:' frontiers ‘ Frontiers in Earth Science

ORIGINAL RESEARCH
published: 26 April 2022
doi: 10.3389/feart.2022.833609

OPEN ACCESS

Edited by:

Julia Ribeiro,

Guangzhou Institute of Geochemistry
(CAS), China

Reviewed by:

Ross Raymond Large,
University of Tasmania, Australia
Martin Wille,

University of Bern, Switzerland

*Correspondence:
Chadlin M. Ostrander
costrander@whoi.edu

Specialty section:

This article was submitted to
Geochemistry,

a section of the journal
Frontiers in Earth Science

Received: 11 December 2021
Accepted: 16 March 2022
Published: 26 April 2022

Citation:

Ostrander CM, Kendall B, Gordon GW,
Nielsen SG, Zheng W and Anbar AD
(2022) Shale Heavy Metal Isotope
Records of Low Environmental O,
Between Two Archean

Oxidation Events.

Front. Earth Sci. 10:833609.

doi: 10.3389/feart.2022.833609

Check for
updates

Shale Heavy Metal Isotope Records of
Low Environmental O, Between Two
Archean Oxidation Events

Chadlin M. Ostrander™2*, Brian Kendall®, Gwyneth W. Gordon*®°, Sune G. Nielsen?5,
Wang Zheng” and Ariel D. Anbar*®

7Depazrtmem‘ of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, Woods Hole, MA, United States,
2NIRVANA Laboratories, Woods Hole Oceanographic Institution, Woods Hole, MA, United States, 3Department of Earth and
Environmental Sciences, University of Waterloo, Waterloo, ON, Canada, *School of Earth and Space Exploration, Arizona State
University, Tempe, AZ, United States, °Knowledge Enterprise, Arizona State University, Tempe, AZ, United States, SDepartment
of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, MA, United States, Institute of Surface-Earth
System Science, School of Earth System Science, Tianjin University, Tianjin, China, 8School of Molecular Sciences, Arizona State
University, Tempe, AZ, United States

Evidence of molecular oxygen (O,) accumulation at Earth’s surface during the Archean (4.0-2.5
bilion years ago, or Ga) seems to increase in its abundance and compelling nature toward the
end of the eon, during the runup to the Great Oxidation Event. Yet, many details of this late-
Archean O, story remain under-constrained, such as the extent, tempo, and location of O,
accumulation. Here, we present a detailed Fe, Tl, and U isotope study of shales from a
continuous sedimentary sequence deposited between ~2.6 and ~2.5 Ga and recovered from
the Pilbara Craton of Western Australia (the Wittenoom and Mt. Sylvia formations preserved in
drill core ABDP9). We find a progressive decrease in bulk-shale Fe isotope compositions moving
up core (as low as §%°Fe = —0.78 + 0.08%o; 2SD) accompanied by invariant authigenic Tl isotope
compositions (average £2*°Tix = 2.0 + 0.6; 2SD) and bulk-shale U isotope compositions
(average 6°%8U = -0.30 + 0.05%o; 2SD) that are both not appreciably different from crustal rocks
or buk silicate Earth. While there are multiple possible interpretations of the decreasing 8°°Fe
values, many, to include the most compelling, invoke strictly anaerobic processes. The invariant
and near-crustal €?°°Tl, and 6°*8U values point even more strongly to this interpretation,
requiring reducing to only mildly oxidizing conditions over ten-million-year timescales in the late-
Archean. For the atmosphere, our results permit either homogenous and low O, partial
pressures (between 107%° and 107° present atmospheric level) or heterogeneous and
spatially restricted O, accumulation nearest the sites of O, production. For the ocean, our
results permit minimal penetration of O, in marine sediments over large areas of the seafloor, at
most sufficient for the burial of Fe oxide minerals but insufficient for the burial of Mn oxide
minerals. The persistently low background O levels implied by our dataset between ~2.6 and
~2.5 Ga contrast with the timeframes immediately before and after, where strong evidence is
presented for transient Archean Oxidation Events. Viewed in this broader context, our data
support the emerging narrative that Earth’s initial oxygenation was a dynamic process that
unfolded in fits-and-starts over many hundreds-of-millions of years.
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INTRODUCTION

Earth’s earliest O, history remains a topic of ongoing debate
(compare Kopp et al., 2005 against Ohmoto et al., 2006 for
two extreme end-member scenarios), and many important
details remain unresolved. For example, evidence of O,
production and accumulation increases in both its
abundance and compelling nature in the immediate runup
to the Great Oxidation Event (GOE), during the final few
hundred million years of the Archean Eon (4.0-2.5 Ga;
summarized in Ostrander et al., 2021). Two Archean
Oxidation Events (AOEs), each of probably single-million-
years duration, have been identified during the late-Archean
and verified by multiple lines of independent evidence: one at
~2.65 Ga (Koehler et al., 2018; Olson et al., 2019; Ostrander
et al.,, 2020) and another at ~2.50 Ga (Anbar et al., 2007;
Kaufman et al., 2007; Wille et al., 2007; Garvin et al., 2009;
Godfrey and Falkowski 2009; Reinhard et al., 2009; Duan
et al., 2010; Kendall et al., 2010, 2013, 2015a; Gregory et al.,
2015; Kurzweil et al., 2015; Stiieken et al., 2015; Ostrander
et al., 2019, 2020; Meixnerova et al., 2021). Evidence is also
presented for non-zero and fluctuating O, levels during the
much longer intervening timeframe (e.g., Eigenbrode and
Freeman 2006, Stiieken et al., 2012, Gregory et al., 2015,
Eroglu et al., 2015; 2017); however, this evidence is at times
not as compelling, and follow-up studies of the same and
coeval samples oftentimes arrive at different conclusions. For
example, progressively heavier Mo isotope compositions are
found in sedimentary rocks formed between about 2.6 and
2.5Ga and inferred as evidence of a progressive rise in
atmospheric and oceanic O, levels (Wille et al., 2007;
Kurzweil et al.,, 2015). Yet, in some of these same rocks,
generally invariant C (Fischer et al., 2009) and U (Briske
et al., 2020) isotope compositions are inferred as evidence of
little to no change to Earth’s surface O, levels. To summarize,
emerging evidence clearly identifies brief, single-million-year
O, accumulation events on the eve of the GOE, but no clear
consensus yet exists for the O, levels that persisted over much
longer, tens-of-million-year timeframes.

