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Abstract
Progressive oxygenation of the Earth’s early biosphere is thought to have 
resulted in increased sulphide oxidation during continental weathering, 
leading to a corresponding increase in marine sulphate concentration.1 
Accurate reconstruction of marine sulphate reservoir size is therefore 
important for interpreting the oxygenation history of early Earth envi-
ronments. Few data, however, specifically constrain how sulphate con-
centrations may have changed during the Proterozoic era (2.5–0.54 Gyr 
ago). Prior to 2.2 Gyr ago, when oxygen began to accumulate in the 
Earth’s atmosphere,2, 3 sulphate concentrations are inferred to have 
been <1 mM and possibly <200 μM, on the basis of limited isotopic vari-
ability preserved in sedimentary sulphides4 and experimental data show-
ing suppressed isotopic fractionation at extremely low sulphate concen-
trations.1, 5 By 0.8 Gyr ago, oxygen and thus sulphate levels may have 
risen significantly.6, 7 Here we report large stratigraphic variations in the 
sulphur isotope composition of marine carbonate-associated sulphate, 
and use a rate-dependent model for sulphur isotope change that allows 
us to track changes in marine sulphate concentrations throughout the 
Proterozoic. Our calculations indicate sulphate levels between 1.5 and 
4.5 mM, or 5–15 per cent of modern values, for more than 1 Gyr after 
initial oxygenation of the Earth’s biosphere. Persistence of low oceanic 
sulphate demonstrates the protracted nature of Earth’s oxygenation. It 
links biospheric evolution to temporal patterns in the depositional be-
havior of marine iron- and sulphur-bearing minerals,4 biological cycling of 
redox-sensitive elements 6 and availability of trace metals essential to eu-
karyotic development.8

To understand Proterozoic biospheric oxygenation better, 
we have modified an existing model for C isotope variabil-

ity9 to estimate marine sulphate reservoir size using rates of S 
isotope variation. These rates are recorded stratigraphically as 
variation in the S isotope composition of evaporitic gypsum 
and carbonate-associated sulphate (CAS). Because CAS is rou-
tinely trapped in marine carbonates 10 and, in organic-poor sed-
iments, is isotopically buffered against appreciable diagenetic 
overprints,11 it can record the δ34S signal of marine sea water 
even when gypsum is lacking. Furthermore, CAS is a more di-

rect proxy for marine sea water than sedimentary pyrite, the 
isotopic composition of which is complicated by local reservoir 
effects and varying fractionations during bacterial sulphate re-
duction (BSR).12

In our model, the isotopic composition of marine sulphate 
changes in response to imbalances in isotopic fluxes into and 
out of a non-steady state system (see Methods). In the mod-
ern ocean, sulphate concentrations of 28.4 mM effectively buf-
fer the isotopic system from changing at rates exceeding 0.5‰ 
per Myr, despite large fractionations associated with the mod-
ern bacterial sulphur cycle (Figure 1). Long-term variation 
in the isotopic composition of marine sulphate from the late  
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Figure 1. Sensitivity of the marine sulphate system to reservoir size. At 
average fractionations observed within the modern bacterial sulphur cy-
cle (∆S = 35‰), modern reservoir sizes effectively buffer the marine sys-
tem from the large S isotope shifts that characterize Proterozoic strati-
graphic sections, even at moderate to high degrees of pyrite burial (fpy = 
0.2–0.6).
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Paleozoic to recent 11, 13, 14, 15 can then be explained by ±40% 
variation in weathering (and/or volcanogenic) fluxes and py-
rite burial. Increased pyrite burial drives isotopic composi-
tions to higher (more 34S-enriched) δ34S values, and increased 
weathering results in lower δ34S. When the sulphate reservoir 
is small, however, flux imbalances can drive much more rapid 
isotopic variation, such as that observed in Proterozoic succes-
sions.16, 17, 18, 19, 20, 21

