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Triple oxygen isotopes within post-Marinoan barites have played an integral role in our understanding of
Cryogenian glaciations. Reports of anomalous A'70 values within cap carbonate hosted barites however
have remained restricted to South China and Mauritania. Here we extend the A'70 anomaly to northwest
Canada with our new measurements of barites from the Ravensthroat cap dolostone with a minimum
A'70 value of —0.75%o. For the first time we pair triple oxygen with multiple sulfur isotopic data as
a tool to identify the key processes that controlled the post-Marinoan sulfur cycle. We argue using a
Keywords: dynamic 1-box model that the observed isotopic trends both in northwest Canada and South China can
triple oxygen be explained through the interplay between sulfide weathering, microbial sulfur cycling and pyrite burial.
barite An important outcome of this study is a new constraint placed on the size of the post-Marinoan sulfate
sulfur cycle reservoir (~0.1% modern), with a maximum concentration of less than 10% modern. Through conservative
Neoproterozoic estimates of sulfate fluxes from sulfide weathering and under a small initial sulfate reservoir, we suggest
cap dolostone that observed isotopic trends are the product of a dynamic sulfur cycle that saw both the addition and
snowball earth 17 . . .
removal of the A'/0O anomaly over four to five turnovers of the post-Marinoan marine sulfate reservoir.
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1. Introduction has drawn new attention to these deposits (Bao et al, 2008;
Peng et al., 2011).

Stratospheric production of ozone preferentially concentrates
the heavy oxygen isotopes (170 and '80) in equal proportions rel-
ative to their lighter counterpart (1°0) (Thiemens and Heidenreich,
1983), and isotopic exchange results in the enrichment of strato-
spheric gases, principally CO,, in the two heavy isotopes of oxygen
(Yung et al,, 1991, 1997). Conversely, stratospheric O, bears the
isotopically lighter fraction, and is anomalously enriched in 160,
and depleted in 170 (Luz et al., 1999). This stratospheric isotopic
anomaly is mixed into the tropospheric O, reservoir, where it
can lead to 170 depletions in tropospheric O,. These 70 deple-
tions are tempered in the troposphere by O, generated through
oxygenic photosynthesis (Luz et al., 1999), which is sourced ulti-
mately from the hydrosphere and carries no mass-independent 70
anomaly. Mass exchange between the stratosphere-troposphere

The dramatic climate transition observed at the boundary be-
tween the Cryogenian and Ediacaran periods (635 Ma) is well doc-
umented but poorly understood. The Snowball Earth Hypothesis
postulates that during this transition, Earth’s oceans were frozen
in a runaway ice-albedo feedback that was finally disrupted by
the gradual, syn-glacial build-up of volcanogenic greenhouse gases
(primarily CO7) in Earth’s atmosphere (Hoffman et al., 1998). The
Snowball Earth event at the end of the Cryogenian period (the
635 Ma Marinoan glaciation) is marked by “cap carbonate” de-
posits and, in several regions of the world, thin intervals of barite
(BaSO4) (Hoffman et al., 2011; Macdonald et al., 2013). The re-
cent discovery of large deficits in 170-1°0 ratios, relative to those
expected from the '80-160 ratios in Snowball-associated barites,
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seems to be relatively insensitive to changing atmospheric compo-
sitions (Butchart et al., 2006), therefore, the unique oxygen isotope
signatures in post-Marinoan barites likely reflect perturbations to
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Fig. 1. (a) Exposed Neoproterozoic stratigraphy in the Mackenzie Mountains in northwest Canada where barites from this study were sampled. (b) Stratigraphic log outlining
barite occurrence at the top of the Ravensthroat cap dolostone, underlying the Hayhook Limestone. (c) Digital photomicrographs of barite fans taken in unpolarized light in
~3 mm-thick polished thin sections, where examples of the change in textures observed in the barite unit are observed with basal bladed crystal fans in the B1 horizon and

digitate groups with widely spaced laminations in the B3 horizon.

either biospheric productivity (Sansjofre et al., 2011), atmospheric
CO levels (Bao et al., 2008), or possibly both (Cao and Bao, 2013;
Wing, 2013).

Transfer of the atmospheric isotope signal to marine sulfate
starts with oxidative weathering of sulfide minerals, producing
aqueous sulfate with up to 25% of its oxygen from tropospheric O,
(Balci et al., 2007; Bao et al., 2008; Kohl and Bao, 2011). Rivers
transport this sulfate to the oceans where it, and the isotopic
anomaly it carries, is diluted into the standing stock of marine
sulfate. Sulfate also fuels microbial sulfur cycling (MSC) in marine
environments. The sulfide produced along the reductive branch of
MSC can be re-oxidized to sulfate (Jorgensen, 1990), leading to a
flux of isotopically normal (A170 = 0) sulfate back into the ma-
rine pool (Peng et al, 2011). This same set of processes (sulfide
weathering and MSC) carry sulfur isotope consequences for the
marine sulfate reservoir, mediated by the fraction of sulfur that
leaves the marine environment through pyrite burial. The sulfide
produced from sulfate reduction will be enriched in 32S, leav-
ing a sulfate counterpart that is enriched in 34S. As preserved in
the sedimentary record, sulfur isotopic differences between sul-
fates and sulfides are related to both oceanic sulfate concentra-
tions (Gomes and Hurtgen, 2015; Bradley et al., 2016) and organic
carbon availability, as manifest through sulfate reduction rates in
marine sediments (Leavitt et al., 2013). Re-oxidative sulfur cy-
cling can amplify this isotopic difference between reduced and
oxidized forms of sulfur (Canfield and Thamdrup, 1994) but it also
produces characteristic 335-32S fractionations that enable it to be
distinguished from MSC’s reductive branch (Johnston et al., 2005;
Pellerin et al., 2015a; Wu et al,, 2010). Coupled oxygen and sulfur
isotope measurements from post-Marinoan barite, therefore, are a
potentially powerful tool to resolve not only atmospheric compo-
sitions, but also the dominant metabolic contributions and critical
fluxes into and out of the marine reservoir during this unique time
in Earth history.