What is missing up to this point, and provided here, is a
detailed, multi-pronged geochemical investigation of a
continuous sedimentary sequence deposited during the
late-Archean. We generated Fe, Tl, and U isotope records
from shales of the Wittenoom and Mt. Sylvia formations
(Western Australia) deposited between about 2.6 and 2.5 Ga
and recovered from the ABDP9 drill core. Each of these heavy
metal isotope “paleoredox proxies” is uniquely sensitive to a
specific redox threshold; Fe isotopes are directly sensitive to
Fe oxidation (Johnson et al., 2008), U isotopes are directly
sensitive to U oxidation (Tissot and Dauphas 2015), and Tl
isotopes are indirectly sensitive to Mn oxidation (Nielsen
et al., 2017). Each of these proxies is also already proven
independently valuable in reconstructing atmospheric and
oceanic O, levels during the Archean (e.g., Fe: Rouxel et al,,
2005, Czaja et al.,, 2012, Heard et al., 2020, U: Kendall et al.,
2013, Wang et al., 2018; 2020, Briiske et al., 2020, and TI:
Ostrander et al., 2019). Our study represents the first time
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ever, at any time in Earth’s past, all three proxies are applied
in a single study to the same sedimentary archive.

HEAVY METAL ISOTOPE PROXIES

Fe Isotope Proxy

Sedimentary Fe isotope ratios have the potential to trace
ancient Fe redox reactions. A large equilibrium isotope
fractionation effect is imparted during Fe redox reactions
that can leave the Fe(II) phase up to ~3.0%o lighter than the
Fe(III) phase (Welch et al., 2003). Sediments today and their
constituent minerals are shown to capture and preserve these
Fe isotopic effects, at least partially (e.g., Severmann et al,
2008; Busigny et al., 2014; Scholz et al., 2014). Likewise, and by
analogy, fingerprints of Fe redox reactions in Archean oceans
should be left behind in the Archean sedimentary record.
Indeed, a large degree of Fe isotope variability is found in
Archean sedimentary rocks and interpreted as evidence of
ancient Fe redox reactions (e.g., Rouxel et al., 2005; Czaja et al.,
2012; Heard et al., 2020).

There are some caveats to the Fe isotope proxy. Iron redox
reactions cannot be explicitly linked to aerobic processes;
oxidation of Fe(Il) is observed in the absence of O, during
interaction with UV-light (Cairns-Smith 1978) and also during
photo-ferrotrophy (Widdel et al., 1993). Furthermore, there
exist at least two means for driving considerable Fe isotope
fractionation effects without the requirement of an Fe redox
change: hydrothermal processes (by up to ~0.7%o; Lough et al.,
2017) and pyrite formation (by up to ~3.0%o; Guilbaud et al,,
2011). These caveats can make it extremely difficult, and at
times even impossible to differentiate anaerobic from aerobic
redox processes using Fe isotopes alone. Notwithstanding,
useful information can still be gleaned from the proxy in
deep time when it is applied in tandem with other,
complementary proxies (e.g., Czaja et al, 2012; Asael et al,
2013).

U Isotope Proxy

When applied to the Archean sedimentary record, the U
isotope paleoredox proxy has emerged as a useful tracer of
early U(IV) oxidation. On the modern well-oxygenated
Earth, U(IV) is readily oxidized to U(VI) during oxidative
weathering and delivered to the ocean as the soluble uranyl
carbonate complex [UO, (CO3)3*; Langmuir 1978], where it
accumulates with a residence time (~400 kyr; Ku et al., 1977)
that far exceeds the ocean mixing time (~1 kyr; Sarmiento
and Gruber 2006). Within the U(VI)-replete modern marine
realm, U is readily exchanged between seawater and
sediments, and this leads to a large range of U isotope
ratios across different sediment types (A**U = ~1.3%o;
Weyer et al., 2008; Tissot and Dauphas 2015). By contrast,
on a primarily anoxic Archean Earth, it would be expected
that U(IV) oxidation would be negligible or non-existent, at
the very least stunting and in the most extreme case
preventing U(VI) accumulation in seawater. In an ocean
devoid of mobile U(VI), there would be no opportunity for

Frontiers in Earth Science | www.frontiersin.org

April 2022 | Volume 10 | Article 833609


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Ostrander et al.

isotopic fractionation between seawater and marine
sediments.

Following from this logic, U isotopes have been treated
essentially as a binary paleoredox proxy when applied to the
Archean Eon. When free-O, was in low abundance or non-
existent, sedimentary rocks should reveal minimal U enrichments
and 8**®U values indistinguishable from, or very close to, average
upper continental crust and the mantle (both possess §*°°U =
-0.3%o; Partin et al., 2013; Briiske et al., 2020; Chen et al., 2021).
In contrast, during episodes of appreciable O, accumulation,
sedimentary rocks should reveal some combination of U
enrichments and non-crustal 6%%U values (Kendall et al,

2013; Wang et al,, 2018).

