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Multiple lines of evidence support permanent oxygenation of the Earth’s atmosphere during the early
Paleoproterozoic (~2.5-2.1 billion years ago). Here, we report geochemical data, along with sulfide
textures, for >2.31-bilion-year-old sedimentary rocks from the upper Espanola and Serpent
formations that underlie the third glacial diamictite of the Huronian Supergroup, Canada. Redox-
sensitive element contents and the isotopic compositions of molybdenum and sulfur are comparable
to upper continental crust value. Subangular to rounded pyrite grains of detrital origin are observed in
sandstones of the Serpent Formation. Our data indicate limited oxidative weathering of crustal sulfide
prior to the third glaciation of the Huronian succession, consistent with low atmospheric oxygen levels
(<5x10* of the present atmospheric level). We suggest that such low atmospheric oxygen levels
persisted for long periods prior to the final glaciation of the Huronian succession.

A major increase in Earth’s oxygen levels (pO,), commonly known as the
Great Oxidation Event (GOE), occurred during the early Paleoproterozoic
(2.5-2.1 Ga)"*. Although transient episodes of water column oxygenation
have been reported for the Neoarchean”, the persistence of mass inde-
pendent S isotope fractionations (MIF-S) suggests that pO, was persistently
below 107 of the present atmospheric level (PAL)*®. By contrast, pO,
increased to much higher levels during the GOE'. The disappearance of
detrital uraninite and pyrite, along with the loss of MIF-S signals and the
appearance of red beds, indicate that pO, increased to above 107°~107* PAL
by ~2.3 Ga*'". Oxygen levels may have become even higher between ~2.3
and 2.1 Ga, due to a large increase in organic carbon burial represented by
highly positive carbon isotope values (§"°C) during the Lomagundi-Jatuli
Event'™",

While it is generally agreed that the GOE represents one of the most
prominent redox shifts in Earth’s history, the details of this transition are still
debated. Recent quadruple sulfur isotope data (A*S and A*S) obtained at
high stratigraphic resolution allow for conflicting interpretations of atmo-
spheric oxygenation during the early stages of the GOE (between 2.5 and
2.3 Ga)"". The disappearance of the MIF-S signal has been documented
for the Polisarka Formation (2.50-2.43 Ga) on the Fennoscandian Shield,
northwest Russia®®. This record is considered to represent the first dis-
appearance of the MIF-S signal, and suggests the onset of the GOE prior to
the first of multiple glaciations that occurred in association with rising
oxygen levels during the early Paleoproterozoic.

Clear MIF-S signals have, however, been reported from younger
sedimentary rocks, including ~2.3 Ga sedimentary rocks from the

'Geological Survey of Japan, AIST, Tsukuba, Ibaraki, Japan. Earth-Life Science Institute, Institute of Science Tokyo, Meguro-ku, Tokyo, Japan. *Institute of Nature
and Environmental Technology, Kanazawa University, Kakuma, Kanazawa, Japan. “Department of Earth and Planetary Science, The University of Tokyo, Bunkyo-
ku, Tokyo, Japan. *Submarine Resources Research Center, Japan Agency for Marine-Earth Science and Technology, Yokosuka, Kanagawa, Japan. ®Faculty of
Social and Cultural Studies, Kyushu University, Nishi-ku, Fukuoka, Japan. "Department of Earth and Planetary Sciences, Institute of Science Tokyo, Meguro-ku,
Tokyo, Japan. éInstitute for Extra-cutting-edge Science and Technology Avant-garde Research, Japan Agency for Marine-Earth Science and Technology,
Yokosuka, Kanagawa, Japan. *Terahertz Research Center, National Institute of Information and Communications Technology, Koganei, Tokyo, Japan. Institute
for Geo-Cosmology, Chiba Institute of Technology, Narashino, Chiba, Japan. ''Faculty of Life and Environmental Sciences, University of Tsukuba, Tsukuba, Japan.
2Biogeochemistry Research Center, Japan Agency for Marine-Earth Science and Technology, Yokosuka, Kanagawa, Japan. *School of Earth and Environment,
University of Leeds, Leeds, United Kingdom. e-mail: k.goto@aist.go.jp

