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Abstract

Here, we present new measurements of >2S, 3*S, 3*S, and ¢S in sedimentary sulfides and couple these measurements with modeling
treatments to study the sulfur cycle of a late Paleoproterozoic marine basin. We target the transition in ocean chemistry from the depo-
sition of Paleoproterozoic iron formations (Gunflint Formation, Biwabik Formation, Trommald Formation, and Mahnomen iron for-
mations) to the inferred sulfidic ocean conditions recorded by overlying shale (Rove Formation). The data suggest that certain features of
the global sulfur cycle, such as a control by sulfate reducing prokaryotes, and low (mM) concentrations of oceanic sulfate, were main-
tained across this transition. This suggests that the transition was associated with changes in the structure of the basin-scale sulfur cycle
during deposition of these sediments. Sulfide data from the iron formations are interpreted to reflect sedimentary sulfides formed from
microbial reduction of pore-water sulfate that was supplied through steady-state exchange with an overlying oceanic sulfate reservoir.
The sulfide data for the euxinic Rove Formation shales reflect the operation of a sulfur cycle that included the loss of sulfide by a Ray-
leigh-like process. We suggest that the prevalence of large and variable heavy isotope enrichments observed in Rove Formation sulfide
minerals reflect a sustained and significant net loss of sulfide from the euxinic water column, either as a result of a shallow chemocline and
degassing to the atmosphere or as a result of a water column pyrite sink. The inclusion of **S measurements (in addition to %S, **S, and
343) illustrates the mass-dependent character of these sedimentary environments, ruling out contributions from the weathering of Arche-
an sulfides and pointing to at least modest levels of sustained atmospheric oxygen (>107> present atmospheric levels of O,).
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Recent studies of redox sensitive elements, mineral
speciation, and isotopic systems have indicated a transition
from ferruginous (Fe*'-rich) to widespread euxinic
(S*-rich) water-column conditions coincident with the
cessation of iron formation (IF) deposition in the late
Paleoproterozoic (Poulton et al., 2004). Sulfidic conditions
are thought to have become widespread at the time of this
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transition, persisted into the middle Proterozoic, and may
have had profound effects on the isotopic composition
and size of the seawater sulfate reservoir (Canfield, 1998;
Shen et al., 2002, 2003; Arnold et al., 2004; Canfield,
2004; Rouxel et al., 2005). The lithologic progression from
iron formation (Gunflint Formation, Biwabik Formation,
Trommald Formation, and the Mahnomen Formation)
to shale (Rove Formation) in the Animike Basin, North
America, has been interpreted as capturing the transition
from ferruginous to sulfidic conditions (Poulton et al.,
2004). The observation of a high proportion of highly reac-
tive iron (Feyr) to total iron (Ferol)(Feur/Feroa > 0.38)
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points to persistent anoxic bottom water conditions
throughout this succession, and the ratio of pyrite iron
(Fepy) to highly reactive iron indicates a change from ferru-
ginous conditions during deposition of the Gunflint For-
mation (Fep,/Feyr = 0.001 £ 0.001) to sulfidic conditions
in the upper Rove Formation (Fepy,/Feyr = 0.87 + 0.04).
In this study, we evaluate 38 new measurements of the four
stable sulfur isotopes (2, 3%, 348, and 36S) for Cr-reduc-
ible sulfur (herein referred to as sulfide) from samples of
the laterally equivalent Gunflint Iron Formation (n = 10),
Biwabik Iron Formation (n = 3), Trommald Iron Forma-
tion (n = 5), and Mahnomen Formation (n = 3), with addi-
tional samples from the overlying Rove Formation
(n=17) (Table 1). Our approach expands on that used in
prior studies of sulfur isotopes because it includes new

modeling and evaluates the significance of §*°S and §°°S
in addition to the more commonly reported 5>*S.

2. Setting, systems, and methods
2.1. Geologic setting

At approximately 2450 Ma, a rift to passive margin
developed along the southern edge of Superior Province
when a land-mass to the south separated (Fralick and
Miall, 1989). Later closure of the resultant ocean led to
the deposition of the Animikie and North Range Groups
as a backarc basin developed (Hemming et al., 1995; Van
Wyck and Johnson, 1997; Pufahl et al., 2000; Poulton
and Canfield, 2005), which, with a collision, was later

Table 1

All sulfur isotope data grouped (WC [water column], Formation, and sample) according to Poulton et al. (2004)

wC Formation Sample 5348* 3%s APS A%
Sulfidic Rove Fm. R40 17.99 17.84 —0.027 0.48
Sulfidic Rove Fm. R38 23.9 25.19 0.006 0.25
Sulfidic Rove Fm. R35 21.45 23.02 —0.031 0.33
Sulfidic Rove Fm. R34 17.27 17.98 0.054 0.27
Sulfidic Rove Fm. R33 10.75 11.67 0.041 0.02
Sulfidic Rove Fm. R32 16.34 17.42 —0.047 0.64
Sulfidic Rove Fm. R31 20.98 2243 —-0.019 0.46
Sulfidic Rove Fm. R30 13.44 4.95 0.038 0.02
Sulfidic Rove Fm. R29 9.42 9.28 0.078 -0.29
Transitional Rove Fm. R28 14.9 18.06 0.002 0.38
Transitional Rove Fm. R27 12 12.00 —0.008 0.13
Transitional Rove Fm. R26g 9.97 9.99 —0.015 0.58
Transitional Rove Fm. R24 5.13 4.15 —0.013 0.26
Transitional Rove Fm. R15b 31.88 32.92 0.031 0.21
Transitional Rove Fm. R15a 21.54 22.93 0.036 0.34
Transitional Rove Fm. T35 5.9 6.18 —0.015 0.55
Transitional Rove Fm. T29 —-1.17 —0.96 0.018 0.11
Silicified Gunflint Fm. 126 3.45 3.82 0.002 0.08
Silicified Gunflint Fm. 725 1.97 1.47 0.049 —0.35
Silicified Gunflint Fm. RS 21.33 13.75 0.003 0.17
Silicified Gunflint Fm. 124 21.78 21.96 0.012 0.24
Ferruginous Gunflint Fm. TI19 9.95 10.20 —0.034 0.51
Ferruginous Gunflint Fm. R2 9.41 10.22 —0.009 0.57
Ferruginous Gunflint Fm. T13 12.18 13.33 —0.046 0.76
Ferruginous Gunflint Fm. S22 1.44 —0.50 —0.028 0.45
Ferruginous Gunflint Fm. S21 —1.18 —0.43 —0.003 0.26
Ferruginous Gunflint Fm. S1 4.75 4.07 —0.008 0.32
Ferruginous Biwabik Fm. B44 — 6.97 —0.032 0.19
Ferruginous Biwabik Fm. B26 — 9.83 —0.056 0.44
Ferruginous Biwabik Fm. B3 — 3.26 0.003 0.27
Ferruginous Trommald Fm. M13 11.35 12.24 —0.051 0.49
Ferruginous Trommald Fm. Ml16 14.66 15.53 —0.073 0.70
Ferruginous Trommald Fm. M24 6.66 7.73 —0.048 0.54
Ferruginous Trommald Fm. M25 7.92 8.05 —0.027 0.73
Ferruginous Trommald Fm. M27 8.33 8.65 —0.051 0.70
Ferruginous Mahnomen Fm. M30 9.64 9.71 —0.062 0.51
Ferruginous Mahnomen Fm. M31 8.31 9.59 —0.052 1.03
Ferruginous Mahnomen Fm. M37 12.54 13.58 —0.051 0.76

