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A B S T R A C T   

The availability of molecular oxygen shapes the size and structure of Earth’s biosphere. Geological and 
geochemical records imply that, for most of the Precambrian (the entirety of Earth’s history with the exception of 
the most recent 540 million years), atmospheric oxygen concentrations were only a fraction of that of the pre-
sent. A notable exception occurred in the wake of the first major rise in atmospheric oxygen between ~2.3 and 
2.0 billion years ago. This interval is characterized by the largest and longest-lived marine carbon isotope 
excursion in Earth’s history, the Lomagundi, which was accompanied by a major reorganization of global 
biogeochemical cycles. Despite this prominent change in the Earth system, the cause(s) of this remarkable 
inferred rise and subsequent fall in atmospheric oxygen levels and the consequences—for both marine biogeo-
chemical cycling and the emergence and radiation of eukaryotic life—remain underexplored. Importantly, there 
is no robust evidence for increased biological complexity or the emergence of organisms with high oxygen de-
mands despite strong indications of a stable and well-oxygenated Earth system over the 100–300 million-year 
Lomagundi interval. This decoupling is in sharp contrast to oxygenation during the later Neoproterozoic and 
early Paleozoic Eras, which temporally coincided with the expansion of eukaryote-rich ecosystems, including the 
appearance and radiation of animals. Emerging evidence for strong and stable, albeit ultimately impermanent 
oxygenation in the Paleoproterozoic that was divorced from increases in evolutionary complexity substantially 
broadens our framework for reconciling environmental and biotic co-evolution through Earth’s history. The lack 
of an obvious temporal link between this prominent Paleoproterozoic episode of long-lived and likely substantial 
oxygenation and physiological and ecological diversification suggests that the former does not always foster the 
latter.   

1. An overview of Earth’s oxygenation 

The chemistry of Earth’s ocean-atmosphere system is fundamentally 
controlled by biological activity (Knoll et al., 2012; Wacey et al., 2008). 
Notably, the activity of Earth’s biosphere led to atmospheric oxygen 
(O2) concentrations that are today many orders of magnitude higher 
than possible on a planet devoid of life (Fischer et al., 2016; Lyons et al., 
2014, 2021). Indeed, the transformation of Earth’s atmospheric 
composition through oxygen release by primary producers (i.e., cya-
nobacteria, algae, and plants) over the past few billion years provides a 

striking and instructive example of life fundamentally reshaping a 
planetary surface. Such oxygenation was certainly an essential condition 
for the emergence of large, complex aerobic organisms such as the 
human species and the wide diversity of animals that preceded that step 
(Catling et al., 2005; Fischer et al., 2016; Knoll et al., 2012; Knoll and 
Nowak, 2017). As a result, reconstructing Earth’s planetary evolution, 
including the history of oxygenation, provides insight into our own or-
igins while also informing efforts to identify planetary biosignatures that 
may be used in the search for life beyond our solar system (Schwieter-
man et al., 2018). However, many basic aspects of Earth’s atmospheric 
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history and the interplay of atmospheric and biotic evolution are still 
actively debated or are known from only broad-brush approximations. 

All known examples of complex multicellularity require oxygen at 
some stage of their life cycle (Butterfield, 2009; Knoll and Nowak, 
2017). It is thus fair to say that oxygenation of Earth’s surface envi-
ronments must, at some level, have paved the way for biological 
complexity (Knoll and Nowak, 2017; Knoll and Sperling, 2014). None-
theless, there are conflicting views regarding: (1) how to reconstruct 
trends in surface oxygen levels over the past three billion years of Earth 
and life history and (2) the extent to which oxygenation may have been 
driven by or, alternatively, may have facilitated biotic innovations and 
ultimately the emergence and radiation of complex life (Cole et al., 
2020; Knoll and Nowak, 2017). There is now compelling evidence that 
Earth’s atmosphere first became well-oxygenated around 2.4 billion 
years ago (Ga)—during what is referred to as the Great Oxidation Event 
(GOE) (Bekker et al., 2004; Holland, 2006; Lyons et al., 2014, 2021). 
The emergence of oxygenic photosynthesis was an evolutionary singu-
larity that must have preceded the GOE (Avila et al., 2013; Planavsky 
et al., 2014a; Tice and Lowe, 2004). However, the question of how 
proximal the emergence of oxygenesis was to the GOE’s dramatic in-
crease in oxygen levels has been a topic of ongoing debate (Knoll and 
Nowak, 2017; Mills et al., 2022). A range of studies has proposed that 
oxygenic photosynthesis evolved more than 500 million years prior to 
the GOE and that environmental factors—rather than the direct evolu-
tion of oxygenic photosynthesis—may have played a more direct role in 
the initiation of the GOE (Awramik, 1992; Boden et al., 2021; Crowe 
et al., 2013; Fournier et al., 2021; Jabłońska and Tawfik, 2021; Johnson 
et al., 2022; Planavsky et al., 2014a). Others, however, have suggested a 
relatively late-stage emergence of oxygenic photosynthesis, immedi-
ately preceding and directly precipitating the GOE as Earth’s first major 
episode of oxygenation (e.g., Fischer et al., 2016; Slotznick et al., 2022; 
Soo et al., 2017). 

Reconstructions of Earth’s oxygenation history have traditionally 
included a second, appreciable climb in oxygen levels roughly coinci-
dent with the rise of animals and radiation of macrophyte algae, be-
tween 800 and 540 million years ago—in what is now often referred to 
as the Neoproterozoic Oxidation Event (NOE) (e.g., Och and Shields- 
Zhou, 2012; Shields-Zhou and Och, 2011: reviewed in Lyons et al., 
2021). However, most proxy records do not point toward a single, 
stepwise increase in oxygen levels over this interval (Canfield et al., 
2008; Frei et al., 2013; Guilbaud et al., 2015; Kimura and Watanabe, 
2001; Pogge Von Strandmann et al., 2015; Sperling et al., 2015; Wallace 
et al., 2017), indicating instead a complex and protracted history of 
dynamic oxygenation. Although there has been a surge of work over the 
past two decades, fueled largely by the development and application of a 
suite of new redox proxy systems, this work has not fostered community 
consensus regarding the detailed spatial and temporal trajectory of 
Earth’s atmospheric evolution during the late Neoproterozoic. It re-
mains unclear, in many cases, whether apparent discrepancies between 
proxy records reflect real, primary variability across short timescales 
and within discrete environments, or whether this disagreement instead 
reflects fundamental issues with proxy data interpretation and the un-
recognized possible influence of local factors. Deciphering the utility of 
redox proxies and the robustness of individual proxy records must, 
therefore, be an integral component of reconstructing surface oxygen-
ation and assembling a realistic account of Earth’s history going for-
ward. Nonetheless, despite uncertainties regarding the exact timing, 
magnitude, and directionality of oxygenation during the Neoproterozoic 
and across the Neoproterozoic-Cambrian transition, the majority of 
proxy records strongly support that Neoproterozoic and early Paleozoic 
oxygen levels were substantially higher than those of the Mesoproter-
ozoic, suggesting that surface oxygen levels and eukaryote-rich ecosys-
tems rose roughly concurrently across this interval (e.g., Canfield et al., 
2007; Gross and Bhattacharya, 2010; Knoll and Nowak, 2017; Stamati 
et al., 2011; Lyons et al., 2021). We include these details about the 
Neoproterozoic, despite the overarching focus of the paper on earlier 

oxygenation and its possible relationship with life, because questions 
that have recently risen to the fore of discussions regarding Paleo-
proterozoic evolution mirror those that have long been central to Neo-
proterozoic debates. We suggest that joint consideration of both 
Paleoproterozoic and Neoproterozoic episodes of oxygenation may 
provide critical insights into the commonality of Precambrian patterns 
of environmental and biotic co-evolution. 

