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Earth’s surface has undergone a protracted oxygenation, which is
commonly assumed to have profoundly affected the biosphere.
However, basic aspects of this history are still debated—foremost
oxygen (O,) levels in the oceans and atmosphere during the billion
years leading up to the rise of algae and animals. Here we use iso-
tope ratios of iron (Fe) in ironstones—Fe-rich sedimentary rocks
deposited in nearshore marine settings—as a proxy for O, levels in
shallow seawater. We show that partial oxidation of dissolved
Fe(ll) was characteristic of Proterozoic shallow marine environ-
ments, whereas younger ironstones formed via complete oxida-
tion of Fe(ll). Regardless of the Fe(ll) source, partial Fe(ll) oxidation
requires low O, in the shallow oceans, settings crucial to eukary-
otic evolution. Low O, in surface waters can be linked to markedly
low atmospheric O,—likely requiring less than 1% of modern lev-
els. Based on our records, these conditions persisted (at least peri-
odically) until a shift toward higher surface O, levels between ca.
900 and 750 Ma, coincident with an apparent rise in eukaryotic
ecosystem complexity. This supports the case that a first-order
shift in surface O, levels during this interval may have selected for
life modes adapted to more oxygenated habitats.
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t is widely accepted that atmospheric oxygen (O,) first accumu-

lated to appreciable levels early in the Proterozoic Eon (2500 to
541 Ma), over a time interval known as the Great Oxidation
Event (1, 2). A subsequent stepwise increase in atmospheric O,
has been hypothesized to have paved the way for the emergence
of animal life at some point in the late Proterozoic (3). However,
the atmospheric O, levels (pO,) of the ocean—atmosphere system
during Earth’s intervening history (i.e., the middle Proterozoic)
are highly debated: Despite suggestions that pO, remained rela-
tively low during this time (4-6), recent work has argued that the
O, demands of complex eukaryotes may have been exceeded well
before their evolution (e.g., refs. 7-10). Therefore, the nature of
the relationships between surface oxygenation and the evolution-
ary ecology of early complex life remain contentious (8, 11).
Because surface redox conditions can affect the geochemistry of
contemporaneous sediments, several geochemical indices from
ancient sedimentary rocks have been employed as proxies for
mid-Proterozoic atmospheric pO,, predominantly the abundance
or isotopic composition of redox-sensitive trace metals in marine
carbonate rocks or shales (e.g., refs. 2, 6, 9, 10, 12). Atmospheric
pO, estimates from these proxies are often characterized by
large uncertainties, suffer from apparently conflicting inferred
pO;, histories, or both. A robust, mechanistically understood and
sensitive proxy for mid-Proterozoic O, levels is therefore
required.

Iron (Fe) in seawater is soluble under anoxic conditions [as
Fe(IT)] and poorly soluble under oxic conditions [precipitating
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as Fe(III) oxyhydroxides]. Although oxidation of Fe(II) can
also occur under anoxic conditions (via photo-oxidation or
anoxygenic photosynthesis; ref. 13), the rate and extent of
Fe(II) oxidation in aqueous environments—either abiotic or
biologically mediated—will depend greatly on the abundance of
O,. Therefore, secular records of marine Fe(II) oxidation can
potentially be used to track O, levels in seawater. At the low
surface O, levels characteristic of early Earth, marine Fe(II)
availability would have been comparatively high (sourced from
hydrothermal inputs and the redox cycling of continental Fe),
and partial oxidation of this seawater Fe(II) reservoir would
have been common (14, 15). At higher O, levels characteristic
of the modern oceans and atmosphere, any Fe(II) inputs to sur-
face waters are quantitatively oxidized (16).

Based upon the kinetics of Fe(II) oxidation and the associ-
ated Fe isotope systematics (16-18), it is possible to estimate
the abundance of O, in seawater based upon the Fe isotope
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composition of chemical sediments (14). The partial oxidation
of dissolved Fe(II) can lead to equilibrium fractionation
whereby the produced Fe(III) (oxyhydr)oxides are enriched in
%Fe by up to 1.0 to 3.2%, (reported as the ratio of **Fe/**Fe rel-
ative to the IRMM-014 standard reference material in parts
per thousand; 8°°Fe) (17, 18). More rapid oxidation effectively
lowers this overall fractionation (14, 18), and quantitative oxi-
dation produces Fe(III) oxyhydroxides with an Fe isotope com-
position that mirrors that of the Fe(Il) source. Biologically
mediated Fe(II) oxidation (facilitated by anoxygenic photo-
trophs under anoxic conditions or microaerophilic chemotrophs
under suboxic conditions) results in similar Fe isotope fractio-
nations to that of abiotic Fe(II) oxidation (18) (SI Appendix).
Compared to paleoredox proxies based on trace element geo-
chemistry, the Fe isotopic composition of Fe-rich chemical sedi-
mentary rocks is expected to be strongly rock-buffered, less
likely to be affected by detrital contamination, and resistant to
postdepositional alteration. Therefore, Fe-rich rocks can serve
as robust Fe isotope archives in deep time (14, 18, 19) and can
be used to constrain the redox state of ancient seawater.