Communications Earth & Environment| (2025)6:906 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02841-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02841-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-025-02841-w&domain=pdf
http://orcid.org/0000-0002-0754-4487
http://orcid.org/0000-0002-0754-4487
http://orcid.org/0000-0002-0754-4487
http://orcid.org/0000-0002-0754-4487
http://orcid.org/0000-0002-0754-4487
http://orcid.org/0000-0002-3544-3632
http://orcid.org/0000-0002-3544-3632
http://orcid.org/0000-0002-3544-3632
http://orcid.org/0000-0002-3544-3632
http://orcid.org/0000-0002-3544-3632
http://orcid.org/0000-0003-4266-5046
http://orcid.org/0000-0003-4266-5046
http://orcid.org/0000-0003-4266-5046
http://orcid.org/0000-0003-4266-5046
http://orcid.org/0000-0003-4266-5046
http://orcid.org/0000-0002-9095-4742
http://orcid.org/0000-0002-9095-4742
http://orcid.org/0000-0002-9095-4742
http://orcid.org/0000-0002-9095-4742
http://orcid.org/0000-0002-9095-4742
http://orcid.org/0000-0002-4603-9440
http://orcid.org/0000-0002-4603-9440
http://orcid.org/0000-0002-4603-9440
http://orcid.org/0000-0002-4603-9440
http://orcid.org/0000-0002-4603-9440
http://orcid.org/0000-0003-0454-3849
http://orcid.org/0000-0003-0454-3849
http://orcid.org/0000-0003-0454-3849
http://orcid.org/0000-0003-0454-3849
http://orcid.org/0000-0003-0454-3849
http://orcid.org/0000-0003-2289-2196
http://orcid.org/0000-0003-2289-2196
http://orcid.org/0000-0003-2289-2196
http://orcid.org/0000-0003-2289-2196
http://orcid.org/0000-0003-2289-2196
http://orcid.org/0000-0001-5142-4151
http://orcid.org/0000-0001-5142-4151
http://orcid.org/0000-0001-5142-4151
http://orcid.org/0000-0001-5142-4151
http://orcid.org/0000-0001-5142-4151
http://orcid.org/0000-0002-3823-6444
http://orcid.org/0000-0002-3823-6444
http://orcid.org/0000-0002-3823-6444
http://orcid.org/0000-0002-3823-6444
http://orcid.org/0000-0002-3823-6444
http://orcid.org/0000-0002-8133-0700
http://orcid.org/0000-0002-8133-0700
http://orcid.org/0000-0002-8133-0700
http://orcid.org/0000-0002-8133-0700
http://orcid.org/0000-0002-8133-0700
http://orcid.org/0000-0002-0838-2512
http://orcid.org/0000-0002-0838-2512
http://orcid.org/0000-0002-0838-2512
http://orcid.org/0000-0002-0838-2512
http://orcid.org/0000-0002-0838-2512
http://orcid.org/0000-0001-7621-189X
http://orcid.org/0000-0001-7621-189X
http://orcid.org/0000-0001-7621-189X
http://orcid.org/0000-0001-7621-189X
http://orcid.org/0000-0001-7621-189X
http://orcid.org/0000-0001-6674-3147
http://orcid.org/0000-0001-6674-3147
http://orcid.org/0000-0001-6674-3147
http://orcid.org/0000-0001-6674-3147
http://orcid.org/0000-0001-6674-3147
mailto:k.goto@aist.go.jp
www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02841-w

Article

Rooihoogte and lower Timeball Hill formations of the Transvaal Super-
group, South Africa'**"**, and from the Kazput and Kungarra formations in
the Turee Creek Group, Australia'”'* (Fig. 1). The pronounced MIF-S sig-
nals (A*S values up to ~9%o) from the Rooihoogte and lower Timeball Hill
formations have been interpreted to reflect photochemical reactions in a
functionally anoxic atmosphere'***™. Viewed this way, oscillations in pO,
levels across the MIF-S threshold of 10~° PAL"* between 2.5 and 2.3 Ga have
been inferred”****. By contrast, MIF-S signals from the Kazput and Kun-
garra formations have been attributed to weathering of old crustal sulfides
possessing MIF-S signals (the crustal memory effect)'”'*””. In the latter case,
a permanent increase in pO, above the MIF-S threshold has been implied
immediately after the initial disappearance of the MIF-S signal between 2.50
and 2.43 Ga".

To understand the trajectory of pO, during the early stages of the
GOE, we focus on the redox history recorded in the Huronian Super-
group, Canada, which is dominated by clastic sedimentary rocks
deposited between 2.45 and 2.31 Ga (Fig. 1)***. Quadruple sulfur iso-
tope data have also been reported for authigenic sulfides preserved in the
Huronian Supergroup”~"'. Small MIF-S signals (A™S values up to 1%o)
reported from the McKim and Pecors formations in the lower part of the
Huronian Supergroup may reflect low pO, conditions (<10~° PAL)
during the early stages of the GOE (Fig. 1b)*. However, subsequent
studies have suggested that the authigenic sulfide minerals, particularly
pyrrhotite and chalcopyrite, may have formed during regional meta-
morphism and may record the isotopic composition of sulfur remobi-
lized from detrital sulfides™.
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Fig. 1 | Simplified geological map and stratigraphy of the Huronian Supergroup.
a Location of the Huronian Supergroup™ and core Kerr-McGee150-4 (white star).
b Stratigraphic correlation between the Huronian Supergroup in Canada and the

Transvaal Supergroup of the Transvaal Basin in South Africa**”’. Published radio-

metric ages™***** and redox indicators (Quadruple sulfur isotope records'*'****"*’

and redox-sensitive detrital minerals™****~**) are also shown. MIE-S and MDE-S refer
to mass-independent and mass-dependent sulfur isotope fractionation, respectively.
The quadruple sulfur isotope data from the Huronian Supergroup may have been
affected by post-depositional alteration’.
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Fig. 2 | Photomicrographs of representative lithologies and sulfide minerals in
the upper Espanola and Serpent formations. Polished sections of a laminated
mudstone in the upper Espanola Formation at 860.62 m, b poorly sorted sandstone
in the Serpent Formation at 795.93 m, and ¢ granule-rich sandstone in the Serpent
Formation at 762.23 m. Reflected light photomicrographs of d disseminated pyr-
rhotite at 860.62 m, e disseminated pyrite at 817.96 m, f subangular to rounded