There are two commonly discussed but opposing views of the drivers 
of this second increase in Earth’s oxygenation: (1) that this oxidation 
was driven by biotic innovations like, for example, the emergence and 
radiation of eukaryotic phytoplankton (Butterfield, 2009; Lenton et al., 
2014; Logan et al., 1995) or (2) that oxygenation was linked to a shift in 
solid Earth processes and that higher oxygen levels, in turn, helped 
facilitate the rise of more complex, eukaryote-rich ecosystems (Cole 
et al., 2020; Cox et al., 2018; Duncan and Dasgupta, 2017; Lyons et al., 
2021; McKenzie et al., 2016; Olson et al., 2019). The basis for each of 
these conceptual models—that complex life and oxygenation, whether 
driver or response, are integrally linked—is straightforward. However, 
they represent fundamentally different views of the planetary-scale 
evolution of the biosphere and biogeochemical cycling. More oxygen-
ated oceans could have enhanced biospheric energy fluxes on a global 
scale which, in turn, could have fostered the radiation of eukaryote-rich 
ecosystems including animal-dominated seafloor communities (e.g., 
Kipp and Stüeken, 2017). Alternatively, changes in the average size of 
phytoplankton, linked to shifts in ecology to more eukaryote-dominated 
communities combined with the generally larger size of eukaryotes, may 
have led to a redistribution of oxygen demand and enhanced carbon 
burial (Butterfield, 2009; Fakhraee et al., 2020; Lenton et al., 2014; 
Lenton and Daines, 2018; Logan et al., 1995; Tziperman et al., 2011). 
Over the long term, such enhanced carbon burial would cause greater 
net oxygen production and oxygenation of the ocean-atmosphere sys-
tem. A logical extension of this framework is that oxygenation of oceans 
dominated by bacterial primary production could, prior to the emer-
gence of larger and more complex modes of biological organization, 
have been hampered by what has been inferred to have been a relatively 
inefficient biological pump (Butterfield, 2009; Logan et al., 1995). 

Here, we propose that new constraints on the evolving chemistry of 
Earth’s early oceans and atmosphere can help us gauge the roles that 
biotic innovations may have played in driving major steps in Earth’s 
environmental evolution, thus further exploring the degree to which life 
drove environmental history rather than the reverse. In particular, as we 
discuss below, the early Paleoproterozoic was characterized by a distinct 
Earth system state that experienced extensive oxygenation in the 
absence of eukaryotic life (e.g., Mänd et al., 2022). Further, this stable 
oxic Earth system state may have spanned hundreds of millions of years 
but lacks any robust evidence for an associated rise in biological 
complexity. This is in sharp contrast to the later Proterozoic and earliest 
Phanerozoic, which are characterized by a broad temporal correspon-
dence between substantial changes in ocean-atmosphere oxygenation 
and the expansion of eukaryote-rich ecosystems, including the emer-
gence of animals (e.g., Brocks et al., 2017; Isson et al., 2018; reviewed in 
Lyons et al., 2021). If Paleoproterozoic oxygenation, in contrast to 
Neoproterozoic–Paleozoic oxygenation, were indeed entirely decoupled 
from major developments in biological and ecological complexity, this 
would suggest that transformative environmental changes are not al-
ways reliant upon and instead may cause or even be entirely decoupled 
from cascading shifts in the structure of the biosphere. In this sense, the 
Paleoproterozoic provides a useful test case for interrogating the links 
between environmental and biotic change over our planet’s history, and 
whether, how, and when those lessons extrapolate to younger times in 
Earth’s history must be considered. 

2. The Great Oxidation Event 

There have been major additions and refinements to the available 
quantitative constraints on Earth’s atmospheric evolution over the last 
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two decades. However, the broader narrative—that the chemistry of 
Earth’s ocean-atmosphere system has evolved from being pervasively 
anoxic to being strongly oxygenated, and that this oxygenation was 
protracted—has remained unchanged over the past half-century. 
Readily observable sedimentary features—foremost the appearance of 
iron-enriched sandstones, known as “red beds,” have long provided 
compelling evidence for appreciable atmospheric oxygen in the early 
Proterozoic (Eriksson and Cheney, 1992; Roscoe, 1969). The first red 
beds occur near the Archean-Proterozoic boundary, and these have been 
inferred to signify the transition to an oxygenated atmosphere (Holland, 
1984; Kuang et al., 2022; Roscoe, 1969). This view, initially grounded in 
sedimentological field observations, was subsequently reinforced by the 
recognition that sedimentary rocks deposited prior to (but not after) this 
transition record mass-independent fractionation in sulfur isotopes 
(MIF-S; e.g., Farquhar et al., 2000). Modeling and experimental results 
suggest that these signatures require very low atmospheric O2 (Farquhar 
et al., 2000; Farquhar and Wing, 2003; Pavlov and Kasting, 2002). The 
sedimentary MIF-S signal persists until around 2.3 Ga, though some 
signals captured in sedimentary rocks deposited between 2.45 and 2.31 
Ga may reflect crustal recycling of MIF-S signals produced before this 
time and/or fluctuation in the production of MIF-S (Poulton et al., 2021; 
Reinhard et al., 2013; Uveges et al., 2023), suggesting that initial at-
mospheric oxygenation may have in fact taken place as early as between 
2.5 and 2.48 Ga (Izon et al., 2022; Killingsworth et al., 2019; Philippot 
et al., 2018). However, a number of recent studies have suggested the 
alternative possibility of an extended period of periodic swings in oxy-
gen over this interval (Poulton et al., 2021). 

Vigorous debate over the relationship between the GOE and the 
emergence of oxygenic photosynthesis continues (Fischer et al., 2016; 
Soo et al., 2017; Ward et al., 2019). A number of studies have suggested, 
on the basis of geological, molecular, and geochemical proxy data (e.g., 
redox-sensitive elements, sulfur isotope systematics, phylogenetic ana-
lyses), that oxygenic photosynthesis and localized oxygen production 
emerged well before—perhaps even 500 million years prior to—the 
onset of the GOE (Crowe et al., 2013; Czaja et al., 2012; Fakhraee et al., 
2018; Jabłońska and Tawfik, 2021; Kendall et al., 2010; Olson et al., 
2013; Ossa Ossa et al., 2016, 2018; Ostrander et al., 2019, 2021; Pla-
navsky et al., 2014a). These proxy records, like all proxy systems, rely on 
assumptions that may be difficult to test directly, and all Archean rocks 
have experienced extensive diagenesis and burial alteration that often 
mask primary signals. There are certainly cases where secondary alter-
ation may have confounded putative signals of early oxygenesis (e.g., 
Albut et al., 2019). In the most extreme scenario, opposing views have 
argued that all these signals for early (pre-GOE) oxygenesis should be 
attributed to such secondary processes (Fischer et al., 2014; Rasmussen 
and Muhling, 2019). Regardless, there are several records that are 
widely agreed to be robustly linked to at least local oxygen production 
and thus indicate that cyanobacteria evolved well before the GOE. For 
example, the 2.9 Ga Pongola Supergroup (Wilson and Zeh, 2018) hosts 
sedimentary Mn deposits of meter-scale thickness that have been 
attributed to an active Mn oxide shuttle from ocean waters to the sedi-
ment pile (Ossa Ossa et al., 2018). Given that Mn oxides are easily 
reduced by a wide range of reductants, including ferrous iron, these 
enrichments, and associated Mo isotope signatures, most parsimoni-
ously indicate the presence of fully oxygenated shallow shelf set-
tings—and thus provide compelling evidence for early biological oxygen 
production (see Ostrander et al., 2019; Planavsky et al., 2014a). 

Further, these Mn enrichments are stratigraphically continuous in 
rocks lacking any petrographic evidence for either extensive fluid flow 
or extensive alteration. It is therefore challenging to envision credible 
scenarios in which these enrichments, and their associated Mo isotope 
signatures (Planavsky et al., 2014a), could be linked to secondary 
alteration and, perhaps not surprisingly, none have been proposed. 
Records for early oxygen production during the Archean are by no 
means confined to the Pongola; as we discuss in greater detail below, 
several other successions, varying between 2.5 and 2.7 Ga in age, have 

yielded multiple independent lines of evidence (e.g., redox-sensitive 
elements such as Mn, Fe, and Mo) for oxygen production, some of 
which are similarly characterized by a lack of evidence for extensive 
alteration (Czaja et al., 2012; Garvin et al., 2009; Kendall et al., 2010; 
Ostrander et al., 2019). Molecular clocks have also been used to 
constrain the emergence of oxygenic photosynthesis. However, these too 
have historically provided conflicting estimates for the timing of the 
emergence of this evolutionary singularity and, moreover, are generally 
associated with very large uncertainties (e.g., Battistuzzi et al., 2004). 
Some of the most recent efforts, however, have dated the emergence of 
key components of the oxygenic photosystem to the Mesoarchean, well 
before the GOE (see for example Boden et al., 2021; Cardona et al., 2019; 
Magnabosco et al., 2018). Basic aspects of Archean biotic and environ-
mental evolution have long been at the center of debate regarding the 
evolution of Precambrian Earth systems (Holland, 1984; Ohmoto et al., 
2006). However, views initially touted decades ago (Holland, 1984) 
continue to garner support: the Archean atmosphere was largely anoxic, 
and biological oxygen production likely evolved well before the initial 
transition to an oxygenated atmosphere (Fournier et al., 2021; Lyons 
et al., 2021; Planavsky et al., 2014a). 

