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ABSTRACT

The Great Oxidation Event (GOE), among Earth’s most transformative events, marked
the sustained presence of oxygen above 10~ times the present atmospheric level. Estimates
of the onset of the GOE span 2501-2225 Ma and are based primarily on the loss of mass-
independent fractionation of sulfur isotopes (MIF-S) in pyrite. To better constrain the timing
of the GOE, we apply probabilistic techniques to estimate the confidence intervals of four
proxies: MIF-S, redox-sensitive detrital minerals, “red beds,” and I/(Ca + Mg). These GOE
proxies are drawn from a highly fragmentary geologic record, and consequently, estimates
of the 95% confidence intervals span tens to hundreds of millions of years—orders of magni-
tude larger than suggested by radiometric constraints on individual successions. Confidence
interval results suggest that red beds and nonzero I/(Ca + Mg) values may have appeared
earlier than 2480 Ma and 2460 Ma, respectively, whereas redox-sensitive detrital minerals
and MIF-S may have disappeared after 2210 Ma and 2190 Ma, respectively. These data
suggest a delay of potentially >300 m.y. between initial and permanent oxygenation of the
atmosphere and a delay of tens of millions of years between onset of the Lomagundi-Jatuli

carbon isotope excursion and permanent oxygenation of the atmosphere.

INTRODUCTION

With an estimated onset of ca. 2.5-2.2 Ga,
the Great Oxidation Event (GOE) has been
widely implicated as the cause, or effect, of bio-
logical innovations, global glaciations, carbon
cycle perturbations, variations in the size of the
biosphere, and other large-scale environmental
changes in the Earth system (e.g., Bekker and
Holland, 2012; Schirrmeister et al., 2013; Hodg-
skiss et al., 2019a; Somelar et al., 2020; Warke
et al., 2020; Poulton et al., 2021). Since it was
first proposed that the Earth transitioned from an
anoxic to oxic atmosphere (Urey, 1952), a wide
range of lithostratigraphic and geochemical evi-
dence supporting the validity of the GOE has
emerged. Three indicators widely considered as
robust proxies for a rise in atmospheric oxygen
levels are the disappearance of redox-sensitive
detrital minerals (RSDM) in the sedimentary
record, the loss of mass-independent fraction-
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ation of sulfur isotopes (MIF-S) in sedimentary
pyrite, and the appearance of terrestrial and shal-
low marine red beds (Berner, 1969; Roscoe,
1969; Farquhar et al., 2000; Figs. 1 and 2A).
Recent estimates of the timing of Earth’s
atmospheric oxygenation have spanned almost
300 m.y., with Luo et al. (2016) proposing ca.
2330 Ma, Gumsley et al. (2017) proposing
2460 + 5-2426 + 3 Ma, and Warke et al. (2020)
proposing 2501 *+ 1.7-2434 + 6.6 Ma. Poulton
etal. (2021) proposed a different interpretation,
where the loss of MIF-S ca. 2501-2434 Ma
represents an initial oxygenation followed by
~200 m.y. of O, levels oscillating around ~10-
times the present atmospheric level (PAL), with
permanent oxygenation occurring ca. 2225 Ma.
However, constraining the oxygenation of the
ancient atmosphere using signals found in the
geological record requires careful consideration
of sampling effects and age uncertainties. Issues
arising from the inherent incompleteness of the
geological record have long been recognized in
paleontology, where understanding the gradual
versus sudden nature of extinctions has been

critical. Referred to as the Signor—Lipps effect,
this concept recognizes that the youngest fossil
discovered predates the true time of extinction
owing to incomplete preservation in the geo-
logical record (and similarly for oldest fossils
appearances; Signor and Lipps, 1982). Through
evaluation of the confidence interval (CI) for the
first/last appearance of a fossil, the time interval
during which the organism may have appeared
or gone extinct can be estimated (e.g., Rampino
and Adler, 1998; Roberts and Solow, 2003).
Many ancient sedimentary deposits have age
uncertainties of tens to hundreds of millions of
years, some of which are based on correlation
across cratons and assume the synchroneity of
poorly understood events such as Paleoprotero-
zoic “snowball” glaciations or the Lomagundi-
Jatuli positive carbon isotope excursion (LJE),
which is often interpreted to represent an interval
of highly elevated organic carbon burial (e.g.,
Bekker and Holland, 2012). Still others rely on
the correlation of outcrop and/or drill core across
large geographic distances where stratigraphic
relations contain some degree of uncertainty,
particularly in Paleoproterozoic successions
with complex regional geology, poor outcrop
exposure, and metamorphic overprinting (see
the Supplemental Material'). Combined with an
incomplete stratigraphic record (Miall, 2015),
uncertainty quantification is essential for under-
standing the limitations of these data. To that
end, we present the first CI analyses of the GOE,
and to our knowledge, of any geochemical tran-
sition in Earth history. We first consider the dis-
appearance of RSDM and the appearance of red
beds, as they are among the earliest recognized
proxies for a shift in redox state of the ancient
atmosphere (Roscoe, 1969). We then consider
geochemical records: MIF-S, the most widely
cited geochemical proxy for the onset of the
GOE (Farquhar et al., 2000), and I/(Ca + Mg)
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ratios (Hardisty et al., 2014). These statistical
techniques could further be applied to a wide
range of sedimentological and geochemical
proxies (e.g., marine sulfate evaporite occur-
rences, Fe retention in paleosols, and stable
metal isotope ratios) as these records become
more refined.