pyrite grains interspersed in sandstones at 795.93 m, g, h subangular to rounded
pyrite grains concentrated in discrete layers at 762.23 m, and i a euhedral pyrite grain
at 690.98 m. Scanning electron microscope images showing subangular to rounded
pyrite grains at j, k 795.93 m, 1, m 762.23 m, n, 0 690.98 m. Rounded zircon and
apatite grains are also shown in panels (1), (m) and (o).
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The sedimentary rocks of the Huronian Supergroup have also been
used to investigate paleo-weathering conditions based on redox-sensitive
minerals™ >, Detrital pyrite and uraninite, which are stable under
reducing environments, have been reported from fluvial sandstones of the
Livingstone Creek, Matinenda and Missisagi formations in the lower part of
the Huronian Supergroup (Fig. 1b). Slight increases in redox-sensitive ele-
ment abundances, including Mo, Re and Os, in the Pecors and Espanola
formations in the lower part of the Huronian Supergroup have been
interpreted to reflect transient episodes of oxidative sulfide weathering™*.
The Serpent Formation, which underlies the third Huronian glacial dia-
mictite in the Gowganda Formation (Fig. 1b), may also preserve detrital
pyrite”, but no petrological evidence has been reported’*". Hematitic red
beds, which generally form under oxygenated conditions, are commonly
found above the Gowganda Formation™**. Enrichments in Mn in the
Gowganda Formation also support highly oxidizing environments in the
upper part of the Huronian Supergroup”. These studies indicate that the
Huronian Supergroup spans an interval of dynamic shifts in atmospheric
redox state, providing an opportunity to trace the detailed trajectory of pO,
during the early stages of the GOE.

Here, we document sulfide mineral textures and report major and trace
element concentrations, along with isotopic compositions of Mo (§8***Mo),
S (8*S) and organic carbon (8"°Cyy), for the upper part of the Espanola
Formation (upper Espanola) and the overlying Serpent Formation (Sup-
plementary Tables 1, 2). Some of the sulfides were further analyzed for
in situ trace element concentrations (Supplementary Table 3). We also
provide bulk quadruple sulfur isotope data for the entire Huronian Super-
group to complement existing data® ' (Supplementary Table 4). Based on
these data, we evaluate the role of oxidative processes in chemical weath-
ering and sediment transport during deposition of the upper Espanola and
Serpent formations.

Results and discussion

Samples and geological setting

The Huronian Supergroup outcrops along the north shore of Lake Huron
and is divided into four groups in ascending stratigraphic order: the Elliot
Lake Group, the Hough Lake Group, the Quirke Lake Group and the Cobalt
Group (Fig. 1). The lithofacies of the upper three groups change cyclically
from glacial deposits to deltaic mudstones or carbonates, and then to fluvial
sandstones™”’ (Fig. 1b). Volcanic rocks in the Thessalon Formation have
been dated at 2453 + 6 Ma based on U-Pb analyses of zircon grains™*
(Fig. 1b). U-Pb zircon ages of 2310 + 5 and 2318 + 8 Ma are reported from
tuffs in the Gordon Lake Formation”** (Fig. 1b). These dates constrain the
depositional ages of the Espanola and Serpent formations to between 2.45
and 2.31 Ga. The entire Huronian Supergroup was cut by the Nipissing
diabase intrusion at 2219 + 4 Ma*’ (Fig. 1b) and deformed and metamor-
phosed to sub-greenschist to greenschist facies during the Penokean oro-
geny at ~1.85 Ga”. Felsic plutonism along the north shore of Lake Huron
may have resulted in metasomatic addition of K and Na to Huronian
sedimentary rocks at ~1.7 Ga*"*.

The lower part of the Huronian Supergroup (below the Gowganda
Formation) is considered to have been deposited in a continental rift
basin®*”. The Quirke Lake Group consists of the Bruce Formation, the
Espanola Formation and the Serpent Formation, in ascending stratigraphic
order (Fig. 1b). The Espanola Formation is the only widespread carbonate
unit in the Huronian Supergroup and directly overlies the second glacial
diamictite in the Huronian Supergroup (i.e., the Bruce Formation)**. The
sedimentary rocks of the postglacial Espanola Formation can be subdivided
into three parts: a lower carbonate member, a middle siltstone member and
an upper dolomitic mudstone member™***. A local fourth member is
reported from the southern part of the Huronian Supergroup’*. The
presence of fine, rippled laminations suggests that the lower three members
were deposited in an environment dominated by low energy conditions,
either in a shallow marine or lacustrine environment™****, The presence of
graded beds containing carbonate grains suggests that some of the carbonate
grains in these members may be detrital in origin***'. The fourth sandstone

member either represents a shallow-marine deposit dominated by storm
and/or tidal processes, or a fluvial deposit, as indicated by abundant large-
scale cross beds in this member*.