Samples from the Gunflint and Rove Fms. are arranged in stratigraphic order. Values labeled 5**S* are taken from Poulton et al. (2004) and represent
sulfur isotope abundance measurements using the SO, technique. Samples labeled as silicified (italics) have been visually identified as compromised by
secondary processes. These measurements are included in this table and Section 3, but not interpreted as representative of the depositional environments.
Transitional samples have been selected on the basis of Fe-speciation methods (Poulton and Canfield, 2005). Values for A**S have been calculated
according to Eqs. (2) and (3). Uncertainties are estimated at 0.12, 0.008, and 0.20 (16) for 8**S, A*S, and A%S.
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transformed into a foreland setting (Hoffman, 1987; South-
wick and Morey, 1991; Hemming et al., 1995; Ojakangas
et al., 2001; Maric and Fralick, 2005). Initial south to north
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flooding of the backarc led to deposition of siliciclastic tid-
al deposits (Ojakangas, 1983) forming the Mahnomen,
Pokegama, and Kakabeka Formations (Fig. 1). These are
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Fig. 1. Geology and location of the Animikie Basin (a) Location map. (b) Animikie sedimentary rocks generally dip gently to the southeast with their
lower unconformable contact with Neoarchean rocks exposed to the northwest. The southernmost portion of the basin is more intensely deformed, and
there structural contacts are probably present. Mesoproterozoic intrusive rocks related to the Mid-Continental Rift divide the basin and Rift basalts
overlie the basin. The stratigraphic sections depict the rocks present in three continuously cored drill-holes. Shales to sandstones of the Mahnomen
Formation and Pokegama Quartzite underlie the Trommald, Biwabik, and Gunflint iron formations. The Trommald is dominated by fine-grained iron
and manganese oxides deposited in the outer shelf to slope environment (ocean to the south, shoreline to the north) (Pufahl et al., 2000). Cycles containing
fine-grained chemical sedimentary rocks overlain by coarsening-upwards grainstone assemblages, composed of chert, iron oxide and iron carbonate sand,
dominate these shallow shelf deposits. Two tuff layers provide chronostratigraphic markers and show that the lithofacies boundaries are diachronous and
reflect south to north transgression-regression—transgression (Fralick and Barrett, 1995; Pufahl et al., 2000). A hiatus appears to occur between the iron
formation and the overlying siliciclastic rocks of the Virginia and Rove Formations (Addison et al., 2005). See the text for a more detailed discussion.
Figure from data in Pufahl and Fralick (1995) and Maric and Fralick (2005). Sample positions are indicated to the right of the stratigrpahic column, with

width of the column indicating grain size.
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thickest in the south, forming only a sporadically devel-
oped basal conglomerate in the northernmost area. The
chemical sediment dominated Trommald, Biwabik and
Gunflint Formations overlie the basal siliciclastics
(Fig. 1). Chemical sediments are also prominent within
parts of the Mahnomen Formation. These units are pri-
marily composed of both granular and fine-grained iron
oxides, carbonates and chert. The sedimentary strata are
organized into fining- and coarsening-upward successions
reflecting transgressive-regressive cycles (Fralick and Bar-
rett, 1995) on an open, wave and tide dominated shelf (Oja-
kangas, 1983; Fralick, 1988; Pufahl et al., 2000; Poulton
and Canfield, 2005). Water depths during the deposition
of these chemical sediments, even on the mid-shelf, proba-
bly did not exceed 10s of meters (Pufahl and Fralick,
2004). U-Pb age determinations of zircons from a re-
worked tuff in the Gunflint Formation yielded an age of
1878+ —1 Ma (Fralick et al., 2002). Deposition of the iron
formations probably ended in the northern area, and pos-
sibly to the south, as closure with a land-mass to the south
caused upwarping and withdrawal of the sea (Addison
et al., 2005) during the 1860-1835 Ma (Sims et al., 1989)
Penokean Orogeny. During this interval, at approximately
1850 Ma (Krogh et al., 1984), a large hypervelocity impact
occurred 700 km to the east, near Sudbury, and the ejecta is
present very near the top of the Gunflint and Biwabik For-
mations (Addison et al., 2005). This uppermost portion of
the Gunflint is highly altered with intense silicification and
the development of agate and pyrite veins and vugs. The
alteration may be the result of subareal exposure during
a hiatus inferred from a U-Pb age on zircons of approxi-
mately 1835 Ma from tuffs immediately above the Gunflint
and Biwabik Formations (Addison et al., 2005). These tuffs
are contained in the Virginia and Rove Formations
(Fig. 1). The lower 100-150 m of these units consists of
alternating shale-siltstone and black, pyritiferous shale suc-
cessions, probably reflecting fluctuations in sea level (Maric
and Fralick, 2005). These successions, and especially the
upper black shale, likely represent a major condensed inter-
val deposited in water ~100 to 200 m deep. Lucente and
Morey (1983) ascribed sedimentation of this interval to
pelagic rainout of fine-grained sediment from dilute sus-
pension or hemipelagic processes involving diffuse turbidity
currents. The presence of abundant, sub-millimeter rip-up
intraclasts also denotes the operation of sporadic bottom
currents (Maric and Fralick, 2005). Tidal deposits present
in correlative rocks to the south of Lake Superior (Ojakan-
gas et al., 2001) confirm open connection to the ocean.
Above the upper, pure black shale interval, graded fine-
grained sandstones are organized into a coarsening-upward
succession approximately 100 m thick that is transitional
into 400 m of medium-grained, sandstone-dominated,
stacked parasequences (Maric and Fralick, 2005). This is
overlain by lenticular to wavy bedded sandstones and
shales with both wave and current ripples. The coarsen-
ing-upward to sandstone-dominated portion of the Virgin-
ia and Rove Formations has been interpreted as a

submarine fan (Lucente and Morey, 1983; Maric and Fra-
lick, 2005) with the uppermost ripple laminated succession
representing progradation of distal distributary mouth bars
of a delta (Maric and Fralick, 2005). A sandstone sample
from the submarine fan portion of the succession yielded
a youngest U-Pb detrital zircon age of approximately
1780 Ma (Heamen et al., 2005). The predominantly Paleo-
proterozoic zircon population (Heamen et al., 2005), and
paleocurrents indicating sediment derivation from the
north (Morey, 1973), strongly suggest the Trans-Hudson
Orogen was the source of the detritus. The northern sedi-
mentary rocks of the Animikie Basin are essentially unde-
formed and unmetamorphosed, making them ideal
targets for the study of low temperature biogeochemical
cycling.

2.2. Analytical methods

The majority of the samples examined here were previous-
ly studied by Poulton et al. (2004) using methods described in
Poulton and Canfield (2005). All additional samples were
chemically prepared in the same manner as those previously
studied (Poulton et al., 2004). In addition to the samples pre-
pared for this study, splits of the Ag,S extracted as Cr-reduc-
ible sulfur (considered to be pyrite; Canfield et al., 1986) by
Poulton et al. (2004) were converted to SF¢ by reaction with
a 10-fold excess of F5 at 250 °C for 8 hin a Nireaction vessel.
After the reaction, product SF¢ was condensed from the
residual F, into a liquid-nitrogen cooled trap (—177 °C),
and subsequently distilled from a trap at —115°C to the
injection loop of a gas chromatograph (GC) at —177 °C.
GC purification of SF¢ was undertaken using a 1/8 in. diam-
eter, 12 foot long Haysep-Q" column with a He carrier flow
at 20 mL/min. The SF¢ peak was registered on a TCD and
then isolated by freezing into a liquid-nitrogen cooled trap.
The isotopic composition of the purified SF¢ was determined
by dual-inlet gas-source mass spectrometry monitoring ion
beams at m/e of 127, 128, 129, and 131 using a Thermo Finn-
igan MAT 253 gas source mass spectrometer.