The Ironstone Record of Shallow Marine Redox Conditions

The Proterozoic oceans were likely to have been characterized
by a strong redox depth gradient, with anoxic and Fe(II)-bear-
ing (ferruginous) deep oceans overlain by O,-bearing surface
waters in contact with an oxygenated atmosphere, with anoxic
and H,S-bearing (euxinic) zones variably developed at mid-
depths along productive continental margins (2). Constraining
the O, concentrations ([O,]) of this oxygenated surface layer is
essential to understanding the evolution of early aerobic eukar-
yotes. Iron isotope studies of Fe-rich sedimentary rocks can
offer important insights into ancient marine redox conditions.
However, most of these studies have focused on banded iron
formations, which are generally interpreted to have been
deposited in deeper (below wave base) marine settings that are
potentially less directly coupled with the atmosphere (20).

The term “ironstone” is used to describe noncherty, sand-
and clay-rich rock units with >15 wt % Fe that feature ooids
with cortical laminae composed of either Fe(III) oxides (goe-
thite or hematite) or Fe(II) silicates (berthierine or chamosite)
(21). The sedimentology of ironstones indicates formation at
the sediment-seawater interface, such as Fe ooids infilling the
interstices of stromatolites (19), fossils of encrusting marine
organisms within Fe ooid cortices (22), and reworked Fe ooid
fragments forming composite nuclei (Fig. 1 and SI Appendix).
Importantly, based on sedimentary facies associations, iron-
stones are widely accepted to have formed in shallow (peritidal,
estuarine, lagoonal, and storm-influenced) marine environ-
ments (21). Ironstones are common in the Phanerozoic strati-
graphic record, and some deposits that fit the definition and
classic depositional settings of ironstones are reported from the
Proterozoic (e.g., refs. 19 and 23). Several Proterozoic deposits

Fig. 1.

Back-scattered electron images of Proterozoic ironstones. (A) Com-
posite hematitic ooid with nuclei composed of ooid fragments in the ca.
1,880 Ma Gibralter Formation, indicating ooid reworking during ironstone
genesis. (B) Hematitic ooid and hematite-cemented quartz sand in the ca.
750 Ma Galeros Formation. (Scale bars, 100 pm.)
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described as granular iron formations fall into this category,
featuring sedimentary evidence for deposition above storm
wave base and containing Fe ooids (20, 24). For simplicity,
herein we collectively refer to all of these shallow-marine, com-
monly Fe ooid-bearing, Fe-rich deposits as ironstones. These
ironstones offer a unique window into shallow marine settings
pertinent to Proterozoic eukaryotic ecosystems.

To gain insights into the O, levels of mid-Proterozoic shallow
seawater we analyzed the Fe isotope compositions (n = 150) of
Proterozoic ironstones from seven different localities, which
collectively span ca. 1,880 to 750 Ma (Fig. 1, SI Appendix, Fig.
S5, and Dataset S1), supplemented by additional data from the
published literature (19, 24, 25) (n = 60; SI Appendix). These
targeted ironstones are all predominantly composed of Fe(III)
oxides (hematite) and lack Fe(II) sulfides (e.g., pyrite), with
some ironstones featuring subordinate Fe(II) silicates (berthier-
ine/chamosite; see SI Appendix). The depositional basins of
these Proterozoic ironstones are interpreted to have been
anoxic and ferruginous below an oxygenated surface layer in
contact with the atmosphere, with no clear evidence for con-
temporaneous local euxinia (19, 23, 24) (SI Appendix). We
compare these Proterozoic Fe isotope results to data (n = 51)
from 10 Phanerozoic ironstones and Holocene ferruginous
shallow marine sediments that formed under a well-oxygenated
ocean—atmosphere system.