Tl Isotope Proxy

The TI isotope paleoredox proxy is the youngest of the three
isotope systems, having emerged relatively recently as a novel tool
for tracking changes in ancient marine oxygenation indirectly
through Mn oxide burial (Nielsen et al., 2011; Owens et al., 2017).
The strongest isotopic lever of seawater TI isotope mass-balance
today is Mn oxide minerals that get buried in well-oxygenated
marine sediments (Baker et al., 2009). Manganese oxides possess
a strong preference for the heavier-mass Tl isotope (¢*°°T1 = +10
to +14; Rehkamper et al., 2002; Nielsen et al., 2013), and their
widespread distribution on the well-oxygenated seafloor today
leads to accumulation of the lighter-mass T1 isotope in seawater
(8205T1 = -6.0 + 0.3; Nielsen et al., 2006a; Owens et al., 2017)
relative to global oceanic Tl inputs (¢2°°T1 = -1.8; Nielsen et al.,
2017). Because the residence time of Tl in seawater today (~19
kyr; Nielsen et al.,, 2017) exceeds the ocean mixing time, the
seawater €Tl signature today is globally homogenous. By
contrast, Fe oxide minerals are unlikely to fractionate TI
isotopes because the likely fractionation
mechanism—oxidation of TI(I) to TI(III)—does not occur
during sorption to Fe oxides (Peacock and Moon 2012).
Moreover, neither of the two remaining primary marine Tl
outputs today imparts a substantial isotopic fractionation
effect; low-temperature oceanic crust alteration imparts only a
slight negative isotope fractionation effect (average e*°°Tl = -7.2;
Nielsen et al., 2017), and no isotope fractionation is observed in T1
leached from pyrite from sediments deposited under anoxic
bottom waters, presumably because of quantitative Tl transfer
to pyrite in these settings (Owens et al., 2017; Fan et al., 2020;
Chen et al., 2022).

Akin to U isotopes, Tl isotopes can also be treated as a binary
proxy when applied to the Archean. In the absence of the Mn
oxide mass-balance lever—for example, in a widely anoxic
Archean ocean—the seawater &>Tl value will not be
significantly different from that of the bulk upper continental
crust and mantle (roughly e2°T1 = —2.0 + 1.0; Nielsen et al., 2005;
2006b). By analogy with modern equivalents, pyrite leached from
Archean sedimentary rocks deposited under anoxic conditions
should capture this near-crustal seawater £*°°T1 value (Owens
et al,, 2017). In support of this logic, near-crustal £°Tl, values
are found in pyrite leached from shales deposited under locally
anoxic conditions at a time of inferred low Archean O, levels,
with a deviation toward more negative £°Tl, values found

Low-O, Between Archean Oxidation Events

exclusively during a transient 2.5Ga AOE (compare €°Tl,
between the lower and upper Mt. McRae Shale in ABDPY;
Ostrander et al., 2019).

MATERIALS AND METHODS
Drill Core ABDP9

Drill core ABDP9 was recovered from the Pilbara Craton of
Western Australia during the 2004 NASA Astrobiology Institute
Deep Time Drilling Project (Figure 1). Detailed descriptions of
the core are provided in previous work (Anbar et al., 2007;
Kaufman et al, 2007); we offer only a brief summary here.
Shales are the dominant lithology in the lowermost and
middle Wittenoom Formation, with organic-rich (“black”)
shales becoming increasingly common in the uppermost
Wittenoom and overlying Mt. Sylvia Formation. Intervals of
banded iron formation (BIF) deposition are present but
infrequent, appearing in the middle of the Wittenoom
Formation and near the base and top of the Mt. Sylvia
Formation. Intervals of BIF deposition were avoided, and care
was also taken to avoid depths containing macroscopic pyrite.
Sedimentary rocks in ABDP9 have experienced relatively minor
metamorphism considering their age (prehnite-pumpellyite
facies, < 300°C; Brocks et al., 2003).

According to available geochronological constraints, the
Wittenoom and Mt. Sylvia formations were deposited between
about 2.6 and 2.5Ga (Trendall et al., 2004). Wittenoom
Formation deposition initiated sometime after 2.597 =+
0.005 Ga according to a zircon U-Pb age for volcanoclastics
from the underlying Marra Mamba Formation (Trendall et al.,
1998). A Pb-Pb age of 2.541 + 0.018 Ga was obtained for an
impact spherule bed found in coeval carbonaceous strata at a
nearby location (Woodhead et al., 1998), and it is suggested that a
contemporaneous spherule bed is present in ABDP9 at 295 m
core depth (Kurzweil et al., 2015). An upper age limit of 2.495 +
0.014 Ga for the Mt. Sylvia Formation comes from a Re-Os
depositional age for organic-rich shales from the overlying Mt.
McRae Shale in ABDP9 (Kendall et al., 2015a).

Deposition of shales from ABDP9 is thought to have taken
place below storm wave base on the outer-shelf in a marginal or
open-ocean setting (Morris and Horwitz 1983). According to
previously published Fe speciation, trace metal, and Mo
isotope data, shales from the Wittenoom and Mt. Sylvia
formations were deposited under the anoxic conditions that
typified most Archean marine environments (Ostrander et al.,
2020). Localized anoxia seems to have persisted throughout
deposition of both units, and there is a possibility that redox
conditions were especially reducing during deposition of the
Mt. Sylvia Formation. In the uppermost Wittenoom
Formation, above around 250 m core depth, there is an
increase in the ratio of total Fe (Fer) to Al and in the ratio
of highly reactive Fe (Feyg) to Fer (Figure 2). Although there
is no comparable trend in the ratio of pyritized Fe (Fep,) to
Feyp, ratios indicative of euxinic conditions are approached
for the first time in the section at around this same depth. By
analogy with modern analogs, each of these changes in Fe
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FIGURE 1 | Geological map of the Pilbara Craton and ABDP9 stratigraphy. Geological map is modified from Kurzweil et al. (2015) and stratigraphy is modified from
Anbar et al. (2007) and Ostrander et al. (2020). Age constraints are from, in ascending order, Woodhead et al. (1998) and Kendall et al. (2015a).
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FIGURE 2| Previously published Fe speciation data indicating persistent localized anoxia during deposition of the Wittenoom and Mt. Sylvia formations in ABDP9.
Data and original interpretation are from Ostrander et al. (2020). Black datapoints exceed strict thresholds for local anoxia (Fet/Al > 0.55 or Feyg/Fer > 0.38) or euxinia
(Fep,/Fenr > 0.80), while gray datapoints exceed relaxed thresholds for the same (Fepr/Fer > 0.22 for anoxia and Fep,/Feng > 0.70 for euxinia) (summarized in Raiswell