In a seminal paper, Cloud (1965) proposed that the Earth experi-
enced a gradual and progressive rise in surface oxygen concentrations, 
from an initial increase in atmospheric oxygen to the emergence of an-
imals (Cloud, 1965). This progressive oxygenation model, however, was 
not firmly grounded in mechanisms or records. Although the trajectory 
of oxygenation is still being pieced together and debated (Campbell and 
Allen, 2008; Lyons et al., 2014), there are now numerous studies sug-
gesting that this model of a unidirectional and progressive rise in oxygen 
levels cannot be applied to Earth’s middle history (from around 2.5 to 
0.5 Ga). Perhaps the most straightforward critique of Cloud’s progres-
sive model is that extensive scrutiny of this interval over the past few 
decades has failed to yield empirical support for a monotonic and linear 
increase in atmospheric O2 levels (Lyons et al., 2014). Instead, a non- 
linear, two-step oxygen model with an initial oxygen rise during the 
GOE followed later by another during the Neoproterozoic–early Paleo-
zoic, concurrent with the rise of animals—is now commonly invoked 
and has been garnering further empirical and modeling support (Alcott 
et al., 2019; Lyons et al., 2014). 

3. The Lomagundi 

Below we focus on geochemical proxies that are commonly used to 
track pronounced differences between Paleoproterozoic and Meso-
proterozoic redox states and pO2 levels. Although questions remain 
concerning how to best piece together these records, our discussion 
encompasses nearly all published geochemical data pertaining to this 
question and interval. Below we describe the current state of knowledge 
regarding marine and atmospheric redox shifts across this interval; 
discuss insights gained by the synthesis of these datasets; and highlight 
areas of continuing uncertainty that should, in our view, be regarded as 
key targets for future study. 

3.1. Insights from carbon isotopes 

The most prominent example of a likely rise and subsequent fall in 
Paleoproterozoic oxygen levels occurs immediately after the initial 
enduring oxygenation of the atmosphere as delineated by permanent 
loss of MIF-S—in what is often treated as a continuation of the GOE 
(Bekker, 2019; Poulton et al., 2021). Carbon isotope data (δ13C) have, 
historically, provided the first indication that the coupled carbon and 
oxygen cycles behaved dynamically during the Paleoproterozoic. Spe-
cifically, δ13C records suggest that massive amounts of organic carbon 
burial—and associated oxygen release—occurred in the aftermath of the 
initial rise of atmospheric oxygen (Karhu and Holland, 1996). Within a 
stratigraphically short interval, following the loss of the MIF-S signal, 
extremely positive carbon isotope values (>10‰) are recorded in 
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shallow-water carbonates of the Duitschland Formation in South Africa 
(Bekker et al., 2001). This record should, in the traditional carbon cycle 
framework (Karhu and Holland, 1996; Kump and Arthur, 1999), reflect 
an episode of highly elevated organic carbon burial, which should have 
led to a similarly large net oxygen flux to the ocean-atmosphere system. 
These anomalously positive carbon isotope values appear to be a 
prominent feature of the lower Paleoproterozoic record (Bekker and 
Holland, 2012; Schidlowski et al., 1976), with the positive carbon 
isotope signal recorded in over 15 different broadly coeval sedimentary 
rock successions worldwide (Fig. 1). One notable example of this 
persistent, positive carbon isotope signal (and the unit in which this 
record was first discovered) is the Lomagundi Group of Zimbabwe, 
which has since lent its name to this extended interval of carbonate 
deposition with anomalously positive carbon isotope values—the 

Lomagundi Excursion. The initiation of the Lomagundi postdates 2.316 
± 0.007 billion years ago (Ga) (Transvaal Supergroup, South Africa 
(Hannah et al., 2004)) and predates 2.221 ± 0.007 Ga (Palokivalo 
Formation, Scandinavia (Pertunnen and Vaasjoki, 2001)). In the 
Pechanga Greenstone Belt, Fennoscandia, the termination of the 
Lomagundi has been assigned a maximum age of 2.058 ± 0.002 Ga 
(Melezhik et al., 2007). Using conservative age ranges, these observa-
tions suggest that the Lomagundi was somewhere between 160 and 260 
million years in duration (Martin et al., 2013). 

In the standard interpretive framework for carbon isotope excur-
sions, the Lomagundi would have led to the release of up to ~20 times 
the modern atmospheric reservoir of O2 (Karhu and Holland, 1996), and 
this should have driven appreciable oceanic and atmospheric oxygena-
tion. There has, however, been an increasing realization that many of 

Fig. 1. Major geochemical changes and the 
emergence of key biological groups over the past 
four billion years of Earth’s history. (A) Carbon 
isotope (δ13C) records in carbonate minerals; (B) 
oxygen (Δ17O) and sulfur (Δ33S) isotope signa-
tures of sedimentary sulfate and sulfide minerals, 
which respectively constrain oceanic productiv-
ity and atmospheric anoxia; (C) the difference in 
the isotopic composition of seawater sulfate and 
sedimentary pyrite (Δ34SSO4-FeS2). Increase in 
Δ34SSO4-FeS2 can be explained by higher sulfate 
availability; (D) seawater sulfate levels—oxic 
oceans are needed for the growth of the marine 
sulfate reservoir; (E) shallow marine and atmo-
spheric oxygen concentrations; and (F) the timing 
of the emergence of major biological groups. The 
disappearance of Δ33S anomalies from the rock 
record marks the first major rise in atmospheric 
oxygen, known as the Great Oxidation Event 
(GOE). High δ13C, Δ17O, and sulfate during the 
Lomagundi (denoted, in all panels, by the vertical 
grey bar) strongly suggest an Earth system in 
which oxygen levels were elevated, potentially 
even to extents comparable to the modern Earth. 
Despite favorable environmental conditions dur-
ing the Lomagundi, fossil and geochemical ar-
chives indicate that multicellularity did not 
emerge until well after this time, during the later 
Proterozoic. The grey circles in (B) correspond to 
Δ17O values recorded from deposits formed dur-
ing the Neoproterozoic Snowball Earth glacia-
tions (Crockford et al., 2019). Sources for these 
data are cited in the main text.   
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the fundamental assumptions underlying the classic carbon isotope 
framework are problematic (Geyman and Maloof, 2019; Hodgskiss et al., 
2023; Mayika et al., 2020; Miyazaki et al., 2018; Prave et al., 2022). The 
amount of organic carbon burial per unit time inferred from a positive 
carbonate carbon isotope value is dependent on the duration of the 
carbon isotope excursion, as well as ambient atmospheric oxygen levels. 
The latter dictates the extent of organic carbon oxidation, while the 
former determines the amount of ‘anomalous’ (e.g., 13C-enriched) car-
bon recycled from sedimentary rocks back into the ocean-atmosphere 
system. Taking these factors into account, there are multiple non- 
unique interpretations of the Lomagundi positive carbon isotope 
excursion. For instance, recent estimates for the average rate of organic 
carbon burial through the Lomagundi range from less than half to just 
over twice the modern burial flux (e.g., Miyazaki et al., 2018). 

There is also growing acceptance that shallow-water carbonates 
commonly do not track the carbon isotope composition of open-ocean 
dissolved inorganic carbon (DIC) (Geyman and Maloof, 2019, 2021; 
Hodgskiss et al., 2023). Due to surface primary production on nutrient- 
rich productive margins and platforms, modern shallow-water carbon-
ates are characterized by highly variable and commonly enriched car-
bon isotope values (up to >6‰ heavier than deep-ocean carbonates, 
which today predominantly consist of the remains of open-ocean- 
dwelling calcifying plankton) (Geyman and Maloof, 2019; Swart, 
2015; Swart and Eberli, 2005). Generally, in shallow settings, the ex-
change of carbon between organic and inorganic pools is governed by 
carbonate precipitation and dissolution, atmospheric gas exchange, and 
photosynthesis and respiration. In such environments, photosynthesis is 
the main driver of perturbations to the carbonate system during the day, 
as the uptake of isotopically light carbon leaves the surrounding DIC 
reservoir correspondingly isotopically enriched. During the night, the 
system moves to respiration (see Geyman and Maloof, 2019). However, 
due to inefficiencies in respiration as well as organic matter export, there 
is a net imbalance in favor of production. As a result, during a single (24- 
hour) diurnal-nocturnal cycle, the localized carbon exchange flux 

between organic and inorganic pools can outcompete the carbonate 
burial flux by over a factor of 20, resulting in a carbon isotope offset 
between the relatively enriched isotopic composition of carbonate in 
shallow (production-dominated) ocean and relatively less enriched 
(commonly lower-productivity) open-ocean settings (Fig. 2) (Geyman 
and Maloof, 2019). If this process similarly affected carbonates 
recording the Lomagundi Excursion, this may suggest that traditional 
calculations of the oxygen flux (e.g., Karhu and Holland, 1996) associ-
ated with the Lomagundi may need to be revisited. 