2.3. Isotope notation

Isotopic ratios (>R = 3S/32S) are reported using stan-
dard delta notation,

3i 3iRsample
8"S = 5o — 1) x 1000, (1)
V-CDT

where 3i is 33, 34, or 36. We also use capital delta notation,
where

8345 0.515
ABS = 58 — 1000 x ((1 + 1000) - 1), 2)
and

6348 1.90
A¥S — §%S — 1000 x (1 + 1000) 1 (3)
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(Hulston and Thode, 1965; Farquhar et al., 2000). The
data are reported relative to V-CDT assuming that
IAEA S-1 reported on the VCDT scale has a
3%S = —0.05%, (Gao and Thiemens, 1993; Ding et al.,
2001), 3°*S = —0.30%, (Ding et al., 2001; Krouse and
Coplen, 1997; Gao and Thiemens, 1993), and assuming
a 8°°S = —1.26%,. Uncertainties are estimated from the
reproducibility of repeat analyses of IAEA standards
and are 0.12%,, 0.008%,, and 0.2%, (lo) for &S, A*’S,
and A%°S, respectively. Uncertainties between 5338, §%6S,
and &S are mass-dependently correlated, resulting in
A®¥S and A®S uncertainties that are smaller than for
3%3S and 8°°S, respectively.

2.4. Modeling treatments

We use a box model of the surface sulfur cycle (cf.,
Garrels and Lerman, 1981) to evaluate how sulfur
moves between different terrestrial sulfur reservoirs and
to make predictions about the §33S, %S, and 8%°S of
Proterozoic seawater sulfate. A previous study used a
similar approach and considered the isotopic fractiona-
tions associated with sulfate reduction and re-oxidative
processes such as disproportionation (see Johnston
et al., 2005a for a more detailed description). The form
of the model in this study is presented in Fig. 2, and is
modified from Johnston et al. (2005a) in order to ac-
count for some new features of the data (sulfides en-
riched in **S).

5727
3. Results

The data are presented in Table 1. The ranges of 5**S,
A*S, and A%S are —0.96 to 32.92%,, —0.073 to 0.078%,.
and —0.35 to 1.03%,, respectively. Our §°*S data parallel
those presented in Poulton et al. (2004) with the IF (lower
Gunflint, Biwabik Trommald, and the underlying siliciclas-
tic Mahnomen Formations) yielding an average &°*S of
8.4 +4.6%, (1), the lower ~100 m of the Rove Formation
(assigned to a transitional environment between ferrugi-
nous and persistent euxinia; Poulton et al., 2004) yielding
an average 8°'S of 13.2+11.0%, (lo), and the data for
the upper ‘sulfidic’ Rove Formation yielding an average
3%S of 16.6 + 6.8%, (10).

Comparison of new SF¢ analyses with earlier SO,-based
analyses of the same Ag,S precipitates suggests a correlation
of 8*Sgr, = 1.009(40.051; 1) **Sso, — 0.066(40.711; 15).
However, when three significant outliers (>3a; R30, R28,
and RS5) are removed from the comparison, the same linear
regression  technique suggests a  correlation of
8*Sg, = 1.055(+0.016; 16)  8**Ss0, — 0.166(%0.210; 10).
Both predicted correlations are within 2o of comparisons
of these two methods (E‘>34SSF6 = 1.035634S502 —0.135; Rees,
1978), in which the differences are interpreted to reflect scale
compression on the SO, measurements as a result of memory
effects.

Our results for **S and *°S yield A*’S and AS of
—0.037 £0.022 and 0.54 +0.229%, for the IF,
—0.004 £ 0.021 and 0.32 £0.18%, for the transitional
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Fig. 2. A box model representation of the global steady-state sulfur cycle. Arrows represent fluxes between reservoirs (boxes). The relative placement of
the boxes in the figure is independent of the actual environmental location of the pool. (a) We model a global sulfur cycle with one source (continental/
riverine) and two global sinks (sulfide and sulfate minerals). The recycling of the oceanic sulfur pools (global sulfide and global sulfate minerals) is not
incorporated here due to the relatively short depositional period represented by these sediments. (b) The modeled sub cycle used to describe the BIF
depositional environment. Here, the global seawater sulfate reservoir feeds to a ferruginous deeper water reservoir. (c) The modeled sub cycle used to
describe the shale depositional environment. In order to satisfy the data using a steady state model, multiple sulfide reservoirs were included in the sub

cycle.
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shales, and 0.010 4- 0.044 and 0.24 + 0.299,, for the upper
euxinic Rove Formation samples. The IF data cluster to-
wards lower 8°*S, negative A®’S, and positive A%,
whereas the shale data cover almost the entire data set.
No strong stratigraphic trends are observed within the
data, although a slight positive trend in 5°*S and A*S (neg-
ative in A*°S) is observed moving up-column. The A*’S and
A*S values are correlated and form an array given by
A%S = —6.28 (£0.78; 1o) A¥S +0.300 (£0.029; 1o) (with
sub-trajectories of A*®S = —5.58 (£2.12; 1o) A**S +0.336
(£0.091; lo), A*S=-3.76 (£3.08; lo) A¥S+0.338
(+£0.063; 1o), A*S=-5.77 (£1.12; lo) A*’S+0.301
(+£0.048; lo), and A¥S=-1031 (£2.79; lo)
A*S +0.201 (£0.064; 10) for the IF, transitional shale,
sulfidic shale, and silicified samples, respectively).

4. Discussion

Previously published treatments of the sulfur cycle sug-
gest that the sulfur isotope composition of the oceanic
sulfate and sedimentary sulfide pools depends on materi-
al-balance constraints given by the fraction of sulfur lost
to pyrite burial (f,,), the magnitude of fractionation by sul-
fate reducing bacteria, and when relevant, the magnitude of
fractionations associated with other reaction and transfer
pathways such as sulfur disproportionation (Jergensen,
1977; Claypool et al.,, 1980; Garrels and Lerman,
1981; Berner, 1991; Strauss, 1993; Hurtgen et al., 2002,
2005; Canfield, 2004; Johnston et al., 2005a; Ono et al.,
2006). Some of these studies have also suggested that non
steady-state effects can introduce additional isotopic effects
associated with material balance (Johnston et al., 2005a;
Ono et al., 2006). In the first part of the following discus-
sion we use steady-state sulfur cycle models to make infer-
ences about the composition of seawater sulfate and
sedimentary sulfide during IF deposition. Our models have
a global component with a structure that is similar to that
used in Johnston et al. (2005a) (Fig. 2a), but also includes
local recycling of sulfur (Fig. 2b). In the second part of the
discussion we make inferences about an expanded steady-
state model (Fig. 2c) and a basic non steady-state system.
Here, we draw on a combination of Rayleigh (e.g., Gold-

haber and Kaplan, 1975) and mixing effects to gather infor-
mation about the behavior of non steady-state systems.