speciation would be an expected consequence of strengthened
local anoxia (Raiswell et al., 2018). Previously published Mo
isotopic compositions from Ostrander et al. (2020) are also
heavier in the Mt. Sylvia Formation (8**Mo up to 1.43%o, and
averaging 0.97%o) than in the Wittenoom Formation (§°*Mo
up to 1.02%o, and averaging 0.73%o) in ABDP9, which could

also support more reducing local redox conditions during
deposition of the former by analogy with modern
equivalents (Kendall et al, 2017; but see Kurzweil et al,
2015 for an alternative interpretation that attributes these
increasing 8°®Mo values to progressive Earth surface
oxidation).
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The Wittenoom and Mt. Sylvia formations were deposited in a
timeframe separating two transient AOEs. Redox-sensitive trace
metal enrichments are found in the ~2.65 Ga Jeerinah Formation
and interpreted as evidence of oxidative sulfide weathering on
land [Se up to 5 ug/g (Koehler et al., 2018) and Mo up to 10 ug/g
(Olson et al., 2019)]. Heavy N isotope compositions in the same
samples support coeval marine oxygenation by fingerprinting the
operation of an aerobic N cycle in overlying waters (up to §"°N =
~6.0%o; Koehler et al., 2018), an interpretation that gains support
from heavy Se and Mo isotope compositions that imply removal
of lighter-mass isotopes in shallower-water, mildly oxygenated
sediments on the continental shelf (up to 5%2Se = 0.90%o (Koehler
et al., 2018) and up to 8% Mo = 1.01%o (Ostrander et al., 2020)).
These geochemical patterns are even more pronounced in the
upper member of the Mt. McRae Shale in ABDP9, indicating that
an especially pronounced AOE took place at ~2.50 Ga. During
this younger AOE, oxidative weathering is indicated by strong
trace metals enrichments (Se up to 20 ug/g (Stiieken et al., 2015)
and Mo up to 49 ug/g (Anbar et al.,, 2007)). Heavy N isotope
values again support a local aerobic N cycle (up to §"°N = 7.5%o;
Garvin et al., 2009), and even heavier Se and Mo isotope
compositions imply more pronounced removal of lighter-mass
isotopes in mildly oxygenated settings on the continental shelf
(up to 8%2Se = 1.43%o (Stiieken et al., 2015) and up to 8*Mo =
1.77%o (Duan et al., 2010)). Other geochemical trends found in
the upper Mt. McRae Shale also corroborate the AOE hypothesis,
as do those found in coeval shales from South Africa
(summarized in Ostrander et al., 2021).

Isotopic Methods

For Fe and U, sample preparation, isotope purification, and
analyses were conducted at the Metals, Environment, Terrestrial
Analytical Laboratory (METAL) at Arizona State University.
About one-hundred milligrams of whole-rock material from
each sample depth was powdered and ashed overnight in a
muffle furnace at 550°C to oxidize organic material. Then, each
sample was transferred to a trace metal clean lab where it was
subjected to multiple rounds of concentrated acid digestion using
trace metal grade hydrofluoric, hydrochloric, and nitric acids in
pre-cleaned Teflon labware. Once completely dissolved, samples
were transferred to trace-metal clean screw top bottles (“stock
solution”), from which a small aliquot was taken and diluted in 2%
nitric acid in preparation for concentration analysis on a Thermo
Scientific X-series quadrupole ICP-MS following published
methods (Anbar et al, 2007; Kendall et al, 2010). Isotope
purification and analysis was conducted following procedures
outlined in previous Fe (Beard et al., 2003; Arnold et al., 2004)
and U (Weyer et al, 2008; Kendall et al, 2013) isotopic
investigations. A stock solution split equivalent to 10 pg of Fe
was separated from the sample matrix via ion exchange
chromatography using Bio-Rad AGI1X8 anion resin. To avoid
isotopic fractionation associated with ion exchange purification,
only samples recovering >95% of their original Fe contents were
prepared for isotopic analysis (this was checked via ICP-MS).
Samples that fit this criterion were dried down, brought up in
0.32 M HNO3, and doped with a NIST 3114 Cu elemental spike to
correct for instrumental mass bias during isotopic analysis.

Low-O, Between Archean Oxidation Events

Thereafter, a separate split equivalent to 250 ng of U was taken
from each stock solution and mixed with a***U/>**U double-spike
solution to correct for instrumental mass bias during purification
and isotopic analysis. Samples were purified using Eichrom®
UTEVA resin, dried-down, and reconstituted in 0.32M HNO;
in preparation for isotopic analysis. Fe and U isotope ratio
measurements were performed on a Thermo Neptune multi-
collector ICPMS (MC-ICP-MS) in medium- and low-resolution
mode, respectively, utilizing sample-standard bracketing. For Fe,
IRMM-524a was used as the bracketing standard, which is shown
to be isotopically indistinguishable from IRMM-014 (Craddock
and Dauphas, 2011). All bulk-shale Fe isotope data are reported
relative to IRMM-524a in delta notation:

56/54
Ferrmm-s240 —

§Fe (%0) = (" Fewmpie + 1) x 1,000.

For U, CRM 145 was used as the bracketing standard and all bulk-
shale data are reported relative to this standard in delta notation:

87U (%0) = (7 Usample + 2 Ucraras — 1) x 1,000.

Sample preparation and analysis for Tl were conducted at the
NIRVANA Laboratory at Woods Hole Oceanographic Institution
(WHOI) and the WHOI Plasma Mass Spectrometry Facility.
About one-hundred milligrams of powdered shale material
from each sample depth was transferred to a Teflon reactor and
treated with 2 M HNO; for 12-15 h at 130°C, a treatment shown to
effectively “leach” authigenic T1 bound to pyrite from detrital Tl
(Nielsen et al., 2011). Following this partial dissolution, samples
were centrifuged, and their supernatants containing the authigenic
fraction were transferred to new Teflon reactors and digested using
trace metal grade concentrated HCl and HNO;. Once dissolved,
samples were reconstituted in 1M HCI in preparation for Tl
purification ~ via  the typical two-step  ion-exchange
chromatography procedure (using AG1X8 anion resin;
Rehkdmper and Halliday 1999; Nielsen et al., 2004). Thallium
isotope ratio measurements were performed using previously
established techniques (Rehkdmper and Halliday 1999; Nielsen
etal., 2004) on a Thermo Neptune MC-ICP-MS equipped with an
Aridus II desolvating nebulizer sample introduction system in low-
resolution mode. Sample-standard bracketing was conducted
relative to NIST 997 Tl, and instrumental mass bias correction
was done by external normalization to NIST SRM 981 Pb. Because
each sample was doped with a known quantity of NIST SRM
981 Pb, authigenic TI concentrations could be calculated during
MC-ICPMS analysis using the measured **T1/***Pb ratios. We
report all authigenic Tl isotope values in epsilon notation relative to
NIST 997 TI metal:

E5T1y = (7 Tlampie/” 2 Tlyistssr — 1) % 1,000.