3.2. Insights from triple oxygen isotopes 

Although there is still agreement that organic carbon burial is likely 
to be the main factor driving shifts in atmospheric oxygen levels through 
the Precambrian (e.g., Canfield, 2021; Miyazaki et al., 2018; Planavsky 
et al., 2022b), there is an emerging consensus that we must leverage 
additional records, beyond that of carbon isotopes, to accurately 
reconstruct ancient biospheric oxygen production fluxes and their cor-
responding impact on atmospheric oxygen. Our knowledge of Archean 
atmospheric oxygen levels has been transformed by MIF-S work, which 
directly tracks atmospheric processes that can be linked to atmospheric 
oxygen levels in a nearly quantitative framework. Mass-independent O 
isotope fractionations—which can be recorded in marine sulfate min-
erals—may provide an analogous and perhaps more direct approach 
toward directly tracking atmospheric oxygen levels (Crockford et al., 
2018; Planavsky et al., 2018). Photochemical reactions in the strato-
sphere result in the production of ozone (O3) with a mass-independent 
oxygen isotope fractionation, during which O3 becomes enriched in 
17O, whereas O2 becomes depleted in 17O (Hayles et al., 2016; Thiemens, 
2006; Thiemens and Heidenreich, 1983; Wen and Thiemens, 1993). 
Depletions and enrichments in 17O are termed triple-oxygen isotope 
anomalies and, similar to MIF-S signals, are expressed as deviations from 
a strictly mass-dependent fractionation (Δ17O = δ17O − 0.5305(δ18O) ∕=
0). Experimental studies show that the magnitude of the Δ17O signal in 

Fig. 2. The magnitude of carbonate δ13C enrichment, 
relative to open-ocean DIC δ13C (i.e., Δ13C) as a 
function of photosynthetic forcing in a shallow-water 
carbonate system (Geyman and Maloof, 2019). Ar-
rows on the x-axis correspond, respectively, to 
average diurnal organic carbon transfer in the mod-
ern open ocean and modern shallow marine reefs; εp 
denotes various fractionations associated with 
photosynthetic carbon uptake. The upper grey box 
denotes maximum δ13C in individual sections of 
Lomagundi carbonates; the lower grey box denotes 
mid-Proterozoic values. Lomagundi positive carbon 
isotope values can be reproduced by models if diurnal 
organic carbon transfer was two to six times higher 
than in the modern oceans, suggesting that the 
Lomagundi oceans must have been highly productive.   
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atmospheric oxygen is controlled by the reaction between oxygen atoms 
and carbon dioxide molecules in the stratosphere and other chemical 
species that affect heavy oxygen isotope values. Based on these results, 
the Δ17O signal in atmospheric O2 is proportional to CO2 partial pressure 
(pCO2) (Thiemens, 2006; Thiemens and Heidenreich, 1983; Wen and 
Thiemens, 1993). Oxygen molecules with MIF signals transported from 
the stratosphere would also be mixed with biologically produced oxygen 
(i.e., from marine primary production) in the troposphere that carries an 
essentially mass-dependent fractionation signal (0‰). The biospheric 
flux of oxygen is viewed to be approximate to the strength of gross 
primary production (GPP), meaning that the Δ17O signal would also 
represent the oxygen flux through GPP (Luz et al., 1999). We can pursue 
archives of this relationship through preserved sulfate geochemistry. 
Within this framework, the Δ17O value of sulfate minerals depends on 
three main factors: (1) atmospheric oxygen levels, (2) atmospheric 
carbon dioxide levels, and (3) the gross oxygen flux from the biosphere. 
The net effect of these factors today produces a Δ17O value of around 
− 0.47‰ (Pack et al., 2017). In this light, the extent of biospheric 
recycling of Δ17O anomalies and atmospheric oxygen levels are directly 
linked. Although a single Δ17O value may theoretically be produced via 
multiple pathways (see Liu et al., 2021), consideration in a statistical 
framework of the range of reasonable boundary conditions provides one 
means of limiting the number of plausible Earth states for any given 
Δ17O value (e.g., Planavsky et al., 2018). 

Considerable effort has recently been devoted to generating a new 

sulfate mineral Δ17O record through Earth’s history (Fig. 1). Sulfates 
from the Lomagundi (from units ranging in age from 2.3 to 2.0 Ga) and 
the Neoproterozoic (0.8 to 0.55 Ga), Snowball Earth events excepted 
because of signals controlled by anomalous CO2 levels (Bao et al., 2008), 
are characterized by statistically similar Δ17O values (-0.26 ± 0.10 and 
-0.22 ± 0.08, respectively) (Crockford et al., 2019). In contrast, sulfates 
from the mid-Proterozoic (1.8 to 0.8 Ga) are characterized by Δ17O 
values (-0.65 ± 0.22) much lighter than those found during either the 
Lomagundi or the late Proterozoic (Crockford et al., 2018, 2019; 
Hodgskiss et al., 2019). These new Δ17O records indicate that the mid- 
Proterozoic represents an Earth system state that was distinct from 
those at either the beginning or the end of the Proterozoic. An exciting 
avenue for future work will be efforts to translate Δ17O values into 
quantitative estimates of atmospheric pO2 (Liu et al., 2021). 

3.3. Insights from nitrogen and phosphorus cycling 

Changes in the cycling of nitrogen and phosphorus, as essential el-
ements for marine productivity, can offer insight into changes in the 
redox state during the Lomagundi. For instance, a change in the isotopic 
composition of nitrogen in the rock record can indicate whether marine 
nitrification and denitrification, as regulated by seawater oxygen levels, 
were robustly operating during this interval (Stüeken et al., 2015, 2016). 
Under predominantly anoxic conditions, nitrogen is fixed into a reduced 
form of nitrogen (e.g., NH4) with a minimal isotopic fractionation (e.g., 

Fig. 3. Results from analysis of additional geochemical proxies from strata deposited before, during, and after the Lomagundi interval. Panels A, B, C, and D show, 
respectively, variations in the bulk isotopic composition of nitrogen, phosphorus content, the isotopic composition of chromium, and iodine content in stratigraphic 
records deposited before, during, and after the Lomagundi. The compiled data are from Hardisty et al. (2014, 2017); Kipp et al. (2018); Kipp and Stüeken (2017); 
Mänd et al. (2022); Planavsky et al. (2022a); Reinhard et al. (2017); and Stüeken et al. (2015, 2016). These geochemical proxy results, altogether, point toward an 
increase in oxidant levels in the ocean-atmosphere system during Lomagundi. Such an increase in oxidant levels, however, did not give rise to eukaryotic life. 
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Stüeken et al., 2016). Under oxic conditions, this reduced nitrogen can 
be readily oxidized into nitrate, a process known as nitrification (e.g., 
Ward et al., 2011). Nitrate produced in this manner can again become 
reduced into N2 gas in low-oxygen marine waters through the “deni-
trification” process, thereby closing the N cycle (Canfield et al., 2010). 
Repeated coupled nitrification and denitrification would result in 
isotopically heavier nitrogen in the residual nitrate pool and heavier 
δ15N values in marine organic matter (Stüeken et al., 2015, 2016). The 
isotopic composition of nitrogen in stratigraphic records spanning the 
Lomagundi has been inferred to reflect the presence of aerobic nitrogen 
cycling (Fig. 3a). Specifically, δ15N values reported from 
Paleoproterozoic-aged samples are characterized by consistently posi-
tive δ15N values (Kipp et al., 2018). The range of observed δ15N values is 
well above the values expected for nitrogen-fixation-dominated systems 
(− 2 ‰ to +1 ‰) and can be explained by active aerobic nitrogen cycling 
in the surface ocean where coupled nitrification and denitrification 
would have led to a positive excursion in δ15N (Kipp et al., 2018; 
Stüeken et al., 2016). The presence of aerobic nitrogen cycling during 
the Lomagundi has been corroborated by more recent studies, which 
have likewise documented positive δ15N values and interpreted these to 
reflect nitrate-replete and highly oxygenated conditions in continental 
shelf settings (Ossa Ossa et al., 2022). 