Ironstone Iron Isotope Compositions

Ironstones comprise authigenic precipitates that require an
abundant supply of mobile Fe(II) for their genesis, which can
be supplied by anoxic seawater enriched in Fe(II) from distal
hydrothermal sources (19, 21, 26) or a benthic Fe(II) flux
sourced from the reduction of continentally sourced Fe(III)
(e.g., ref. 27). The Fe isotope composition of hydrothermal
Fe(II) and igneous rocks covers a limited range around 0%,
(typically —0.5 < &°°Fe < 0.3%,), whereas Fe(II) sourced from
Fe(III) reduction is generally characterized by negative 5°°Fe
values (18, 28). Fractionation beyond these input values can
therefore implicate genetic processes. The studied Phanerozoic
ironstones and Holocene ferruginous sediments display a nar-
row range of isotopic compositions (0.4 < §°°Fe < 0.3%,),
which are indistinguishable from those of hydrothermal and
igneous Fe(II) sources (Fig. 2). The results show a statistically
significant difference between the Proterozoic and Phanerozoic
ironstones. In contrast to the younger equivalents, nearly all of
the studied Proterozoic ironstones have highly variable and
mostly positive 8°°Fe values (Fig. 2). The exception to this rule
is the youngest of the Proterozoic ironstones in our data-
set—the ca. 750 Ma Galeros Formation in Arizona—which dis-
plays a notably limited range in 5°°Fe values (Fig. 2) that are
not statistically different from those of Phanerozoic ironstones.

An Isotopic Fingerprint of Marine Partial Fe(ll) Oxidation

The Fe isotopic composition of Fe(III) oxide-bearing sediments
is determined by several factors, including the Fe(II) source,
the rates of Fe(II) supply and oxidation, and the relative pro-
portion of authigenic Fe(III) (oxyhydr)oxides compared to the
total Fe contents. In well-oxygenated surface waters, the oxida-
tion of seawater Fe(II) goes to completion, resulting in a nar-
row range in 8°°Fe values that reflects that of the Fe(II) source
(likely close to 0%,) (16, 17). The much greater spread in Fe
isotope compositions in the Proterozoic ironstones (relative to
the Phanerozoic ironstones), including positive and negative
8°Fe values, is best explained by distillation processes involving
partial Fe(II) oxidation.

Although negative 5°°Fe values in ironstones could indicate
that the local seawater was enriched in isotopically light Fe(II)
produced via dissimilatory Fe(III) reduction (17, 18, 28), this
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Fig. 2. Variation in 5°°Fe values of ironstones through geological time. (A) Bulk-rock 5°¢Fe data shown for Proterozoic ironstones (filled red circles are
from this study; faded red filled circles are from previously published data) and Phanerozoic ironstones and Fe-rich sediments (filled black circles). Sample
SE is smaller than the data points, and horizontal error bars denote the permissible range of age estimates for the ironstones. Estimates for the timing of
several evolutionary advancements are indicated, including fossil evidence for eukaryotic predation [based upon 1) microfossil drill holes (67); 2) apatite-
scale microfossils (64); and 3) vase-shaped microfossils (63)]; 4) molecular clock estimates for the divergence of crown-group metazoans (65); and 5) the
first appearance of abundant eukaryotic steranes in the biomarker record (59). Relative frequency histograms and cumulative frequency distributions of
Proterozoic (B) and Phanerozoic (C) data are also shown. Horizontal and vertical gray fields denote the range of 5°°Fe values of the igneous and hydro-

thermal Fe(ll) sources (-0.5 < §°°Fe < 0.3%,) (18).

signature could also result from the ongoing removal of isotopi-
cally heavy Fe via the progressive partial oxidation of a seawa-
ter Fe(II) reservoir (i.e., isotopic distillation) (15, 18). When
Fe(II) oxidation is extensive, the 8 °Fe values of the resultant
Fe(III) (oxyhydr)oxides can follow a predictable distribution
that is weighted toward higher 5°°Fe values (approximating the
instantaneous product of Fe(II) oxidation; SI Appendix), with a
gradual trend of decreasing relative frequency toward lower
5°°Fe values. This trend is most clearly evident in the data from
the ca. 1,650 Ma Chuanlinggou Formation ironstone (North
China), for which 8°°Fe values are most commonly between 0.6
and 1.09%,, with more negative values becoming progressively
less common (Fig. 34). Assuming an initial seawater Fe(II)
with 8°°Fe values close to 0%, this may suggest an instanta-
neous fractionation of ~0.87%, associated with Fe(II) oxidation
and the precipitation of ironstone Fe(III) (oxyhydr)oxides in
the low O, Proterozoic surface waters. The interpretation that
the Fe isotope signature of the Chuanlinggou ironstone is con-
trolled by partial oxidation is strongly supported by a negative
correlation between 8°°Fe values and Mn enrichment (Mn/Fe
ratios; Fig. 3B, which are typically considered a proxy for
marine oxidation (29).