USGS rock reference materials were simultaneously processed
with each batch of samples and showed good reproducibility, as
did various previously processed standard solutions (Table 1).
Reported uncertainties for our samples are always in 2SD and
either equal to the highest 2SD reproducibility of our standards or
the individual sample’s reproducibility, whichever is greater. All
data are provided in the Supplementary Material.
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TABLE 1 | Standard isotope data.

Fe isotope standards ~ §°°Fe (2SD) N Previously published values (2SD)
BIR 0.07 0.05° 4 0.05 (0.02)°
Tag Fe ~0.86 (0.087 7 ~0.99 (0.09°
SDO-1 0.04 (007 8 ~0.05 (0.12°

U isotope standards 5%%8U (2SD) N Previously published values (2SD)
CRM129A -1.72 (0.09* 12 -1.71 (0.05)°
Ricca ~0.22 0117 14 ~0.23 (0.06)°
SDO-1 -0.11 (0.09¢ 6 —0.06 (0.04)f

Tl isotope standard 2%5TI2SD) N Previously published values (2SD)
SCO-1 2902 4 ~2.6 (0.2)9

@Previously digested and purified standard solution.

bValue reported by Craddock and Dauphas (2011).

®Value reported by Severmann et al. (2008).

9Powdered rock standard digested and purified alongside samples.
®Value reported by Zhang et al. (2018).

'value reported by Kendall et al. (2015b).

Yvalue reported by Ostrander et al. (2017).

RESULTS

We find a general decrease in bulk-shale §°°Fe values moving
up section (Figure 3). At and below 259.04 m, §°°Fe values are
generally invariant (average §°°Fe = —0.01 + 0.42%o; 2SD), with
only one sample (8°°Fe = +0.54 + 0.14%o at 292.74m)
possessing a §°°Fe value vastly different from that of

Low-O, Between Archean Oxidation Events

modern bulk upper continental crust (8°°Feguce = 0.00%o;
Dauphas et al., 2017). At and above 253.17 m, §°°Fe values
become progressively lower, reaching a minimum of -0.78 *
0.08%o (at 228.70 m) and averaging -0.51 + 0.36%o. Bulk-shale
Fe abundances are fairly constant throughout the sedimentary
sequence (averaging 5.4 wt%), with the exception of two
instances of noticeable Fe enrichment near Fe-formation
intervals in the middle of the Wittenoom Formation (as high as
142 wt% at 290.52m) and near the base of the Mt. Sylvia
Formation (as high as 10.9 wt% at 218.91 m) (Figure 4). These
Fe enrichment trends mirror those of the Fe/Al data (Figure 2).
In contrast, 8*°®U and &*°°Tl,,, values are invariant and
always within uncertainty of their respective modern bulk
upper continental crust values. Bulk-shale §*°°U values
average —0.30 + 0.06%o (2SD) in the Wittenoom Formation
and -0.29 * 0.03%0 (2SD) in the Mt. Sylvia Formation
(Figure 3); both are identical to the estimated modern
BUCC §*®U value of -0.29 + 0.03%o0 (Tissot and Dauphas
2015). Authigenic €295T1 values average —1.97 + 0.60 (2SD) in
the Wittenoom Formation and -2.15 + 0.51 (2SD) in the Mt.
Sylvia Formation (Figure 3); both are indistinguishable from
the estimated modern BUCC €*°°Tl value of 2.1 + 1.3 (Nielsen
et al., 2005). Bulk-shale U concentrations slightly decrease
moving up section (averaging 4.3 ug/g in the Wittenoom
Formation and 3.0 pg/g in the Mt. Sylvia Formation), a
trend that is also preserved when normalized to Al
(Figure 4). Authigenic T] concentrations are slightly lower
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FIGURE 3| Heavy metal isotope data generated during the current study. 8°°Fe and 82U values are for bulk-shale, while £2°°Ti, values are for leached (authigenic)
fractions. The brown shaded region in each panel represents the estimated average bulk upper continental crust value for that isotope system, which is in all cases similar
to the estimated mantle value. Errors are either equal to the highest 2SD reproducibility of our standards or the individual sample’s reproducibility, whichever is greater.
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and U) and leached authigenic fractions (Tl). Light gray datapoints represent concentrations normalized to the non-redox sensitive element Al and gray dashed lines
represent average upper continental crust values for these ratios (Rudnick and Gao 2003).

in the Wittenoom Formation (averaging 0.3 pg/g) compared to
the Mt. Sylvia Formation (averaging 0.6 pg/g) (Figure 4).

DISCUSSION

Fe Isotope Data

As an initial step in interpreting the §°°Fe data, it is important to
estimate the authigenic Fe isotope contribution to each sample.
The Fe in each shale sample is primarily a mixture of two
components: a detrital fraction (i.e., continent-derived; fp) and
an authigenic fraction (i.e., seawater-derived; fy). The latter is
more important for tracking changes in ancient low-temperature
geochemical processes. If we assume the sum of these two
fractions is equal to one (fp + fa = 1), then the following
equation can be used to calculate fa:

fa = 1- (Al x (Fe/Al)p + Fe).

where “Al” and “Fe” signify bulk shale sample
concentrations, and (Fe/Al)p represents the inverted ratio
of these elements in the detrital component. Because Al is not
redox-sensitive, increases in shale Fe/Al ratios above the
detrital background are most likely due to the preferential
accumulation of authigenic Fe (e.g., Lyons and Severmann
2006). For Fe/Alp we use 0.45, the lowest Fe/Al ratio found in
our shale samples, because this value is the least likely to
contain an authigenic Fe enrichment. This ratio is very
similar to that estimated for the modern bulk upper

continental crust (BUCC) of 0.48 (Rudnick and Gao 2003),
the source of detrital material.