Samples for CAS analysis were collected from measured 
stratigraphic sections of the 1.3-Gyr-old Dismal Lakes Group 
and 1.2-Gyr-old Society Cliffs Formation, Arctic Canada, and 
extracted via standard methods of acid dissolution and pre-
cipitation of CAS as barium sulphate.11, 16 Both units reveal 
large, systematic shifts in δ34S of up to 12‰ over 300 m in the 
Society Cliffs and up to 15‰ over 200 m in the Dismal Lakes 
Group (Figure 2, and Supplementary Information). Simi-
lar patterns of rapid isotopic change are unknown from late 
Paleozoic and younger successions but are recorded in both 
sulphate and sulphide isotopic data from numerous other 
Proterozoic successions,16, 17, 18, 19, 20 suggesting that rapid S 
isotope change is a common, if not universal, feature of Pro-
terozoic oceans. Furthermore, in the Society Cliffs Formation, 
CAS data show isotopic trends that mimic (with ~3–5‰ off-
set) that of interbedded gypsum, the marine origin of which is 
constrained by Sr isotope and trace element data.21 Although 
the cause is unknown, the isotopic offset is small compared to 
the magnitude of observed shifts, and the consistency of iso-
topic trends in gypsum and CAS offers unprecedented cor-
roboration that CAS accurately records changes in marine S 
isotope composition.

Pb–Pb isotope analysis of a stratigraphic suite of carbonate 
samples provide an age of 1,204 ±22 Myr for the Society Cliffs 
and overlying Victor Bay and Athole Point formations (1,750 m 
total thickness).21 If this range, from 1,226 to 1,182 Myr ago, 
represents the maximum duration of stratal deposition, we 
can estimate the minimum accumulation rate of the Soci-
ety Cliffs Formation to be approximately 40 m Myr-1. Simi-
larly, the 1,200-m-thick Dismal Lakes Group is constrained by 
a combination of radiometric and chemostratigraphic data to 
have been deposited between 1,300 and 1,270 Myr ago,22 again 

indicating a minimum accumulation rate of 40 m Myr-1. De-
spite uncertainty in determining deposition rates for Protero-
zoic successions, calculated accumulation rates of 40 m Myr-

1 are similar to minimum accumulation rates (30–80 m Myr-1) 
observed for Paleozoic carbonate platforms.23 A conservative 
estimate of 30–50 m Myr-1 thus provides a reasonable estimate 
for minimum accumulation rates of shallow marine carbonate 
successions, even when appropriate time constraints are lack-
ing, and is applied to all model data.

Accumulation rates of 30–50 m Myr-1 provide minimum 
rates of S isotope change of 1.4–2.0‰ Myr-1 and 2.6–3.8‰ Myr-

1 for the Society Cliffs Formation and Dismal Lakes Group, re-
spectively. In terms of our model, these values yield sulphate 
concentrations of 2.7–4.5 mM for the Society Cliffs Formation 
and 1.5–2.4 mM for the Dismal Lakes Group, with higher de-
position rates resulting in lower sulphate concentrations. Sul-
phate concentrations of 1.5–4.5 mM, or ~5–15% of modern con-
centrations, are therefore considered to represent maximum 
marine sulphate concentrations for the Mesoproterozoic, and 
are consistent with hypotheses that low-oxygen conditions 
persisted at least into the Mesoproterozoic.4, 8, 24

More importantly, our model provides a mechanism for 
exploring the long-term dynamics of biospheric oxygenation 
(Figure 3, Table 1). CAS data from pericratonal, shallow-wa-
ter carbonates of the 1.7-Gyr-old McNamara Group, Australia, 
show little systematic pattern of isotopic change, although data 
reveal several stratigraphic shifts of up to 10‰ over intervals 
of 50 m (Reference 19, and Supplementary Information). These 
shifts suggest maximum marine sulphate concentrations be-
tween 0.5 and 0.9 mM. Because S isotope compositions would 
have been extraordinarily sensitive to even minor variation in 
fluxes at these low concentrations, data scatter probably repre-
sents local overprinting of global isotopic signals. Despite lim-
itations of these data, our model results are consistent with 
sulphate concentrations of 0.5–2.0 mM estimated from Fe-S-P 
flux-based models constructed to explain the persistence of 34S-
enriched sulphides at this time.25 Combined, CAS and Fe-S-P 
models suggest that increased biospheric oxygen at 2.2 Gyr ago 
need not have raised oceanic sulphate concentrations apprecia-
bly beyond levels estimated for much of the Archaean.