Most of the other Proterozoic ironstones do not show this full
distribution ranging from positive to negative 5°°Fe values and
generally show a spread in 8°°Fe values from ~0 to 1%, (Fig. 2).
This may suggest that Fe(II) oxidation in the waters sourcing
these ironstones was not as extensive during their formation
(Fig. 3). Local and regional variation in the §°°Fe values of indi-
vidual ironstone samples is an expected consequence when par-
tial oxidation dominates, as there can be temporal and spatial
variability in the extent of oxidation of different ferruginous
water masses. Under a low pO, atmosphere, [O,] in shallow sea-
water can be locally elevated due to local primary production
(30) but is unlikely to be depleted relative to gas-exchange equi-
librium with the overlying atmosphere (SI Appendix, Fig. S2).
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Further, upwelling rates and initial dissolved Fe(II) concentra-
tions can be variable, leading to different extents of Fe(II) oxida-
tion at low O, levels. The spread in the isotopic composition of
these ironstones (including negative and positive §°°Fe values) is
consistent with partial oxidation of an Fe(II) source with 5°°Fe
values close to 0%, (18).

These Fe isotope trends are suggestive of a high dissolved
Fe(II):O, ratio of the contemporaneous shallow seawater.
However, in order to attempt to leverage these Fe isotope data
to obtain estimates for surface O, levels, it is important to con-
sider other possible influences on the ironstone Fe isotope sig-
natures such as variation in the isotopic composition of the
Fe(II) source. In modern, oxic river waters and surface seawa-
ter, the stabilization in solution of otherwise highly insoluble
Fe(III) by complexation with organic ligands can lead to dis-
solved Fe(IIT) with positive 5°°Fe values (e.g., refs. 31 and 32).
However, this process has not been shown to result in isotopi-
cally heavy Fe in the marginal sediments (31, 33), and the bulk
isotopic composition of Fe in rivers and estuarine sediments is
typically close to (or slightly lighter than) average crustal values
(31, 34). Given that organic ligands stabilize Fe(III) in solution,
we suggest that ligand-bound Fe(III) did not play a major role
in the formation of ironstones.

Kinetic isotope effects during the precipitation of Fe(II) sul-
fides from dissolved Fe(II) can involve negative fractionation,
and this is expressed most strongly during partial pyrite forma-
tion when H,S availability is limited (35). Iron isotopic fraction-
ation related to pyrite formation has been shown to be an
important process in modern euxinic basins and may have been
active in localized euxinic water masses during the Proterozoic
(36). However, the possible effects of this process on the isoto-
pic composition of marine Fe(II) would have depended upon
the relative availability of Fe(II) and H,S in the mid-depth
euxinic zone, where developed. If ferruginous seawater inter-
acted with euxinic water masses in the middle Proterozoic, H,S
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Iron isotope trends of selected Proterozoic ironstones. (A) Relative frequency histogram of §°®Fe values. For the Chuanlinggou ironstone, these

values show a cluster around 0.89%,, with gradually decreasing relative frequency toward more negative values. For comparison, the dark blue line repre-
sents the 5°°Fe distribution predicted for Fe(lll) (oxyhydr)oxides produced by progressive oxidation according to Rayleigh distillation processes (e.g., ref.
68), assuming an initial Fe(ll) source with 8°°Fe = 0%, and an instantaneous fractionation of 0.8%, for the combined processes of Fe(ll) oxidation and pre-
cipitation as Fe(lll) (oxyhydr)oxides. For the McClure ironstone, 5°°Fe values show a similar cluster around 0.8%,, but the tail of the distribution toward
lower 5°6Fe values is not as well-developed. For the Galeros ironstone, 5°°Fe values cluster around 0%, with a narrow range, interpreted to indicate quan-
titative oxidation of an unfractionated Fe(ll) source. (B) Cross-plot diagram showing the relationship between Mn enrichment (Mn/Fe) versus 5°°Fe values,
a proxy for degree of oxidation. For the Chuanlinggou ironstone, these data show that more negative 5°°Fe values are typically Mn-enriched and likely
indicate a greater degree of water column oxidation. This trend is also less developed for the McClure ironstone, which lacks negative 5°°Fe values, and is

absent in the Galeros ironstone.

would likely have been in excess and seawater Fe(II) would
have been depleted due to quantitative pyrite formation, pro-
ducing sedimentary pyrite that largely matches the §°°Fe values
of the original Fe(II) source (36). In this scenario, isotopically
heavy Fe(II) is not supplied to shallow waters due to quantita-
tive drawdown near the redoxcline, and therefore this process
would not affect the isotopic composition of nearshore sedi-
ments. These Fe-S systematics are demonstrated by data from
modern euxinic basins where sedimentary pyrite is not strongly
fractionated (28) and seawater Fe(II) near or above the redox-
cline is not *°Fe-enriched (36).