Available data on phosphorus abundances in Lomagundi-aged re-
cords provide further support for an oxygenated surface ocean. Compi-
lations of sedimentary phosphorus abundances through time show an 
increase—albeit not a very pronounced one—in phosphorus availability 
in the ocean during the Lomagundi (Fig. 3b) (Kipp and Stüeken, 2017; 
Planavsky et al., 2022a; Reinhard et al., 2017). High phosphorus 
abundances in marine shales can be explained by enhanced nutrient 
fluxes to the oceans and/or efficient recycling of phosphorus within the 
oceans (Hao et al., 2021; Kipp and Stüeken, 2017). Notably, under oxic 
conditions, most of the organic biomass produced in the photic zone 
would be degraded through heterotrophy in the surface oceans, result-
ing in relatively efficient recycling of phosphorus in the surface ocean 
(Kipp and Stüeken, 2017). Efficient P recycling would, in turn, lead to 
higher rates of primary production, driving higher oxygen production in 
the surface oceans (Kipp and Stüeken, 2017; Laakso and Schrag, 2019). 
This scenario is also consistent with a decrease in sedimentary C to P 
ratios during the Lomagundi (Kipp and Stüeken, 2017). Another po-
tential driver of increased phosphorus availability during the Loma-
gundi is enhanced mineral-mediated transport of phosphorus to the 
oceans (Hao et al., 2021). Specifically, recent experimental work has 
highlighted the importance of kaolinite [Al2Si2O5(OH)4)] in trans-
porting particulate phosphorus to the oceans (Hao et al., 2021). 
Accordingly, at higher rates of weathering and high kaolinite content 
during the Lomagundi, the transport of phosphorus to the oceans would 
have been amplified, driving increased productivity and oxygen pro-
duction in the surface oceans (Hao et al., 2021). These findings 
corroborate those of previous studies (e.g., Δ17O records, as discussed 
above) that have likewise suggested that the Lomagundi ocean was 
highly productive (e.g., Hodgskiss et al., 2019). 

3.4. Insights from marine sulfur cycling proxies 

Sulfate is the most abundant oxidant in the modern oceans, but its 
abundance in seawater has varied dramatically over Earth’s history in 
ways that, in a first-order sense, track biospheric oxygen levels. As such, 
temporal changes in marine sulfur cycling have been explored via 
various geochemical proxies to reconstruct the evolution of Earth’s 
surface oxidation. There are multiple lines of evidence that sulfate levels 
increased during the Lomagundi (e.g., Blättler et al., 2018). For instance, 
Blättler et al. (2018) employed stratigraphic variability in calcium 
isotope (δ44Ca) values in evaporative facies of the ~2.0 Ga Tulomozero 
Formation evaporites to provide a more precise estimate of seawater 
sulfate concentrations. This approach rests on relatively straightforward 
principles—gypsum (CaSO4•2H2O) precipitation induces a Ca isotope 

fractionation, and the amount of Ca isotope distillation and fraction-
ation across an evaporative sequence is, in turn, tied to the marine 
dissolved Ca/SO4 ratio. Modeling this process—with additional con-
straints from the minerals formed during the evaporite sequence (car-
bonates, calcium sulfates, halite, and magnesium sulfates)—Blättler 
et al. (2018) estimated that marine sulfate levels during deposition of 
the Tulomozero Formation must have been >10 mM. Although there are 
uncertainties associated with this estimate because of the requirement 
for a number of assumptions, including the extent of connectivity of the 
evaporite-precipitating water body to the global ocean, this work in 
combination with other complementary studies strongly supports claims 
of substantial fluctuations in seawater sulfate levels from the μM range 
that characterized pre- and post-Lomagundi oceans to several mM dur-
ing the event (Blättler et al., 2018; Crowe et al., 2014; Fakhraee et al., 
2019; Planavsky et al., 2012). 

The development of such a massive marine sulfate reservoir is 
important, given that mass balance modeling of the global sulfur cycle 
indicates that mM-level marine sulfate should require a well-oxygenated 
ocean (Fakhraee et al., 2019). This conclusion is consistent with reports 
of large sulfur isotope fractionation—Δ34SSO4− FeS2 from coeval sulfate 
and pyrite sulfur isotope (δ34S) records—during the Lomagundi, indi-
cating an active marine and terrestrial oxidative sulfur cycle (Fakhraee 
et al., 2019; Scott et al., 2014). Under widespread mid- and deep-ocean 
anoxia, if present, pyrite fluxes driven by water-column sulfate reduc-
tion would have been high enough to prevent the buildup of a large 
sulfate reservoir—unless primary productivity was much lower than 
that of the modern Earth (< ~5% of modern primary productivity; 
Fakhraee et al., 2019; Ozaki et al., 2019). Because δ13C and Δ17O records 
of the Lomagundi suggest that productivity levels were not especially 
low (Hodgskiss et al., 2019), the appreciable accumulation of marine 
sulfate during the Lomagundi implies limited deep-ocean anoxia. 

It is possible, using a mass balance approach coupled with pyrite and 
sulfate δ34S records, to estimate the relative fractions of the total sulfur 
flux to the oceans buried as pyrite and sulfate (Canfield and Farquhar, 
2009; Halevy et al., 2012). Current δ34S datasets reveal a clear signal for 
enhanced sulfate burial relative to pyrite burial during the Lomagundi, 
in strong contrast to the remainder of the Proterozoic (Kasten and 
Jørgensen, 2000; McDonnell and Buesseler, 2010). Moreover, the dis-
tribution of these data is remarkably similar to δ34S data from the 
modern ocean, in which most of the sulfide produced by microbial 
sulfate reduction in anoxic sediments becomes re-oxidized (Kasten and 
Jørgensen, 2000; McDonnell and Buesseler, 2010; Tarhan et al., 2015). 
This calculation requires assumptions about the isotopic composition of 
the S input, and this value has considerable uncertainty that translates to 
uncertainties in the burial fluxes of pyrite and sulfate. However, even 
allowing for a reasonable yet broad range (~0 to 10 ‰) of input S 
isotope values, the basic conclusion that the Lomagundi was charac-
terized by elevated sulfate deposition remains robust. 

3.5. Insights from iron cycling 

Iron is another major element that acts as a strong lever on Earth’s 
redox balance and, unsurprisingly, efforts to track iron cycling in the 
marine and terrestrial realms have played a major role in shaping our 
view of Earth’s oxygenation. Ancient soil deposits (paleosols) that 
formed during the Lomagundi interval are—as for Phanerozoic 
soils—characterized by near-complete iron retention, that is, iron oxide 
formation in the upper soil profile (e.g., Beukes et al., 2002). In contrast, 
it has become increasingly clear that well-preserved mid-Proterozoic 
paleosols are marked by iron loss manifested in limited iron oxide 
abundance and thus low inferred formation and preservation in the 
upper soil profile (Colwyn et al., 2019; Mitchell and Sheldon, 2009, 
2010). This relationship is commonly interpreted to indicate that mid- 
Proterozoic atmospheric oxygen levels were lower than ~1% PAL (e. 
g., as reviewed by Planavsky et al., 2018). 

Although various proxy systems suggest prominent increases in the 
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oxidation of the shallow oceans during the Lomagundi, iron-based proxy 
records also suggest that deep-water anoxia persisted, at least locally, 
through the Proterozoic into the early Phanerozoic (e.g., Lyons et al., 
2014; Sperling et al., 2015). The transport of dissolved iron into shallow 
marine settings is a traditional indicator of low (<1% PAL) atmospheric 
oxygen (Canfield, 2005). Iron formations are notably absent from 
stratigraphic successions recording the Lomagundi Excursion (Bekker 
et al., 2010). However, a return to widespread deposition of iron for-
mations nearly worldwide, including in unambiguously wave-reworked, 
shallow-water marine settings at 1.88 Ga, arguably provides strong ev-
idence for a return to low-oxygen conditions—in both the shallow and 
deep oceans—in the post-GOE and post-Lomagundi world (Fig. 4). There 
are, moreover, multiple marine successions characterized by additional 
geochemical signatures for shallow-water anoxia from 1.8 to 0.8 Ga, and 
these records provide the most striking indication that oxygen levels 
oscillated or potentially remained persistently low after the Lomagundi 
(Arnold et al., 2004; Cole et al., 2016; Shen et al., 2003; Tang et al., 
2016). In particular, iron speciation records (i.e., the relative abundance 
of iron phases) in marine sedimentary rocks generally indicate a back-
ground state of pervasive marine anoxia, with episodes of local 
oxygenation, during extensive intervals of the mid-Proterozoic (Fig. 4) 
(Shen et al., 2003; Sperling et al., 2015; Tang et al., 2016; Wang et al., 
2022). 