Although considerable attention has been given to the dynam-
ics of the sulfur cycle across the Cryogenian-Ediacaran transition,

many outstanding questions remain. For example, the initial size
of the marine sulfate reservoir at the end of the Marinoan glacial
episode, and the rapidity of its growth to typical Phanerozoic lev-
els is still unknown. Sulfur isotope fractionations between sulfate
and sulfide in different post-Marinoan sedimentary packages have
been used to argue for an initial sulfate reservoir of late Archean
proportions that grew to Phanerozoic levels over ~30 million years
(Halverson and Hurtgen, 2007). Alternatively, large depletions in
345 in sulfides from black shales have been interpreted to reflect a
more immediate oxidative response, with the growth of a sizable
sulfate reservoir occurring at a rate that was more than an order of
magnitude more rapid (Sahoo et al., 2012). The microbial dynam-
ics of the sulfur cycle over this interval are also uncertain, with
the suggestion of a broad interval of enhanced re-oxidative sul-
fur cycling preceding the Marinoan glacial interval (Canfield and
Teske, 1996) as well as a vigorous oxidative component of MSC
drawing down marine sulfate levels in the earliest Ediacaran (Peng
et al., 2011). Given the complicated relationship between atmo-
spheric oxygen, marine sulfate levels, and the intensity of microbial
sulfur re-oxidation, these conflicting results make it difficult to re-
construct the nature of the ocean - atmosphere system in the
aftermath of the Marinoan glaciation.

In this study we provide new data and interpretation of the
post-Marinoan sulfur cycle through the isotopic record within
barite fans from the Mackenzie Mountains in northwest Canada
(Fig. 1). This dataset includes the first paired triple oxygen and
multiple sulfur isotope measurements from a Marinoan-aged
barite. These data are interpreted within a time-dependent model
of post-glacial sulfate cycling to explain observed isotopic trends
and the environmental conditions accompanying barite deposition.
By extending the record of the 170 anomaly in barite to another
paleo-continent, we link these isotopic shifts to the global oper-
ation of the post-Marinoan sulfur cycle. Through this approach
we make new estimates for the size of the post-Marinoan sul-
fate reservoir and the impact of re-oxidative sulfur cycling. These
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results provide model-dependent estimates for the time interval
captured by both barite units and underlying cap carbonates.

2. Materials and methods
2.1. Sample description

Two predominant morphologies of macroscopic barite occur in
Marinoan cap dolostones worldwide. The first type is diagenetic,
forming void filling crustose cements (Shields et al., 2007) and
tepee-like breccias interpreted as subaqueous (Jiang et al., 2006)
or vadose (Zhou et al., 2010) in origin. The second type - seafloor
barite fans - are primary and abiogenic. These barite fans grew
directly into the water column, and they are preserved within an
iron and manganese-rich dolomicrite matrix. Seafloor barite struc-
tures are found above or within cap dolostone units commonly
below buildups of aragonite fans (Hoffman et al., 2011).

Seafloor barite is the primary barite morphology observed in
the Ravensthroat Formation cap dolostone in the southern and
central portions of the Mackenzie Mountains in the northern Cana-
dian Cordillera (Hoffman et al., 2011; Macdonald et al., 2013)
(Fig. 1). The geological and chemostratigraphic succession in the
Mackenzie Mountains is similar to other cap carbonate successions
elsewhere, representing a transgressive sequence with large nega-
tive shifts in carbon isotope ratios occurring at the top of the cap
dolostone unit (Hoffman and Halverson, 2011).

Barite layers in the Ravensthroat Formation immediately over-
lying the cap dolostone, are typically 4-10 cm thick, and consist of
bladed crystals and upward-fanning rosettes (Fig. 1c). The upward-
oriented growth habit, sediment drape that thins over crystal ter-
minations, and presence of crystal fragments as detrital material
within the sediment matrix indicate the barite was deposited at
the sediment-water interface. Importantly, there are three distinct
generations of barite that were sequentially deposited at the top
of the Ravensthroat Formation (Fig. 1). The first generation struc-
tures (Type B1) are 1-2 cm in height and consist of fine fans
of barite blades originating from common nucleation centers and
draped with laminated peloidal Fe-rich dolomite sediment (Arnaud
et al, 2011) (Fig. 1c). The B1 structures are covered by larger
(2-3 cm) internally laminated fans and rosettes (Type B2) inter-
spersed within the dolomite matrix. The uppermost barite struc-
tures (Type B3) are even larger (3-4 cm) and consist of fans that
have coalesced into digitate groups with more widely spaced inter-
nal laminations. These latest formed barites are inclusion rich, and
have thin rinds of inclusion-free barite separated by Fe-rich sed-
iment infill (Fig. 1c). The preservation of these delicate textures,
together with systematic isotopic trends identified here, suggest
that barites from northwest Canada have not been affected by
any post-depositional geochemical modification. The occurrence of
equivalent units on four other paleo-continents (Kennedy, 1996;
Bao et al., 2008; Hoffman et al.,, 2011) suggests global similarity
of depositional processes and timing among the Marinoan seafloor
barite units.