For sedimentary pyrite deposited after the Great Oxidation
Event, 8°°Fe values are typically unfractionated or positive (15,
17) (SI Appendix, Fig. S7). This may suggest that fractionation
and isotopic distillation due to partial pyrite formation was not
an important process in the middle Proterozoic (SI Appendix).
More data from this interval are needed, and investigations into
the triple Fe isotope composition of Proterozoic Fe(II) sulfides
and Fe(III) oxides may help to better elucidate the importance
of the sulfide Fe sink during this time (37). In sum, the sedimen-
tary Fe record is more consistent with a partial oxidation control
on ironstone Fe isotope fractionation, rather than the quantita-
tive drawdown of a fractionated Fe(II) source. Proterozoic
ironstones feature a spread in 5°°Fe values (including negative
values) (Fig. 2), whereas quantitative oxidation of isotopically
heavy Fe(II) would predict a narrow range clustered around the
value of the Fe(II) source. Further, trends in the §°°Fe data and
Mn/Fe ratios of the Chuanlinggou Formation are similar to
those predicted by Rayleigh-like isotopic distillation due to par-
tial Fe(II) (Fig. 3); these are also difficult to reconcile with frac-
tionation due to light Fe removal and are strong evidence for an
oxidative control on the ironstone Fe isotope composition.

Postdepositional processes can also affect the Fe isotopic
composition of marine sediments. The microbial reduction of
Fe(III) coupled to organic matter oxidation can preferentially
release light Fe isotopes to solution (18, 28). Even under anoxic
conditions, however, this process only results in a negligible
effect on the bulk Fe isotopic composition of shelf sediments
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(16, 33), because only a fraction of sedimentary Fe(III) is bio-
available and Fe(III) reduction is limited by the availability of
organic matter. This isotopic effect of benthic Fe(II) loss is
observed in shelf sediments with much lower Fe contents (typi-
cally <4 wt %) than ironstones (33), and our studied samples
are rich in Fe(III) oxides with low organic matter which would
strongly buffer against substantial Fe leaching during diagenesis
or alteration. Authigenic Fe(II)-bearing minerals [such as the
Fe(II) clays berthierine or chamosite] are present in some of
the studied ironstones, yet the formation of Fe(II)-bearing
phases generally produces minerals that are either unfractio-
nated or isotopically light relative to the initial aqueous Fe(II)
(18). Because Fe mobility is low under oxidizing conditions,
postdepositional oxidation of these phases is unlikely to alter
their primary Fe isotopic signature. Therefore, authigenic
Fe(I) clays may contribute to the data spread but cannot
explain the positive 5°°Fe values, which likely represent a pri-
mary signal. Kinetic isotope effects during Fe(II) sulfide authi-
genesis can result in a wide range in 8°°Fe values (SI Appendix,
Fig. S7), yet all of the studied ironstones lack evidence for oxi-
dized Fe(II) sulfide precursor phases (SI Appendix). In sum,
regardless of whether Fe(II) was sugglied by upwelling seawa-
ter or local Fe cycling, the positive §°Fe values in our data can
only be explained by the partial oxidation of Fe(II) due to a
high Fe(II):O, ratio (e.g., refs. 14, 17, 18).