3.6. Insights from redox-sensitive elements 

The available data for the behavior of redox-sensitive elements 
during the Lomagundi points to an increase in the oxidation state of the 
ocean-atmosphere system across this interval. In particular, results from 
analyses of chromium (Cr) (Mänd et al., 2022), selenium (Se) (Kipp 
et al., 2017; Ossa Ossa et al., 2022), copper (Cu) (Chi Fru et al., 2016), 
arsenic (As) (Chi Fru et al., 2019), thorium (Th), and uranium (U) 
concentrations (Partin et al., 2013) and isotope values (Liu et al., 2019), 
suggest an enhancement in oxygen availability during the Lomagundi. 
For instance, Cr isotope measurements generated from a > 2400-m core 
from the Onega Basin (northwestern Russia), with an age of approxi-
mately 2.1–2.0 Ga suggest elevated atmospheric oxygen levels may have 
persisted in surface environments for at least 100 million years, during 
which seawater oxygen levels may have been higher than during the 
intervals either preceding or following the Lomagundi (Fig. 3c) (Mänd 
et al., 2022). A similar conclusion has been drawn from the character-
ization of Se isotope signatures from muddy lithologies of this age. 
Previous studies have proposed that a positive excursion in δ82/78Se 
values in ca. 2.32–2.10 Ga offshore shales records an increase in 

contemporaneous oxygen concentrations (Kipp et al., 2017). These 
datasets also corroborate observed changes in the isotopic composition 
of Cu in marine black shales (Chi Fru et al., 2016). More precisely, a shift 
from negative to positive copper isotopic compositions (δ65Cu) in 
organic carbon-rich shales, including correlation of the highest isotopic 
values with the Lomagundi interval (2.15–2.08 Ga), has been inter-
preted to reflect an increase in the oxidative weathering flux of Cu from 
the continents to the oceans (Chi Fru et al., 2016). Characterizations of 
As, Th, and U have further corroborated previous proposals that oxygen 
availability increased during the Lomagundi (Chi Fru et al., 2019; Liu 
et al., 2019). Notably, Th/U long-term records from arc volcanic rocks 
since 3.0 (Ga) reveal two major shifts in the Th/U values occurring at 
approximately 2.35 and 0.75 Ga, which are roughly consistent with a 
noticeable change in the oxidation state of the Earth during the Great 
Oxidation Event (GOE) and Neoproterozoic Oxidation Event (NOE), 
respectively (Liu et al., 2019). Mechanistically, highly oxic conditions 
would promote oxidation of water-insoluble U4

+ to the water-soluble U6
+, 

which would then readily dissolve in seawater and become incorporated 
into altered oceanic crust. Subduction of this altered oceanic crust would 
result in the production of arc igneous rocks with low Th/U values (Liu 
et al., 2019). These data also suggest a shift to higher Th/U values near 
the end of the Lomagundi (~2.0 Ga), which have been attributed to a 
decrease in oxygen availability and a return to a predominantly anoxic 
ocean-atmosphere Earth system (Liu et al., 2019). 

3.7. Insights from iodine records 

The relative abundance of iodine in marine carbonates is another 
geochemical proxy that is commonly used to track the evolution of 
ocean oxygenation (e.g., Hardisty et al., 2014). Observations from 
modern anoxic settings indicate that, in the absence of molecular oxy-
gen, the oxidized form of iodine, iodate (IO-

3), is reduced to iodide (I-) 
(Luther and Campbell, 1991; Wong and Brewer, 1977). This redox- 
dependent behavior of iodine along with a linear correlation between 
the abundance of carbonate-associated iodine and the dissolved IO-

3 
levels in the waters in which the carbonate forms, along with a relatively 
long residence time of iodine in the oceans (~300,000 years), have led 
to the wide use of carbonate I/Ca ratios as a proxy to track the oxidative 
capacity of the oceans (Lu et al., 2010). Reconstruction of long-term 
shallow marine carbonate I/Ca records suggests an increase in surface 
ocean oxygenation occurred during the Lomagundi (Fig. 3d) (Hardisty 
et al., 2014). While the exact correlation between dissolved oxygen and 
iodate levels is not well known and will require further scrutiny of iodine 
cycling in both oxic and anoxic modern settings, increase in the I/Ca 

Fig. 4. Inferred changes in ocean redox state during the Proterozoic. The ocean-atmosphere system for most of the Proterozoic (left panel) was characterized by 
widespread iron-rich conditions, with inefficient cycling of phosphorus through Earth’s biosphere due to iron scavenging and relatively low sulfate concentrations. 
During the Lomagundi (right panel), well-oxygenated conditions resulted in more efficient cycling of phosphorus, higher productivity, and more pervasive ocean 
oxygenation. 
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values of marine shallow carbonates are widely regarded to reflect in-
creases in surface ocean oxygen availability (e.g., Hardisty et al., 2014, 
2017). In sum, although aspects of particular proxy records remain areas 
of ongoing research, the data currently available from a wide range of 
proxy systems and lithological archives suggests that surface ocean ox-
ygen levels increased during the Lomagundi. 

4. The Post-Lomagundi World—return to low-oxygen conditions 

Over the past few decades, a range of proxy records have emerged 
that point to an initial rise in Earth’s surface oxygen levels during the 
Paleoproterozoic (as discussed above). Although the atmosphere 
remained permanently oxygenated following the GOE, the high-oxygen 
state that characterized the Lomagundi was apparently followed by a 
notable decrease in both atmospheric and marine oxygen levels. The 
deep oceans, in particular, returned to a state of widespread anoxia that 
was pervasive, though perhaps locally and regionally variable, through 
much of the remainder of the Proterozoic. Further, background low- 
oxygen conditions appear to have persisted well into the early to mid- 
Paleozoic (e.g., Sperling et al., 2015). Various studies have suggested 
that there may have been other swings in atmospheric oxygen levels 
during the Paleoproterozoic and Mesoproterozoic (Daines et al., 2017; 
Fralick et al., 2017; Gilleaudeau et al., 2016; Poulton et al., 2021). 
However, these have not, as of yet, been supported by diverse lines of 
evidence, nor are there currently data to suggest that such fluctuations 
would have come even close to rivaling the Lomagundi in magnitude or 
duration. Specifically, iron speciation, sulfur isotope, and chromium 
isotope analyses, as well as data from other redox-sensitive elements, 
have suggested fluctuation in atmospheric O2 levels during the Paleo-
proterozoic and Mesoproterozoic (Fralick et al., 2017; Gilleaudeau et al., 
2016; Poulton et al., 2021; Lyons et al., 2021). Notably, recent high- 
resolution iron speciation and sulfur isotope datasets generated from 
marine strata of the Transvaal Supergroup, South Africa, have been 
interpreted to reflect fluctuation in atmospheric oxygen levels, likely 
caused by oscillations in marine redox chemistry, from approximately 
2.32 to 2.22 Ga (Poulton et al., 2021). These results have been recently 
challenged by a re-analysis of Transvaal strata from the same basin, 
using sulfur isotope systematics (Izon et al., 2022). But regardless of 
whether this trend is robust and primary in nature, such fluctuation is 
dwarfed by the size and duration of the Lomagundi. 

As discussed above, a rich and growing body of work indicates that 
both the Lomagundi and the Neoproterozoic were characterized by 
comparably high atmospheric oxygen levels—in contrast to the low 
background oxygen levels of the Mesoproterozoic. Collectively, these 
datasets suggest convincingly that Earth has not undergone progressive 
and unidirectional oxygenation and that a simple two-step history likely 
overlooks appreciable dynamics in oxygenation across the Proterozoic 
Eon and into the Paleozoic Era. This realization has major implications 
for how we view the potential drivers and consequences of Earth’s 
oxygenation and should be central to the discussion surrounding the 
links between ocean-atmosphere oxygenation and the emergence of 
biological complexity, as we explore in greater detail below. 

5. Is large complex life an essential prerequisite for 
oxygenation? 

Many researchers have suggested that oxygenation of the Neo-
proterozoic–Cambrian oceans was causally linked to the radiation of 
eukaryotes (Butterfield, 1997, 2009; Lenton et al., 2014; Lenton and 
Daines, 2018; Logan et al., 1995). Specifically, it has commonly been 
suggested that the Neoproterozoic radiation of eukaryotic phyto-
plankton (Brocks, 2018; Brocks et al., 2017; Zumberge et al., 2018), 
possibly spurred by increased eukaryovory (Cohen et al., 2011; Lenton 
and Daines, 2018; Porter, 2011), fundamentally transformed the bio-
logical carbon pump. Due to their greater cell size, it has been argued 
that emerging eukaryotic phytoplankton would have increased rates of 

POC (particulate organic carbon) settling and thus export productivity 
(e.g., Butterfield, 2009; Lenton et al., 2014). Increased rates of export 
productivity, in turn, have been inferred to have enhanced water- 
column clarity and decreased water-column respiration, as well as 
increasing the efficiency of organic carbon burial, thus mediating both 
ocean and atmospheric oxygenation and fostering the emergence of 
increasingly complex, animal-rich benthic ecosystems (e.g., Butterfield, 
2011). An assumption underlying this argument is that oxygenation, in 
the case of the Neoproterozoic ocean-atmosphere system, depends on 
eukaryotes as top-down levers on the marine carbon cycle. A question 
that has received less attention, however, is whether this is indeed a 
unique solution, as has been argued, to the question of what factor(s) 
drove oxygenation (Butterfield, 2009; Lenton et al., 2014). In other 
words, is eukaryotic life (or comparably complex modes of life) an 
essential prerequisite for achieving a well-oxygenated Earth system 
state? 