4.1. Implications of the steady-state box model approach

The average composition of the source of sulfur for the
oceanic sulfur cycle is thought to have an isotopic compo-
sition near, or slightly more enriched (<5%, in &°*S) than
that of CDT (5°*S ~ 0, 8**S ~ 0, and %S ~ 0) (Farquhar
et al., 2002). When combined with constraints imposed
by conservation of mass, the dominant fractionations in
the surface sulfur cycle produce **S-depleted reservoirs of
reduced sulfur (i.e. pyrite) and **S-enriched reservoirs of
oxidized sulfur (i.e. sulfate). The observation that a major-
ity of the sulfide data (35 of 38) from the successions exam-
ined here has positive delta values (are >*S-enriched)
indicates that the global sulfur sink (Fig. 2a) is not repre-
sented by this sample set. Observations of **S-enriched sul-
fide minerals have also been described in other Proterozoic
shales (e.g., Walker and Bimblecombe, 1985; Hayes et al.,
1992; Hayes, 1993; Shen et al., 2002, 2003; Canfield,
2004). Hayes et al. (1992) suggested that the lack of **S-de-
pleted sulfides at this time reflects poor preservation of
deep-water settings, where isotopic fractionation associated
with sulfate reduction would have been large. Those
authors suggest that lower rates of sulfate reduction in deep
water settings would facilitate larger isotopic fractionations
and the production of **S-depleted sulfide. These sulfides
would likely be subducted and lost from the surface record
(Canfield, 2004). Conversely, continental shelf and inta-
cratonic basin settings, which represent much of the sam-
pled record during these time intervals, and where organic
carbon is readily available, are locations where sulfate
reduction rates are assumed high and where near quantita-
tive reduction of available sulfate is feasible. This would re-
sult in sedimentary sulfides with isotopic compositions near
that of seawater sulfate, or in the case of the Proterozoic,
between 0 and 209, in 8°*S. We suggest that our data re-
flect the operation of a (basin-scale) sub-cycle similar to
that presented in Fig. 2b. In this model, and consistent with
the Hayes et al. (1992) model, the global cycle produces an
oceanic sulfate reservoir with positive 5°*S (**S-enriched)

>

Fig. 3. Triple isotope plots illustrating the steady-state sulfur cycle modeling solutions for the isotopic composition of sulfate and sulfide. Fractionation
factors are derived from experiments with SRP conducted by Johnston et al. (2005b). The fields outlined in black represent a sulfur cycle with only SRP
active, whereas fields outlined in gray have both SRP and SDP present. These models are extended versions of those presented in Johnston et al. (2005a),
with ‘SRP-SDP’ predictions incorporating the re-oxidation of sulfide to sulfate (not shown in Fig. 2). The position along each respective curve represents
the fraction of pyrite being buried (f,,, in Johnston et al., 2005a). In the case of the sulfate curve, the intercept represents no pyrite burial with pyrite burial
increasing to 100% as you move away from the origin to the right. Due to mass balance, the pyrite curve is demarcated in a similar manner with no pyrite
burial at the left most point on the curve, and increasing towards 100% pyrite burial as you approach the origin. In all cases, sulfate and sulfide predictions
evolve away from the origin since we assume a continental/riverine flux that is isotopically similar to bulk Earth (8'S ~ 0%,). All modeling represents
steady-state box modeling of the global sulfur cycle (see Fig. 2). (a) The model structure presented in terms of A**S versus §**S, where lines extending
towards positive 84S values represent predictions for seawater sulfate and lines extending towards negative 8°*S represent sulfide predictions. (b) Similar to
the model fields presented in 3A, but with A3S and §>*S, all else remains unchanged. (c) A triple isotope plot of A33S and A*S. The fields extending into the
second quadrant are sulfate predictions, whereas fields in quadrant four represent sulfide predictions. Also included is a model prediction (line slope —6.85)
from Ono et al. (2006) for mass-dependent systems and a semi-quantitative ellipse that simplifies the graphical prediction of all the models. All other
models parameters are the same as those discussed above.
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that serves as the source pool for the basin-scale sub-cycle,
thus allowing for the production of positive 5**S sulfides on
the shelves or shallower water settings.

4.2. The oceanic sulfate reservoir

The isotopic composition of the global oceanic sulfate
reservoir during the late Paleoproterozoic remains poorly
constrained. Traditional approaches to assess the isotopic
composition of the past oceanic sulfate reservoir have been
through direct analyses of proxies for oceanic sulfate (e.g.,
evaporite sulfate, carbonate associated sulfate, marine bar-
ite; Holser et al., 1979; Claypool et al., 1980; Burdett et al.,
1989; Southwick and Morey, 1991, 1993; Paytan et al.,
1998, 2004; Lyons et al., 2004; Turchyn and Schrag,
2004) and models of the sulfur cycle, which often rely on
sulfide data (Canfield and Teske, 1996; Canfield, 2001).
In recent studies by Johnston et al. (2005a) and Ono
et al. (2006), the composition of the oceanic sulfate reser-
voir has also been evaluated using oceanic box models.
These authors argue that the composition of oceanic sul-
fate will occupy an isotopic field that extends from the
composition of the sulfate source to the oceans (roughly
zero) to more positive 5**S and variable but small positive
and negative A*S and A**S values due to the continued
removal of isotopically fractionated sulfide.

An expanded version of model predictions from John-
ston et al. (2005a) is presented in Fig. 3(a—c). Whereas
our earlier treatment focused on predicting the isotopic
composition of seawater sulfate, the current treatment
has been expanded to include predictions for the isotopic
composition of sulfides. An assumption built into our mod-
el results is that the isotopic composition of the sulfur
entering the system is roughly zero, and use microbial frac-
tionation factors from Johnston et al. (2005b). Model inter-
pretations do not change with small variations (up to ~5%,
in 8°S) in the composition of the sulfur source to the
oceans. The model results define an “SRP field” (sulfate
reducing prokaryote) representing a sulfur cycle with only
active sulfate reduction and a “SRP-SDP field” (sulfur dis-
proportionating prokaryote) representing the predictions
for a sulfur cycle with contributions from both sulfate
reducers and sulfur disproportionators. The isotopic field
defined by a sulfur cycle with only sulfate-reducing micro-
organisms occupies a smaller region of predicted isotopic
compositions than if other microbial processes, such as sul-
fur disproportionation, are active as well (see Johnston
et al., 2005a). Previous studies suggest that only sulfate
reducers operated within the sulfur cycle during the late
Paleoproterozoic (Canfield and Teske, 1996; Canfield,
1998; Johnston et al., 2005a), suggesting that the smaller
SRP field defines the range of compositions for oceanic sul-
fate at that time.