Figure 2. Isotopic composition of CAS from 
Mesoproterozoic strata. a) CAS data from the 
1.2-Gyr-old Society Cliffs Formation are sim-
ilar to S-isotope data from penecontempo-
raneous gypsum21 and show correspondingly 
large stratigraphic shifts in S-isotope compo-
sition. b) CAS data from the 1.3-Gyr-old Dis-
mal Lakes Group reveals similarly large isoto-
pic shifts, with strong discontinuity apparent 
only at a major subaerial exposure surface 
(dotted line). All S isotope compositions are 
expressed in standard delta notation as per 
mil (‰) deviations from VCDT, with analyti-
cal error of <0.01‰, calculated from replicate 
analyses of laboratory standards. See Supple-
mentary Information for tabulated data.
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CAS data from the 1.45-Gyr-old Helena Formation, Belt Su-
pergroup, Montana, show stratigraphic changes in S isotope 
composition of up to 15‰ over 200 m (Reference 19). Similar 
trends are preserved by sulphides in the 1.47-Gyr-old Prichard 
and Newland formations, Belt Supergroup,12, 17 as well as CAS 
from the 1.3-Gyr-old Dismal Lakes Group, supporting an in-
crease in marine sulphate concentration to approximately 1.5–
2.4 mM by this time. Although the paucity of data inhibits de-
tailed reconstruction of marine sulphate concentrations during 
the Proterozoic, it is clear that sulphate concentrations remained 
significantly low for at least 900 Myr after initial oxygenation of 
the Earth’s biosphere. By contrast, CAS data from the 1.2-Gyr-
old Society Cliffs Formation show stratigraphic changes in S iso-
tope composition that yield estimates of 2.7–4.5 mM sulphate, 
nearly double that estimated for 1.3-Gyr strata.

In the Neoproterozoic, observed fractionation between coeval 
sulphate and sulphide increased to ~35‰ (Reference 6), which 
would have led to increased rates of S isotope change. However, 
sparse CAS data from the (probably) early Neoproterozoic Va-
zante Formation, Brazil,20 suggest rates of isotopic change as low 

as 0.75‰ Myr-1—much lower than those observed in the Meso-
proterozoic—suggesting that marine sulphate concentrations 
may have risen to 6–10 mM, or 20–35% of modern values, by this 
time. Similarly low rates of isotopic change recorded in intergla-
cial carbonates of the ~740-Myr-old Otavi Group, Namibia, (Om-
baatjie Formation) 16 suggest sulphate concentrations near 7 mM, 
or 25% of modern values, may have persisted through much of 
the Neoproterozoic. In sharp contrast to preglacial and intergla-
cial successions, large and rapid shifts in CAS composition in 
post-glacial cap carbonates (Rasthof and Maieberg formations) 
of the Otavi Group 16 suggest marine sulphate concentrations of 
<1.3 mM and support hypotheses of near complete reduction of 
the oceanic sulphate reservoir during Neoproterozoic glacial ep-
isodes.16 Together, these data suggest that marine sulphate con-
centrations probably remained low, <35% of modern values, for 
nearly the entire Proterozoic. A significant rise in biospheric oxy-
gen, and thus oceanic sulphate, may not have occurred until the 
latest Neoproterozoic (0.54 Gyr), just before the Cambrian explo-
sion, when sulphate levels may have reached 20.5 mM, or 75% of 
present-day levels.26

Figure 3. Proterozoic marine sulphate 
concentrations. Filled ovals mark data 
from this study; open ovals mark data re-
ferred to in the text4,16,19,20. Marine sul-
phate concentrations probably remained 
below 2 mM until about 1.3 Gyr ago, rose 
to ~4.5 mM by 1.2 Gyr ago, and possibly as 
high as 7–10 mM by the mid-Neoprotero-
zoic, although near-complete reduction of 
oceanic sulphate may have occurred dur-
ing Neoproterozoic glacial intervals (ar-
row)16. Increased sulphate concentrations 
coincide with changes in marine δ13C as-
sociated with biospheric oxygenation and 
are marked by the appearance of bedded 
gypsum (asterisks) in the late Mesopro-
terozoic and more frequent gypsum depo-
sition in the Neoproterozoic.