As outlined above, geochemical and sedimentological archives 
indicate that the Paleoproterozoic was characterized by a pronounced 
interval of elevated oxygenation—likely equal in magnitude to that of 
the Neoproterozoic—which, although eventually followed by a decline 
in oxygen levels (Poulton et al., 2021), may have extended over hun-
dreds of millions of years. Robust paleontological, geochemical, or 
molecular clock evidence, however, for a eukaryotic presence prior to 
the GOE is conspicuously absent. Sterane biomarkers—fossilized lipids 
involved in membrane regulation in eukaryotic organisms—detected in 
samples of the Neoarchean Fortescue and Hammersley groups of the 
Pilbara Craton of Western Australia were previously cited as possible 
evidence for eukaryotes (Brocks et al., 1999), but these have since been 
ruled out as contaminants (Rasmussen et al., 2008). Consistent with this 
challenge, recent efforts, employing more stringent sampling protocols, 
have failed to reproduce any signal for a eukaryotic contribution to the 
syngenetic organic contents of these rocks (French et al., 2015). It 
therefore seems improbable that the emergence of eukaryotes played a 
role in the onset of Paleoproterozoic oxygenation. However, the broader 
question of whether the GOE may have paved the way for the devel-
opment of greater biological complexity, including the emergence of 
multicellular and eukaryotic life, has been a subject of contention. 

5.1. Insights from fossil records 

Identification of early eukaryotes in the body-fossil record has not 
proven straightforward, nor have these efforts been without contro-
versy. There have been multiple claims for the rise of biological 
complexity and multicellularity during the Lomagundi associated with 
the creation of oxygenated shallow marine environments. Enigmatic, 
centimeter-scale pyritized structures preserved in the 2.1 Ga France-
villian Series B Formation of Gabon have been cited as possible evidence 
of complex, eukaryote-grade organisms (Fig. 5) (El Albani et al., 2010; El 
Albani et al., 2014; El Albani et al., 2019). Some of these structures have 
been interpreted as possible colonial eukaryotes (or organisms of a 
similar level of morphological and ecological complexity) on the basis of 
their large size, repeated and complex morphologies, and sulfur isotopic 
(δ34S) signatures (El Albani et al., 2010; El Albani et al., 2014). More 
recently, the same unit has yielded pyritized string-like structures that 
have been interpreted as mucus trails produced by slime mold-like or-
ganisms (El Albani et al., 2019). This suite of structures has been 
invoked as evidence that complex organisms emerged and explored a 
diverse range of morphologies and ecological strategies in the ephem-
erally but generally highly oxygenated world of the syn- and post-GOE 
Paleoproterozoic, and that mobile and infaunal multicellular organ-
isms preceded the oldest previously documented occurrences of mobile 
and burrowing animals by over 1.5 billion years (El Albani et al., 2019). 
However, the biogenicity of the Francevillian structures has proven 
controversial (e.g., Knoll, 2011). Many of the most salient features 
associated with these structures may be equally consistent with an early 
diagenetic origin, such as pyrite suns, abiogenic concretions (Anderson 
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et al., 2016), and synaeresis cracks (cf. McMahon et al., 2017). The 
structures interpreted as possible slime mold analogs, in particular, 
occur along a continuum of highly variable morphologies, including 
variable sinuosity, diameter, and orientation, as well as pygmatoidal 
folding. This variability has been invoked as evidence in favor of a slime- 
mold-like organism. However, by this logic, a wide range of irregular 
features could be interpreted in this manner and, importantly, the fea-
tures attributed to these structures by El Albani et al. (2014, 2019) are 
also classically associated with syneresis cracks (cf. McMahon et al., 
2017). In light of their stratigraphic age, unusual morphology, and the 
relative rarity of these features, a eukaryote affinity for these featur-
es—or affinity with analogously complex multicellular organ-
isms—remains uncertain. Similarly, paired sandstone ridges, described 
from the Stirling Range Formation (potentially as old as 2.0 Ga) of 
Western Australia, have been interpreted as mucus trails formed by 
motile, worm-like animals (cf. Rasmussen et al., 2002). However, a 
mucus trail origin for these structures has been disputed on both 
morphological and taphonomic grounds, in particular on the basis of 
their irregularity, high relief, and convex preservation on sandstone bed 
bases (e.g., Morris, 2002). Distinguishing between biogenic and abio-
genic features of Paleoproterozoic age, as well as between syngenetic 
and later-stage processes, can be extremely challenging. As such, the 
Precambrian record is rife with structures that have been mistakenly 
interpreted in this manner (Seilacher, 2007). It is therefore reasonable to 
argue that putative records of eukaryotes or multicellularity during the 
Lomagundi currently fail to pass the stringent criteria for these struc-
tures to be viewed as bona fide fossils (cf. Seilacher, 2007). 

The oldest potentially eukaryotic microfossils occur in the latest 
Paleoproterozoic Changzhougou Formation (ca. 1.8 Ga) and Chuan-
linggou Formation (ca. 1.7 Ga) of North China (Lamb et al., 2009; Miao 
et al., 2019; Peng et al., 2009). These acritarchs (organic-walled mi-
crofossils), although of simple leiospheric morphology, range up to 250 
μm in diameter, contain medial splits that may record encystment and 
may also be characterized by complex wall structure (Lamb et al., 2009; 
Miao et al., 2019; Peng et al., 2009). However, identification of these 
fossils as eukaryotic is tentative, and a non-eukaryote stem-group af-
finity cannot be ruled out. The oldest microfossils to which a eukaryotic 
affinity can confidently be assigned—forms such as Shuiyousphaeridium, 

Tappania, Satka, and Valeria, characterized by morphological 
complexity, large size, and encystment structures (Fig. 5) (Javaux et al., 
2004)—occur in the latest Paleoproterozoic-early Mesoproterozoic (ca. 
1.8–1.6 Ga) Ruyang Group of China (Pang et al., 2015; Zhao, 2009) and 
the Mesoproterozoic (ca. 1.5 Ga) Roper Group of Australia (Javaux et al., 
2004). Macroscopic fossils of potential1y eukaryotic affinity, such as 
Grypania and Horodyskia, also occur in Mesoproterozoic successions of 
North America, China, and Western Australia (e.g., Grey and Williams, 
1990; Javaux and Lepot, 2018; Knoll et al., 2006). 

5.2. Insights from molecular clocks 

Currently, molecular clock estimates suggest a story generally 
consistent with the microfossil record, with no evidence for eukaryotes 
during the Lomagundi interval or before ca. 1.8 Ga, more specifically 
(Berney and Pawlowski, 2006; Betts et al., 2018; Parfrey et al., 2011). 
Recent age estimates for divergence from the first eukaryotic common 
ancestor (FECA, e.g., the divergence between Archaea and Eukarya) 
range between 3.0 and 2.3 Ga, while those for the last eukaryotic 
common ancestor (LECA) range between 1.9 and 1.0 Ga (Fig. 5) (Berney 
and Pawlowski, 2006; Betts et al., 2018; Eme et al., 2014; Mills et al., 
2022; Porter, 2020). The origin of total-group Alphaproteobacteria, 
within which the free-living ancestor of the mitochondrion is inferred to 
have diverged (and the possession of which is widely considered to be 
ancestral to crown-group eukaryotes), has been estimated to fall be-
tween 2.0 and 1.2 Ga (Berney and Pawlowski, 2006; Betts et al., 2018; 
Mills et al., 2022). Within these uncertainties, it remains possible that 
the eukaryotic stem-lineage (post-FECA) established its relationship 
with the free-living alphaproteobacterial ancestor of mitochondria well 
into the Proterozoic (no later than 1.2 Ga), potentially a billion years 
after both the GOE and the Lomagundi. In any case, all currently 
available fossil and molecular clock evidence indicate that eukaryotes 
emerged well after the Lomagundi, which—given multiple lines of evi-
dence for well-oxygenated marine and atmospheric conditions during 
the Lomagundi—strongly suggests that a world without eukaryotes or 
animals would not necessarily remain trapped in a low-oxygen state and 
that an extended interval of high oxygen would not necessarily have 
triggered their emergence. 