2.2. Oxygen isotope measurements

Triple oxygen isotope measurements followed the methods de-
tailed by Bao et al. (2008). Barite powders were dissolved and
re-precipitated as pure barite via a modified DTPA (diethylene-
triaminepentaacetic acid) procedure to remove any potential con-
tamination from non-sulfate bearing minerals (Bao, 2006). This in-
volved first dissolving the samples in a 0.05 M DTPA, 0.1 M NaOH
solution over 12 h in a sample shaker. Samples were subsequently
acidified with 6 M HCI in a water bath at 80°C to drive off any
CO,, thereby preventing the formation of witherite during the re-
precipitation of barite (Bao and Thiemens, 2000). Pyrite oxidation

was not a large concern in contamination of samples since pyrite
abundance was determined through high-resolution micrographs,
and determined to be a maximum concentration of 0.5% within
the micrite phase. Samples were then loaded onto a stainless steel
stage and placed under a BrFs atmosphere for 12 h to react with
any trace water in the samples. Oxygen gas was generated with
a COy-laser fluorination system on approximately 10 mg of sam-
ple powder. Typical yields of O were between 25-35% on the
barite sample powder, resulting in approximately 25 pmol of Oy
for analysis. Triple oxygen isotope compositions of O, derived from
barite were measured on a Thermo MAT 253 in dual-inlet mode
in the OASIC laboratory at Louisiana State University, and are ex-
pressed as:

A0=6170-052x §'%0 (1)

where, 870 = In(* Rgmple /' Rsmow) x 1000, 'R =10/1%0 and i is 17
and 18. Results are presented on the SMOW scale (cf. Bao et al.,
2008). Repeat measurements on pure BaSO4 laboratory standards
yielded a 10 analytical uncertainty for A'70 measurements of less
than 0.05%.

Microdrilled barite powders were also analyzed for their 5§80
values via a TC/EA coupled to a Thermo Delta V configured in con-
tinuous flow mode at Harvard University. Each sample was run in
duplicate, with an established standard deviation of 0.3% (10) for
replicate analyses of in-house standards. The composition of un-
knowns was calibrated against international standards (IAEA SO5,
IAEA SO6, and NBS-127) that were interspersed through each run
(see Johnston et al, 2014 for additional detail). Values are ex-
pressed as:

s'%0 = (lSRsample/Rstandard) x 1000 (2)

where 18R =180,160,
2.3. Sulfur isotope measurements

Multiple sulfur isotope measurements (534S, A33S, A36S val-
ues) were performed by reacting powdered barite samples first in
a boiling Cr-reducing solution (Canfield et al., 1986), which lib-
erated minor H;S from trace sulfides in the barite. Modal analysis
showed that these sulfides always formed less than 0.3 mol% of the
sulfur in a given sample. The resulting powders were then rinsed
repeatedly with Milli-Q H,O and dried over night. To measure the
isotopic composition of the sulfates approximately 10 mg of the
dried powder was then reacted with 15 mL of Thode reduction so-
lution at 100°C (Thode et al., 1961), which converts sulfate to H;S.
Hydrogen sulfide gas was carried through a N gas stream and was
bubbled through a Zn acetate solution where it was converted to
ZnS. Samples were then precipitated as Ag,S after reaction with
0.2 M AgNOs. Dried Ag,S samples were reacted with Fyy in nickel
bombs at 250 °C, to generate pure SFg(g). The isotopic composition
of SFg(g) was first purified via gas chromatography and analyzed on
a Thermo MAT-253 in dual inlet mode in the Stable Isotope Lab-
oratory at McGill University. Results were normalized to repeated
measurements of international reference material IAEA-S-1, with a
defined §34S value of —0.3%0 on the Vienna Canyon Diablo Troilite
(V-CDT) scale. We took the §33S value of IAEA-S-1 to be —0.061%
V-CDT. Sulfur isotope compositions are expressed as:

8'S = ([ Rsampte/ Rv-cor] — 1) x 1000 (3)
where ‘R =1S/32S and i is 33, 34, or 36, and
Als = 'S — 1000 x ([1+ (8**s/1000)]* — 1) (4)

where i is 33 or 36. We calculated A33S and A36S values
through reference mass dependent exponents, of 331 = 0.515, and
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Fig. 2. (a) Ravensthroat formation barite A'70 and 84S data plotted on the ref-
erence model solution (& = —42 and fpy = 0.95) for sulfate isotope values.
(b) Ravensthroat formation barite A33S and §34S data plotted on reference model
solution for sulfate isotope values calculated for varying values of 331. Total analyti-
cal uncertainty is estimated to be: A'70 (1o analytical uncertainty = 0.05%o), 8>4S
(1o analytical uncertainty <0.1%o), and A33S (1o analytical uncertainty <0.01%o).

361 =1.9, representative of equilibrium sulfur isotope exchange at
high temperatures. Uncertainty (10) on the entire analytical pro-
cedure is estimated to be better than 0.1%c for §34S, 0.01%o for
A33S and 0.2% for A%S.