The Serpent Formation mainly consists of fine- to medium-grained
feldspathic sandstones with abundant albite™***’. The preservation of albite-
rich detritus likely reflects weak to moderate chemical weathering during
deposition of the Serpent Formation™*. Mudstones and pebbly sandstones
with local development of granular conglomerates are minor constituents of
the formation™. Large-scale crossbedding developed in the sandstones, and
the presence of desiccation features in the mudstones indicate that the Ser-
pent Formation is a dominantly fluvial (braided stream) deposit™. The
Serpent Formation is overlain by the Gowganda Formation, the uppermost
glacial diamictite unit of the Huronian Supergroup, with an erosional
contact”. This diamictite has been correlated with the diamictite at the base
of the Rooihoogte Formation of the Transvaal Supergroup” (Fig, 1b).

The samples analyzed were selected from a 1700 m long drill core (Kerr-
McGee 150-4) drilled near Elliot Lake (46°28'16 “N, 82°41'54“W; Fig. 1a). The
same core has been analyzed by previous studies for quadruple sulfur iso-
topes in sulfide grains throughout the Huronian Supergroup, although the
Serpent Formation has not previously been targeted”>”'. The core spans the
Matinenda Formation to the Lorrain Formation, and was cut by Nipissing
diabase intrusions in the Mississagi Formation, the boundary between the
Bruce and Espanola formations, and the Lorrain Formation. Samples cov-
ering the upper Espanola Formation and the entire Serpent Formation were
analyzed for redox-sensitive elements and Mo, S and organic carbon isotopic
compositions (see Methods; Fig. 2). We also measured bulk quadruple sulfur
isotopes on 23 samples from other formations through core 150-4, specifi-
cally from the Matinenda Formation to the Lorrain Formation (see Methods;
Supplementary Fig. 1). These samples were selected because they contain
sufficient authigenic sulfide for isotopic analysis.

Samples from the upper Espanola Formation are laminated dark gray
to black mudstones (Fig. 2a). Some of the samples contain abundant calcite
and/or dolomite, although quartz and plagioclase are also present. Samples
from the Serpent Formation consist mainly of light gray to dark gray, poorly
sorted, fine- to medium-grained sandstones (Fig. 2b). Pebbly sandstones are
also collected from the core (Fig. 2¢). The sandstone samples are dominated
by quartz, K-feldspar and plagioclase. Small amounts of carbonate (mostly
calcite) are also present in the lower part of the Serpent Formation. Samples
from the upper Espanola and Serpent formations often contain sulfide
minerals (described below).

Sulfides in the upper Espanola and the Serpent formations
Sulfides with a variety of morphologies commonly occur in samples from
the upper Espanola and Serpent formations (Fig. 2). As described in pre-
vious studies™”’, euhedral pyrite grains and disseminated sulfides (pyrite
and pyrrhotite) are present in the studied core (Fig. 2d, e and i). These
authigenic sulfides would have formed during diagenesis, metamorphism
and/or hydrothermal alteration”'. Subangular to rounded pyrite grains
also occur in sandstone samples of the Serpent Formation (Fig. 2f-h, j-0). It
has been proposed that subangular to rounded pyrite grains can form
through the replacement of Fe-Ti oxides, such as titaniferous magnetite and
ilmenite™. Indeed, we found an aggregate consisting of pyrite and Ti oxide
that may reflect the pyritization of Ti-bearing phases (Fig. 2m). The pyrite in
this aggregate has a high Ti content (~1.5wt%; Supplementary Table 3).
However, in situ analyses of trace elements indicate that all of the analyzed
subangular to rounded pyrite grains have low Ti concentrations (<120 pg/g;
Supplementary Table 3). Hence, the observed subangular to rounded pyrite
grains are unlikely to have formed by replacing pre-existing detrital Fe-Ti
oxides. In addition, subangular to rounded grains are more common than
authigenic sulfides in sandstone samples of the Serpent Formation (Sup-
plementary Fig. 2). An opposite trend would be expected if the samples had
been strongly affected by post-depositional pyritization.

In some cases, subangular to rounded pyrite grains are concentrated in
discrete layers (Fig. 2g, h) and are associated with other heavy minerals, such
as zircon and apatite (Fig. 21, m, 0). The subangular to rounded pyrite grains
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Fig. 3 | Geochemical and isotopic profiles through the upper Espanola and Ser-
pent formations. The CIA values are not corrected for K-metasomatism. The solid
line in the CIA profile shows the average chemical composition of the source rocks™.
The dashed lines denote average UCC compositions™. The gray area in the §****Mo

profile indicates the average Archean UCC value™. The hatched area in the §**S
profile represents the isotopic composition of the mantle™. The errors for §**Mo
and 8S are in 2 SD and 1 SD, respectively, of the sample reproducibility.

Fig. 4 | A-CN-K ternary diagram showing the
chemical compositions of the upper Espanola and
Serpent formations. Data from the present study
(filled circles) and the previous study® (open circles)
are shown. The white star denotes the chemical
composition of unweathered source rocks estimated
by the previous study®. The weathering trend is
expected to be parallel to the A-CN boundary and to
join the source rock compositions. To correct for the
effects of K-metasomatism, the raw data are pro-
jected back onto the expected weathering trend from
the K apex. Filled and open squares represent the
corrected data from the present and previous® stu-
dies, respectively.

100 —
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are typically ~50-100 um in size and are generally smaller than the sur-
rounding silicate minerals (Fig. 2j-0). These characteristics of the pyrite
grains are similar to those described for detrital pyrite grains in the ~2.42 Ga
Naragas and Heynskop formations, Transvaal Supergroup in the Griqua-
land West Basin, South Africa"’, and the ~2.45 Ga Kungarra Formation,
Turee Creek Group, Australia®’.

