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The Paleoproterozoic (2.5-2.0 Ga) is one of the most important periods in Earth’s history, and was
characterized by a rise in atmospheric oxygen levels and repeated (at least three) severe glaciations (the
Huronian glaciations). In this study, we investigate redox conditions in the atmosphere and in shallow-
marine environments immediately after the first Huronian glaciation based on the isotopic composition
of Os, and the abundance of redox-sensitive elements (Os, Re, and Mo) in sedimentary rocks from the
Huronian Supergroup, Canada. We found no significant authigenic enrichment of Os in the sedimentary
rocks deposited during the first Huronian deglaciation. The initial isotopic composition of Os in the
sediments was close to that of chondrite at the time of deposition ('870s/1880s = ~0.11). These results
suggest that atmospheric O, levels were insufficient to mobilize radiogenic Os through continental
weathering (pO; < 107>-10"3 present atmospheric level (PAL)). In contrast, we found enrichment of
Re in the sedimentary rocks, which suggests the occurrence of oxidative weathering of Re under mildly
oxidizing conditions (> 1078-10—> PAL). Despite the Re enrichment, low abundances of Mo imply
possible non-sulfidic conditions in shallow-marine environments at the time of deposition. Together with
the results of organic carbon and sulfur analyses, we suggest that atmospheric O, remained at relatively
low levels of around 10~8-10—> PAL after the first Huronian deglaciation, which contrasts with proposed
dramatic increases in O, after the second and third Huronian deglaciations. These results imply that
the second and third Huronian glaciations may have been global events, associated with climatic jumps
from severe glaciations to super-greenhouse conditions and the subsequent blooming of photosynthetic
cyanobacteria in the glacial aftermath.
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idence suggest that atmospheric O, levels increased dramatically
during the Paleoproterozoic (2.5-2.0 Ga) Great Oxidation Event
(GOE) (e.g., Canfield, 2005; Farquhar et al., 2000; Karhu and Hol-
land, 1996). However, the causative mechanism of the GOE is
still poorly understood. The Paleoproterozoic was also character-
ized by repeated (at least three) severe glaciations (the Paleopro-
terozoic glaciations; hereafter referred to as the Huronian glacia-
tions) (Kopp et al., 2005; Melezhik, 2006; Young et al., 2001).

1. Introduction

The presence of a large quantity of atmospheric O, is one
of the most significant features of the Earth, although its primi-
tive atmosphere was essentially free of O,. Multiple lines of ev-

* Corresponding author at: Geological Survey of Japan, AIST, Central 7, 1-1-1 Hi-

gashi, Tsukuba, Ibaraki 305-8567, Japan. Tel.: +81 2 9849 1088; fax: +81 2 9861
3589.
E-mail address: k.goto@aist.go.jp (K.T. Goto).

0012-821X/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.epsl.2013.06.018

According to previous geological and geochemical data, the at-
mospheric Oy level would have been low (pO; < 10~ times the
present atmospheric level (PAL)) before the Huronian glaciation
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(> 2.45 Ga; Bekker et al., 2004; Farquhar et al., 2000), whereas
it appears that the atmosphere was highly oxidizing (~10~3-10—2
PAL) after the Huronian glaciations (< 2.2 Ga; Kopp et al., 2005;
Young et al., 2001). These findings imply interactions among cli-
mate change, the evolution of the atmosphere, and life on early
Earth.

Given that the Huronian glaciations took place during a period
of Oy increase, previous studies have proposed possible linkages
between the atmospheric and climatic transitions (e.g., Kasting,
2005; Kirschvink et al, 2000; Melezhik, 2006). Some previous
studies have proposed that climatic recovery from a severe glacia-
tion would have induced blooming of photosynthetic cyanobac-
teria, leading to an increase in O,. Based on the abundances of
redox-sensitive elements, such as Mn, Re, and Os, it is suggested
that atmospheric O, levels increased immediately after the sec-
ond and the third Huronian glaciations (Kirschvink et al., 2000;
Kopp et al., 2005; Sekine et al., 2011a, 2011b). Numerical simula-
tions also support the hypothesis that atmospheric O, levels may
have risen in response to the repeated Huronian glaciations (Claire
et al., 2006). However, the redox conditions of the atmosphere
and oceans immediately after the first Huronian glaciation have
been poorly investigated, although variations in the carbon iso-
topic composition of organic matter (813C0rg) have been reported
(Bekker and Kaufman, 2007). As atmospheric O, levels may have
begun to increase to ~10~8-10~> PAL in the late Archean (Anbar
et al., 2007; Reinhard et al., 2009), more geochemical data from
across the first Huronian glaciation would help to improve our
understanding of the evolution of atmospheric O, at the Archean-
Paleoproterozoic boundary.

In this study, we investigate the redox conditions of the atmo-
sphere and oceans immediately after the first Huronian glaciation
based on the abundance of redox-sensitive elements, such as Os,
Re, and Mo, in sedimentary rocks. Under anoxic atmospheric con-
ditions, these redox-sensitive elements are immobile in the hydro-
logical cycle. Consequently, the delivery of these elements from the
continents to the oceans is highly restricted (Anbar et al., 2007).
In contrast, such redox-sensitive elements are oxidized and be-
come mobile ions that are transported from continent to ocean
under oxygenated atmospheric conditions (oxidative weathering).
In this case, they would be reduced in water column and trapped
in anoxic ocean sediments (Anbar et al, 2007). In addition, we
investigated the initial 1870s/1880s values ('870s/1880s;)) in sedi-
mentary rocks as an indicator of oxidative continental weathering
(Hannah et al., 2004; Sekine et al., 2011a). This is because conti-
nental Os contains a high proportion of radiogenic '870s, derived
from radioactive decay of '87Re, resulting in high 1870s/1880s val-
ues (currently ~1.4) relative to those of the mantle-derived or ex-
traterrestrial sources of Os (currently ~0.127) (Peucker-Ehrenbrink
and Ravizza, 2000). Thus, high '870s/'880s;) in sediments may
serve as evidence of the oxidative weathering of continental Os.
Sekine et al. (2011a) found high concentrations of Os, Re, and Mo,
together with high 870s/1880s, in sediments deposited imme-
diately after the second Huronian glaciation, suggesting that ox-
idative weathering of continental Os occurred during the period of
climatic recovery.