Table 1. Marine sulphate concentrations for Mesoproterozoic and Neoproterozoic strata

                                           Deposition rate,                    Observed                        Inferred                       Max. [SO4
2– ]                     Max. [SO4

2– ]  
                                               estimated                            dδS/dt                          dδSmax/dt                           ∆S = 25                          ∆S = 35
                                               (m Myr–1)                           (‰Myr–1)                      (‰Myr–1)                            (mM)                              (mM)

~1.7-Gyr McNamara Fm.19  30  6.0  60  0.9  *
 50  10.0  100  0.5
~1.45-Gyr Helena Fm.19  30  2.3  26  2.4  *
 50  3.8  38  1.5
~1.3-Gyr Dismal Lakes Grp  30  2.3  26  2.4  *
 50  3.8  38  1.5
~1.2-Gyr Society Cliffs Fm.  30  1.4  14  4.5  *
 50  2.0  20  2.7
~750-Myr Vazante Fm.20  30  0.8  7.5  *  10.1
 50  1.3  12.5   6.1
~740-Myr Otavi Grp16  30  1.1*  10.5  *  7.2
 50  1.8*  17.5   2.8
~740 Myr Otavi Grp16  30  6.0†  60  *  1.3
 50  10.0†  100   0.8

Marine sulphate concentrations are calculated from CAS data.
* Reported values are estimates of S isotope change recorded in the Ombaatjie Formation, which was deposited during a Neoproterozoic interglacial period.
† Reported values are estimates of S isotope change in “cap carbonate” strata, which directly overlie glacial diamictites and are believed to record Neoprotero-

zoic glacial conditions. 
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Increases in oceanic sulphate in both the mid-Mesopro-
terozoic and Neoproterozoic are temporally consistent with 
abrupt changes in the C isotope record (Figure 3) and inferred 
increases in biospheric oxygenation,3, 21, 27 and are reflected in 
the geologic history of marine gypsum deposition. In the pres-
ence of available Ca, late Mesoproterozoic sulphate concentra-
tions of 2.7–4.5 mM would require >95% reduction in water 
volume in order to reach gypsum saturation. If, at this time, Ca 
availability was limited by excess precipitation of calcium car-
bonate resulting from elevated carbonate saturation,28 an even 
greater degree of evaporation would be required to reach gyp-
sum saturation. In either case, estimated sulphate concentra-
tions are consistent with rare bedded gypsum in the late Meso-
proterozoic and apparent deposition of halite before gypsum.21 
In comparison, lower sulphate concentrations before 1.3 Gyr 
ago would probably result in only isolated occurrences of gyp-
sum, and more frequent gypsum deposition would not be ex-
pected to occur until the Neoproterozoic, when sulphate con-
centrations may have reached at least 25% of modern values.

Calculations presented here suggest that marine sulphate 
concentrations, and thus biospheric oxygen levels, though in-
creasing, remained low through at least the Mesoproterozoic, 
and probably well into the Neoproterozoic. This interpretation 
is consistent with the possibility of long-term, anoxic deep-
ocean conditions during the Proterozoic.4, 8, 24 The data, how-
ever, do not specifically indicate the presence of sulphide in 
the water column. Sulphate concentrations as low as 1–2 mM 
may have persisted for nearly 1,000 Myr after initial biospheric 
oxygenation. Increasing sulphate concentrations within an ox-
ygen-deficient deep ocean would have supported the develop-
ment of widespread sulphidic (euxinic) bottom waters.4 The 
ubiquity of sulphidic waters in turn may have affected the eco-
logical and evolutionary development of eukaryotes via limita-
tion of redox-sensitive bioessential nutrients.8 In this light, fur-
ther increases in atmospheric and thus oceanic oxygenation, as 
delineated by our estimates for seawater sulphate, are consis-
tent with independent evidence for eukaryotic diversification 
in the late Mesoproterozoic and Neoproterozoic. Our model 
for rates of isotopic change in the marine sulphate reservoir 
thus provides a window into early Earth oxygenation, and es-
tablishes a framework for continued examination of Protero-
zoic biospheric evolution.