Chemostratigraphic trends through the upper Espanola and
Serpent formations

Geochemical profiles through the study section are shown in Fig. 3
(see Supplementary Tables 1, 2). Magnesium and Ca concentrations
decrease at the base of the Serpent Formation, reflecting changes in
mineralogical composition. Chemical Index of Alteration (CIA) values range

from 43 to 74, and are in line with those reported for the Serpent Formation
in previous studies’*****, When plotted on an Al,05-CaO+Na,0-K,0
(A-CN-K) diagram, the data deviate from the predicted weathering trend of
feldspar dissolution, which should be parallel to the A-CN boundary (Fig. 4).
The measured data are more consistent with a trend previously reported for
Serpent mudstone samples affected by K-metasomatism***’. Hence, the CIA
values of the analyzed samples are likely to be affected by K-metasomatism
and provide minimum estimates of the original values. When corrected for
the effects of K-metasomatism (see Fig. 4), the analyzed samples have higher
CIA values, ranging from ~45 to ~85.

Redox-sensitive element contents are normalized to Al to examine the
degree of authigenic enrichment (Fig. 3), giving values that are generally
comparable to average values for upper continental crust (UCC)™. Similar
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Fig. 5| Cross plots of redox-sensitive element and detrital tracer concentrations from the upper Espanola and Serpent formations. The dashed lines show average values
for UCC™. The shaded areas show confidence intervals (2 SD) for elemental ratios in UCC’"".

patterns hold for V, Cr, Mo and U concentrations when they are compared
with other detrital tracers”™ (Fig. 5). In situ measurements indicate that
these elements are not necessarily concentrated in sulfide minerals (Sup-
plementary Table 3). The lack of strong authigenic enrichment of redox-
sensitive elements occurs alongside low TOC and TS contents (<0.04 wt%
and <0.7 wt%, respectively; Supplementary Table 2).

The §¥*Mo values of the studied interval range from —0.06 to 0.79%o
(Fig. 3). Except for two samples in the upper Espanola Formation with
higher §”*°Mo values (>0.5%o), most of the samples have Mo values
close to 0%o (Fig. 3). For example, the samples in the Serpent Formation
have an average §**Mo of +0.14 + 0.26%o (2 SD). This value is identical,
within uncertainty, to the average Archean UCC value (+0.03 + 0.18%.o,
2SD) estimated from Archean and early Paleoproterozoic glacial
diamictites™. The two higher values in the upper Espanola Formation may
have been affected by authigenic incorporation of Mo into carbonate
minerals, as these samples have high Ca and Mg contents (Fig. 3). The §*S
values range from —1.6 to 5.1%o (Fig. 3), close to the isotopic composition of
the mantle (0 + 2%o)*. The narrow range in §*S from the upper Espanola
and Serpent formations contrasts with previously reported large §*S var-
iations, ranging from —5 to 35%o, in pyrite grains from the lower part of the
Espanola and the Gordon Lake formations™.

Quadruple sulfur isotopes through the Huronian Supergroup
When considered in terms of A*S and A*S, most of the quadruple sulfur
isotope analyses performed through the Huronian Supergroup plot close to
the array reflecting isotopic fractionation due to microbial sulfate reduction
utilizing a mass-dependent sulfur source (A**S/A™S = —7; Fig. 6)**. How-
ever, most samples from the Serpent and Mississagi formations have A*S/
A®S ratios that are close to, but slightly lower than, the A¥S/A®S Archean
reference array (A*S/A*S = —0.9)* that reflects photochemically-induced
isotopic fractionations in an anoxic atmosphere. Similar low A*S/A*S
values are also reported from pre-GOE pyritic black shales of the Abitibi
greenstone belt in the Superior Province (Fig. 6), which is one of the major
provenances of the Huronian Supergroup™. Consistent with the A*S/A™S
ratios, the samples from the Serpent Formation exhibit MIF-S signals (i.e.,
APS = 1.2 t0 1.3%o, A*S = —1.5 to —2.0%o), although the magnitude of A*’S
(~0.4 %o) and A*S (—0.5 to —1.2%o) values in the Mississagi Formation is
relatively small (Supplementary Table 4).

Effects of post-depositional alteration

To discuss the trajectory of pO, during the early stages of the GOE using
data from the upper Espanola and Serpent formations, we evaluate the
effects of post-depositional alteration on the abundance and isotopic
compositions of redox-sensitive elements. The Huronian Supergroup
experienced multiple tectonic events, such as the emplacement of the
Nipissing diabase at 2.22 Ga, deformation during the Penokean orogeny at
~1.9-1.8 Ga, and the intrusion of granitic plutons at ~1.75 Ga™*"**. These
events likely caused metasomatic addition of K and Na to Huronian sedi-
mentary rocks and disturbed the U-Pb isotopic system, although the Sm-Nd
isotopic system was not affected*"*”. The A-CN-K diagram indicates that the
samples analyzed in the present study are also highly likely to have been
affected by the post-depositional addition of K (Fig. 4). To assess the effects
of post-depositional alteration on the redox-sensitive element data, we focus
on the Mo isotope data because both oxidative and reductive alteration can
cause large isotopic fractionations™ .