We use this model to provide a context for interpreting
isotopic data for sulfides from the Gunflint, Biwabik,
Trommald, and Mahnomen Formations. The steady-state
box model would reproduce our IF sulfide data using

fractionations associated with only sulfate reducing micro-
organisms and a fitted composition for oceanic sulfate of
3MS ~ 17%,,  APS~ —0.085%, and  A*°S~ 0.60%,
(Fig. 4), which is the minimum estimate (in 3**S and
A*°S, maximum in A*S) to satisfy the data. This prediction
also supports the lack of a prominent isotopic contribution
from SDP at this time. The validity of our estimate for the
isotopic composition of the seawater sulfate reservoir hing-
es on the appropriateness of the model approach, but it
also illustrates a new type of constraint for seawater sulfate
compositions. This treatment provides a scawater sulfate
composition that is not only consistent with earlier predic-
tions of the 8°*S of Paleoproterozoic seawater sulfate
(Strauss, 2004; Gellatly and Lyons, 2005), but consistent
in S and *°S with our predictions from steady-state global
box models (see position of sulfate field Fig. 3a versus the
composition suggested for the period of BIF deposition:
Fig. 4). Similar steady-state modeling cannot explain the
significant scatter of the Rove Fm. sulfide data, thus a pre-
diction of the associated seawater sulfate composition is
not appropriate.
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Fig. 4. Steady-state modeling results for a sulfur cycle with only active
sulfate reducers. The models and data are represented on a A*’S and §**S
plots (in %,), however the same treatment can be performed using axes
seen in (Fig. 3 b and c¢) with the conclusions remaining unchanged. The
inclusion of a sub-cycle can shift the isotopic predictions, such that the
sulfide and sulfate fields would not evolve away from a continental
composition (original source pool; seen in Fig. 3), but would be rooted
from a composition within the original seawater sulfate field (new source
pool). In this case, global processes would be controlling the isotopic
composition of the overlying seawater, but local effects are controlling the
isotopic composition of the sedimentary sulfides in the sediment column.
White diamonds represent IF sulfide data (with 2o errors), while all other
data is in light gray. The black lines represent the global predictions for a
sulfur cycle with only SRP active and are rooted at the predicted seawater
sulfate composition (gray square). This seawater sulfate prediction is non-
unique and falls within the range predicted by Fig. 3a (an experimentally
constrained field), and the theoretical predictions of Farquhar et al.
(2003). Since the model adequately encompasses the data, we suggest that
these sulfides are derived from the microbially (SRP) reduction of pore-
water sulfate within a sediment column under steady state conditions.
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4.3. Iron formation environments

We interpret our IF data to reflect operation of a local-
ized sulfur sub-cycle linked to the IF depositional environ-
ment (i.e. pore-water sulfate and local sedimentary sulfide)
(Fig. 5). We envision the overlying seawater sulfate infil-
trating the sediment column where microbial reduction of
pore-water sulfate would generate sulfide that was captured
as pyrite. In this environment, the small (~10%,) &S
fractionations between our model prediction for seawater
sulfate and the measured sedimentary sulfide indicate either
a high fraction of pore-water sulfate sulfur was reduced
and captured as pyrite (local f,, — 1, where local f,y is
the ratio of pyrite sulfur to sulfur infiltrating as pore-water
sulfate), or low pore-water sulfate concentrations. The high
Fe-content of the sediments, coupled with low organic mat-
ter contents, suggest that lowered pore-water sulfate con-
centrations was most likely the limiting constituent in this
environment (Habicht et al., 2002). The requisite source
of Fe for pyrite formation is taken to be similar to other
Superior-type IFs, which are thought to sample water de-
rived from a deep ferruginous ocean, and where a majority
of the ferrous iron would be chemically or microbially oxi-
dized on the shelf (e.g. Derry et al., 1992).

4.4. Transitional environments

The suite of samples that lie between the underlying IF
and the overlying euxinic shales of the upper Rove Forma-
tion were grouped by Poulton et al. (2004) on the basis of
evidence from Fe-speciation work and designated as “tran-
sitional.” The transitional nature of the depositional envi-
ronment from which these samples were derived is

further supported by the sulfur isotope data for this hori-
zon, which straddles both the field defined by the Gunflint
IF and the field defined by the overlying euxinic Rove For-
mation shale. The two lowermost samples in the transition-
al Rove Formation shales fall within the steady-state IF
field, suggesting an initial consistency with the underlying
IF data (i.e. deposition under ferruginous water column
conditions). Data for immediately overlying samples di-
verge from the IF field and fall within the field for the euxi-
nic Rove Formation shales. Further up-column, there is a
brief return to coincidence with the IF field before the data
terminally diverge to occupy the euxinic shale field. Note-
worthy is that the ‘transitional’ samples overly the Gun-
flint/Rove disconformity, suggesting that the change in
ocean chemistry or the establishment of a different basin
scale sulfur cycle (discussed below) captured by these sam-
ples, post-dated the refilling of the Animike Basin, roughly
40 Ma after the deposition of the underlying iron
formations.

4.5. Euxinic shale environment

The large amount of isotopic variability for the euxinic
Rove Formation sulfides appears to be independent of
stratigraphic position, cannot be explained by the inclusion
of active SDP, and is inconsistent with the box model ap-
proach described in Fig. 2b. Similarly, the isotopic data
for euxinic Rove sulfide occupy an area to the right of
the sulfide field presented in Fig. 4. This observation leads
us to consider the possible role of other effects within the
euxinic Rove Fm. sulfur cycle. Two recent studies have de-
scribed how removal of sulfide by Rayleigh fractionation
processes can produce sulfur isotope compositions for
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Fig. 5. A cartoon representing the envisioned IF depositional environment. The focus of this graphic is to constrain the cycling of sulfur through the
system, and in doing so, other important elements and cycles may be underappreciated. In the right-most column, a, atmosphere; o, oxic ocean; f,
ferruginous ocean; and s, sediments. This environment is interpreted to have a shallow, stratified water column with a component of horizontal (possibly
wind/upwelling driven) transport. There would likely be significant oxic/anoxic interaction at the chemocline, with the zone of most intense SRP activity
and pyrite production in the upper portions of the sediments, where organic material would most readily accumulate. The lifetime of sulfide in this system
would be very short, as the available iron would quickly scavenge the free sulfide for Fe-S formation (and later pyrite). The profiles at left represent
speculative ion profiles for two different sulfur species (sulfate and sulfide). The sulfate concentration would remain relatively constant until entering the
lower portion of the water column, where the compositional gradients extending from the sediment system could draw down sulfate. This is a function of
the most prominent sulfate sink being in the sediments. In the sediments, sulfate would be expected to decrease through the zone of active sulfate reduction
and level off as methanogensis begins to dominate. The sulfide profile is a reflection of the sulfate prediction.
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sulfate and sulfide that migrate to positive 8°*S with only
small changes of A*S (Johnston et al., 2005a; Ono et al.,
2006). Similar effects may be produced in systems at stea-
dy-state with continuous sulfide loss, or in systems where
changes in the source or sink terms have resulted in a
non steady-state condition. We will discuss both the possi-
bility for a non steady-state explanation for the euxinic
Rove Fm. data, as well as the possibility that the data
may be explained by a steady-state sulfur cycle with contin-
uous loss of sulfide.

4.5.1. Possibility of a non steady-state sulfur cycle

Non steady-state conditions, of which Rayleigh effects
are a limit, arise when variability in either the source or
the sink reactions leads to a significant fluctuation in the
size of one or more of the sulfur pools. We consider the
temporal variability in seawater sulfate concentration as
a function of the sum of fluxes in and fluxes out. The iso-
topic ratio of these fluxes results in the definition of a frac-
tionation factor for the process. Thus, the isotopic
consequence of a non steady-state depends on the fraction-
ation between reservoirs and the magnitude of the change
in reservoir size. These can be described by a combination
of Rayleigh effects and mixing. In Fig. 6 we illustrate the
way that a one-box system responds when the source flux
decreases relative to the sink flux. In this system, the initial
isotopic evolution follows a trajectory defined by conven-
tional Rayleigh fractionation (szRQf(“_l), where f is
the fraction of Rayleigh distillation, and R, and R, are
the isotopic ratios for the instantaneous composition at
fraction f and for f=0) (Fig. 6). As the size of the pool
continues to change, the predicted isotopic evolution be-
gins to loop back around towards the starting composition

D.T. Johnston et al. 70 (2006) 5723-5739

as a function of mass balance (noted as ‘mixing (recovery)
loops’). This treatment predicts a drastic initial isotopic
evolution as a response to non steady-state conditions,
but a slow and less isotopically drastic response as the sys-
tem reaches a new steady state.