When calculated f, are plotted versus their respective bulk-
shale §°°Fe values, a coherent relationship is revealed (R* = 0.52
when the lone sample with an especially high §°°Fe value of 0.54 +
0.16%o is omitted; Figure 5). Samples with especially low fy
possess bulk-shale §°°Fe values that most closely resemble
modern BUCC (leftmost data in Figure 5). These samples are
strongly affected by their high detrital Fe contributions. In
contrast, samples with especially high fy reveal continuously
decreasing bulk-shale &°°Fe values (rightmost data in
Figure 5). These samples are not affected by high detrital Fe
contributions, and as such are ideal for reconstructing the
authigenic Fe source. Omitting one sample with an especially
high bulk-shale §°°Fe value, and also samples with especially high
detrital Fe contributions (specifically, three samples with f, <
0.15), the remaining samples (# = 19) can be reconciled by two-
component mixing between detrital Fe (8°°Fegucc = 0.00%o;
Dauphas et al.,, 2017) and an authigenic 8°Fe source (8°°Fe,)
between —1.54%o and -0.22%o (Figure 5A).

It is possible that Fe oxide mineral formation in late-Archean
marine settings led to the preferential removal of heavier-mass Fe
isotopes, leaving behind an isotopically light seawater 6°°Fe,
component that was then transferred, at least partially, to our
shale samples (e.g., Rouxel et al., 2005; Severmann et al., 2008).
One hypothesis contends that partial oxidation of the seawater Fe
reservoir led to a globally widespread and isotopically light
seawater Fe reservoir (Rouxel et al., 2005). Another hypothesis
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suggests essentially the same, just on a smaller, basinal scale (the
“shuttle” hypothesis; Severmann et al., 2008). In combination
with one or both Fe-oxide hypotheses, it is also suggested that
local redox conditions and distance from the paleoshoreline
played a strong role in how this isotopically light signal was
captured in sediments, with strongly reducing and pyrite-rich
euxinic conditions farther from shore being the most likely
locations of capture (Ostrander et al., 2022). Interestingly, and
in partial support of this idea, the appearance of lighter bulk-shale
8°°Fe in the Mt. Sylvia Formation coincides with the local redox
transition toward more reducing conditions (see the Materials
section, and also Figure 2). This relationship is unlikely to be
coincidental. More to this point, calculated 8°°Fe, values for
Wittenoom Formation shales are also considerably lighter than
bulk-crust (average 8Fe, = = -0.72 + 0.90%0; 2SD after
screening out samples with positive bulk-shale §°°Fe values
and fy < 0.15), indicating that an isotopically light §°°Fe,
source probably persisted over longer timeframes of deposition
than is evident from the bulk-shale §°°Fe data alone. This light
8°°Fe, source simply failed to register a strong bulk-shale §°°Fe
signal in some Wittenoom Formation shales because of their
strong detrital Fe contents.

Alternatively, or in addition, hydrothermal Fe delivery and
local pyrite formation could have helped supply an isotopically
light 8°°Fe, component. Of the samples with f, > 0.15, the vast
majority (74%) can be reconciled solely by a low &°°Fe,
component that overlaps with modern hydrothermal fluids
(8°°Fe = —0.1%o to —0.7%o; Lough et al., 2017) (Figure 5B). It
is generally accepted that the overwhelming source of dissolved
Fe(II) to Archean seawater was hydrothermal fluids (Konhauser
et al,, 2017). Furthermore, and again, the lowest 8°°Fe values are
found in shales from the Mt. Sylvia Formation (Figure 3),
perhaps coincident with a transition toward more reducing
local redox conditions (see Figure 2). If this local redox
change led to H,S accumulation in porewaters or overlying
waters, then localized pyrite formation could have led to the
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FIGURE 6 | Increasingly negative bulk-shale §°°Fe values are
accompanied by higher pyrite Fe contents (Fep,) in our samples, drawing a
strong connection between two. Pyrite Fe data are from Ostrander et al.
(2020). A logarithmic trendline through the dataset is provided in blue,
along with the corresponding R? value.

preferential removal of lighter-mass Fe isotopes from seawater
(Guilbaud et al, 2011). The slight increase in authigenic Tl
abundances observed in the Mt. Sylvia Formation (Figure 4)
could also support enhanced local pyrite formation at this time
because accumulation of Tl in sediments is often linked to pyrite
(e.g., Nielsen et al.,, 2011). Lastly, and most convincing, shales
with higher pyrite Fe contents reveal increasingly negative §°°Fe
values (R? = 0.59; Figure 6).

None of the Fe isotope fractionation processes discussed above
require the presence of O,. Two anaerobic processes serve as
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plausible Fe oxide formation pathways during the late-Archean
(photo-oxidation (Cairns-Smith 1978; Braterman et al., 1983)
and photo-ferrotrophy (Widdel et al., 1993; Konhauser et al.,
2002)), and no Fe redox change is required during hydrothermal
Fe delivery and pyrite formation.

U Isotope Data
Barring coincidence, near-crustal bulk-shale §***U values require
limited isotopic fractionation of U during the late-Archean, at

least in this paleo-setting and potentially beyond it. This concept
is further supported by the persistently low U abundances in the
Wittenoom and Mt. Sylvia formations, which imply a limited
availability of dissolved U in the contemporaneous ocean. A good
linear correlation is found between bulk-shale U and Al
abundances (R* = 0.73; Figure 7A) that strongly suggests, like
the Al, the U in these shales is of detrital origin. For some added
context, the correlation between bulk-shale Fe and Al abundances
is significantly weaker (R* < 0.01), indicating relatively minor
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detrital Fe contributions (as already concluded above for most
samples). As discussed in the introduction, minimal sedimentary
U accumulation and U isotopic fractionation are predictable
consequences of a low-O, late-Archean Earth (Kendall et al,
2013; Briiske et al., 2020).