Low Surface O, during the Middle Proterozoic

In modern redox-stratified lakes with anoxic and Fe(1I)-rich bot-
tom waters, considered an analog for the low-O, oceans of the
early Earth, surface waters are oxygenated due to gas exchange
with the atmosphere. In these settings, upwelling Fe(II) from the
ferruginous water column is completely and rapidly oxidized,
and the resultant Fe(III) oxyhydroxides are isotopically unfrac-
tionated relative to the dissolved Fe(II) pool (16). Therefore,
partial Fe(II) oxidation in the upper water column requires
lower [O;] than present levels. By combining our Fe isotope
data with a model for Fe(IT) oxidation kinetics, we can use iron-
stones to estimate the ancient shallow seawater [O;].
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Fig. 4. A model for Fe(ll) oxidation in Proterozoic and Phanerozoic ironstones as a function of atmospheric pO,. (A) Using a Rayleigh distillation model, the
fraction of the shallow seawater Fe(ll) reservoir oxidized (f,x) can be estimated based upon each ironstone Fe isotope value (i.e., more positive 5°°Fe values
indicate a lesser extent of oxidation; S/ Appendix). Assuming three different scenarios for the overall isotope fractionation effect of the combined processes
of Fe(ll) oxidation and precipitation as Fe(lll) (oxyhydr)oxides (ASGFeFeoX_Fe(..)aq = 1.0, 2.0, and 3.0%,), mean results for f, are shown for the combined Prote-
rozoic data (filled red circles) and combined Phanerozoic data (filled black circles). Error bars show +1c for the estimated f,, values of the entire subsampled
dataset. Given that positive 5°°Fe values can only be explained by low [O,], yet a range of lower 5°°Fe values are expected in this scenario, minimum f,, esti-
mates based upon the degree of fractionation within a sample set are relevant to estimating background [O,] levels. Therefore, we also calculate a range of
minimum f,, estimates by filtering Proterozoic data to exclude nonfractionated samples relative to the range of likely input values (—0.5 < 5°°Fe < 0.3%,;
open red circles). Shown in B are results for f,, estimated from a kinetic model of Fe(ll) oxidation, resampled 10,000 times at each atmospheric pO, value
(relative to PAL), across a range of seawater pH and temperature values (S/ Appendix). Error bars show +1c. The corresponding surface seawater [O;] values
at each atmospheric pO, value, assuming gas-exchange equilibrium (42), are shown in blue. The systematics of the observed Proterozoic samples are difficult

to explain unless atmospheric pO, was below ~1% PAL, while Phanerozoic data imply a minimum atmospheric pO, of ~5% PAL.

Ironstone samples with 5°°Fe values that fall within the range
of igneous and hydrothermal Fe(IT) sources could be consistent
with quantitative Fe(II) oxidation. For ironstone samples that are
fractionated beyond the relatively narrow range of 8°°Fe values
of possible input values, we can use a distillation model to invert
each ironstone 8°°Fe value and estimate the fraction of the Fe(II)
reservoir that was oxidized (f,x Fig. 44 and SI Appendix). This
process is repeated using different values for the assumed com-
bined isotope fractionation effect for Fe(II) oxidation and precip-
itation in shallow seawater. Following this, we can compare these
results for the extent of Fe(II) oxidation to those obtained using a
probabilistic model of Fe(IT) oxidation kinetics that takes into
account a wide range of possible marine pH values, surface water
temperatures, and variable residence times of water masses
within the shallow ocean (Table 1 and SI Appendix, Fig. S1). We
run this model at a range of seawater [O,] and utilize the results
from a Lagrangian model embedded within a general circulation
model (12) to approximate a surface water residence time. This
produces a statistical distribution of the values for f,, obtained for
each 5°°Fe data point; these results are shown in Fig. 4. Based on
the results of this modeling approach, we find that the signatures
observed in Proterozoic ironstones are most compatible with

Table 1. Kinetic Fe oxidation model parameters

Parameter Value

Mixed layer depth
Upper
Lower
Mixed layer residence time

90 m

50 m

Lognormal distribution according
to general circulation model
(SI Appendix, ref. 12)

Seawater conditions

pH 6.8-8.8
Temperature 15-35°C
lonic strength 0.7 M
Salinity 35%,

0.1-10% PAL
~0.5t0 0.3%,

Atmospheric pO,
Fe(ll) input 5°°Fe
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shallow seawater [O,] below ~5 pmol/kg (Fig. 4B). At these low
O, levels, some proportion of the Fe(II) oxidation is likely to
have been mediated by microaerophilic chemotrophic bacteria,
which would lead to isotopic fractionation similar to that of abi-
otic oxidation (18). Given that microbial rates of Fe(II) oxidation
at low [O,] are higher than abiotic oxidation rates (38), our [O;]
estimate of <5 pmol/kg is likely to be conservatively high. This
is evident when comparing our model constraints to the much
lower estimates for shallow water [O;] that would be obtained
using a dispersion-reaction modeling approach that has been
used in other Fe isotope studies (14, 37). Such low surface water
[Oz]—as indicated by the maximum constraints provided by our
model—would be expected to have exerted a powerful control on
the ecology of even the shallowest marine environments during
this time (39, 40).

