

erals (14 in total) (table S1). In Fig. 2, the

D33S and d34S values of these samples are

plotted relative to fields for the modeled

SRP system and the modeled SRP/SDP

system (27). Our model interpretation of

these measurements assumes that they

represent a well-mixed, homogeneous sea-

water sulfate reservoir whose composition

is set by global processes. The majority of

the Neoproterozoic/Cambrian data in Fig.

2A occupies the modeled SRP/SDP field.

This D33S and d34S evidence for active

microbial sulfur disproportionation is con-

sistent with phylogenetic studies and pre-

vious interpretations of the d34S record (1).

Our approach, however, also yields evi-

dence for an active SRP/SDP system in the

Mesoproterozoic (Fig. 2B), leading to the

suggestion that microbial sulfur dispropor-

tionation was not initiated in the Neoprotero-

zoic but instead operated for at least part of

the Mesoproterozoic (17).

The isotopic composition of seawater sul-

fate from the Mesoproterozoic Society Cliffs

Formation EÈ1200 million years (My) old^ and
the Dismal Lakes Group (È1300My old) shows

evidence for active microbial sulfur dispro-
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Fig. 2. Measured D33S versus d34S values for Proterozoic-Cambrian
seawater sulfate proxies combined with model predictions (Fig. 1).
Measurement uncertainties are 0.008° in D33S (shown in figure) and
0.12° in d34S (smaller than symbol size) for all data reported. (A)
Neoproterozoic-Cambrian data (1000 to 500 Ma) divided into older (1000

to 750 Ma; open diamonds) and younger (571 to 500 Ma; solid diamonds)
groups. Variation between the two groups likely reflects differences in fpy in
a system with both SRP and SDP. (B) Paleo- to Mesoproterozoic data (2000
to 1000 Ma; solid circles). The Paleo- and Mesoproterozoic data extend
across a range that is defined by the SRP system and the SRP/SDP system.
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Fig. 3. Measured D33S versus d34S values for seawater sulfate proxies
from Mesoproterozoic basins and model predictions (Fig. 1). (A) The
È1200-My-old Society Cliffs Formation (solid squares) and the
È1300-My-old Dismal Lakes Group (solid triangles) require active
sulfur disproportionation at the time of their deposition. Samples from
the È1450-My-old Helena Formation (circles) fit within the bounds of
a strict SRP system and do not require the presence of SDP. (B)

Measured D33S versus d34S values from pre-1300-My-old basins
(circles) plot, for the most part, in the SRP system field. Solid circles
for the È1660-My-old McNamara Group span almost the complete
range of values observed for Proterozoic sulfate and exhibit a lin-
ear correlation with D33S measurements. These isotopic systematics
are consistent with the exclusive operation of SRP on a limited sul-
fate pool.
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portionation (Fig. 3A). The Society Cliffs

data contain a strong SDP signature, and

the relation between this data and the

model indicates extensive sulfur processing

through disproportionation reactions. The

D33S-d34S data for Dismal Lakes samples

also contain an SDP signature and are

consistent with lower proportions of sulfide

reoxidation and pyrite burial. In contrast,

the isotopic compositions of CAS in the

È1450-My-old Helena Formation are con-

sistent with a strict SRP system (Fig. 3A)

and do not require the influence of SDP.

Our data indicate that SDP became pro-

gressively more important in the global

sulfur cycle over the È250-million-year

time interval from 1450 to 1200 My old.

Although these conclusions should be

confirmed with additional data from other

Mesoproterozoic basins, most pre-1300-

My-old samples in the current data set ex-

hibit D33S-d34S values that unambiguously

reflect an SRP-only system (table S1 and

Fig. 3B).

Thus far, samples from only one pre-

1300-My-old sedimentary basin (McNamara

Group, È1660 My old) (Fig. 3B) appear to

be inconsistent with the conclusions drawn

above. These data, however, display some

unusual isotopic characteristics. The d34S
values of these samples span a wide range

(È17 to 39°), covering a substantial por-

tion of the entire data set (È9 to 44°). In

addition, McNamara D33S values vary in a

near-linear fashion with d34S values. Both

of these characteristics are indicative of

Rayleigh fractionation, and we can repro-

duce the McNamara data with such a

model involving only SRP (21). Although

we cannot rule out the possibility that the

McNamara samples retain isotopic evi-

dence of the effects of disproportionation,

we hypothesize that this formation records

a sulfur cycle dominated by SRP operating

on a limited sulfate pool. This hypothesis

is consistent with recent discussions of

low sulfate concentrations during the dep-

osition of the McNamara Basin sediments

(11, 28), and it is testable by sulfur isotope

analysis of sedimentary sulfides that formed

contemporaneously with carbonates of the

McNamara Group (29).

Taken together, our results bracket the

appearance of a globally significant dis-

proportionation pathway between 1450 and

1300 Ma. This predates prior estimates by

several hundred million years (1) and ex-

poses an inherent limitation of the use of

d34S to explore biogeochemical aspects of

the sulfur cycle. Positive d34S evidence for

SDP requires that the fractionations ex-

pressed in the isotope record must exceed

the extreme fractionations observed for

SRP (1). By contrast, 33S traces the con-

tribution of microbial disproportionation at

smaller 34S/32S fractionations that would

seem to be completely consistent with

sulfate reduction from d34S alone.

Although the new 33S measurements

suggest a major change in the microbial

regimes that controlled the isotopic com-

position of Proterozoic seawater sulfate,

the environmental impetus for this change

is less clear. The intermediate sulfur com-

pounds required for SDP are generated by

chemical oxidation of sulfide by O
2
and

metal oxides (1, 14), by photosynthetic

sulfide oxidizers (1), and by O
2
- or nitrate-

respiring anaerobic nonphotosynthetic sul-

fide oxidizers (1, 14). On modern Earth, the

compounds produced by these processes

occur in a variety of chemical transition

zones, such as at oxic-anoxic interfaces in

marine sediments and stratified water col-

umns and within the layers of microbial

mat communities (15). We suggest that sul-

fur disproportionation dominantly occupied

surface ocean and/or shelf environments

where local oxidative processes were re-

sponsible for the production of sulfur inter-

mediates. Other indicators of an oxidative

surface environment, such as d13C varia-

tions (11, 30), evolutionary arguments (1, 31),

and sulfate concentration estimates (11, 28),

are temporally consistent with a Meso-

proterozoic onset of disproportionation. A

high-resolution 33S record from the crit-

ical interval between 1450 and 1300 Ma

may capture this onset in action, revealing

whether the rise of SDP lagged or accom-

panied the progressive oxygenation of Earth_s
surface.
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