Here, we report Os, Re, and Mo abundances, and '870s/1880s;),
preserved in sedimentary rocks from the Ramsay Lake and Pecors
formations of the Huronian Supergroup, Ontario, Canada (Fig. 1).
The Ramsay Lake diamictite represents the first glaciation of the
Paleoproterozoic. The basal deposits of the overlying Pecors For-
mation accumulated immediately after the first Huronian glacia-
tion. In addition to redox-sensitive elements, we conducted S and
organic C analyses of the sedimentary rocks to investigate both
biogeochemical cycles during the deglaciation, and the host mate-
rials of redox-sensitive elements in the sediments. Based on our
results, as well as previous geochemical data, we discuss the redox

conditions of the atmosphere and oceans during the first Huro-
nian deglaciation, and the evolution of atmospheric O, during the
Huronian glaciations.

2. Geological setting

The Huronian Supergroup is a Paleoproterozoic sedimentary
succession that outcrops along the north shore of Lake Huron
(Fig. 1A). The Huronian Supergroup is divided into four groups
by unconformities: the Elliot Lake, Hough Lake, Quirke Lake, and
Cobalt groups, in ascending stratigraphic order (Fig. 1B), and the
depositional conditions of the upper three groups were mainly
controlled by cyclic climate change (Bennett, 2006; Young et al.,
2001). Their lithofacies vary cyclically from glacial diamictites to
deltaic mudstones (or carbonates) and then fluvial quartzose sand-
stones (Fig. 1B; Bennett, 2006; Young et al., 2001). The deposition
of the oldest sedimentary formation in the Huronian Supergroup,
the Matinenda Formation, is approximately coeval to the interlay-
ered volcanic rocks, which has been dated as 2450 + 25/—10 Ma
(U-Pb age of zircon; Krogh et al., 1984; Prasad and Roscoe, 1996).
The entire Huronian Supergroup was cut by the Nipissing dia-
base intrusion at 2217 £ 1.6 Ma (U-Pb age of primary baddelyite;
Andrews et al., 1986). However, the detailed depositional age for
the formations compose the Huronian Supergroup have yet to be
reported.

The lower part of the Huronian Supergroup (below the Gow-
ganda Formation) is considered to have been deposited in a conti-
nental rift basin (Young et al., 2001). The Ramsay Lake Formation
consists mainly of matrix-supported diamictite (Bennett, 2006).
Minor amounts of siltstone, wacke and arenite are also present
locally (Bennett, 2006). Due to the presence of dropstones asso-
ciated with laminated siltstone, the Ramsay Lake Formation has
been interpreted as glaciogenic, and is recognized as the old-
est glacial sediment of the Huronian Supergroup (Bennett, 2006;
Robertson, 1976). The Ramsay Lake Formation is conformably over-
lain by the Pecors Formation, which consists mainly of mudstone,
siltstone, and sandstone. Units containing flaser and wavy lentic-
ular bedding, as well as partial Bouma sequences, have been de-
scribed in the Pecors Formation, suggesting that it formed as a
result of deposition by turbidity currents in the strand and offshore
areas of a braid delta (Bennett, 2006; Fralick and Miall, 1989).

Several proxies have been used to reconstruct atmospheric
0 levels from the Huronian Supergroup (Fig. 1B). The mass-
independent fractionation of sulfur (MIF-S) and restricted §34S val-
ues (~0%o) in the McKim and Pecors formations (Papineau et al.,
2007) are indicative of quite low atmospheric O levels at the time
of deposition (<10~ PAL; Pavlov and Kasting, 2002). This view of
a reducing atmosphere during the deposition of the lower parts of
the Huronian Supergroup (prior to the first glaciation) is supported
by the presence of detrital uraninite and pyrite in the Matinenda
Formation (Young et al., 2001). However, the presence of biomark-
ers from cyanobacteria in oil-bearing fluid inclusions within the
Matinenda Formation (Dutkiewicz et al., 2006), and light 8'3Corg
possibly associated with aerobic methanotrophs in the Pecors For-
mation (Bekker and Kaufman, 2007), may imply the presence of
cyanobacteria, and the biotic production of Oy, at the time of de-
position.

In contrast, atmospheric O, levels may have been high when
the upper Huronian Supergroup was deposited (Fig. 1B). The pres-
ence of red beds in the Lorrain Formation (Young et al., 2001), and
Mn enrichment in the Gowganda Formation (Sekine et al., 2011b),
suggest a highly oxidizing atmosphere (> ~1073-10"2 PAL; Rye
and Holland, 1998) after the third Huronian glaciation. The absence
of MIF-S (Papineau et al., 2007) and the enrichment of Os with
high 1870s/1880s; (Sekine et al,, 2011a) in the Espanola Formation
suggest that atmospheric O, levels had reached ~107>-10—3 PAL
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Fig. 1. Simplified geological map and stratigraphy of the Huronian Supergroup. (A) Distribution of the Huronian Supergroup. White star indicates the location of the drill core
(SM0014). (B) Stratigraphy of the Huronian Supergroup and geochemical data reported previously (1: Papineau et al., 2007, 2: Young et al., 2001, 3: Sekine et al., 2011b,
4: Sekine et al.,, 2011a, 5: Bekker and Kaufman, 2007). Black star indicates the stratigraphic position of the cyanobacteria biomarker reported by Dutkiewicz et al. (2006).

(Rye and Holland, 1998; Sekine et al., 2011a) in the interglacial
period between the second and third Huronian glaciations.

3. Sampling and lithology

Drill core samples (SM0014; Ontario Geological Survey) were
collected from a site about 8 km to the north of Elliot Lake
city (46°46'N, 82°60’'W; Fig. 1A). The drill core covers the period
from the Matinenda Formation to the lower section of the Gow-
ganda Formation in the Huronian Supergroup (total core length of
1524 m) and contains the boundary between the Ramsay Lake and
Pecors formations. This boundary consists of the matrix-supported
glacial diamictite from the underlying Ramsay Lake Formation
(~1 m thick) and the dark gray siltstone from the overlying Pecors
Formation (~2 m thick) (Fig. 2). Here, we define the boundary be-
tween the Ramsay Lake and Pecors formations as the uppermost
occurrence of dropstones.