In order for a non steady-state interpretation of the
euxinic Rove Fm. sulfide data to be valid, it must explain
the general geological and geochemical features of the euxi-
nic Rove shale. Those features include the interpretation
that deposition occurred in a marine setting, and that large
(tens of %,) >*S enrichments occur throughout about
~40 m of stratigraphic section. Given the measured fracti-
onations (>20%, in 8**S and highly variable A**S and
A*°S), the magnitude of the non-steady state effects for
the Rove Fm. would require a process capable of generat-
ing significant changes in the size of the sulfate pool. This is
because in order for a Rayleigh-like process to produce the
observed effects, a significant fraction of the local sulfate
reservoir (either bottom water sulfate or pore-water sul-
fate) must have been removed. This estimate may represent
a lower limit, since this isotopic variation is captured in the
sulfide, rather than sulfate, pool. A standing pool of sulfide
in a sulfidic water column has the potential to damp the
magnitude of isotopic signals that are transferred to it from
the sulfate pool. For example, if 10’s of pM sulfide are pro-
duced and assimilated into a standing sulfide pool of 100’s
of uM sulfide, the isotopic contribution of that most recent
addition will not be fully expressed, whereas if there was no
standing sulfide reservoir, the composition of the recently
produced sulfide would be representative of the standing
pool and could then be captured as pyrite.

Prior studies have suggested that some non steady-
state effects may accompany the geographic restriction of
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Fig. 6. A triple isotope plot describing the consequences of Rayleigh fractionation and mixing for the simple one box model presented in the lower corner
of the figure. The black and white boxes are the steady state predictions for the compositions of the sink and pool respectively. The Rayleigh fractionation
trajectories (straight arrows) constrain the initial direction that the loops (which include mass balance considerations) proceed in. The right most loop
represents the evolving composition of the “pool,” whereas the left most loop represents the evolving composition of the “sink”, and is offset by a
fractionation factor (). Plotted is the scenario where the sink overwhelms the source.
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a basin, with episodic re-supply from a sulfate source (e.g.,
Johnston et al., 2005a). We do not favor this for the Rove
Formation because it has been interpreted to have been
deposited in a marine environment, and thus communicat-
ing with the open ocean. As an alternative, we explore the
possibility that the euxinic Rove Formation data reflect the
normal operation of a low sulfate marine environment. We
focus on two parts of this system, (1) the water column and
(2) the underlying sediments.

High rates of sulfate reduction are common for organic
rich sedimentary environments. Thus, it may be possible,
given increased organic material, for euxinic water col-
umn sulfate reduction rates to consume a significant pro-
portion of water column sulfate and induce a non steady-
state behavior within the system. This type of situation
can be described using a simple expression and observed
rates for modern water column processes. We calculate
steady-state, 1D penetration depths to gain an ‘order of
magnitude’ estimate of how sulfate concentrations might
vary as a function of overlying water column depths.
We begin with a simple diffusion length-scale expression,
where L ~ /Dt (or length is related to the square root
of diffusion multiplied by time). However, if we make
the assumption that the characteristic timescales of the
system are set by sulfate reduction rates (SRR), which is
reasonable, we can substitute time (#) with the expression:
[boundary concentration/sulfate reduction rate]. This is
easier to understand when considering units, where
boundary concentrations are reported in moles per liter
(M), and sulfate reduction rates are reported in moles
per liter per unit time (time = M/[M/time]). We run this
calculation using low sulfate concentrations (1-4 mM),
Black Sea water column mixing rates from Neretin
et al. (2001) (0.5-3 cm?/s) as a proxy for effective diffusiv-
ity, and for sulfate reduction rates of 1 pM/day which are
at the high end of those reported for euxinic water col-
umns (e.g., 0.0035-1.569 pM/day; Il’chencko and Soro-
kin, 1991; Jorgensen et al., 1991; Albert et al., 1995;
Neretin et al., 2001; Serensen and Canfield, 2004). Our re-
sults indicate that sulfate concentrations will approach
zero at depths between ~50 and 350 m below the chemo-
cline, which spans the inferred water column depths over-
lying the Rove Fm. As sulfate reduction rates increase,
the water column depth required to remove significant
amounts of sulfate decreases. Serensen and Canfield
(2004) observed a rate enhancement when water column
samples were augmented with acetate and lactate. It has
also been argued (Logan et al., 1995) that concentrations
of suspended organic carbon (dissolved and particulate)
were higher in the Proterozoic, which they argue would
have fostered increased rates of water column sulfate
reduction during that period. Both suggestions indicate
that significant water column sulfate removal is likely un-
der supposed Proterozoic shelf conditions (euxinic with
high organic carbon). These predictions assume that there
is not significant lateral transport of sulfate-rich water
onto the shelf, but acknowledging that lateral homogene-

ity is more likely in closed basins or where continental
shelves are extensive.

The development of a sulfate-limited system, which is
modeled as a non steady-state response in the euxinic Rove
Formation sulfur cycle, may also have been initiated as a
result of changes in the rates of sulfate uptake by sedi-
ments. Considerations of the contribution of active sulfate
reduction in the underlying sediments, and the role that
this sulfate sink can play in water column chemistry, must
also be considered. In low sulfate concentration water col-
umn-sediment systems, variations in sulfate reduction may
influence the size of the water column sulfate pool. The
depths inferred for the Rove Formation depositional envi-
ronments (~100 to 200 m) are on the same order as the
characteristic diffusion length-scales described using the
same equation described above (v/Dr) and using the above
listed mixing rates. Given typical rates for uptake of sulfate
measured in modern sedimentary systems (~0.2 to 50 mol/
m?yr) (e.g., Jorgensen, 1977), it is predicted that there will
be a significant extension of the sedimentary/water column
boundary layer that would result in sulfate draw down in
the water column. For example, a 100 m by 1 m? water col-
umn with 1 mM of sulfate contains only 100 mol of total
sulfate, and variability within the range of observed rates
of sedimentary sulfate uptake will have a significant impact
on the size (2-50% change) and isotopic composition of the
sulfate pool in this system. This interpretation assumes lat-
eral homogeneity aided by bottom water currents, and the
presence of rip-up interclasts suggests that bottom water
currents were, at the very least, sporadic. However, this
also depends on the lateral extent (scale) of the system
and whether these water currents introduced sulfate-rich
water from other deep-water sources. Since active commu-
nities of sedimentary sulfate reducers (or the physical pro-
cess producing water column drawdown of sulfate
concentrations) are largely independent of small variances
in bottom water currents, the general treatment presented
above should apply. In essence, a low sulfate water column
can easily become sulfate limited when sedimentary SRP
communities are present, and especially where the water
column is shallower and organic inputs high, such as in
the Rove Fm.

For variations in the intensity of water column sulfate
reduction rates, or variations in the intensity of the sedi-
mentary sulfate drawdown mechanism to be feasible expla-
nations, these rates must vary on timescales that are
comparable to the response time of the Rove Formation
sulfur cycle. This will depend, in part, on water column
mixing rates, but will also be influenced by changes in con-
trols on sulfate reduction rates, such as ambient water tem-
peratures and nutrient availability. We infer that the Rove
Formation water column had a short response time (sea-
sonal to yearly), which we estimated using the length-scale
expression presented above. Another issue that must be
considered in evaluating the plausibility of a sulfate-limited
explanation for the Rove Formation data is related to the
size of the standing pool of water column sulfide. A large
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standing sulfide pool would have the potential to damp the
isotopic signal of the sulfide reservoir. This leads us to sug-
gest that although these scenarios have the potential to
produce variations in the water column sulfate concentra-
tion profiles, they would not be sufficient to produce the
sustained and significant Rayleigh isotopic signal observed
for the sulfides. For these reasons, we do not favor this
interpretation.