Methods
Sulphate reservoir size is estimated from the relationship 

[dδsulphate/dt] = [Fw(δw - δsulphate) - Fpy∆S]/Mo, where Fw is the to-
tal input flux of sulphur to the ocean–atmosphere system from 
weathering, δ represents the isotopic composition of fluxes as-
sociated with weathering and sulphate deposition (δ34S in ‰= 
[(34S/32S)sample/(34S/32S)standard - 1] × 1,000 relative to the Cañon 
Diable Troilite standard), Mo is the mass of sulphur in the oceans 
as sulphate, and ∆S is the observed fractionation between oxi-
dized and reduced sulphur reservoirs (∆S = δsulphate - δsulphide) ex-
pressed as a negative number. In the model, Fpy is allowed to vary, 
and δsulphate varies according to the equation δsulphate = δw - (∆Sfpy), 
where fpy = Fpy/(Fsulphate + Fpy), representing the relative rate of 
pyrite burial. Estimates for modern fluxes and their isotopic com-
positions are as follows: Mo = 1.3 × 1021 g, Fw = 1.0 × 1014 g yr-1, δw 
= 6‰, Fsulphate = 6 × 1013 g yr-1, Fpy = 4 × 1013 g yr-1, ∆S = 35‰ (Ref-
erences 29 & 30).

Following from [dδsulphate/dt] = [Fw(δw - δsulphate) - Fpy∆S]/Mo, 
maximum rates of isotopic change are reached when S input to 
the oceans approaches zero (Fw’ = 0) and the standing marine sul-
phate reservoir is removed as pyrite (Fpy’ = Fw), giving [dδmax/dt] 

= [Fw∆S]/Mo or dδmax/dt = ∆S/TR where ∆S is the average max-
imum fractionation during BSR and TR is the residence time for 
sulphate in the oceans [TR = Mo/Fw]. Sulphate residence time is 
approximately 13 Myr in the modern ocean29.

In the present study, sulphate reservoir size (in grams S as sul-
phate) is calculated as Mo = [Fw∆S]/[dδmax/dt]. S isotope trends 
for late Paleozoic and younger strata11, 13, 14 indicate that natural 
variation in the rates and isotopic composition of weathering and 
pyrite burial fluxes result in rates of isotopic change (dδsulphate/
dt) that reflect only 3–14% of maximum possible rates of isotopic 
change (dδmax/dt). Observed variation in Proterozoic isotopic re-
cords is therefore estimated to represent 10% of maximum values. 
See Supplementary Information for graphical representation of 
model sensitivities.

In this model, Mo is most sensitive to changes in ∆S, wherein 
a 10% change in ∆S (~ 5‰) results in a 0.7 mM change in Mo. In 
laboratory experiments, single-step, dissimilatory sulphate re-
duction can achieve fractionations up to 40–45‰, and dispropor-
tionation in the oxidative part of the bacterial sulphur cycle can 
produce fractionations >45‰ (refs 1, 6). These high values, how-
ever, are rare in many natural systems5. Heavier values typically 
preserved in the geologic record reflect the integration of bacte-
rial fractionation during progressive depletion of sulphate in sed-
imentary pore waters during BSR5. In our calculations, we have 
allowed the average maximum fractionation during BSR (∆S) to 
vary with time as indicated by empirical data recorded in Pro-
terozoic strata. Prior to ~850 Myr ago, observed maximum val-
ues for ∆S rarely exceeded an average of 25–30‰ (Reference 6); 
after ~850 Myr ago, when biospheric oxygen levels may have fa-
cilitated enhanced fractionations, in part through bacterial dispro-
portionation pathways, observed maximum values for ∆S increase 
to an average of ~35‰ (refs 6, 29). Although ∆S values <25‰ are 
not uncommon in the Proterozoic6, the presence of high ∆S val-
ues (25‰ and 35‰, respectively) suggests that Meso- to Neopro-
terozoic open marine systems may have supported only limited 
renewal of sulphate to the site of BSR12, resulting in heavy values 
representative of suppressed net bacterial fractionation.

Calculations of Mo are least sensitive to changes in Fw. In our 
model, a 10% decrease in Fw results in a 0.3 mM reduction in Mo. 
In the Proterozoic, lower atmospheric oxygen would have re-
sulted in a decrease in the oxidative weathering of sulphate to the 
oceans. Yet because of uncertainties regarding the magnitude of 
Proterozoic weathering, we have used modern weathering fluxes 
to ensure that our calculations reflect maximum values for Mo.