Tl Isotope Data

Measured €*°°Tl, values are very likely representative of
overlying seawater at the time of deposition. First, it is
unlikely that these €°°Tl, are diluted by detrital material. The
dilute nitric acid partial digestion that is used to isolate T in shale
samples from authigenic phases (namely, pyrite; Nielsen et al.,
2011) is unlikely to liberate significant amounts of T from detrital
phases. In support of this notion, we find no correlation
whatsoever between £2°°Tl, values and Al abundances (R* <<
0.01). Furthermore, invariant €2°>Tl, values are found in shales
from both the Wittenoom and Mt. Sylvia formations despite
authigenic Tl concentrations that span an order of magnitude
(ranging from 0.1 to 1.2 ug/g; Figure 4). This wide concentration
range suggests that a Tl-rich and most likely non-detrital phase
was present in the shales. This Tl-rich phase was most likely
pyrite—a notion that gains strong support from the correlation
revealed between authigenic Tl abundances and shale pyrite Fe
contents (R* = 0.84; Figure 7B). Second, sediments from the three
anoxic settings studied thus far using Tl isotopes (Black Sea,
Cariaco Basin, and Santa Barbara Basin) always capture the
overlying seawater £2°°Tl value (Owens et al, 2017; Fan et al,,
2020; Chen et al,, 2022). It is reasonable to assume that, by
analogy, our shales deposited under comparable conditions also
captured the overlying seawater £*>T1 value. Because the ancient
depositional basin is thought to have maintained a strong
connection with the open ocean (Morris and Horowitz 1983),
this seawater ¢*°°T1 value was at least a regional signature, and
potentially global.

The most straightforward interpretation of a near-crustal
seawater &**°T1 signature is limited Mn oxide burial over large
areas of the late-Archean seafloor. In a widely anoxic ocean with
limited Mn oxide burial, it would be extremely difficult to drive a
change in the seawater ¢’°°Tl value away from that of global
oceanic inputs (discussed in the introduction). Global oceanic
inputs today have an average estimated e*°°T1 value (¢**°Tlyy =
-1.8; Nielsen et al., 2017) indistinguishable from the bulk upper
continental crust (e2°Tlgycc = -2.1 + 0.3; Nielsen et al., 2005)—
and also indistinguishable from the shale €?°>Tl, values in the
Wittenoom and Mt. Sylvia formations (¢TI, = -2.0 + 0.6). In
order to prevent Mn oxide burial, O, penetration into sediment
porewaters must have been minimal to non-existent over at least
regions of the ancient seafloor.

Common Themes
To recap, the main findings from each isotopic dataset are:

1) There are multiple possible interpretations of the §°°Fe data,
but none that require strictly aerobic processes.

2) The 8*°®U data require limited mobilization and isotopic
fractionation of U, and therefore minimal U(IV) oxidation
in surface environments.

Low-O, Between Archean Oxidation Events

3) The ¢2°°Tl, data require limited Mn oxide burial over at least
regions of the seafloor, and by extension minimal O,
penetration into marine sediment porewaters.

As a collective, the three separate isotope datasets point
strongly toward a low-O, Earth surface between ~2.6 and
~2.5Ga. Our sampling resolution is coarse, averaging one
shale sample about every 7m in ABDPY9, and therefore an
average of one shale sample about every five million-years of
late-Archean time (assuming constant sedimentation rates and
an age of our samples between 2.6 and 2.5 Ga). Our data therefore
speak most directly to the long-term “background” redox state of
Earth’s oceans and atmosphere, over the many tens-of-millions of
years leading up to 2.5 Ga. Given the coarse sampling resolution,
our data do not preclude short-term changes in atmospheric or
ocean redox, for example, those that might have occurred over
hundreds-of-thousands to single-millions of years (e.g., AOEs;
Ostrander et al., 2021).

Information about the background atmospheric redox state
can be gleaned most directly from the U data. Multiple previous
studies have leveraged the geochemical distribution of U and
U-bearing minerals in the sedimentary record to reconstruct past
pO, (e.g., Sverjensky and Lee, 2010; Johnson et al., 2014).
According to the modeling results of Sverjensky and Lee,
(2010), oxidation and mobilization of U from the
predominant U-bearing crustal mineral, uraninite, requires
more strongly oxidizing conditions compared to that required
for the oxidation and mobilization of other metals hosted in
sulfide minerals, such as Mo and Re. In support of this notion,
evidence of mild seawater Mo accumulation and isotopic
fractionation is also found in the Wittenoom and Mt. Sylvia
formations in ABDP9 (Ostrander et al., 2020), and evidence of
mild seawater Re accumulation is found in the coeval equivalent
Nauga Formation from South Africa (Kendall et al., 2010). Yet,
corresponding evidence of appreciable seawater U accumulation
is not found in the Wittenoom and Mt. Sylvia formations (this
study), nor is it found in the Nauga Formation (Kendall et al,,
2015a; Briiske et al., 2020).

The results of a recent Mo mass-balance and weathering
model suggest a pO, lower-limit of 10®? PAL is required to
explain the Neoarchean sedimentary Mo record (Johnson et al.,
2021). Paired together with available MIF-S pO, upper limits
across the same timeframe (107° PAL; Catling and Zahnle, 2020),
this could suggest a narrow window of pO, between 107°* PAL
and 10°® PAL is required to explain our U data, a window
permitted also by pO, quantifications derived from the
presence of rounded wuraninite grains in late-Archean
sandstones (pO, < 1073® PAL; Johnson et al, 2014).
Alternatively, and perhaps more likely, atmospheric O,
accumulation during deposition of the Wittenoom and Mt.
Sylvia formations was spatially heterogenous, occurring only
near the sites of O, production (within and near oases and
benthic mats; Olson et al., 2013; Lalonde and Konhauser 2015;
Sumner et al.,, 2015; Liu et al., 2019; Johnson et al., 2021).