Evidence for the GOE

Some of the least ambiguous evidence for
the onset of the GOE is derived from the pres-
ence and subsequent absence of RSDM. Detri-
tal grains and pebbles of pyrite, uraninite, and
siderite are preserved in sedimentary rocks pre-
ceding the GOE and disappear after its onset
(Johnson et al., 2014). While the preservation of
these minerals is influenced by the transport dis-
tance within fluvial and deltaic systems, among
other factors, modeling results from Johnson
etal. (2014) suggest that they are very sensitive
to oxygen levels and are not preserved when
atmospheric O, levels exceed ~5 X 102 to 5 X
106 PAL.

Other widely used sedimentary markers for
the onset of the GOE are terrestrial and shallow
marine red beds, which represent the formation
of Fe oxides in the presence of an oxidizing
atmosphere/water column/diagenetic fluid (Ber-
ner, 1969; Holland and Beukes, 1990). Modeling
results suggest that oxidation of Fe during terres-
trial weathering occurs when atmospheric oxy-
gen levels exceed ~3 x 10~ PAL (Crowe et al.,
2013). While red beds are not found in strata
preceding the GOE, they occur from the onset of
the GOE through modern day, and the transition
from RSDM to red beds is broadly observed in
Paleoproterozoic successions around the world
(e.g., Roscoe, 1969).

The disappearance of MIF-S from the sedi-
mentary pyrite record at the onset of the GOE is
among the most widely cited evidence for a rise
in atmospheric oxygen levels (Farquhar et al.,
2000; Fig. 1). Photolytic reactions in an anoxic
atmosphere allowed for the export of mass-inde-

1 0 oscillated around 10-°
times the present atmo-
spheric level (PAL).

pendently fractionated sulfur in different oxida-
tion states, with transcription of these signals to
the geological record stopping once atmospheric
0, levels exceeded 1075 PAL (Pavlov and Kast-
ing, 2002). It has been suggested that recycling
of MIF-S could result in a seemingly delayed
or asynchronous disappearance of this signal
(Reinhard et al., 2013; Philippot et al., 2018),
although the significance of such recycling has
been disputed by modern studies (Torres et al.,
2018) and Paleoproterozoic 3**S—A3*S—A3%*S
relationships (e.g., Poulton et al., 2021).

Finally, we consider 1/(Ca + Mg) ratios in
carbonate sedimentary rocks. In oxic waters, I
can occur as 105, which is incorporated into
carbonate minerals and results in nonzero 1/
(Ca+ Mg) values; the reduced form I- is not
incorporated into carbonate minerals (Hard-
isty et al., 2014). I/(Ca + Mg) ratios prior to ca.
2.5-2.4 Ga are zero, whereas nonzero values are
relatively common later. This transition is inter-
preted to represent the presence of 10, and a
tentative threshold of local surface ocean O, lev-
els >1 uM (Hardisty et al., 2014). I/(Ca + Mg)
is chosen for comparison against the three tra-
ditional proxies because it has the potential for
rapid growth, can be interpreted in a binary way
(i.e., zero versus nonzero values), and is often
measured on carbonates deposited near or within
the oceanic mixed layer, and may therefore more
closely approximate atmospheric O, than shale-
based records.

DATA AND METHODS

The occurrences and age constraints for all
proxies were compiled from a review of pub-
lished literature (see the Supplemental Mate-
rial). The proxies considered here have very
different manifestations, from chemical signa-
tures in sedimentary rocks or pyrite, to specific
detrital minerals, to sedimentary beds with pig-
mentary hematite. To compare these different
records, we evaluate their occurrence at the
level of lithostratigraphic groups (and subgroups
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where available), which are hereafter termed
units. Where a unit has been correlated across
multiple regions, only one occurrence is con-
sidered. Neither the LJE nor Paleoproterozoic
glacial deposits were used for correlation of age
constraints among regions.