The matrix of the Ramsay Lake Formation grades upward from
a gray massive sandstone (Fig. 2D) to a dark gray clay with light
gray parallel laminations (Fig. 2C), which continuously changes to
a dark gray laminated siltstone in the basal section of the Pecors
Formation (Fig. 2). Centimeter scale, granitic rounded dropstones
were observed towards the top of the diamictite (Fig. 2C). Authi-
genic sulfides were also present, typically along with laminae, in
the diamictite with a laminated clay-rich matrix. The Pecors For-
mation consists of a dark gray siltstone with parallel laminations
(Fig. 2A, B). At 0.9 m above the boundary, quartz veins with a
width of ~1-2 c¢cm occurred (Fig. 2B), which could be associated
with the Nipissing diabase intrusion into the Huronian Supergroup
at ~2.22 Ga. Authigenic sulfides were often found in the siltstone
along with laminae in the Pecors Formation (Fig. 2A). We inter-
pret the sedimentary sequence as having been deposited during
the marine transgression following deglaciation.

The bulk mineralogical and chemical compositions of the
samples were determined using an X-ray Diffractometer (XRD)
(X’PERT-PRO, PANalytical) and standard X-ray fluorescence tech-
nologies (XRF) (AXIOS, PANalytical), respectively, at the University
of Tokyo. Based on the XRD analysis, both the matrix of the di-
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Fig. 2. Stratigraphic column from the Ramsay Lake and Pecors formations, show-
ing details from the core samples. (A) Photograph and photomicrograph (plane-
polarized light) of laminated siltstone containing laminated pyrite. (B) Core sample
from ~0.9 m above the boundary between the Ramsay Lake and Pecors forma-
tions, showing a quartz vein. (C) Photograph and photomicrograph (plane-polarized
light) of diamictite supported by laminated siltstone. A rounded granitic dropstone
(~1 cm) is also evident. (D) Photograph and photomicrograph (plane-polarized
light) of diamictite supported by a massive sandy matrix.
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amictite of the Ramsay Lake Formation and the laminated siltstone
of the Pecors Formation are mainly composed of quartz and mica
(biotite and muscovite). The siltstone of the Pecors Formation
tends to contain less quartz and more muscovite than the ma-
trix of the underlying diamictite. The results of XRF analyses are
summarized in Sekine et al. (2011b).

4. Analytical methods
4.1. Sample preparation

We measured whole rock concentrations and the isotopic com-
positions of Os and Re, the concentrations of Mo and U, total sulfur
(TS) and total organic carbon (TOC) contents, and 513C0rg. The sur-
face layer of each drill core sample was removed using a diamond
cutter, before it was cleaned in an ultrasonic bath with distilled
water. For Os, Re, Mo, and U analyses, the surface of the cut sam-
ples was polished carefully with corundum powder to remove con-
tamination from the diamond cutter before ultrasonication. For the
diamictite samples, we analyzed the matrix. The cleaned samples
were pulverized in an agate mortar.

4.2. Re-0Os analysis

Powdered samples of 0.4-1.0 g were used for the Re-Os anal-
yses. We analyzed granitic cobbles from the diamictite and quartz
veins within the siltstone in addition to the bulk rock geochemical
analysis. The analytical procedure was based on isotope dilution
combined with Carius tube digestion (Shirey and Walker, 1995),
carbon tetrachloride and solvent extractions (Cohen and Waters,
1996), microdistillation (Birck et al., 1997), and column separations
by anion exchange chromatography (Morgan et al., 1991). Pow-
dered samples were loaded into Carius tubes with known amounts
of 1%90s and !85Re spike solutions, and then the dissolution me-
dia (5 ml) were added. In this study, two types of dissolution
media were used for the Re-Os analysis: CrO3-H;SO4 digestion
and inverse aqua regia (HCI:HNOs3 = 1:3) digestion. Prior to the
CrO3-H,S04 digestion, the CrO3-H,SO4 acid was purified using
CHCl; extraction and Nj-sparging (Selby and Creaser, 2003). The
CrO3-H2S04 dissolution medium has been proposed to dissociate
detrital components much less efficiently than inverse aqua regia,
and has been used in recent Re-Os analysis of organic-rich sed-
iments to minimize the effects of non-hydrogenous Os and Re
(Kendall et al., 2004; Selby and Creaser, 2003). The Carius tubes
were sealed and heated for 48 h at 240°C for CrO3-H,SO4 (Selby
and Creaser, 2003), and 24 h at 220°C for inverse aqua regia (Kato
et al.,, 2005) to equilibrate the samples and spike solutions. After
heating, Os and Re were separated by CCls solvent extraction. Sub-
sequently, Os was back-extracted from CCly into HBr and purified
using the microdistillation method. Rhenium was separated from
the aqueous phase by column separation using Muromac’s AG 1-X8
anion exchange resin.

The isotopic compositions of Os and Re were measured us-
ing negative thermal ionization mass spectrometry (NTI-MS; Ther-
moFinnigan TRITON) at JAMSTEC (Kato et al., 2005). To reduce
blank levels and organic interferences during the Os and Re mea-
surements, Os and Re were loaded on a high purity Pt filament
that had been baked in air to high temperatures for three min-
utes prior to loading. The samples were covered with 10,000 ppm
Ba(NO3); solution (10 pl). The instrumental mass fractionation
of Os was corrected by normalizing the measured °20s/1880s
to 3.08271 (Nier, 1937). Rhenium isotopic ratios were measured
by the total evaporation method (Suzuki et al, 2004). All data
were corrected for procedural blank levels of 9-12 pg for Re
and 0.8-2.2 pg for Os, 1870s/1880s = 0.268-0.296 for Os (n = 3,
CrO3-HyS04 digestion). The magnitude of the procedural blanks

relative to the amount of Re and Os from the samples was less
than 1% for Re and 3% for Os. In-house standard samples were
measured repeatedly, and excellent reproducibility was achieved
(Kato et al., 2005); the 870s/1880s ratios and Re and Os con-
centrations of the reference material (JA-2; Geological survey of
Japan (GSJ)) samples are 0.2092 £ 0.0078 (20') and 46.7 + 1.6 and
11.4 £ 1.5 ppt, respectively (n = 5). The results of Re-Os analyses
are summarized in Supplementary Table 1.