In contrast to ∆S and Fw, the sensitivity of Mo to changes in 
dδmax/dt varies as a natural log with respect to deposition rate. 
Mo is most sensitive at deposition rates <30 m Myr-1 (~ 2.3 mM in-
crease for 10 m Myr-1 rate decrease), moderately sensitive at rates 
of 30–50 m Myr-1 (~ 0.9 mM per 10 m Myr-1 rate increase), and in-
sensitive at rates >50 m Myr-1 (< 0.4 mM per 10 m Myr-1 rate in-
crease). Deposition rates are estimated to be 30–50 m Myr-1, which 
is consistent with available, though imperfect, radiometric and 
chemostratigraphic constraints, as well as with average deposition 
rates calculated for Paleozoic carbonate platforms23. Although in-
stantaneous rates of deposition were probably higher, shallow 
marine carbonate accumulation is typically limited by accommo-
dation space, and stratal thicknesses reflect average subsidence 
through the duration of sediment accumulation. For epicratonic 
and pericratonic environments typical of carbonate deposition, 
much of this time is represented by unconformities that coin-
cide with parasequence and sequence-scale stratigraphic bound-
aries. Fortunately, lateral tracing of depositional boundaries and 
the continuity of our preserved isotopic trends suggests that, with 
rare exceptions, individual unconformities are short in duration 
compared to the total time represented by the sediment package. 
Our conservative estimates therefore ensure that our calculations 
reflect maximum possible values for Mo.
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Supplementary Information

CAS Preparation Methods:

CAS extraction followed methods modified from Burdett et al. 
(1989), Kampschulte et al. (2001), and Hurtgen et al. (2002). Ap-
proximately 100 g to 300 g whole-rock sample were trimmed to 
remove visibly weathered surfaces, crushed and hand-picked to 
remove chips containing weathered durfaced or secondary car-
bonate phases; samples were etched with 10% HCl to remove any 
remaining surficial contaminants. Rinsed and dried chips were 
powdered and subjected to a series of rinses. Samples from the 
Dismal Lakes Group underwent a 24 hour rinse with 5.25% Na-
OCl solution, followed by a 24 hour rinse with ultrapure Milli-Q 
water. A sodium hypochlorite rinse will effectively remove or-
ganic matter and organically bound sulfate, and is therefore crit-
ical when processing biogenically produced carbonate samples 
(Burdett et al., 1989). Labile, sulfate-containing polysaccharides, 
however, are not likely to survive early organic matter diagene-
sis and this step will have minimal affect on preserved kerogens 
in Precambrian samples. In the case of Precambrian samples, this 
rinse also serves to remove metastable sulfide minerals that might 
be oxidized during the extraction process. A secondary, 24 hour 
rinse with ultrapure Milli-Q water assured removal of any soluble 
sulfates within the sample. In the case of samples from the Soci-
ety Cliffs Formation, which occur in close association with bedded 
gypsum and frequently contain evidence for disseminated gyp-
sum, two additional 24 hour, ultrapure Milli-Q water rinses were 
performed to assure removal of associated soluble sulfates. 

Powdered samples were then thoroughly rinsed in ultrapure 
Milli-Q water, filtered, and dried. Dried samples were dissolved 
slowly in 3N HCl. Once reaction ceased, samples were filtered to 
remove insoluble residues (primarily a small amount of particu-
late clay minerals), and an excess (100-200 mL) of a saturated BaCl2 
solution was added to the solute to precipitate BaSO4. Rinsed, fil-
tered, and dried BaSO4 precipitates were then combined with an 
excess of V2O5 and analyzed for S-isotope composition at Indi-
ana University on a Finnigan MAT 252 gas source mass spectrom-
eter fitted with a peripheral elemental analyzer (EA) for on-line 
sample combustion. Sulfur isotope compositions are expressed 
in standard delta-notation as permil (‰) deviations from VCDT, 
with analytical error of <0.01‰, calculated from replicate analyses 
of laboratory standards.

Low marine SuLphate and protracted oxygenation of the proterozoic BioSphere   S-1



Supplementary Data Table 1. CAS data from Society Cliffs Forma-
tion and Dismal Lakes Group

Sample                             Height                     δ34S                  [SO4
2– ] 

                                      (meters)                (‰ VPDB)              (ppm)

BY97-175-1 17.5 25.3 196
BY97-175-2 17.5 25.2 196
BY97-270 27.0 23.6 3000*

BY97-365 36.5 27.0 196
BY97-441 44.1 22.6 6111*

BY97-558-1 55.8 25.2 1092*

BY97-558-2 55.8 25.3 1092*

BY97-1263-1 126.3 28.6 261
BY97-1263-2 126.3 28.4 261
BY97-1317 131.7 28.4 156
BY97-1337 133.7 25.1 164
BY97-1352-1 135.2 26.1 1147*