Surface seawater [O;] is linked to atmospheric pO, via
air-sea gas exchange. The Fe(IIl) (oxyhydr)oxide precursor
minerals of the studied ironstones were precipitated from shal-
low seawater (above storm wave base). In modern marine
environments, such settings are well mixed and unlikely to be
deficient in dissolved O, relative to equilibrium with the overly-
ing oxygenated atmosphere, except in cases of extreme eutro-
phy (41). In the mid-Proterozoic, the flux of O, supplied by
air-sea gas exchange at pO, > 1% of the present atmospheric
level (PAL) is unlikely to have been exhausted by upwelling fer-
ruginous seawater, given estimates of dissolved Fe(II) concen-
trations and assuming reasonable upwelling rates (SI Appendix,
Fig. S2; calculations in SI Appendix). Therefore, the predomi-
nance of Fe isotopic evidence for low surface water [O,] from
ironstones, deposited in a range of paleocontinents and time
periods in the mid-Proterozoic, is extremely difficult to explain
unless atmospheric pO, was low during for at least intervals of
the Proterozoic. Assuming gas-exchange equilibrium, with solu-
bility corrections for temperature and salinity (42), our results
strongly suggest that atmospheric pO, reached levels below 1%
PAL (Fig. 4B), at least during the sampled intervals throughout
the mid-Proterozoic. These results are supported by other geo-
logical evidence, such as mid-Proterozoic paleosols that suggest
Fe loss during weathering, which is also consistent with a low-O,
atmosphere (43). Regardless of whether low shallow water [O;]
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might have been toxic to the earliest animal life, low O, levels in
the ocean—atmosphere system would have exerted an important
limitation on marine nutrient levels, primary productivity, and
the potential for oceans to sustain complex, eukaryote-rich eco-
systems (44). As such, new, robust evidence for the presence of
low surface O, levels bolsters the case that oxygenation may have
played a significant role in constraining the structure and ener-
getic scope of complex life in the Proterozoic biosphere (3, 45).

Late Proterozoic Oxygenation and the Rise of Eukaryotes

The hypothesis that there was a mechanistic link between a rise
in atmospheric pO, and the emergence of animals toward the
end of the Proterozoic (e.g., ref. 3) remains debated. Specifi-
cally, an O, control on eukaryote complexity has recently been
challenged on the grounds that the O, requirements of primi-
tive animals were exceeded well before their evolution (7-9).
Much of the debate stems from uncertainties associated with
the assumptions used in various paleoredox approaches to
translate geochemical data from sedimentary rocks into O, esti-
mates (5, 9, 10), leading to estimates that span over an order of
magnitude (e.g., refs. 4, 5, 7, 8, 43).

For instance, the chromium (Cr) isotope proxy system has
been used to argue for low atmospheric pO, (i.e., 0.1 to 1.0%
PAL) (4, 46) as well as higher levels (>1 to 10% PAL) (7, 10).
This proxy links the Cr isotope composition of marine sedi-
ments to atmospheric pO,, whereby the oxidative weathering of
terrestrial rocks supplies fractionated Cr to the marine realm
(e.g., ref. 46). Nonredox-dependent and marine processes have
also been shown to fractionate Cr, and the interpretation of
atmospheric pO, based upon Cr isotope data may yield multi-
ple, nonunique solutions (47, 48). Therefore, the Cr sedimen-
tary isotope record tracks a complex history of Cr weathering,
transport, and burial and compared to the Fe isotope proxy is
less directly linked to the shallow seawater [O;] critical to
eukaryotic evolution. Further, the Cr isotope pO, proxy relies
on the preservation of a trace element which may be over-
printed during diagenesis and alteration (49, 50). Another
approach that has been used to estimate mid-Proterozoic pale-
oredox conditions involves the abundance of cerium (Ce) in
marine carbonate rocks (5, 6, 12), as Ce is preferentially scav-
enged from seawater under oxic conditions (51). However,
poorly constrained Ce oxidation kinetics and debate over the
oxidative pathway (e.g., refs. 51 and 52) present a challenge for
attempts to quantitatively link Ce anomaly records to O, levels,
and different modeling approaches have led to discrepancies in
estimates for mid-Proterozoic atmospheric pO, (5, 12).

In comparison, the kinetics of Fe(II) oxidation—and the asso-
ciated Fe isotope systematics—are relatively well-constrained,
building on the foundation of research spanning over two deca-
des and summarized in recent literature reviews (17, 18). Our
approach is based on a major element, and compared to some
other proxies ironstone Fe isotope signals are more likely to be
preserved during the postdepositional history of the rocks. Per-
haps most importantly, many mid-Proterozoic redox proxy data
come from sedimentary rocks deposited in comparatively deeper
marine settings (such as shales). The ironstone Fe isotope proxy
is more directly related to O, levels in shallow marine environ-
ments that hosted the evolution of early aerobic eukaryotes, and
our kinetic model for Fe(II) oxidation is able to provide critical
quantitative constraints on relevant shallow seawater [O;].