4.3. Mo and U analysis

For Mo and U analysis, powdered samples (~100 mg) were
completely dissolved in an HNO3-HCIO4-HF dissolution medium
(Kato et al., 2005). This is because Si can be precipitated to the
inlet system of the ICP-MS during the measurements. Accordingly,
Si needs to be removed from the solution as SiF4 during the di-
gestion. Samples were finally dissolved in 2% HNOs. Trace HF was
also added to each solution to ensure Mo remained stable in solu-
tion. Concentrations of Mo and U in the solutions were measured
with ICP-MS (7500ce; Agilent) at JAMSTEC. We also measured Mo
and U concentrations in JA-2. The difference between our labora-
tory data and the recommended values for JA-2 (Imai et al., 1995)
was mostly <5%.

4.4. Sulfur analysis

The TS content of the powdered samples was determined us-
ing EA/IRMS (Elemental Analyzer/Isotope-Ratio Mass Spectrome-
ter) system (Isoprime-EA, Isoprime Ltd.) at University of Tsukuba
(Maruoka et al., 2005). Powdered samples (2-5 mg) were loaded
into tin cups with V,05 powder (~3 mg) as oxidant before be-
ing introduced into the EA/IRMS system. The TS content of the
samples was determined by calibrated ion currents with a mass-
to-charge (m/z) ratio of 64 in the isotope-ratio mass spectrometer.
The reagent grade of Ag,S (Wako Pure Chemical Industries, Ltd.)
and the reference material (JSd-3; GS]) were used in the calibration
of the sulfur content. Measurements were performed four times
for each sample, and the concentrations were determined from
the average of these four measurements. Analytical uncertainties
were expressed as one standard deviation of the repeated mea-
surements.

4.5. Organic carbon analysis

813C0rg and TOC measurements were carried out using mod-
ified online version of the Finnigan Delta Plus XP isotope-ratio
mass spectrometer coupled to Flash EA1112 elemental analyzer
(EA/IRMS) through ConFlo III interface at JAMSTEC (Ohkouchi et
al., 2005; Sekine et al., 2010). The EA/IRMS system was modi-
fied to improve sensitivity (Ogawa et al., 2010). Powdered samples
(~300 mg) were treated with 4N HCl to remove carbonate. The
samples were washed several times with distilled water and dried
overnight. The dried samples (~30 mg) were loaded into tin cups
and then introduced into the EA/IRMS system. Total organic carbon
content in the samples was determined by calibrated ion currents
with m/z ratios of 44, 45, and 46 in the isotope-ratio mass spec-
trometer. 513C0rg were expressed using the conventional § notation
against the VPDB standard: §"C = ("*Rsample/"*Rstandard — 1) X
1000, where 3R is 13C/12C ratio. The U and Mo concentrations,
TS and TOC content, and 813Corg are summarized in Supplemen-
tary Table 2.
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Fig. 3. Stratigraphy and associated geochemical profiles from the boundary between the Ramsay Lake and Pecors formations showing '870s/1880s), abundances of 1%20s,
Re, Mo, and U, TS and TOC, and 813C0rg in the sedimentary rocks. Sample proximity to the quartz vein is shown in parentheses. The Re-Os results based on CrOs;-H;SO4
digestion are represented by filled circles, and the results from the inverse aqua regia digestion are represented by open diamonds. Initial '870s/880s values were calculated
using the '87Re decay constant A = 1.666 x 10~!" yr~! (Smoliar et al., 1996) and a probable depositional age of 2.4 + 0.05 Ga (Young et al., 2001). The errors associated
with the 1870s/1880s;) were derived from analytical errors and uncertainty in the depositional age. The brown dashed lines in the plots of 1%20s and Re concentrations, and
1920s/Al, Re/Al, Mo/Al, and U/Al ratios, show the average values in the upper continental crust (Anbar et al., 2007; Peucker-Ehrenbrink and Jahn, 2001). The green dashed
lines and yellow squares in the plots of Re and Os concentrations show the same values for dropstones found in the diamictite unit and those of the quartz veins in the
siltstone unit respectively. The red solid line in the initial '870s/'830s plot shows the value of the mantle-derived Os at the time of deposition ('870s/!880s = 0.11; Shirey
and Walker, 1998). The glacial diamictite unit is shaded light blue, and the position of the quartz vein is shaded gray. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

5. Results and discussion Ono and Fayek, 2011), which could have overprinted and/or dis-
turbed the Re-Os system. The Re-Os isochron plot of the results

5.1. Geochemical records of Re and Os of the CrO3-H;S04 digestion is shown in Fig. 4. This figure shows
that the Re-Os data, excluding two samples near the quartz vein,

5.1.1. Osmium and Re concentrations ylelds an Re-Os date of 2396 4+ 160 Ma, with an 18705/18805(1)
Fig. 3 shows variations in the concentrations of 1%20s (non-  Of 0.25=+0.42 (Fig. 4). The obtained Re-Os isochron age is con-
radiogenic Os) and Re across the boundary between the Ramsay sistent with a possible depositional age of the Ramsay Lake and