Information about the background marine redox state can be
gleaned from the Fe and TI data. As discussed earlier, many
scenarios requiring the formation of Fe oxide minerals elsewhere
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in the ocean can explain the lower §°°Fe values in the Mt.
Sylvia Formation (as low as -0.78 + 0.08%o). Trends to
comparable (Eroglu et al., 2018) and even lower 5°°Fe
values (as low as -1.47%o; Czaja et al., 2012) are found in
roughly contemporaneous strata from South Africa and
interpreted in a similar manner. The ubiquitous nature of
banded-iron formations (BIFs) in the Neoarchean
sedimentary record provides even more convincing
evidence of extensive Fe oxide formation in late-Archean
sediments (summarized in Konhauser et al., 2017). Yet, the
Tl isotope data do not support widespread Mn oxide
formation or burial in marine sediments between 2.6 and
2.5 Ga, nor are any Mn oxide BIF equivalents found in the
Neoarchean record (Johnson et al., 2016). Formation and
burial of Fe oxides in marine sediments occurs under less
oxidizing conditions than does formation and burial of Mn
oxides (Froelich et al., 1979), with a prerequisite for the latter
probably being strong O, penetration into marine sediments
(Calvert and Pederson, 1996). It therefore seems that regional,
if not global marine sediments were sufficiently oxidizing
between ~2.6 and ~2.5Ga to promote long-term Fe oxide
burial, but insufficiently oxidizing to promote long-term Mn
oxide burial.

Interestingly, strong shale Re enrichments are found
together with low-to-negligible Mo enrichments in the
2.6-2.5 Ga Nauga Formation (Kendall et al., 2010). Today,
this geochemical pattern is found in marine sediments where
O, penetration depths are relatively shallow (<~1 cm; Morford
et al., 2005) and when Fe oxides are the primary electron
acceptor (Morford et al., 2012), under slightly more reducing
conditions than those permissive of Mn oxide formation
(Froelich et al., 1979). Sedimentary environments like those
identified by Kendall et al. (2010) could therefore have been
commonplace during the late-Archean, proximal to sites of O,
accumulation along ocean margins, without requiring any
substantial Mn oxide burial (and thus no substantial TI
isotope fractionation effect). Further work should test this
hypothesis.

It may be that only during pronounced AOEs—like that
captured in the upper shale member of the overlying Mt.
McRae Shale at 2.5Ga—did Mn oxide burial become a
widespread phenomenon in Archean marine sediments. This
hypothesis gains support from an updated compilation of Fe,
Mo, and Tl isotope data for ABDP9 shales (Figure 8). With minor
exception, bulk-shale 6°°Fe and 8°*Mo values are lower and
higher, respectively, than their crustal equivalents throughout
the ABDP9 core (Figure 8A). It is already established that the
formation of Fe oxide minerals in late-Archean oceans likely
played some role in driving the light §°°Fe values. Iron oxide
formation can also explain the heavy §”*Mo values because a
strong negative isotope fractionation effect is imparted on Mo
during sorption to Fe oxides (average A”MOide-solution = —0.8%o0
to —2.2%o; Goldberg et al., 2009). In sum, Fe oxide formation
would have led to the preferential removal of heavier-mass Fe
isotopes and lighter-mass Mo isotopes from seawater, driving
anti-correlated seawater §°°Fe and §°*Mo trends that could then
be transferred to sediments (apparent across all ABDP9 shale
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units in the upper panel of Figure 8B). In contrast, evidence
attributable strictly to Mn oxide burial—consistently light £2°°Tl,
values—is found only in the upper shale member of the Mt.
McRae Shale, coincident with the 2.5 Ga AOE (Figure 8A).
Especially heavy §°*Mo values in the upper shale member (see
the lower panel in Figure 8B) also support Mn oxide burial
because these minerals impart an especially strong negative Mo
isotope fractionation effect (A”*Mogyige-solution = —2.4%o to
-2.9%0; Wasylenki et al., 2008).

The persistently low background O, levels implied by our
dataset are not only followed by an AOE, but also preceded by
one (~2.65 Ga; Koehler et al.,, 2018). When viewed in this
broader context, our data support the idea that Earth’s initial
oxygenation was no singular event, but instead a protracted
process that unfolded in fits-and-starts over many hundreds-
of-millions of years (summarized in Lyons et al., 2014;
Ostrander et al., 2021).

CONCLUSION

The early history of O, on Earth is slowly coming into focus.
Here, by applying three complementary heavy metal isotope
systems to a rare continuous shale sequence deposited between
~2.6 and 2.5 Ga, we were able to place O, constraints on the eve of
Earth’s GOE. Negligible U accumulation and isotopic
fractionation imply limited oxidative weathering of uraninite,
and therefore either homogenous and low pO, between about
107°2 and 107° PAL or heterogeneous and spatially restricted O,
accumulation nearest the sites of O, production. Slightly variable
bulk-shale §°°Fe (and 6°®Mo) values in the same samples,
together with invariant €*°°Tl,, imply widespread marine
redox conditions sufficiently oxidizing for sedimentary Fe
oxide burial (not strictly aerobic, and with weak O,
penetration when aerobic), but insufficient for sedimentary
Mn oxide burial (aerobic, with strong O, penetration). Given
the temporal context of our shales, and our sampling resolution,
these redox constraints are pertinent over ten-million-year
timescales between about 2.6 and 2.5 Ga.

The low background O, levels implied by our dataset do not
seem to be representative of the Archean as a whole.
Compelling evidence has been presented for the production
and mild accumulation of O, at Earth’s surface at various times
during the Archean. The most notable and pertinent examples
are the many lines of independent evidence supporting
transient AOEs slightly before (~2.65Ga) and immediately
after (~2.50 Ga) the timeframe studied here (summarized in
Ostrander et al., 2021). As a collective, this emerging evidence
points strongly toward a dynamic and protracted initial
oxygenation of the Earth system.
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