Geochemical evidence (largely from the shale record) has
been used to argue for the oxygenation of the deep oceans in
the late Proterozoic, possibly during the Ediacaran Period (635
to 541 Ma) (e.g., refs. 45 and 53). However, estimates for the
timing of hypothesized late Proterozoic oxygenation span hun-
dreds of millions of years, and the magnitude of this hypothe-
sized rise in pO, lacks consensus, making it difficult to test
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hypotheses regarding the cause-and-effect relationships
between oxygenation and eukaryotic evolution (e.g., see ref.
11). Our ironstone dataset suggests an earlier oxygenation
event, which led to more O,-rich shallow waters in the Tonian
Period (1,000 to 720 Ma), as evidenced by positive 5°°Fe values
in the ca. 900 Ma Nelson Head and McClure ironstones of
Canada, yet negligible fractionation in the ca. 750 Ma Galeros
Formation ironstone (Fig. 2). The absence of a correlation
between 8°°Fe values and detrital proxies (SI Appendix, Fig.
S6), and the similar petrography of the Galeros Formation
ironstone to other Proterozoic ironstones, suggests that these
observed trends are not driven by mineralogical controls or
detrital contribution. To our knowledge, there are no other
shallow-marine ironstones reported from the late Proterozoic;
positive §°°Fe values in iron formations associated with the ca.
720 Ma Snowball Earth event were deposited under ice cover
in disequilibrium with the atmosphere (54) and were not con-
sidered in this study. Therefore, although they provide only a
limited temporal snapshot, our new ironstone data suggest a
change in surface O, levels in the Tonian Period and narrow
down the timing of this oxygenation to between ca. 900 and 750
Ma (SI Appendix for geochronological details). This oxygena-
tion is broadly coincident with independent evidence for redox-
driven biogeochemical change during this interval, including
the reorganization of the phosphate (55) and sulfate (e.g., ref.
56) cycles, as recorded by marine sedimentary rocks.

Implications for Global Oxygen Cycles and Eukaryotic
Evolution

The ironstone record of low atmospheric pO, (less than ~1%
PAL) during the mid-Proterozoic highlights gaps in our mecha-
nistic understanding of the O, cycle, given that some models
have questioned the stability of low-O, worlds (e.g., see ref. 57).
This possibility suggests that following the Great Oxidation
Event, atmospheric pO, was high enough to form an ozone layer
that shielded near-surface O, from photolysis (58), yet the oxygen
cycle included sufficient feedbacks that could maintain pO, below
~1% PAL. The subsequent oxygenation of surface environments
toward the end of the Proterozoic also coincides with biomarker
evidence for the rise of eukaryote-dominated ecosystems (59, 60)
and an apparent rise in eukaryotic fossil diversity (61, 62). Evi-
dence for drill holes and biomineralized scales in late Tonian fos-
sils (63, 64) may indicate greater eukaryotic predation during this
time. As the ingestion of larger cells is an O,-intensive activity
(61), and eukaryotic predation is thought to be near-absent in
modern anoxic habitats (40), low marine [O,] may have restricted
this behavior in earlier ecosystems. Further, redox-related nutri-
ent limitations on primary productivity prior to the middle Tonian
may have exerted a strong control on ecosystem structure and
eukaryotic predation (44). A mid-to-late-Tonian oxygenation
event could therefore have provided both the requisite O, and
nutrient supply for the proliferation of eukaryotic predation via a
concomitant reorganization of the phosphorus cycle (44). Some
molecular clock analyses estimate that animals may have first
diverged during this time (65) (Fig. 24), and tentative fossil evi-
dence for primitive metazoans (sponges) is reported from mid-
Tonian strata (66). The selective pressure of expanded eukaryotic
predation may have been a controlling factor in the timing of the
emergence of animal multicellularity during this time (61, 62).
Therefore, our evidence from the ironstone record provides criti-
cal support for the idea that surface O, levels were changing in
step with eukaryotic evolution in the Proterozoic.

Materials and Methods

Ironstone samples were collected from surface outcrop and supplemented by
samples from the University of Cincinnati Museum and the Yale Peabody
Museum collections. These samples were prepared as polished thin sections
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and analyzed using reflected light microscopy, Raman spectroscopy, and scan-
ning electron microscopy. Well-preserved ironstone samples were crushed in
an agate mill to a fine powder, and sample powders (n = 201) were digested
for bulk rock geochemical analyses. Major and trace element compositions
were determined using an inductively coupled plasma-mass spectrometer
(ICP-MS). For Fe isotope analysis, Fe was purified from sample solutions using
ion-exchange chromatography and measured using a multicollector ICP-MS.
Refer to S/ Appendix for detailed methods.

Data Availability. All study data are included in the article and/or supporting
information. All samples used in this study will be archived in the Yale Pea-
body Museum upon publication of this work.
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