Lake and Pecors formations. We also measured the concentration Pecors formations (~2.4 Ga) judging from the age constraints for
of 1920s and Re in granitic cobbles collected from the diamictite of ~ the Huronian Supergroup, suggesting no large-scale disturbance

the Ramsey Lake Formation. As these granitic cobbles were carried ~ in the Re-Os system due to more recent metamorphic events at
from the continent by icebergs (dropstones), these values could  ~1.9-1.7 Ga. Fig. 4 also shows that all of the measured data fall
represent the typical '°20s and Re concentrations of one of the  inside the range expected to develop over a period of 2.4 Ga given
major sources of detrital material. Fig. 3 indicates that most of ~ '®70s/'380s;) that are intermediate between the non-radiogenic
the sedimentary rock samples (matrix component) have concentra- ~ mantle-derived value at the time of deposition (~0.11; Shirey

tions of 1920s and Re significantly higher than those of the granitic = and Walker, 1998) and a possible radiogenic continental value
cobbles (Os = ~3 ppt; Re = ~20 ppt) and average upper continen- (~1.0; Sekine et al., 2011a). As post-depositional perturbations
tal crust (1920s = ~13 ppt and Re < 400 ppt; Peucker-Ehrenbrink ~ in the Re-Os system should have resulted in a very large de-
and Jahn, 2001). To examine the degree of authigenic enrichment, gree of scatter in the Re-Os isochron plot (Kendall et al., 2009;
we have normalized them with the Al content of each sample Rooney et al., 2011), these results suggest that the Re-Os system
(Tribovillard et al., 2006). The enrichment of 1920s is not observed  suffered relatively little disturbance or overprinting by later meta-
when normalized by Al content. However, Re/Al values in the  morphic and alteration events.

Pecors Formation are up to several times higher than the levels Although large-scale post-depositional additions/losses of Os
in average upper continental crust (Fig. 3), which is indicative of and Re appear not to have occurred in our samples, a small-scale
the authigenic enrichment of Re in the sediments deposited in the perturbation of the Re-Os system might have been caused by the
glacial aftermath. Fig. 3 also shows that there are no significant dif- intrusion of the quartz veins. In the quartz veins, the concentra-
ferences between the samples treated with CrO3-H,SO4 acid (filled  tions of 1°20s and Re ('920s =7 ppt and Re = 2.8 ppb) were
circles) and those treated with inverse aqua regia (open diamonds) lower than those in the sedimentary rock samples. However, the

dissolution medium. Given that CrO3-H,SO4 acid dissociates detri- sample close to the quartz veins (at 0.9 m above the boundary)
tal components less efficiently than inverse aqua regia (Selby and has high concentrations of '%20s and Re (Fig. 3). As shown be-
Creaser, 2003), this measured similarity in the results from differ- low in this section, the 18705/18805(1) of this sample is significantly
ent dissolution media suggests that the contribution of '920s and higher than the other samples (Fig. 3). Since quartz veins are un-
Re from the detrital components was very small. These results sup- likely to be the source of Os and Re, these results may imply that
port the conclusion that authigenic Os and Re are predominant in the intrusion of quartz veins resulted in the small-scale mobiliza-
19205 and Re in these sediments, although 1%20s/Al and Re/Al val-  tion (within 10 cm; the typical size of the rock samples) of Os and
ues suggest that a remarkable enrichment occurs only for Re in the Re, leading to a small degree of scatter in the isochron diagram
sediments. (Fig. 4).

Previous studies show that several metamorphic events associ- As Os and Re are chalcophilic elements, they could be hosted in

ated with the Penokean Orogeny (around 1.9-1.7 Ga) affected the authigenic sulfide minerals in the sediments (Hannah et al., 2004;
Huronian Supergroup (Fedo et al., 1997; McLennan et al., 2000; Sekine et al.,, 2011a). Os and Re concentrations in pyrite crystals
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Fig. 4. Re-Os isochron diagram for samples from the boundary between the Ramsay
Lake and Pecors formations using CrO3-H;SO4 digestion as the dissolution medium.
The Re-Os data that excludes the samples from near the quartz vein (RPB11 and
RPB12; see Supplementary Tables 1 and 2) yielded an Re-Os date of 2396 + 160 Ma
with an '870s/1880s;) of 0.25 £ 0.42 using Isoplot 3.0 (Ludwig, 2003). Errors are
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2.4 Ga given the '870s/1880s; that are intermediate between the non-radiogenic
mantle-derived value (~0.11; Shirey and Walker, 1998) and a possible radiogenic
continental values (~1; Sekine et al., 2011a).
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Fig. 5. Crossplots of (A) Re concentration and TS content, and (B) Re concentration
and TOC content in samples from the Pecors Formation, but excluding those sam-
ples near the quartz vein (RPB11 and RPB12; see Supplementary Tables 1 and 2).
The relationship between Re concentration and TOC shows a weak positive corre-
lation, with one outlier (RPB16), and the correlation coefficient of the least squares
straight line is 0.61.

separated using heavy liquids (Os = ~100 ppt and Re = ~3 ppb
in the Ramsay Lake Formation; Os = ~300 ppt and Re = ~10 ppb
in the Pecors Formation) are comparable to those of the bulk rock
samples. If the pyrite is the main host material of Os and Re,
their concentrations in the bulk samples should be much lower
than those actually measured, given the low TS contents (<2%:
Fig. 3). In addition, the variation in TS in the Pecors Formation
does not show any clear correlation with the concentration of Os
or Re (Fig. 5). Thus, it is unlikely that authigenic sulfide miner-
als are the major host material of Os and Re in our sedimentary
rock samples. Considering that organic materials adsorb Os and Re
dissolved in the water column, they are also capable of hosting
Os and Re in marine sediments (e.g., Ravizza and Turekian, 1992;
Yamashita et al., 2007). Fig. 3 shows that TOC also increases up-
wards in the Pecors Formation, as does the concentration of Os
and Re. Fig. 5 shows that there is a weak correlation between
the Re and TOC abundances, except for one sample (RPB16). Al-
though the TOC content of our samples was significantly lower
(<0.04 wt%) compared with those in previous studies that re-
ported authigenic enrichment of Os and Re (TOC >1 wt¥%; e.g.,
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Fig. 6. Crossplot of 1870s/1880s;, and 1920s/Al in samples, except the samples near
the quartz vein (RPB11 and RPB12). The samples with lower '920s/Al values tend
to show more radiogenic '870s/1880s, suggesting that the proportion of detrital Os
may not be negligible for the samples with very low authigenic Os abundance.