3. Results

The sequential nature of three barite textures allows geochem-
ical signatures to be placed in relative chronological order. Values
of A170, 8180, §34S, and A33S all show clear trends with the pro-
gression from the earliest formed barite (B1) to the latest (B3)
(Fig. 2). Type B1 captures the largest negative A'70 values and
lightest 5§80 values with a mean value of —0.66%0 and 17.95%0
respectively. In the later formed type B3 barite, the Al70 sig-
nal is diminished and 880 values progressively heavier, reaching
—0.12%0 and 19.51%o respectively (Fig. 2a; Table 1). Similar iso-
topic trends were observed in sulfur data that showed a mean
§34s value of 29.5%¢, and a A33S value of ~ — 0.04%c. The 534S
and A33S values increase reaching averages of 45%c and 0.08%c
respectively for type B3 (Fig. 2b; Table 1). These observations sug-
gest that the seafloor barite horizon was sourced from a sulfate
pool with an evolving isotopic composition. In the analysis that
follows, we take the near linear positive covariation of A0 and
8345 as the primary geochemical signal to be modeled, and reserve
the positive covariation of A33S with §34S as an independent test
of the model predictions.

Table 1

A0 (1o analytical uncertainty = 0.05%o), 84S (1o analytical uncertainty
<0.1%0), A®S (10 analytical uncertainty <0.01%o), and A35S (1o analytical un-
certainty <0.2%o) stable isotope ratios for Types B1, B2 and B3 barite textures from
NW Canada. Analyses of barites for §'80 represent micro-drilled sub samples of in-
dividual barite layers (NM = not measured).

Sample A0 8180 534s ABS A36s Texture
2-1 —0.75 18.77 26.66 —0.023 —0.62 B1
2-2 —0.66 1712 29.89 —0.036 —0.67 B1
2-4 —0.56 NM 30.82 —0.037 —-0.75 B1
4-1 —0.36 18.33 40.70 0.009 —0.51 B2
4-2 —0.36 18.98 41.98 0.026 —0.64 B2
4-3 —0.37 NM 37.99 0.002 —0.99 B2
4-4 —0.47 NM 3745 —0.019 —0.09 B2
3-1 —-0.20 19.51 45.53 0.073 —0.16 B3
3-2 —0.08 19.78 43.04 0.086 —0.29 B3
3-3 —0.08 19.25 44.54 0.083 0.32 B3

4. Discussion

4.1. Existing interpretations of the isotopic evolution of post-Marinoan
seafloor barite

There are three published models for the sulfur and/or oxygen
isotope evolution of post-Marinoan barites. One conceptual model
for barite deposition called on the upwelling of anoxic barium-
and sulfide-rich but sulfate-poor deep waters into an oxygenated
surface ocean (Hurtgen et al., 2006). Upon mixing of these two wa-
ter masses, aqueous sulfide would have been oxidized, providing a
345_depleted source of sulfate and driving barite supersaturation
(Hurtgen et al., 2006). This type of sulfide oxidation would de-
posit sulfate with the A170 of ocean water (A'70 ~ 0%, VSMOW),
leading either to negative covariation between §34S and A70 or a
wide range of §34S at a A70 ~ 0% (cf. carbonate-associated sul-
fate from W2 dolomites of Bao et al., 2009). However, we observe a
positive correlation between §34S and A170 and significantly non-
zero A'70, suggesting that an alternative process is required for
the barites reported here (Table 1) and elsewhere (Bao et al., 2008;
Peng et al.,, 2011).

A second conceptual model associates the formation of Ma-
rinoan-age void-filling barite cements and crusts with the depo-
sition of barite in methane-rich cold seeps on the modern day
seafloor (Shields et al., 2007). Modern cold-seep barite is spatially
localized with a wide range of §34S values that do not follow a
coherent stratigraphic order (Torres et al., 2003). In contrast, the
Ravensthroat barite layer has a broad spatial distribution, and ex-
hibits a monotonic stratigraphic variation of §34S values (Table 1;
Fig. 2). Although modern cold seeps appear to encompass a simi-
lar range in 634S values, §'80 values from the Ravensthroat barite
plot in @ much more limited range (Table 1). Therefore this places
the Ravensthroat barites on a very different §'80-834S trend than
these previously suggested modern analogues (Shields et al., 2007;
Antler et al., 2015). These observations suggest that an actualistic
interpretation based on modern cold seep barites is not appropri-
ate for the barites studied here.

Finally, a third coupled A'70 and §34S record in Marinoan
barite from South China has been quantitatively reproduced in a
model of the sulfur cycle after a Snowball Earth (Peng et al., 2011).
This model starts with a standing pool of isotopically anomalous
sulfate in the post-glacial ocean. It requires intense microbial sul-
fate reduction (MSR) to drive sulfate 534S to more positive values,
and nearly equally intense re-oxidation of the sulfide to reset sul-
fate A170 toward a value of 0% (Peng et al., 2011). Importantly
the model can only generate a positive covariation between §34S
and A'70 if no sulfate is supplied to the ocean through oxida-
tive weathering of continental rocks or sediments. Consumption of
a “closed” sulfate reservoir by net sulfate reduction leads to con-
tinually increasing §34S values through a continual decline of the
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Fig. 3. Qualitative description of reference model forcing and responses: fpy, Fw, A0, 834Sw and Mg, A'70;, §34Ss over five turnover periods (7) of the marine sulfate
reservoir. Model forcing is shown in red, while responses are shown in blue and the critical transition in Fy when the maximum A'70 anomaly is imparted to the marine
environment is marked with the grey line. Numerical values are not assigned along y-axes, however increases in vertical height correspond to increasing values. Circles filled
with numbers 1-8 correspond to reference model values, as set by observations (1: initial marine A'70 value = —0.1%o, 2: minimum marine A'70 value = —1%o, 3: A'70
marine at isotopic steady-state = —0.1%o, 4: initial A70 value of weathering flux = —4.2%, 5: A'70 value of weathering flux after maximum marine anomaly is reached
= —0.1%0, 6: initial marine §34S value = +15%0, 7: 8>S marine at isotopic steady-state = +45%o, 8: riverine §34S value = +5Y%o). (a) Sulfate input is slightly greater than
sulfate output, and both are unchanged for the duration of the model. (b) The mass of the sulfate reservoir increases linearly with model time. (c) A'70s responds to a step
function change in A7Ow, reaching a steady state value equal to A'7Ow. (d) §34Ss responds to the fractionation associated with microbial sulfur cycling (3*¢), reaching a
steady state value modulated by the magnitude of fpy. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