The §***Mo values of the upper Espanola and Serpent formations
show a narrow variation, with a mean value close to the average UCC value,
except for the samples rich in carbonate minerals (Fig. 3). If the samples
were affected by modern oxidative weathering, they would have §***Mo
values and Mo concentrations lower than the UCC values. This is because,
(1) Mo would be effectively released from the primary minerals during
modern weathering, and (2) part of the dissolved Mo would be trapped in
weathered products (e.g., clay minerals and iron oxides) that preferentially
adsorb isotopically light Mo™”. In addition, hydrothermal alteration would
likely have resulted in large variations in §°**Mo due to local isotopic
fractionation, possibly caused by Rayleigh distillation*, whereby §****Mo
values of sulfides from a single terrestrial hydrothermal deposit have been
shown to vary by up to 3.0%0™>*". Hence, the §°***Mo values obtained in the
present study are not consistent with intense post-depositional alteration.
The lack of strong enrichment in other redox-sensitive elements, coupled
with the absence of clear Ce anomalies, also suggests limited addition of
these elements by secondary processes (Figs. 3 and 5, Supplementary Fig. 3).
The analyzed samples contain euhedral and disseminated sulfides that may
have formed during post-depositional alteration (Fig. 2d, e, i). However,
in situ measurements indicate that these sulfides are not the major host of
redox-sensitive elements (Supplementary Table 3). Thus, although our
samples are likely affected by K and Na metasomatism (Fig. 4), these
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processes appear to have had little influence on the redox-sensitive
element data.

Atmospheric oxygen levels between the Bruce and Gowganda
glaciations

The subangular to rounded pyrite grains found in sandstones of the Serpent
Formation (Fig. 2j-o0) are similar to those reported from the Transvaal
Supergroup'' and Turee Creek Group”. Rounded pyrite can be supplied
through submarine erosion of sulfides hosted in underlying sediments (i.e.,
reworked pyrite”) and/or erosion of continental sulfides (i.e., detrital
pyrite'). However, sulfide minerals are not abundant in the underlying
Espanola Formation, which would be inconsistent with the submarine
erosion of sulfides. In addition, sulfides eroded from the Espanola Forma-
tion would exhibit large variations in §*S values if the previously reported
88 values, ranging from +2 to 31%o, represent the isotopic characteristics
of sulfides in the Espanola Formation®. Hence, we suggest that the sub-
angular to rounded pyrite grains in the Serpent Formation represent detrital
pyrite grains, as proposed previously™”. Detrital pyrite has also been reported
from other Paleoproterozoic sedimentary rocks'*”. However, most of the
detrital pyrite is found in sedimentary rocks deposited before the first
Paleoproterozoic glaciation that likely occurred after the initial loss of the
MIF-S signal between 2.50 and 2.43 Ga'"'"***", Our findings from the Ser-
pent Formation are much younger—by tens of millions of years—than
those reported in previous studies.

The positive A™S values in the Serpent Formation may have been
strongly affected by the presence of detrital sulfides possessing Archean
MIF-S signals (Fig. 6). The A*S/A™S ratios also support this interpretation,
given that sulfides in the Abitibi greenstone belt of the 2.7-Ga Superior
Province could have been supplied to the Serpent Formation** (Fig. 6).
Although samples containing authigenic (i.e., euhedral and disseminated)

sulfides were selected for quadruple sulfur isotope analysis (Supplementary
Fig. 1), some of the euhedral and disseminated sulfides in the Serpent
Formation may have formed by recrystallization of detrital sulfides asso-
ciated with post-depositional processes™. Therefore, the MIF-S signals in the
Serpent Formation do not provide constraints on the isotopic composition
of dissolved sulfate in seawater at the time of deposition.

The presence of detrital pyrite in the Serpent Formation is consistent
with the abundance and isotopic composition of redox-sensitive elements in
the Serpent Formation (Fig. 3). Molybdenum hosted in sulfide would be
oxidized and mobilized during oxidative sulfide weathering™. In addition,
intense acidity generated by sulfide weathering can solubilize Cr in reduced
form®™. Sediments affected by oxidative sulfide weathering would thus be
expected to be depleted in these elements compared to UCC values®.
Alternatively, accumulation of these elements in seawater due to oxidative
sulfide weathering would then result in enrichment in the sediments
deposited under anoxic conditions™. However, the Al-normalized values of
Cr and Mo in the Serpent Formation are comparable to those reported for
average UCC™"™* (Fig. 3). In addition, the lack of enrichment in V/Al and U/
Al also suggests limited oxidative V and U cycling at the time of deposition,
although sulfide may not be the major source of these elements**®. The ¥
%Mo values in the Serpent Formation, which are close to crustal values, also
indicate minimal influence from oxidative weathering™"" and/or limited
authigenic enrichment of Mo from contemporaneous seawater*’. Most of
the Mo in the samples may be hosted in detrital minerals, such as Ti-oxides
and pyrite, rather than in authigenic minerals formed during deposition or
early diagenesis.