Anbar et al., 2007), these results may indicate that organic ma-
terials are one of the major host materials (i.e., possibly existing as
hydrogenous Os and Re) in the sediments.

5.1.2. Initial 187 0s/1880s ratios

Fig. 3 shows the variation in !870s/!880s, obtained from
the present 870s/1880s and 187Re/1880s ratios of the sediments
using a depositional age of 2.4 + 0.05 Ga. Some of the sam-
ples with lower 1920s/Al values tend to show more radiogenic
18705/1880s (Fig. 6). Because detrital Os usually holds radiogenic
18705 /18805 values (Peucker-Ehrenbrink and Jahn, 2001), these re-
sults may reflect that the contribution of detrital source of Os
to the '870s/1880s values would not be negligible for the sam-
ples with very low levels of hydrogenous Os. However, most of
the 1870s/1880s;) based on the CrO3-H,S04 dissolution medium
(filled circles) are as low as the chondritic value at the time of
deposition (~0.11; Shirey and Walker, 1998) within their errors
(Fig. 3). The chondritic '870s/1880s;) can be explained by the
absence of oxidative weathering of continental Os and/or an in-
creased hydrothermal Os flux to the oceans. Assuming the modern
continental Os flux (~1550 mol/yr; Levasseur et al., 1999) with
an 870s/1880s of ~1.0 (Sekine et al., 2011a), however, extremely
large hydrothermal Os flux (> ~50 times of the modern flux)
would be required to reduce the seawater 1870s/1880s. Such in-
creased hydrothermal activity has been suggested for the Mesozoic
periods (Tejada et al., 2009; Turgeon and Creaser, 2008). Never-
theless, these '870s/1880s anomalies are often accompanied by
high '920s concentrations (~800 ppt), which is contrast to the
present study. Although we cannot rule out the potential increased
hydrothermal Os inputs, the chondritic 870s/1880s value in our
samples seems likely due to the absence of oxidative weathering
of Os.

Previous studies have revealed that '870s/'880s;) in late-
Archean and Paleoproterozoic shales have also been close to the
chondritic values, suggesting little input of continental radiogenic
Os into the oceans under low atmospheric O, conditions (Anbar
et al, 2007; Hannah et al. 2004, 2006; Yang et al, 2009). Our
results also suggest that the measured low '370s/1880s in the
sedimentary rock samples are evidence for low atmospheric O;
levels during, and immediately after, the first Huronian glacia-
tion. This conclusion contrasts with the recent findings of high
18705/1880s;, in shallow-marine sediments deposited in the af-
termath of the second Huronian glaciation (Sekine et al., 2011a).
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More detailed discussion on the comparison with the first Huro-
nian glaciation will be given below in Section 6.2.

5.2. Mo and U abundances, and 8'3Corg

Fig. 3 shows the abundance of Mo and U, and 813C0rg lev-
els, across the boundary between the Ramsey Lake and Pecors
formations. Most of the Mo/Al and U/AI values in the Pecors
Formation are close to, or less than, those of the upper crust
(Fig. 3). Our results of the low abundance of Mo and enrich-
ment of Re are in contrast to the previous results that show the
enrichment of Mo associated to high levels of Re found in the
2.5-Ga Mount McRae Shale in the Hamersley group (Anbar et al.,
2007) and the 2.3-Ga siltstone interval deposited immediately af-
ter the Bruce glaciation in the Huronian Supergroup (Sekine et al.,
2011a). However, our results are consistent with the results of pre-
vious studies that analyzed the 2.45-2.15 Ga sedimentary rocks
in the Transvaal Supergroup, South Africa (Siebert et al., 2005;
Wille et al., 2007). In the Ramsey Lake Formation, there are a few
samples with high concentrations of U and Mo (Fig. 3). These non-
systematic enrichments in the diamictite may have been caused by
inclusions of detrital minerals having very high concentrations of
U and Mo, such as detrital uraninite and pyrite. In fact, previous
studies have reported the presence of detrital uraninite and pyrite
in the Matinenda Formation of the Huronian Supergroup (Ono and
Fayek, 2011; Young et al., 2001).

Our results of TS and TOC contents show no significant varia-
tions throughout the section. Because organic materials and sulfide
minerals tend to be preserved in the sediments in reducing bot-
tom water, these results may indicate no significant changes in the
redox condition of the bottom seawater at the local depositional
setting. The organic carbon isotopic analyses revealed that 813Corg
values gradually increase from —34% to —25%c in the Ramsay
Lake diamictite, but then remain constant at around —25% in the
Pecors siltstone (Fig. 3). Although TOC content was low throughout
the section (< 0.1 wt%), the absence of any correlation between
TOC content and §'3Corg values rules out the possibility of artifi-
cial contamination during the analytical procedure (Supplementary
Fig. S1). Therefore, we concluded that 813C0rg compositions mainly
reflect the variation of biomass during the deglaciation. A similar
813Corg variation (positive shift of §'3Corg) was observed in sedi-
mentary rocks deposited in the aftermath of the second Huronian
glaciation (Sekine et al., 2011a). During the glaciations, primary
productivity would have been limited in the oceans. As 613C0rg val-
ues of —25%c are typical over Earth history (Schidlowski, 2001),
the positive shift of 813C0rg suggests that primary productivity by
photosynthesis had become dominant in the aftermath of the first
Huronian glaciation. Alternatively, the activity of methanotrophs
may have varied significantly, while primary productivity by pho-
tosynthesis has remained constant during this period.

Bekker and Kaufman (2007) have also investigated variations in
813C0rg values in sedimentary rocks of the McKim and Pecors for-
mations, including at the boundary between the Ramsey Lake and
Pecors formations. In contrast to our results, they found a negative
813Corg shift from —25% to —35%o in shallow-marine sediments
across the boundary, and interpret the measured negative 813Corg
values in the Pecors Formation as evidence of high levels of bio-
logical CH4 production and enhanced oxidative CH4 recycling by
methanotrophs around the redox boundary. Given the findings of
Bekker and Kaufman (2007), the 8'3Corg variation measured here
implies that both biological CH4 and O, productions occurred, pos-
sibly predominantly in the aftermath of the first Huronian glacia-
tion. However, relative proportion of biological CH4 and O; produc-
tions may have differed depending on location in the oceans at the
time of deposition, possibly resulting in considerable variations in
the depth of the redox boundary in the oceans: i.e., biological CHy

would have been dominant below the redox boundary and biologi-
cal Oy production would have been dominant above it (Bekker and
Kaufman, 2007).