BY97-1352-2 135.2 26.1 1147*

BY97-1565 156.5 31.2 176
BY97-1840-1 184.0 32.6 181
BY97-1840-2 184.0 32.7 181
BY97-1986 198.6 33.7 35
BY97-2045 204.5 32.8 170
BY97-2190-1 219.0 36.7 138
BY97-2190-2 219.0 37.8 138
BY97-2556 255.6 33.2 127
BY97-2774 277.4 30.6 106
BY97-2902-1 290.2 31.2 136
BY97-2902-2 290.2 31.3 136
BY97-2916 291.6 32.5 448*

BY97-3044-1 304.4 34.3 130
BY97-3044-2 304.4 37.5 130
BY97-4191-1 419.1 29.1 111
BY97-4191-2 419.1 38.5 111
BY97-4406-1 440.6 31.7 211
BY97-4406-2 440.6 39.8 211
BY97-4406-3 440.6 35.7 211
BY97-4989 498.9 29.2 300
BY97-5210 521.0 30.5 163
BY97-5694-1 569.4 23.6 234
BY97-5964-2 569.4 24.0 234
BY97-6022-1 602.2 27.9 142
BY97-6022-2 602.2 28.5 142
BY97-6741 674.1 26.6 97
BY97-7031-1 703.1 27.2 64
BY97-7031-2 703.1 26.9 64
BY97-8261 826.1 20.1 50
BY97-8625-1 862.5 25.7 56
BY97-8625-2 862.5 25.6 56

DL1-28.8-1 28.8 30.6 76
DL1-28.8-2 28.8 30.9 76
DL1-42.3-1 42.3 28.4 35
DL1-42.3-2 42.3 28.8 35
DL1-42.3-3 42.3 29.2 35
S2-46-1 59.0 30.7 45
S2-46-2 59.0 31.1 45
S2-53-1 66.0 22.5 47
S2-53-2 66.0 20.1 47
DL1-88-1 88.0 29.0 7
DL2-118 118.0 26.4 5
DL2-118-1 118.0 25.7 5
DL1-168 168.0 19.3 16
DL1-168-1 168.0 19.4 16
DL1-201 201.0 17.3 14
DL1-220 220.0 21.6 11
DL2-253 253.0 33.2 42
DL1-263 263.0 23.0 15
DL1-318 318.0 23.1 13
DL2-345 345.0 26.5 17
DL1-39.9T 469.9 17.5 36
DL1-46T 503.0 21.2 6

Carbonate-associated sulfate (CAS) from the 1.2 Ga Society Cliffs Formation 
(BY- samples) and the 1.3 Ga Dismal Lakes Group (DL1-, DL2-, and S2- sam-
ples).  All samples were collected from continuous measured sections. Sulfate 
concentrations marked by asterisks are anomalously high and suggest that 
initial sample preparation did not succeed in removing disseminated gypsum. 
Replicate samples typically vary in S-isotope composition by <<1‰; a few 
anomalous replicate readings (samples BY97-3044, BY97-4191, and BY97-
4406) likely represent contamination of the sample during loading and analy-
sis on the mass spectrometer.  
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Supplementary Data Table 2. CAS data from McNamara Group and 
Belt Supergroup 

Sample                            Height                      δ34S                     [SO4
2-] 

                                     (meters)                (‰ VPDB)                 (ppm)