Since the source rocks of the Serpent Formation underwent moderate
chemical weathering prior to deposition® (Fig. 4), ineffective oxidative
weathering would have been due to low pO, at the time of deposition. A
model that considers both chemical and physical erosion processes shows
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that the preservation of detrital pyrite grains also depends on total travel
distance and initial grain size''. However, assuming a large initial grain size,
the model predicts that all pyrite would be destroyed at pO, levels above
5x 10~* PAL in a large sediment transport system (~1000 km). The detrital
zircon ages of the Huronian Supergroup suggest that the sediment was likely
transported ~1000 km by a long fluvial system from the source areas in the
Superior Province™. Hence, our results from the Serpent Formation suggest
an upper limit on pO, of ~5 x 10~* PAL at the time of deposition. Given the
presence of detrital pyrite grains in the Mississagi, Matinenda and Living-
stone Creek formations (Fig. 1b)****, intervals of low pO, (<~5 x 10 PAL)
appear to have been common prior to the Gowganda glaciation (Fig. 1b),
although transient accumulation of O, may have occurred given that fluc-
tuations in pO, between ~10~7 and ~10~> PAL were likely possible on
geologically short timescales”. As described above, there is disagreement
concerning the trajectory of atmospheric oxygenation in the early stages of
the GOE based on the multiple S isotope record”'®***’. Our findings
support a scenario whereby pO, did not remain at a substantially elevated
level after 2.50-2.43 Ga, and instead, pO, may have fluctuated considerably
above and below the 107¢ PAL threshold, at least until the Gowganda
glaciation.

As indicated by the presence of detrital sulfide grains in the present
study, oxidative sulfide weathering during the early stages of the GOE (e.g.,
2.5-2.3 Ga) was limited by the supply of O, to the weathering environment
(i.e., O,-limited regime’). In the subsequent period (up to ~2.1 Ga), sulfide
weathering rates likely increased in response to rising pO,'*'*. As pO, levels
were probably higher than ~107*-107° PAL", sulfide weathering during this
period may have been limited by the supply of sulfide minerals rather than
by O, supply (ie., sulfide-limited regime’). Increased sulfide weathering
rates likely led to transient growth of the marine sulfate reservoir™. It has
been proposed that oxidative sulfide weathering coupled with carbonate
dissolution can act as a transient source of CO, to the atmosphere™®. This
suggests that CO, emissions associated with sulfide weathering were neg-
ligible during the early stages of the GOE (e.g,, 2.5-2.3 Ga) and thus likely
had little impact on climate. By contrast, during the subsequent period,
active sulfide weathering may have enhanced CO, release to the atmo-
sphere, possibly causing a climatic shift to a greenhouse state. As the shift in
the sulfide weathering regime broadly coincides with the end of the
Paleoproterozoic glacial interval at ~2.3-2.2 Ga (Fig. 1), this shift may
have contributed to the termination of one of the most intense and pro-
longed intervals of climatic fluctuation in Earth history.

Methods

Sample preparation

Thin sections and powdered materials from the upper Espanola and Serpent
formations were prepared for geochemical analyses. Thin sections of
representative samples were used to study sulfide grains. Their textures were
first examined by reflected light microscopy. The thin sections were then
carbon coated for observation using a scanning electron microscope (SEM;
HITACHI SU3500) equipped with an energy dispersive X-ray spectrometer
(EDS; Oxford Instruments X-max’’) at the Geological Survey of Japan
(GSJ). Compositional data obtained from the EDS analysis were used to
identify heavy minerals in the thin sections. Some of the sulfides were further
analyzed using a laser ablation inductively coupled plasma mass spectro-
meter (LA-ICP-MS; Agilent 8900) equipped with a femtosecond laser
ablation system (Laser Blender Raijin, Seishin Trading Co., Ltd.) at GSJ.
Trace metal concentrations of the sulfide minerals were measured with a
laser spot size of 20 um and a repetition rate of 20 Hz. BCR-2g (USGS) and
synthetic pyrite (Johnson Matthey-Alfa) were used as external standards’".
Powdered samples were used to determine major and trace element con-
tents, and Mo, S and organic carbon isotope measurements. The surface
layers of drill core samples were first removed using a diamond cutter and
polished with corundum powder to avoid contamination from the cutter.
The polished samples were cleaned in an ultrasonic bath with distilled water
and dried in an oven at 110 °C. The samples were then crushed and pul-
verized in an agate mortar.

Major and trace element concentrations

Major element concentrations of the bulk rock samples were analyzed at
GSJ. Powdered samples were ignited at 1000 °C for 4 h to remove volatile
components. An accurately weighed (~0.5 g) aliquot of the ignited sample
was mixed with 5 g of lithium tetraborate and fused to prepare glass beads.
The glass beads were analyzed using an X-ray fluorescence spectrometer
(PANalytical AXIOS). Major element concentrations were used to calculate
chemical index of alteration (CIA)* values, which have been developed to
quantify the degree of chemical weathering of silicate materials. As some of
the samples contain carbonate minerals, we followed the approach of ref. 72
and corrected for Ca hosted in carbonate minerals: i.e., the molar fraction of
CaO was assumed to be equal to that of Na,O if the molar fraction of CaO
was greater than that of Na,O. This assumption is based on the observation
that calcium plagioclase is less stable than sodium plagioclase during che-
mical weathering.