total amount of sulfate in the post-Marinoan ocean in this model
(Peng et al., 2011). This characteristic contrasts with evidence for
growth of the marine sulfate reservoir during the Ediacaran pe-
riod (Halverson and Hurtgen, 2007; Sahoo et al., 2012). In addition,
the model’s suggestion of an apparent oxidative inversion, where
modern levels of sulfide re-oxidation in the ocean are sustained
in the face of limited oxidative weathering of continental sulfide
minerals, runs counter to evidence for the immediate resumption
of oxygenic primary productivity in the post-glacial photic zone
(Kunzmann et al., 2013) in a post-Marinoan ocean that was anoxic
overall (Johnston et al., 2013). It is further difficult to envision
how the oxidizing capacity in the ocean is kept separate from
the troposphere. These challenges led us to develop a new quan-
titative interpretation of the unique isotopic trends preserved in
post-Marinoan seafloor barites.

4.2. Isotopic evolution of the post-Marinoan sulfur cycle

The variability in 84S observed within global cap carbon-
ate sequences requires either a diminished global sulfate reser-
voir, or local processes that act simultaneously on nearly every
paleo-continent producing isotopic trends of the same magnitude
and direction (Hurtgen et al., 2006). The oxygen and sulfur iso-
topic signatures preserved within the Ravensthroat barite are sim-
ilar to those in post-Marinoan barite preserved on other paleo-
continents as well as isotopic signatures preserved within cap car-
bonates in Australia (Shields et al., 2007; Bao et al., 2008, 2012;
Peng et al., 2011). As a result, this consistency points toward a
common solution, and one that operates on a global-scale.

We assert that the basic processes of the marine sulfur cycle
(MSR, pyrite burial, and sulfate input from continental weathering)

are able to reproduce the collective isotopic observations when op-
erating under realistic conditions for the post-Marinoan oceans.
First, the anomalous oxygen isotope composition in the barites
resulted from the specific atmospheric and biospheric state that
evolved during the Marinoan glaciation (Bao et al., 2008), and was
carried to the ocean via the oxidative weathering of continen-
tal sulfides (Bao et al., 2009). Enhanced oxidative weathering was
likely behind the inferred increase in the size of the marine sulfate
reservoir as the Ediacaran period progressed, requiring the flux of
sulfate from the continents outpace sulfate removal through pyrite
burial (Halverson and Hurtgen, 2007; Sahoo et al., 2012). In order
to test this scenario, we constructed a dynamic 1-box model of the
marine sulfur cycle (cf. Halverson and Hurtgen, 2007). The model
is described in Equations (5)-(7), where all calculations were per-
formed using delta notation, and key model inputs and outputs are
conceptually summarized in Fig. 3 and detailed in Table 2.

dMs/dt = Fyy — Fy X fpy (5)
d(Ms x 834S5)/dt = Fuy x 84Sy, — foy x Fuw x (8%Ss+3%¢)  (6)
d(Ms x A'705)/dt = Fyy x A0y — fpy x Fw x (A705) (7)

The initial isotopic composition of the marine sulfate reservoir is
set at A70s9 = —0.1%0 (Bao et al., 2012) and 834Ssy = +15%0
(Halverson and Hurtgen, 2007). The model has two free param-
eters: (1) the fraction (fpy) of the flux of sulfate coming into
the system by weathering (Fy, ) that leaves the system via pyrite
burial (Fpyrite burial) Where fpy = Fpyrite burial/Fw; and (2) the frac-
tionation associated with MSR that is imparted to the pyrite leav-
ing the system [*¢ = 3*a — 1) x 1000 ~ §34S,, — §34Ss, where
3 = ([345/32S]y/[24S/325]5)]. Re-oxidation of sulfide to sulfate
is not considered directly in this model (Figs. 3a, 3b), although the
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Table 2
Summary of reference model input parameters with end-member possibilities con-
sidered in model sensitivity tests.

Parameter  Description Reference Sensitivity tests
model value

Mso Initial marine sulfate 3-10'6 mol -
concentration

Fuw Weathering flux of sulfate  3-10'2 molyr~!  a3.10'! to

3.10" molyr—!