PC 360.8 360.8 29.0 *
PC 368.3 368.3 26.4 9.6
PC 373.5 373.5 32.1 17.4
PC 379.5 379.5 31.5 25.2
PC 384.8 384.8 16.5 21.9
PC 388.5 388.5 31.3 16.8
PC 399.0 399.0 27.8 51.5
PC 405.8 405.8 33.0 92.3
PC 420.0 420.0 30.3 1.8
PC 424.5 424.5 27.4 39.9
PC 430.5 430.5 25.0 92.0
PC 440.6 440.6 35.1 1.8
PC 450.0 450.0 37.2 87.5
PC 462.0 462.0 35.2 91.1
PC 465.0 465.0 37.2 86.0
PC 472.5 472.5 30.6 11.1
PC 486.0 486.0 36.4 62.0
PC 502.5 502.5 27.9 *
PC 507.0 507.0 30.4 73.7
PC 528.0 528.0 30.1 *
PC 543.0 543.0 37.3 62.0
PC 545.3 545.3 14.1 73.7
PC 546.0 546.0 37.0 -
HF 4.6 4.6 11.1 2.5
HF 6.1 6.1 12.0 19.2
HF 10.7 10.7 - 3.2
HF 14.6 14.6 - 9.0
HF 22.9 22.9 6.9 10.3
HF 24.4 24.4 10.9 9.6
HF 42.7 42.7 - 16.3
HF 47.2 47.2 11.9 8.2
HF 51.8 51.8 12.7 *
HF 54.9 54.9 - 18.3
HF 59.4 59.4 14.0 10.8
HF 73.2 73.2 - 22.8
HF 79.9 79.9 - 20.0
HF 85.3 85.3 14.0 3.2
HF 92.4 92.4 - 1.0
HF 115.8 115.8 13.0 *
HF 121.9 121.9 - 1.1
HF 140.2 140.2 17.8 46.1
HF 152.4 152.4 - 8.6
HF 182.9 182.9 - 10.8
HF 189.0 189.0 20.3 92.5
HF 195.1 195.1 18.5 66.8
HF 216.4 216.4 13.0 16.7
HF 222.5 222.5 13.1 24.6
HF 228.6 228.6 13.3 82.4
HF 234.7 234.7 - 21.7
HF 240.8 240.8 - 9.2
HF 246.9 246.9 - 9.6
HF 277.4 227.4 12.0 10.2
HF 307.8 307.8 9.8 9.0
HF 317.0 317.0 9.0 46.8
HF 335.3 335.3 12.6 21.9
HF 353.6 353.6 7.6 56.4
HF 368.8 368.8 3.6 35.4
HF 381.0 381.0 -1.1 94.3
HF 387.1 387.1 15.1 54.4
HF 339.3 399.3 15.1 *
HF 411.5 411.5 14.9 27.1
HF 431.3 431.3 4.7 84.8
HF 438.9 438.9 16.6 -
HF 445.0 445.0 15.6 115.6

Carbonate-associated sulfate (CAS) from the 1.7 Ga McNamara Group, Aus-
tralia (PC- samples) and the 1.45 Ga Helena Formation, Belt Supergroup, 
Montana (HF- samples). All samples were collected from continuous mea-
sured sections. Asterisks denote sulphate concentrations below detection; 
dash denotes no value available. Data included here, with permission, from 
Gellatly (2002), Trace sulfate in Mesoproterozoic carbonates: Implications for 
ocean-atmospheri oxygen availability: unpublished M.S. thesis, University of 
Missouri-Columbia, 48 pp.; and Gellatly and Lyons, Trace sulfate in Mesopro-
terozoic carbonates, Geochimica et Cosmochimica Acta (accepted).
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Supplementary Figure 1. Sensitivity of sulphate reservoir size to changes in DS.  Mo is most sensitive to changes in ∆S, wherein a 10% change in ∆S 
(~5‰) results in a 0.7 mM change in Mo. In our calculations, we have allowed the average maximum fractionation during BSR (∆S) to vary with time as 
indicated by empirical data recorded in Proterozoic strata (compiled by Canfield and Teske, 1996).

Supplementary Figure 2. Sensitivity of sulphate reservoir size to changes in weathering flux. In our model, a 10% decrease in Fw results in a 0.3 mM 
reduction in Mo. Because of uncertainties regarding the magnitude of Proterozoic weathering, we have used modern weathering fluxes to ensure that 
our calculations reflect maximum values for Mo.
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Supplementary Figure 3. Sensitivity of sulphate reservoir size to changes in deposition/accumulation rate. The sensitivity of Mo to changes in dδmax/
dt varies as a natural log with respect to deposition rate. Mo is most sensitive at deposition rates <30 m/My (~2.3 mM increase for 10 m/My rate de-
crease), moderately sensitive at rates of 30-50 m/My (~0.9 mM per 10 m/My rate increase), and insensitive at rates >50 m/My (<0.4 mM per 10 m/My 
rate increase). Our conservative estimates of 30-50 m/My ensure that our calculations reflect maximum possible values for Mo. 
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