Trace element concentrations (Mo, Cr, V and U) were determined by
ICP-Q-MS (Agilent 7500cx) at GSJ”’. About 0.1 g of powdered sample was
digested first with concentrated HNO; and then with HCIO,-HF solution.
The samples were completely dissolved with 6 M HNO; and diluted with
2% HNO; for measurement. Trace element concentrations in geological
reference materials (GSJ JB-2 and USGS SCo-1) were also measured and
were within the range of previously published values (Supplementary
Table 1).

Mo isotope analysis

Mo isotope analysis was performed using previously described methods™.
Powdered samples containing ~300 ng of Mo were completely dissolved
using HNO5-HCIO,-HF, and mixed with "Mo-'"’Mo enriched double
spike. Molybdenum was separated from the matrix using anion and cation
exchange resins (Biorad AG1-X8 and AG 50W-X8, respectively). The Mo
fraction was digested with H,O,~HNO; to destroy organic matter leached
from the resins. Molybdenum isotopic compositions were measured using a
multi-collector ICP-MS (Thermo NEPTUNE) at GSJ”. Purified samples
dissolved in 3% HNO; were introduced via an ESI Apex-Q desolvating
nebulizer. Each sample was measured three times, and the mean values and
two standard deviations were reported. The isotopic compositions of Mo
were expressed using conventional delta notation relative to NIST SRM
3134 (ie., 8¥*Moygst = 0%o). The accuracy and precision of the analysis
were monitored by processing geochemical reference materials (GSJ JB-2
and USGS SCo-1) along with the samples (Supplementary Table 1).

Total sulfur analysis

For total sulfur (TS) analysis, powdered samples of 2-5 mg were loaded into
tin capsules with ~3 mg of V,0s powder. The tin capsules were then
introduced into an elemental analyzer/isotope ratio mass spectrometer (EA/
IRMS) system (Isoprime-EA, Isoprime Ltd.) at the University of Tsukuba’.
The TS contents were determined by calibration of ion currents at m/z 64 in
the IRMS. IAEA-S-1 (8*S = —0.3%o) and IAEA-S-2 (8*'S = +21.8%o) were
used for calibration of sulfur concentrations and isotopic compositions’.
The isotopic compositions of sulfur were expressed using & notation with
respect to the VCDT standard: S (%o) = (**Ruample/”'Rstandard — 1) X 1000,
where *'R is the **S/°’S ratio. Measurements were performed four times for
each sample to determine average TS and 8S values. Analytical uncer-
tainties were expressed as one standard deviation of the repeated mea-
surements (Supplementary Table 2).

Organic carbon analysis

A modified version of the Finnigan Delta Plus XP isotope-ratio mass
spectrometer coupled to a Flash EA1112 elemental analyzer through a
ConFlo III interface at JASMTEC was used to measure the concentrations
and isotopic compositions of total organic carbon”~"”. Whole rock powders
(~0.3 g) were treated with 6 M HCl for 2 days to decarbonate. The samples
were then washed several times with distilled water and dried in an oven.
The dried samples of 30 mg were loaded into tin capsules and then intro-
duced into the mass spectrometer system. The TOC content of the samples
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was determined by calibrated ion currents at m/z 44, 45 and 46 in the
mass spectrometer. The carbon isotopic composition was expressed
in § notation with respect to the VPDB standard: §"C
(%0) = ("Reample/ "Rstandard — 1) X 1000, where "R is the PC/"C ratio. The
results for TOC and §"°C,,, are summarized in Supplementary Table 2.

Quadruple sulfur isotope analysis

For quadruple sulfur isotope analysis, sulfide extraction was performed
using a method modified from refs. 70,80. Whole rock powders (2-10 g)
were leached with 15 mL of 5 M HCl to extract acid volatile sulfur in a glass
bottle with an alkaline zinc (Zn) trap (a mixture of 0.2 M Zn acetate and 2 M
NaOH solution at the mixing ratio of 3:5). The leached samples were reacted
with 20 mL of Cr (II) solution with HCl for more than 1 day to convert pyrite
sulfur to ZnS in the same alkaline Zn trap®". The ZnS precipitates were
extracted from the alkaline Zn trap and reacted with 0.1 M AgNO; solution
to convert them to Ag,S. The Ag,S was converted to SF¢ by reaction with
~300 torr of elemental fluorine at 300 °C overnight in a nickel bomb
apparatus. The SF¢ was first purified by gas chromatography and then
introduced into a Thermo-Fisher MAT 252 mass spectrometer at Institute
of Science Tokyo to measure multiple sulfur isotopes®. The capital delta
values of sulfur isotopes were defined as follows: A™S (%) = 1000 x In (§°S/
1000 4 1) — 0.515 x 1000 x In (8*$/1000 + 1) and A*S (%o) = 1000 x In
(8%S/1000 + 1) — 1.90 x 1000 x In (8**S/1000 + 1). These values are nor-
malized to the VCDT scale by analyzing IAEA-S1%**. Typical analytical
precision of §S, A*S and A*S values are +0.6%o, +0.05%o0 and +0.3%o,
respectively. The results of the §*S, A¥S and A*S values are summarized in
Supplementary Table 4.

Data availability

The geochemical data reported in the present study are included in Sup-
plementary Information and are also available through Figshare (https://
doi.org/10.6084/m9.figshare.30134803).
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