A70uwo A'70 value of initial —4.2%0 -
sulfate weathering flux

A0 A'70 value of initial —0.1%0 -
marine sulfate reservoir

A Opmin Minimum A'70 value —1.0%0 -
reached by marine sulfate

A0y A'70 value of sulfate —0.1%0 -
weathering flux once
A7 Omin (=1.0%o) is
achieved

A0 Calculated A'70 of - -
marine sulfate

534Sy, 534S value of sulfate +5.0%0 -
weathering flux

§34S40 534S value of initial +15.0%0 -
sulfate reservoir

834spy 834 of pyrite produced - -
from MSC

§34S Calculated §34S of marine - -
sulfate

g ~ the difference in §34S —42%0 —37%o to
values of sulfate and —47%o
sulfide

foy Fraction of sulfate leaving ~ 0.95 0.85-1.05
the system via pyrite
burial

T Marine sulfate residence 104 yr >103, <10° yr
time

A Mass law exponent for - 0.505-0.520
MSC

potential sulfur isotope consequences of re-oxidation are explored
later.

We forced the model with an initial pulse of 170-depleted sul-
fate with A170Ow = —4.2%o, and 834Syw = +5%0, which represents
one plausible observationally constrained estimate of the isotopic
composition of weathering-derived sulfate following the Mari-
noan glaciation (Bao et al., 2009; Halverson and Hurtgen, 2007;
Figs. 3c, 3d). The assumption of a constant isotopic composition
for weathering-derived sulfate is a simplification, and the isotopic
composition of atmospheric O, is likely to be globally homoge-
neous on the timescales considered here. However strict transfer
of this isotopic homogeneity to sulfate derived from oxidation of
terrestrial sulfides is unlikely. The minimum A'70 value observed
in the barite dataset (A17Opi, = —1.0%o) is interpreted to reflect
the minimum A!70 value reached by the marine sulfate reservoir,
and constrains the duration of the initial pulse of 70-depleted sul-
fate carried by continental run-off as a result (Fig. 3c). This timing
also constrains the period over which the specific pO; and pCO,
necessary to generate the prescribed A'70 were present. We as-
sume that the A170 values carried by F,, decreased the A170 of
marine sulfate from —0.1% to a minimum value of —1%o, and
upon reaching this value barite deposition initiated. This assump-
tion enables a timing estimate of the duration of the initial 170
depleted pulse from continental run-off, and also provides a max-
imum duration for the deposition of the underlying cap dolostone.
The shift from isotopically anomalous riverine A70 values to iso-
topically normal values characterized by A70y = —0.1%o is taken
as a step function in the model (Fig. 3c). Although the transition
from a high pCO, syn-glacial atmosphere with limited primary
production to a more characteristic Ediacaran environment with
lower pCO, values and renewed primary production is unlikely to

be instantaneous, it appears to be rapid (Sansjofre et al., 2011;
Bao et al, 2012; Killingsworth et al., 2013; Kunzmann et al,
2013).

The forcing used here captures the first-order isotopic conse-
quences of this transition without adding unconstrained tempo-
ral complexity. The progression of marine sulfate isotope com-
positions toward steady-state values of A'70s = —0.1%o tracks
dilution with isotopically normal riverine sulfate (Fig. 3c), while
the 834S value approaching 45% reflects fractionation associated
with sulfate removal through MSR, modified by the relative frac-
tion of pyrite burial compared to weathering (Fig. 3d). These iso-
topic endpoints are fixed by our measurements from northwest
Canada (Table 1), which are corroborated by previous studies in
South China and Mauritania (Bao et al., 2008; Peng et al., 2011;
Killingsworth et al., 2013). The evolution of the model is set by
the passage of sulfate turnover times (T = Mgg/Fy; the ratio of the
initial mass of marine sulfate to the influx of sulfate from conti-
nental weathering).

In Fig. 4 we present a sensitivity analysis of the model to
changing parameters (34, fpy). The reference model used 34¢ =
—42%0 and fpy = 0.95 to reproduce the A'70 and 3¢S evolu-
tion of the B1-B3 barite layers (Fig. 4). Although the reference
34¢ value is near the upper limit of measured §34S differences
between pyrite and carbonate associated sulfate in Marinoan cap
dolostones (Hurtgen et al., 2005, 2006), it is within the range
of theoretical predictions (Wing and Halevy, 2014) and exper-
imental determinations (Sim et al, 2011; Leavitt et al., 2013;
Bradley et al., 2016) of MSC at low sulfate concentrations. The ref-
erence model generated a close isotopic match in model time for
each of the barite horizons, thus we consider it a plausible set
of conditions to explain coherent stratigraphic variations observed
here. We tested each model run for fidelity with the rock record by
verifying that the model output A'70 values corresponding with
measured B1 (—0.66), B2 (—0.39), and B3 (—0.12) were produced
within the same model time period as the equivalent measured
84S values for B1 (29.144.3), B2 (39.5+4.4) and B3 (44.4+2.5).
Dotted circles in Fig. 4 indicate compatibility among model and
data. Three model cases (Figs. 4a, 4e, and 4i) were found to be
compatible with all measured data requiring a value for fpy near 1,
and a value for 34¢ near —40%y. Independently increasing the ref-
erence model 34¢ to —37%¢ or lowering 3*¢ to —47%, without
changing fpy resulted in a poor model fit (Fig. 4d, 4f). A decreasing
sulfate reservoir size with time was investigated by increasing fpy
to 1.05, thereby requiring consumption of the standing pool of sul-
fate. Increasing f,y above 1 did not result in compatible solutions
with 34g set at —42%o or —47%o (Figs. 4b, 4c), but was compatible
with 34¢ = —37%. Decreasing fpy to 0.85 resulted in a model fit
with less compatibility as 3*¢ values increased (Figs. 4g, 4h). Thus,
there is a narrow range of parameters that can be used in this
model to reproduce the isotopic measurements in the Ravensthroat
formation, resulting in a narrow set of non-unique solutions that
are consistent with current understanding of MSC. Our model sug-
gests that f,, needs to be close to, but not greater than 1 and 3¢
values are approximately —40%o, which is typical for 34 values in
marine sediments (Leavitt et al., 2013).