4.5.2. Possibility of a sulfur cycle with continuous sulfide loss

An alternative model we propose for the euxinic Rove
Formation sulfide data is a steady-state sulfur cycle that in-
cludes a significant and continuous loss of sulfide. A box
model with this structure is presented in Fig. 2c. The field
of sulfide compositions that can be produced by this box
model using experimentally-determined sulfur isotope
fractionations (e.g., Farquhar et al., 2003; Johnston et al.,
2005b) is plotted in Fig. 7. In general, as more sulfate
and sulfide boxes are added to the model, mass-balance re-
quires that the composition of sulfate moves to the lower
right of Fig. 7, due to the removal of isotopically depleted
sulfides. Sulfide removal can occur through a number of
processes, such as oxidation, burial, and various transports
pathways out of the system. Fig. 7a presents all the data
with the steady-state predictions for the isotopic composi-
tion of seawater sulfate (right field) and global sedimentary
sulfide, assuming only one sulfide sink (left field). Fig. 7b
show the evolution of predicted sulfide compositions as
additional sulfide sinks are added, with Fig. 7b represent-
ing a scenario with four sulfide sinks (global pyrite plus
all sulfide sinks presented in Fig. 2c). Strictly speaking,
the model is an incremental batch loss process rather than
a Rayleigh process, but the expansion of the sulfide field re-
flects the loss of **S-enriched sulfur from the system, as it
does in Rayleigh systems. More complex models such as
those with additional steps for sulfide loss (Fig. 7b) are
capable of producing an even larger field for sulfide isoto-
pic compositions and predict isotopic compositions that
more closely match that of the Rove Fm. data. This style
of explanation would not require the extreme situation re-
quired for Rayleigh effects, but only multiple sulfide sinks
for the system. This explanation becomes even more
achievable (i.e. less sinks required) if the fractionation asso-
ciated with SRP increases (due to limited experimental
data, the upper fractionation used in the modeling is
~27%, in 5°*S). For the model represented in Fig. 7 to
work, it must allow a significant loss of sulfide from the
system (>50%), a fraction that is significantly higher than
the fraction of sulfide lost to pyrite formation in the Black
Sea (e.g., Neretin et al., 2001). Recently, Kump et al. (2005)
suggested that upward excursions of the chemocline in the
Proterozoic oceans may have ventilated sulfidic waters in
upwelling zones, releasing hydrogen sulfide into the atmo-
sphere. Evidence for a shallow chemocline in some Paleo-
proterozoic environments is given by recent biomarker
evidence that placed the sulfidic/oxic chemocline within
the photic zone of the McArthur basin (Brocks et al.,
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Fig. 7. A triple isotope plot of the sulfide data for the period of shale
deposition. Iron formation data are represented by white diamonds, the
transitional shale with black triangles and the euxinic shale with gray
diamonds. All errors are 2¢0. (a) A steady-state system with only one
sulfide sink (global pyrite; labeled as 1), similar to that seen in Fig. 3a and
with additional fractionation factors from Farquhar et al. (2003). The field
extending towards the left represents sulfides whereas the field extending
towards the right represents the sulfates in the system. (b) A scenario with
four sulfide sinks, labeled 1-4 (the global sulfide, with all three additional
sulfide sinks in Fig. 2c). It can be seen from the figure that as the number
of sulfide sinks increases, steady state models can produce more enriched
sulfide compositions.

2005). Such a loss process may apply to the Rove Forma-
tion sulfur cycle, but would further require that sulfide
delivered to the atmosphere be laterally transported away
from the basin before returning to the oceanic sulfur cycle
(as either sulfide, or more likely as sulfate). Transport im-
plied by the Kump et al. (2005) model provides a way to
remove this sulfur from the Rove Formation sulfur cycle;
however the possibility also exists that the loss may be
associated with lateral heterogeneity, where a gradual iso-
topic enrichment of seawater sulfate (due to the progressive
removal of isotopically depleted sulfide) accompanies the
transport of sulfate through the system. Further, reports
of sulfide samples with strongly positive 8**S from other
middle Proterozoic sequences such as the Reward Forma-
tion, Wollogorang Formation, and Roper Group (e.g.,
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Hayes et al., 1992; Hayes, 1993; Shen et al., 2002, 2003),
may provide a link between our data and global mid-Pro-
terozoic sulfur cycle that had a component of continuous
sulfide loss. Tests for this hypothesis would include studies
that include 8**S and ¢S in addition to 5**S for these and
other localities, where we would predict isotopic composi-
tions similar to those seen in the Rove Formation.

A cartoon describing our interpretation of the Rove Fm
sub-cycle is presented in Fig. 8. We suggest that the local
sulfate reservoir is a combination of euxinic water column
sulfate and pore-water sulfate. We envision the sulfate
source to this system as the overlying oxic surface ocean
seawater sulfate pool and sulfate from this overlying reser-
voir would vertically mix into the sulfidic portions of the
water column and diffuse into underlying sediments. Sul-
fate reducing prokaryotes populating both the euxinic por-
tions of the water column and the underlying sediments
would contribute to the variability observed in the Rove,
where fluctuations in the biological controls (temperature,
nutrient fluxes and organic rain from surface environ-
ments) and sulfate delivery to the sulfidic parts of the sulfur
cycle would have lead to development of non steady-state
concentration effects, but only minor isotopic variations
if the standing pool of water column sulfide was significant.
Transport of sulfide out of the system, either as a result of
horizontal transfer within the ocean, or as a result of
ocean—atmosphere transfer of hydrogen sulfide, would

5735

leave the residual reservoir **S enriched and contribute to
the positive 3**S observed in the shale sulfide reservoir.
As suggested above, the Rove Formation may not be un-
ique, as similar processes may have operated in other mid-
dle Proterozoic settings.