ClIs are calculated following the “classical
estimation” (CE) and “optimized linear esti-
mation” (OLE) methods (Strauss and Sadler,
1989; Roberts and Solow, 2003; summarized by
Wang and Marshall, 2016). In the CE method, a
Dirichlet distribution is used to determine Cls,
combined with the number of observations (n)
of the record of interest and interval of time over
which they are observed, and assuming that the
likelihood of a fossil/proxy occurrence is uni-
form from first to last appearance. In the OLE
method, a Weibull distribution is used, where
the number of the oldest (or youngest) obser-
vations (k) of n known observations is used to
calculate Cls, and assuming that n is large rela-
tive to k (see the Supplemental Material). The
OLE method has been demonstrated as robust
and has been applied across a wide range of
topics that include the emergence of COVID-
19 and extinction of the dodo bird (Roberts and
Solow, 2003; Roberts et al., 2021, and refer-
ences therein). Logically, fewer samples (n for
CE, k for OLE) over a longer time interval will
result in larger CIs, and earlier first occurrences
(or later last occurrences) have the potential to
shift the CIs considerably. Maximum and mini-
mum age constraints for each unit are deter-
mined by randomly resampling the bracketing
radiometric ages using their reported uncer-
tainties (a normal distribution), with the unit
age then determined by randomly sampling a
continuous uniform distribution between the
maximum and minimum constraints. This is
conducted for all units, with ages being input
for the CE and OLE calculations. This process
was repeated 50,000 times.

RESULTS

The CE method results in 26 Cls of 2899—
2477 Ma and 2780-2455 Ma for the appearance
of red beds and nonzero I/(Ca + Mg) values,
respectively, and 2189-2040 Ma and 2222—
1681 Ma for the disappearance of MIF-S and
RSDM, respectively. When calculated using
the OLE method, the 26 CIs for the appear-
ance of red beds and nonzero I/(Ca + Mg) val-
ues span 2632-2477 Ma and 3010-2464 Ma,
respectively, and the disappearance of MIF-S
and RSDM span 2188-2096 Ma and 2209—
1771 Ma, respectively. Results are summarized
in Table 1 and Figure 2B.

DISCUSSION

The 20 CI for the appearance of red beds
spans 2632-2477 Ma, >250 m.y. before the
permanent oxygenation of the atmosphere ca.
2225 Ma suggested by Poulton et al. (2021) but
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Figure 2. (A) The distribution of mass-independent fractionation of sulfur isotopes (MIF-S), red beds, redox-sensitive detrital minerals (RSDM),
and nonzero l/(Ca + Mg) values through much of the Precambrian, compiled from the literature (see the Supplemental Material [see footnote
1]). (B) The 20 confidence intervals (Cls) for the appearance of red beds and nonzero I/(Ca + Mg) values precede the 2¢ Cls for the disappear-
ance of MIF-S and RSDM by hundreds of millions of years, which is consistent with a lag between initial and permanent oxygenation, and
may have occurred after onset of the Lomagundi-Jatuli positive carbon isotope excursion (LJE). The large Cls result from the resampling of
depositional ages between known age constraints, including measurement uncertainties.

partly overlapping with the proposed initial oxy-
genation of the atmosphere ca. 2501-2434 Ma
(Warke et al., 2020). The 2¢ CI for the appear-
ance of nonzero I/(Ca + Mg) is 3010-2464 Ma,
which is also broadly coincident with an initial
oxygenation ca. 2.5-2.45 Ga, although this is

160

based on a relatively small number of analy-
ses carried out in the Paleoproterozoic. These
early Cls for red beds and nonzero I/(Ca + Mg)
values overlap with “whiffs” of O, proposed
for the lead up to the GOE (Ostrander et al.,
2021) and rising seawater [O,] ca. 2.7-2.45 Ga

(Fakhraee et al., 2018), which is consistent
with an early initial oxygenation. In contrast,
the 26 CI for the disappearance of MIF-S ca.
2188-2096 Ma is notable for being ca. 40 m.y.
later than suggested by Poulton et al. (2021) for
the permanent oxygenation of the atmosphere,
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TABLE 1. CONFIDENCE INTERVAL RESULTS USING CLASSICAL ESTIMATION (CE) AND OPTIMIZED LINEAR ESTIMATION (OLE) METHODS

Geological/

geochemical proxy using CE method

Median last/first occurrence

Appearance/disappearance
using CE method (Ma)

Appearance/disappearance
using OLE method (Ma)

OLE Solution space (Ma)
16 (20)

(Ma) 16 (20) 10 (20)
MIF-S 2189 2104 (2040) 2185-2147 (2188-2096) 2260-2082 (2261-2015)
RSDM 2222 1823 (1681) 2176-1977 (2209-1771) 2437-957 (2438-388)
Red beds 2477 2814 (2899) 2551-2483 (2632-2477) 2983-2425 (3156-2422)
Nonzero I/(Ca+Mg) 2455 2614 (2780) 2742-2496 (3010-2464) 2892-2427 (3228-2411)