6. Implications for evolution of atmospheric O, during the
Huronian glaciations

6.1. Redox conditions during the first Huronian deglaciation

Given the presence of MIF-S in the McKim and Pecors forma-
tions, and detrital uraninite and pyrite in the Matinenda Formation
(Papineau et al., 2007; Young et al, 2001, Fig. 1B), atmospheric
0, levels were likely to have been low (<10~> PAL) at the time
of deposition of the lower parts of the Huronian Supergroup (be-
low the Pecors Formation). The high-resolution Os isotope anal-
ysis reported here from the boundary between the Ramsay Lake
and Pecors formations (Fig. 3) suggests that atmospheric O, lev-
els would have remained low (<10~>-10~3 PAL; Rye and Holland,
1998; Sekine et al., 2011a) even during the period of climate re-
covery following the first Huronian glaciation.

Although atmospheric 05 levels did not reach ~10~>-10—3 PAL
in the aftermath of the first Huronian glaciation, the variations
found in Re and Mo concentrations in these sediments, combined
with previously reported sulfur isotopic composition (Papineau et
al., 2007), suggest that the atmosphere would have been mildly
oxidizing (~1078-10"> PAL; Reinhard et al., 2009) at the time of
deposition. Because the redox potentials of Re and Mo (—0.15 to
0 V at pH 6 to 7; Brookins, 1988) are lower than those of Os
(40.1 to +0.35 V at pH 6 to 7; Brookins, 1988), oxidative weath-
ering of continental Re and Mo would occur even under mildly
oxidizing atmospheric conditions (Reinhard et al., 2009). In fact,
recent geochemical studies suggest that oxidative weathering of
Re and Mo might have occurred in the late Archean at around
2.6-2.5 Ga under mildly oxidizing conditions (Anbar et al., 2007,
Kendall et al., 2010; Siebert et al., 2005; Wille et al., 2007). Our
finding of authigenic enrichment of Re in the Pecors Formation
suggests that oxidative weathering of Re occurred, possibly due to
a small increase in biologic O, production and/or active hydrologi-
cal cycles, during climatic recovery from the glaciation (Fig. 3).

The absence of Mo enrichment in the Pecors Formation (Fig. 3)
is likely due to the different mechanisms associated with the re-
moval of Re and Mo from seawater into sediments. Both Re and
Mo are removed from seawater into reducing sediments (Crusius
et al., 1996; Yamashita et al., 2007). Nevertheless, authigenic accu-
mulation of Mo proceeds under sulfidic conditions by the reaction
of MoO3~ with HaS, forming MoO4_xS2~ (Crusius et al., 1996;
Russell and Morford, 2001). Accordingly, the accumulation of Mo
is controlled by sulfide availability in seawater; whereas the ac-
cumulation of Re is not limited by sulfide concentrations (Crusius
et al.,, 1996; Yamashita et al., 2007). Thus, our Re and Mo records
suggest that shallow-marine environments would not have been
highly sulfidic at the local depositional setting during the first
Huronian deglaciation. Such a view of non-sulfidic shallow ocean
conditions is consistent with the results from sedimentary rocks in
the Transvaal Supergroup (Siebert et al., 2005; Wille et al., 2007).
Additionally, the sulfur isotopic compositions prior to 2.3 Ga in
both the Huronian and Transvaal supergroups suggest low levels of
sulfate reducing bacterial activity at the time of deposition (Guo et
al., 2009; Papineau et al., 2007). These results possibly support the
idea of widespread non-sulfidic conditions in the oceans in Paleo-
proterozoic before the first Huronian glaciation, although further
investigations at different supergroups are required to conclude.

6.2. 07 evolution in response to the repeated glaciations

It has been proposed that the Paleoproterozoic glaciations
would have promoted the oxygenation of Earth’s surface envi-
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Fig. 7. Comparison of the profiles of various redox proxies in the sedimen-
tary rocks deposited immediately after the Huronian glaciations: Mn abundance,
1870s/1880s;;), 1920s/Al, Re/Al, and Mo/Al ratios, TS and TOC contents, and §'3C
values. Geochemical data for the second and the third Huronian glaciations are
based on Sekine et al. (2011a, 2011b).

ronment in the GOE (e.g., Kirschvink et al., 2000; Kopp et al,
2005). Recent geochemical studies have provided evidence of a
synchronicity between climatic recovery from the glaciations and
oxygenation during the second and third Huronian glaciations,
suggesting that greenhouse conditions in the aftermath of these
severe glaciations would have supplied large amounts of nutri-
ents to photosynthetic bacteria, leading to a rise in atmospheric
0, levels (Kirschvink et al., 2000; Sekine et al., 2011a, 2011b).
Nevertheless, our results suggest that atmospheric O, would not
have increased dramatically in the aftermath of the first Huronian
glaciation.

Fig. 7 summarizes a comparison of the results of the enrich-
ment and/or depletion of redox sensitive elements in sediments
deposited immediately after the three glaciations recorded in the
Huronian Supergroup. Based on these geochemical data combined
with previous study, we compared the atmospheric O, level of
the Huronian glaciations, although the estimated pO, values may
have an uncertainty of one order of magnitude (Fig. 8). Oxidative
weathering of Re would have occurred in the aftermath of both the
first and the second Huronian glaciations. However, obvious Os en-
richment, with high 870s/1880s(;, occurred only after the second
Huronian glaciation (Fig. 7). These results suggest that atmospheric
0, increased to ~10~>-10~3 PAL after the second Huronian glacia-
tion, whereas it remained below ~10~>-10~3 PAL during, and in
the aftermath, of the first Huronian glaciation. As the redox po-
tential of Mn is the highest (+0.5 V at pH 6-7; Brookins, 1988)
among redox sensitive elements, Mn enrichments in the sediments