4.6. Dispelling non mass-dependent contributions and
calibrating a new relationship

The question of whether a sulfur isotopic composition is
entirely the result of mass-dependent processes, or also
possesses a component attributable to non mass-dependent
chemistry, is not a trivial one when interpreting the Pre-
cambrian geologic record. Large (%, scale) non mass-de-
pendent isotopic signals have been observed in sulfur
samples older than 2.45 billion years old. These observed
effects have thus far been attributed to gas-phase photo-
chemical reactions in a low O, atmosphere (e.g., Farquhar
et al., 2000, 2001; Pavlov and Kasting, 2002; Farquhar and
Wing, 2003, 2005; Mojzsis et al., 2003; Hu et al., 2003; Ono
et al., 2003; Bekker et al., 2004; Papineau et al., 2005).
Some workers have further argued for the persistence of
small non mass-dependent signals into the Paleoproterozo-
ic, where a resolvable, but much smaller signature remains
(for samples with ages between 2.4 and 2.0 billion years
old; Stage II of Farquhar et al., 2000; Farquhar and Wing,
2003, 2005). The samples studied here are slightly younger
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Fig. 8. A cartoon representing the envisioned shale depositional environment. The focus of this graphic is to constrain the cycling of sulfur through the
system, and in doing so, other important elements and cycles may be underappreciated. In the right-most column, a, atmosphere, o, oxic ocean, e, sulfidic
(or euxinic) ocean, and s, sediments. This environment is interpreted to have been deeper water than the IF environment, with a larger anoxic portion of
the overall water column. In this scenario, lateral transport could move both sulfate and sulfide (sulfide in sulfidic waters). Sulfate reduction would be
active in the water column of this environment, which makes this system inherently more dynamic (a sulfur sink in the water column with the capability of
migrating). With this in mind, the recycling of organic carbon (OC) and the mixing/diffusion across the oxic/anoxic interface are of vital importance.
Recent propositions even suggest that the chemocline could reach the surface of the ocean, venting sulfide directly to the atmosphere (Kump et al., 2005).
The outgassing mechanism is a viable solution for satisfying our sulfide data (see text for more detail). The zone of most intense SRP activity and pyrite
production would still remain in the upper portions of the sediments, but sulfate reduction would inhabit the water column. The lifetime of sulfide in this
system would be much longer than in the IF setting, as the available sulfide would overwhelm the available iron. The profiles at left represent speculative
ion profiles for two different sulfur species (sulfate and sulfide). The sulfate concentration would begin to decrease in the euxinic portion of the water
column as a function of low, but present rates of microbial sulfate reduction. A similar extension of the compositional gradient would draw down sulfate
more quickly as the sediment/water interface is approached. In the sediments, sulfate would be expected to decrease through the zone of active sulfate
reduction and level off as methanogensis begins to dominate. The sulfide profile is similar, but not a direct reflection. Potential outgassing to the
atmosphere requires a variable amount of sulfide in the surface ocean, which is represented by the wavy line atop the sulfide concentration profile. Sulfide
would increase quickly below the chemocline as a function of the diffusive boundary layer with the overlying oxic waters, and due to more labile organics
near the surface, followed by slow accumulation through mid-depths. The compositional gradient produced in the sediment system would still intrude into
the water column, causing an increase in sulfide near this interface. Below this, sulfide concentrations stabilize and are largely represented by pyrite.
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than those defining Stage II, but can serve to test the pro-
posed lack of non mass-dependent signatures and presence
of a mass-dependent surface sulfur cycle at the time of
deposition.

Previous research has suggested that the relationships
between 8°°S and &S (5°°S/8**S) and A*°S and A*’S
(A%S/A*S) can be used to distinguish between fractiona-
tions produced by mass-dependent and non mass-depen-
dent processes (Farquhar and Wing, 2003, 2005; Wing
et al., 2004; Ono et al., 2006). Ono et al. (2006) recently ar-
gued that isotope effects associated with mass-dependent
(MD) geochemical systems would yield a &S/
838 ~ 0.512-0.515 and a A**S/A*3S relationship that
would converge on a value of ~—7. Non mass-dependent
evidence suggests a much more variable A%°S /A*3S (rang-
ing from A*S /A¥S of —10.36 [Zmolek et al., 1999] to
1.8 [Farquhar et al., 2001]), however observation of Arche-
an samples suggests a terrestrial record of ~—1. Our data
are consistent with the mass-dependent criteria (e.g.,
Fig. 9), and suggest that non mass-dependent isotopic frac-
tionation effects, and non mass-dependent detrital contri-
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Fig. 9. The data plotted in terms of A**S and A*S plot (in %,). Also
included is the model ellipse from Fig. 3c (solid gray ellipse). In the figure,
the BIF sulfides are represented by white diamonds, the shale sulfides are
gray diamonds, the transitional sulfides are black triangles, and the
silicified samples are light triangles. A representative error bar is reported
in the bottom left. The short dashed line is an observational trend noted in
Archean sediments (see text for details and citations) and plots with a
slope of ~—1. Also plotted is a regression through the data, which
produces a trend of slope —6.28. The observed slope for our data is within
lo of predictions from Ono et al. (2006), who predicted a slope of —6.85,
and is satisfied when plotted with the steady-state modeling treatments
(gray ellipse). The observed consistency between mass-dependent predic-
tions and our data, reinforced by the gross deviation from the observed
Archean line, suggests that these samples were produced by only mass-
dependent fractionation processes. We postulate that the observed small-
scale variations are the result of a slight decoupling of **S and 3°S
fractionations related to both the geochemical redistribution of material
(accounted for both in this treatment and in Ono et al., 2006) and a
biologically produced effect (modeled here). The later will be addressed in
a subsequent study.

butions, can be ruled out at the time that this succession
was deposited. The consistent nonzero intercept for the
A*S/A®S of ~0.3 suggests a consistent sulfur source to
the system with a composition different from our normali-
zation V-CDT. We also provide a steady-state model pre-
diction (Figs. 3c, Fig. 9) that demonstrates the
consistency of the IF data with such predictions. While
our observations are consistent with prevailing hypotheses
about modest levels of oxygen in the early to middle Prote-
rozoic, they provide a constraint on the extent of the
hypothesized Stage II, which marks the transition period
between the non mass-dependent world and one more like
the modern. Important to understanding element cycles at
this time is accepting the difference between what is implied
by Stage II in the sulfur and iron isotope records (Farquhar
et al., 2000; Rouxel et al., 2005), as the S-record is based on
contributions from low O, settings and the associated pro-
cesses whereas the Fe-record is based on oceanic redox
conditions.

5. Conclusions

We have argued that the transition from ferruginous to
sulfidic ocean conditions circa 1840 My ago is coincident
with significant changes in the sulfur cycle. Despite these
changes, our data do not require a significant change in
seawater sulfate concentration at this transition. Our data
and models suggest that during the period of IF deposition,
the sulfur cycle fell under local diagenetic control and that
seawater and pore-water sulfate reached an isotopic steady-
state. Isotopic variability within this setting is interpreted
as the result of changes in local pyrite burial associated
with fluctuations in iron inputs and sulfate reducer activity.
These modeling treatments also provide a new means of
estimating the isotopic composition of seawater sulfate.
This estimate is also consistent with a lack of prominent
isotopic contributions from SDP at this time. Our data sug-
gest that low seawater sulfate concentrations, coupled with
active microbial sulfate reduction and a euxinic water col-
umn, destabilized the sulfur cycle that dominated during IF
deposition and ushered in a sulfur cycle during deposition
of the Rove Formation that included loss of **S-depleted
sulfide. The occurrence of positive 5**S sulfides throughout
the entire Rove Formation with A**S that are consistent
with a local loss process, and **S-enriched sulfides in other
late Paleoproterozoic sequences leads to the suggestion the
sustained loss process for *S-depleted sulfur was
widespread. This may reflect outgassing of water column
hydrogen sulfide to the atmosphere (Kump et al., 2005).
Further studies of all four sulfur isotopes from other Pro-
terozoic, sulfide-bearing sulfidic successions should provide
a test for this hypothesis. Our data suggest that the oscilla-
tions between different modes of the sulfur cycle from the
steady-state regime associated with the Gunflint Forma-
tion, Biwibik Formation, Trommald Formation, and Mah-
nomen Formation, to the continuous loss regime
associated with the Rove Formation was not immediate
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and that at least one reversal preceded the permanent
establishment of sulfidic conditions. We recognize that
the connections between biology, ocean mixing, ocean-at-
mosphere exchange, and basin-scale cycling of sulfur dur-
ing the Proterozoic remain to be better explored.
However, the possibility of continuous loss of hydrogen
sulfide to the atmosphere, coupled with the potential for
a pervasive shallow chemocline, would have undoubtedly
influenced myriad elemental cycles and hindered the
advancement/evolution of life through this time.
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