Note: MIF-S—mass-independent fractionation of sulfur isotopes; RSDM—redox-sensitive detrital minerals.

which predicts that even younger MIF-S sig-
nals may be discovered. Furthermore, there is
significant overlap between the disappearance
of MIF-S and RSDM, although the latter has a
much larger 26 CI (partly as a result of fewer
RSDM-bearing units in the geological record).
These data are broadly consistent with the inter-
pretation of Poulton et al. (2021) that there was a
significant delay between initial and permanent
oxygenation of the atmosphere, and importantly,
suggest that the appearance of red beds may
have preceded the disappearance of MIF-S and
RSDM by hundreds of millions of years.

These results allow for further exploration
of the cause and effect relationships that have
been proposed for the GOE. The initial oxygen-
ation associated with the GOE precedes the first
snowball Earth glaciation by potentially tens of
millions of years (Warke et al., 2020) and the
earliest unambiguous Cyanobacteria microfos-
sils by >400 m.y. (Hodgskiss et al., 2019b). An
early initial oxygenation may be tested using
the I/(Ca + Mg) proxy, given that nonzero 1/
(Ca + Mg) values may represent surface ocean
0, >1 uM (Hardisty et al., 2014). If earlier non-
zero values are found, this would be consistent
with the CI results presented here as well as
with the interpretation of A%S data by Fakhraee
et al. (2018) for uM levels of O, in the ocean
ca. 2.7-2.45 Ga. Conversely, these CI results
also suggest delayed permanent oxygenation.
The disappearance of RSDM and MIF-S after
2209 Ma and 2188 Ma, respectively, overlaps
with the LJE (Martin et al., 2013), which has
been implicated in the oxygenation of Earth’s
atmosphere (e.g., Karhu and Holland, 1996).
The results presented here suggest that Earth’s
permanent oxygenation may have occurred tens
of millions of years after the start of the LJE,
which would be consistent with the framework
in which extreme amounts of organic carbon
burial resulted in atmospheric oxygenation
(Karhu and Holland, 1996).

All of the 206 Cls presented here are orders
of magnitude larger than the uncertainties for
individual radiometric age measurements,
which can be <0.1% (Schoene et al., 2013).
This speaks to the limited utility of individual
proxies/successions for dating the GOE, when
viewed probabilistically, because of the much
larger Cls. These results also suggest that,
like the paleontological record, many aspects
of the geological and geochemical record can
and should be treated probabilistically (i.e.,

with respect to sampling intensity and discov-
ery frequency) as opposed to literally. This is
particularly true when considering the oldest
and youngest occurrences of records of inter-
est, given the highly incomplete nature of the
sedimentary record (Miall, 2015). Some crucial
successions spanning the GOE have relatively
poor age constraints (e.g., Huronian Super-
group), and consequently, refined ages or the
discovery of new data that extend the age range
of known occurrences could significantly impact
CI results. Thus, while the approach used here
helps to better understand the geological record
in spite of its incompleteness, it is ultimately
informed by geological observations, geochemi-
cal data, and geochronological measurements;
continued primary data are required on all three
fronts.

CONCLUSION

The importance of CI estimation has long
been recognized in the paleontological com-
munity, but it has seen virtually no applica-
tion to geological/geochemical topics (e.g.,
Glazner and Sadler, 2016). Evaluation of the
CI for the appearance of red beds suggests
that their formation preceded the permanent
oxygenation of the atmosphere by hundreds of
millions of years but may be consistent with
an initial oxygenation that occurred ca. 2501—
2434 Ma (Warke et al., 2020). The disappear-
ance of MIF-S and RSDM between 2188—
2096 Ma and 2209-1771 Ma, respectively,
aligns more closely with suggested permanent
oxygenation of the atmosphere ca. 2225 Ma,
although these ages are somewhat younger.
The appearance of red beds and disappearance
of RSDM and MIF-S may have been separated
by hundreds of millions of years, which sup-
ports a prolonged, two-step oxygenation of
Earth’s atmosphere. Crucially, these results
also suggest that permanent oxygenation of
the atmosphere may have occurred tens of mil-
lions of years after onset of the LJE and call for
detailed examination of the MIF-S record in
the early phases of this carbon isotope excur-
sion. Most broadly, this study highlights the
importance of a probabilistic rather than literal
interpretation of the geologic record, particu-
larly for the interpretation of stepwise shifts in
the Earth system where the timing is obscured
by an incomplete geological record, and sug-
gests that such events may be valuable targets
for future CI analyses.
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