These results highlight three important features of the post-
Marinoan marine sulfur cycle. First, the marine sulfate reservoir
was predisposed to isotopic modification in the immediate after-
math of the Marinoan glaciation. Second, these isotopic changes
occurred over approximately four to five turnover times of the
marine sulfate reservoir (t = 4-5). Third, since the deposition of
the cap dolostones occurred prior to the barite layers, the duration
of the initial 170 depleted weathering pulse suggests that the cap
dolostones were deposited in less than one turnover time of the
marine sulfate reservoir (7 =0.3).
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Fig. 4. Model sensitivity to changes in isotope fractionation between sulfate and sulfide (3*¢) and pyrite burial flux ( fpy) relative to weathering flux (Fy). Data points
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indicate agreement in model time between the mean values +20 for A'70 and §4S.

4.3. A335-534S patterns in post-Marinoan seafloor barite

In contrast to previous models of the post-Marinoan sulfur cy-
cle (Peng et al., 2011), the reference presented here explains the
data set without contributions from sulfide re-oxidation. Measured
multiple sulfur isotope values provide an independent test of this
prediction (Fig. 2b). Sulfur-based microbial metabolisms can lead
to small §335-834S deviations from the reference mass law defined
by 332 = 0.515 through their impact on sulfur isotope fraction-
ation factors. The exponential relationship between fractionation
factors of different isotope pairs is typically expressed through
A values, where, for example, 33a = 34@33*, Through an equa-
tion like (7) for 833S, we incorporated fractionation of 335-32§
associated with MSC and pyrite burial in the reference model
(3*e = —42%0; fpy =0.95), and predicted the A33S-§34S patterns
that result from different values of 33A. Starting from an ini-
tial 834Ssg = +15%0 and A33Sgy = —0.05 (Scott et al., 2014), the
A335-834S trajectory from the Ravensthroat barite is inconsistent
with 332 values associated with re-oxidative sulfur cycling via mi-
crobial disproportionation of elemental sulfur or sulfite (Fig. 2b;
33). = 0.515-0.520; Johnston et al., 2005; Pellerin et al., 2015a), but
falls along the lower limit of predictions based on laboratory and
theoretical studies of 33 values generated by MSR only (Fig. 2b;
33), = 0.505-0.515) (Farquhar et al., 2003; Johnston et al., 2005;
Wu et al, 2010; Leavitt et al., 2013; Wing and Halevy, 2014;
Pellerin et al., 2015b).

Our inference that the A33S-§34S patterns reflect primarily
MSR is reinforced by the 880 values of the Ravensthroat barite.
Although they were not modeled due to a lack of constraints on
the 5180 of the post-glacial hydrosphere, similar §'80 values, along
with elevated §34S values, are characteristic of sulfate undergoing
active MSR in modern environments (Antler et al., 2013, 2015). In
general, the additional isotopic evidence presented here is further
support for a post-Marinoan global marine sulfate reservoir that is
driven by post-glacial resumption of continental weathering, MSR,
and pyrite burial.

4.4. Sulfate source to post-Marinoan seafloor barite

In Fig. 5, we plot the results of the reference model of ma-
rine sulfate evolution in §3*S and A'70 space, overlain by the
Ravensthroat barite data. The ability of the model to reproduce the
measured patterns implies that the sulfate source to the seafloor
barite in northwest Canada could be a global seawater reservoir.
As a consequence, the modeled seawater sulfate values could plau-
sibly be compositional end-members during barite deposition on
other paleo-continents.

Previously published §34S and A170 values from well preserved
barites with little to no diagenetic overprinting from South China
(Fig. 5; Peng et al., 2011) scatter away from modeled oceanic val-
ues and toward higher A'70 and lower §34S, thus requiring a
second source of sulfate. One possible explanation is that the South
China succession may represent a system with a stronger riverine
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Fig. 5. Cross-plot of A'70 and 834S values from the reference model (3*& = —42%o,
fpy = 0.95) from the Ravensthroat Formation barites from northwest Canada (B1,
B2 and B3), and from the Doushantuo Formation barites from South China (Peng et
al,, 2011). Mixing between the evolving marine sulfate reservoir (model) and post-
glacial riverine sulfate creates a mixing surface by which contributions from each
end-member can be determined for the South China data set. Marine sulfate iso-
topic composition evolves from an initial composition (1) to the most extreme 70
values where Fy, steps from A'70 = —4.2%o to A0 = —0.1%o (2), and finally ma-
rine isotopic values captured in barites evolve along the red line to a final isotopic
composition (3). Please refer to Fig. 2 for analytical uncertainty. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

influence than that of northwest Canada. This is evidenced through
barite deposition occurring over a larger stratigraphic interval in
South China in shallower carbonate facies that would plausibly
have faster accumulation rates than the northwest Canada samples
(Peng et al., 2011). We suggest that isotopically normal riverine
sulfate (with a A170 value of —0.1%0 after the initial pulse of 70
depleted sulfate) is mixed with an open ocean sulfate pool (with
an evolving A'70) during the time of barite deposition in South
China, creating a spectrum of compositions between these end-
members (Fig. 5). This mixing relationship suggests that the South
China barite layers record up to 50% dilution of marine sulfate
via sulfate supplied by rivers. Together with our model solution,
this interpretation of the South China dataset provides a globally
consistent framework for the isotopic evolution of these and other
post-Marinoan barite deposits.