high-0, state
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Fig. 8. Schematic diagram of the possible evolution of atmospheric O; levels (black
solid line) during the Huronian glaciations based on geochemical evidence from the
Huronian Supergroup obtained in the present and previous studies (1: Young et
al., 2001, 2: Papineau et al.,, 2007, 3: Sekine et al., 2011b, 4: Sekine et al., 2011a).
Atmospheric O, would have been around ~1078-10~° PAL (Anbar et al., 2007;
Pavlov and Kasting, 2002; Reinhard et al., 2009) in the aftermath of the first Huro-
nian glaciation. However, it would have increased to ~107°-10~3 PAL (Rye and Hol-
land, 1998; Sekine et al., 2011a) and ~1073-10~2 PAL (Rye and Holland, 1998) in
the aftermath of the second and third Huronian glaciations, respectively. Note that
the atmospheric O, levels shown in this figure are derived from the previous esti-
mations based on thermodynamic equilibrium calculations of mineral assemblages
in paleosols and sediments, comparisons of oxidative potentials of redox sensitive
elements, and criteria for the appearance of MIF-S obtained from a photochemical
model. These O, levels are approximate values, which may have an associated error
of one order of magnitude.

can constrain an accumulation of high levels of atmospheric O;
(>1073-10"2 PAL; Rye and Holland, 1998). Enrichment of Mn has
only been found in sediments deposited after the third Huronian
glaciation (Fig. 7), suggesting that an accumulation of atmospheric
0y > 1073-10"2 PAL would not have occurred until the termina-
tion of the third Huronian glaciation (Sekine et al., 2011b).
Despite uncertainties due to the lack of continuous geochem-
ical records, the comparison of results derived from the various
proxies allows us to develop a possible scenario for O, evolution
in response to the glacial cycles in the Paleoproterozoic (Fig. 8).
We propose that atmospheric O, levels would have jumped from
a lower Oy to a higher O, state in the aftermath of the glacia-
tions in the Paleoproterozoic (Goldblatt et al., 2006). As for the
first Huronian glaciation, the atmospheric O, levels seem to have
remained around 1078-10"> PAL (low-O, states; Fig. 8). There
are two possible explanations of why O, levels did not increase
markedly in the first Huronian deglaciation. If the first Huro-
nian glaciation was not a global-scale glaciation, which would
have been associated with a climatic jump to a hot and hu-
mid condition in the glacial aftermath (Kirschvink et al., 2000;
Hoffman and Schrag, 2002), the increase in surface temperature
after the glaciation would not have been high sufficient to lead to
high levels of net primary productivity. In fact, the presences of
a cap carbonate unit (Espanola Formation; Fig. 1B) following the
second Huronian glaciation (Bekker et al., 2005), and an intensely
weathered quartzose sandstone unit (Lorrain Formation; Fig. 1B)
overlying the youngest Huronian diamictite (Sekine et al., 2010),
suggest sudden climatic shifts from icehouse to super-greenhouse
conditions after these two glacial events. However, there is no clear
geological evidence for super-greenhouse conditions after the first
Huronian glaciation. Alternatively, if the input of reductant, such as
biogenic CHy4, to the surface system increased after the first Huro-
nian glaciation simultaneously with an increase in O, production,
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atmospheric O levels may have been prevented from switching to
a higher O, state after the first Huronian glaciation.

The results of this study, together with previous studies of the
Huronian glaciations, suggest the possible presence of multiple
(more than three) stable branches of O, levels in the atmosphere-
ocean system, which could be contrast to the bistability model of
atmospheric O, proposed by Goldblatt et al. (2006). At present, it
is difficult to conclude whether the atmosphere-ocean system had
two or more than three stable steady states of O, levels, given
large uncertainty in the pO, estimated using the proxies and dif-
ference in the local depositional environments. For more quantita-
tive estimate of pO,, future laboratory experiments and modeling
of reaction kinetics of redox-sensitive elements are required. In ad-
dition, further investigations of redox sensitive elements and MIF-S
in the Espanola and Serpent formations are essential if we are to
improve our understanding of the stable steady states of atmo-
spheric O levels in the early Earth system.

7. Conclusions

We measured the isotopic composition of Os, and the abun-
dance of Os, Re, and Mo in sedimentary rocks at the boundary
between the Ramsay Lake and Pecors formations, which were de-
posited during and immediately after the first Huronian glaciation.
The enrichment of authigenic 920s is relatively small when nor-
malized by Al content. However Re/Al values in the Pecors For-
mation are up to several times higher than the levels in average
upper continental crust. Based on the results of Re-Os analysis of
quartz veins in the siltstone and the Re-Os isochron diagram, we
suggest that the enrichment of Os and Re were mostly hydroge-
nous in origin, preserving the redox conditions of the atmosphere
and shallow-marine environments at the time of deposition. We
found that the 1870s/1880s; of the rock samples were close to the
chondritic value, suggesting that atmospheric O, levels were not
high enough to cause the oxidative weathering of continental Os
(< 107°-1073 PAL). In contrast, the enrichment of Re may reflect
the enhanced oxidative weathering of Re in the glacial aftermath
under mildly oxidizing atmospheric conditions (~10~8-10~5 PAL).
We also found an absence of Mo in the Pecors Formation, implying
the presence of non-sulfidic conditions in shallow-marine environ-
ments at the time of deposition.

We propose that atmospheric O, levels would not have in-
creased dramatically, remaining around 10~8-10~> PAL, in the af-
termath of the first Huronian glaciation, which seems to contrast
with the remarkable rises in atmospheric O, immediately after
the second and third Huronian glaciations. Based on our compar-
isons with geological and geochemical records, we suggest that the
dramatic shifts in atmospheric O, after the second and third Huro-
nian glaciations may have been caused by climatic jumps from
icehouse to super-greenhouse conditions associated with the large-
scale, possibly snowball, glaciations. We suggest that a step-like Oy
evolution in response to the repeated Huronian glaciations may be
interpreted as transitions in the stable steady states of the O, level
in the atmosphere-ocean system, although additional continuous
records based on various proxies will be required.
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