4.5. Calibrating the size of the post-Marinoan sulfate reservoir

The reference model constrains the residence time of marine
sulfate during the immediate aftermath of the Marinoan glaciation,
if the timeframes of cap dolostone and barite accumulation can
be estimated. There is only a single estimate of the time interval
represented by post-Marinoan seafloor barite horizons: 2.1 £7.8 x
10° yr estimated by correlating §13C patterns from the Marinoan
sections in South China (Killingsworth et al., 2013). In contrast,
there is a wide range of estimates for the time interval represented
by the cap dolostones, from 210 yr (oceanographic models; Hyde
et al., 2000), ~10* yr (modeling of sea level changes; Creveling
and Mitrovica, 2014), ~10° yr (paleomagnetic reversal frequencies;
Trindade et al., 2003), to ~108 yr (Ca and Mg isotope modeling;
Kasemann et al., 2014). If the duration of barite accumulation was
2x10° yr (Killingsworth et al., 2013), then the modeling presented
here suggests that A'70 ingrowth into the marine sulfate reservoir
and, by inference, the deposition of the cap dolostone occurred on
the order of ~10% yr. This timescale is consistent with a recent
estimate of the lifetime of a post-glacial meltwater plume in the
post-Marinoan ocean (Liu et al., 2014). Under this timescale, the
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Fig. 6. Summary of estimated upper and lower potential limits on turnover times
of the marine sulfate reservoir (Ms/Fy) and Fy (see Jamieson et al, 2013;
Killingsworth et al,, 2013; Kasemann et al., 2014; Liu et al, 2014). Gridlines rep-
resent varying residence time values (7) in years. Model solutions compatible with
the Ravensthroat A'70 and §3S data are represented in the dark grey box, which
deviates from the t isolines in the lower left to disregard solutions that have a Ms
below estimated Archean sulfate concentrations (shown as a light grey box). The
reference model solution is represented by the red circle where Ms/F,, = 10 yr.
The modern sulfur cycle is represented as a blue hexagon, and plots well outside of
the possible post-Marinoan solutions. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

reference model suggests that the residence time of sulfate in the
post-Marinoan ocean was ~4-5 x 10* yr (Fig. 4).

We suggest a modern weathering flux is a plausible estimate
of post-glacial sulfate supply to the marine reservoir. Given the
absence of mass-independent sulfur isotope fractionation in the
barites, it is unlikely pO, levels dropped to sufficiently low values
during the glaciation to hinder pyrite oxidation (Reinhard et al.,
2013), while a vigorous post-glacial hydrologic cycle (Kasemann et
al., 2014) would likely outpace modern riverine input. With a mod-
ern flux of sulfate from continental weathering, a residence time
of ~10% yr implies a small marine sulfate reservoir at the end of
the Marinoan glacial interval (Fig. 6; ~0.1% of modern marine sul-
fate). For a barite accumulation interval of 108 yr (the maximum
allowed by chronologic uncertainties; Killingsworth et al., 2013)
and a larger sulfate supply from enhanced post-Marinoan conti-
nental weathering (10x modern; Kasemann et al., 2014), an upper
limit to the post-Marinoan sulfate pool approaching 10% modern is
implied (Fig. 6). These values bracket published estimates of ma-
rine sulfate concentrations at the start of the Ediacaran period (1%
of modern; Halverson and Hurtgen, 2007). Low but increasing sul-
fate concentrations appear to have been maintained throughout
the deposition of the seafloor barite, as the coupled oxygen and
sulfur isotope variations require that much, but not all, of the sul-
fate coming into the post-Marinoan ocean was reduced to sulfide
and sequestered as pyrite.

5. Conclusions

In this study we have extended the previously reported A170
anomalies in post-Marinoan marine barite precipitates to a new
paleo-continent, highlighting the global nature of this geochemi-
cal horizon. By pairing these results with coeval multiple sulfur
isotope analyses we provide new insights into the post-Marinoan
sulfur cycle and climate. First we demonstrate the dynamic na-
ture of the sulfur cycle, where the A70 anomaly can be imparted
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and subsequently eliminated in four to five turnovers of the ma-
rine sulfate reservoir. Second, our results suggest that this can be
achieved through oxidative weathering coupled to microbial sul-
fate reduction and pyrite burial, without much contribution from
re-oxidative fluxes. Further, and a target for subsequent work, is
the implication that the post-Marinoan atmosphere (here involving
CO,, Oy and gross primary production) was evolving in a fash-
ion whereby the magnitude of the tropospheric A0 anomaly
in Oy crashed as the ocean-atmosphere recovered following the
glaciation. Third, we show that the initial post-Marinoan sulfate
reservoir was smaller than at other times in the Ediacaran, possi-
bly 0.1% modern with an upper limit of 10% modern. Finally our
results appear to be most consistent with recent timing estimates
of cap carbonate deposition on the order of ~10% yr, reminis-
cent of timescales that have come to characterize typical glacial-
interglacial cycles. Together these findings highlight that the post-
Marinoan sulfur cycle was not different from the modern with
respect to important processes, however, it was likely unfamiliar
with respect to magnitudes of sources and sinks.
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