Fig. 5. Major events in the evolution of eukaryotic 
life on Earth. Green bars correspond to the emergence 
of important metabolic pathways based on 
geochemical proxies. Black bars denote major bio-
logical events inferred from molecular clock analyses. 
Purple and red bars refer to the information provided 
by the body and trace fossil records and biomarker 
records, respectively. The lengths of bars denote un-
certainties in timing; ranges circumscribe estimates 
based on molecular clock analyses, geologic and 
geochemical evidence, and fossil records. Emerging 
evidence points toward ecological expansion of 
eukaryotic and animal life during the Mesoproter-
ozoic–Neoproterozoic and Neoproterozoic, respec-
tively, long after the Lomagundi, despite the 
considerable duration of well-oxygenated conditions 
at Earth’s surface during the Lomagundi. Data on the 
timing of these events and innovations have been 
compiled from previous studies (Berney and Paw-
lowski, 2006; Betts et al., 2018; El Albani et al., 2019; 
Eme et al., 2014; Knoll and Nowak, 2017; Loron et al., 
2019; Mills et al., 2022; Parfrey et al., 2011; Shih and 
Matzke, 2013).   
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6. Did Lomagundi oxygenation set the stage for the appearance 
and diversification of complex life? 

An updated view of the biotic and geochemical landscape of the 
Lomagundi interval suggests that, in contrast to some traditional views, 
more than 100 million years of pervasive oxygenation did not foster 
eukaryogenesis (Mänd et al., 2022). In the original formulation of Serial 
Endosymbiotic Theory (SET), Lynn Margulis (then Lynn Sagan) 
described eukaryotes, and more specifically mitochondria, as “funda-
mentally aerobic” (Sagan, 1967). To constrain when eukaryotes first 
evolved in Earth’s history, Margulis used Preston Cloud’s, 1965 estimate 
of 1.2 Ga for when “oxygen first began to be available in relatively large 
quantities” in the atmosphere (Cloud, 1965). In other words, Margulis 
explicitly tied the origin of mitochondria to Earth’s earliest oxygenation 
(as it was then understood), arguing that the ingestion of a fundamen-
tally aerobic symbiont (the ancestral mitochondrion) by an anaerobic 
host was directly driven by survival in a newly oxygenated Earth system 
(Sagan, 1967). Fifty years later, the GOE is still suggested to have 
“facilitated the emergence of eukaryotes” (e.g., Knoll and Nowak, 2017). 

Perhaps some of the most striking findings subsequent to SET were 
the discoveries of hydrogenosomes (anaerobic, H2- and ATP-producing 
organelles) and mitosomes (reduced forms of hydrogenosomes unin-
volved in ATP production) and their now agreed-upon common ancestry 
with mitochondria (Lindwiark and Muller, 1973; Martin, 2017; Müller 
et al., 2012). The recognition that LECA possessed mitochondria, that no 
primitively amitochondriate eukaryotes have ever been described, and 
that amitochondriate eukaryotes (those that today possess hydro-
genosomes and mitosomes) appear to be polyphyletic and found across 
the eukaryotic tree all challenge early views that eukaryotic anaerobes 
never possessed mitochondria and that they all diverged prior to the 
acquisition of mitochondria during the GOE, as originally predicted by 
SET (e.g., Embley and Martin, 2006; Martin, 2017). The polyphyletic 
nature of amitochondrial eukaryotes implies multiple independent 
transitions to anaerobic lifestyles, but this would require multiple lateral 
transfers of bacterial genes involved in anaerobic metabolisms (Stairs 
et al., 2015). Another perhaps more likely possibility is that LECA, or at 
least the ancestral mitochondrion, was a facultative aerobe and that the 
apparent phylogenetic intermingling of aerobic and anaerobic eukary-
otic lineages instead represents the differential loss of metabolic path-
ways across the eukaryotic tree (Martin and Müller, 1998; Müller et al., 
2012), with little to no prokaryote-to-eukaryote or eukaryote-to- 
eukaryote lateral gene transfer (Ku et al., 2015; Ku and Martin, 2016; 
Tria et al., 2021), resulting in a limited and conserved subset of genes 
involved in anaerobic energy metabolism in eukaryotes (Müller et al., 
2012). 

Even if the evolution of hydrogenosomes ultimately involved the 
lateral transfer of bacterial genes (Spang et al., 2019), it remains 
possible that the original metabolic coupling between the host and 
symbiont was strictly anaerobic and could have predated the GOE 
(Martin and Müller, 1998; Moreira and López-García, 1998). Critically, 
this would decouple the earliest stages of eukaryogenesis from the 
oxygenation of Earth’s surface environment, contra SET, which argues 
that oxygen utilization in the wake of biospheric oxygenation was the 
foundation of the symbiont-host relationship. Most recently, proponents 
of the E3 model (Entangle-Engulf-Enslave) of eukaryogenesis have sug-
gested that the host—an anaerobic and fermenting archaeon dependent 
on syntrophy for amino acid degradation—would have depended on H2- 
scavenging methanogenic partners for growth prior to the GOE (Imachi 
et al., 2019; Mills et al., 2022). After the GOE, under the selective regime 
of a more heterogeneous redox landscape, the host cell would have 
become dependent on sulfate-reducing bacteria (SRB) for H2 scav-
enging, as well as on the free-living ancestor of the mitochondrion (a 
facultative aerobe) for O2-scavenging and metabolite exchange, at an 
oxic-anoxic interface (Imachi et al., 2019). However, this three-partner 
association would also have been encouraged under anoxia, where the 
SRB and the ancestral mitochondrion would have interacted via H2 

scavenging and anaerobic H2-producing organotrophy, respectively. 
There are multiple viable models for the origin of both mitochondria and 
eukaryotes—but critically, eukaryogenesis need not be linked to the 
GOE or the emergence of well-oxygenated conditions. 

Eukaryotes appear to have increased in diversity and ecological 
complexity beginning in the latest Mesoproterozoic and early Tonian (e. 
g., Loron and Moczydłowska, 2017; Loron et al., 2019; Zumberge et al., 
2018, 2020) and continued to radiate and increase in ecological 
importance through the Neoproterozoic and early Phanerozoic (Brocks, 
2018; Knoll et al., 2006). This interval also witnessed major climatic 
perturbations (the Snowball Earth glacial) and likely both stepwise and 
progressive increases (and potential decreases) in oxygen concentrations 
(Lyons et al., 2014, 2021; Och and Shields-Zhou, 2012; Shields-Zhou 
and Och, 2011; Wallace et al., 2017). The history of this interval is still 
being pieced together but, as has been discussed extensively elsewhere, 
as well as in the preceding sections, it is plausible that some of these 
biotic and environmental changes are intimately linked. The oldest 
sterane biomarkers, recovered from kerogen and bitumen extracted 
from Tonian and Cryogenian strata, record the initiation of a measurable 
eukaryotic (green- and red-algal) contribution to primary production 
during this same interval (Brocks, 2018; Zumberge et al., 2020). The 
nearly billion-year gap between the late Paleoproter-
ozoic–Mesoproterozoic emergence of bona fide eukaryotic microfossils 
and the appearance of eukaryote-produced steranes in the Neo-
proterozoic highlights one of the most puzzling enigmas in the emer-
gence of complex life. One possible explanation lies in the potentially 
stem-eukaryote affiliation of many (perhaps the majority) of upper 
Paleoproterozoic and Mesoproterozoic fossils that have been attributed 
to eukaryotes, particularly if stem-eukaryotes did not produce sterols (e. 
g., Porter, 2020; Porter et al., 2018). If LECA did not in fact appear until 
the late Mesoproterozoic, this apparent temporal discrepancy would be 
partially ameliorated. 

Moreover, if the acquisition of mitochondria, and thus the capacity 
for aerobic respiration, was a derived feature for crown-group Eukarya, 
this relationship, combined with geochemical evidence for intervals of 
widespread anoxia in the shallow Mesoproterozoic oceans (Lyons et al., 
2014; Tang et al., 2016), might indicate that many stem-group eu-
karyotes were facultative or even obligatory anaerobes (Porter et al., 
2018). As sterol synthesis likely requires both mitochondria and oxygen 
(e.g., Desmond and Gribaldo, 2009; Porter et al., 2018), an anaerobic 
life mode for pre-LECA stem-group eukaryotes (and a facultatively or 
secondarily obligatory anaerobic life mode for early members of the 
crown group) may further explain the gap between eukaryotic origins 
without an associated sterane record and the proliferation of algal 
phytoplankton recorded by Neoproterozoic steranes. However, molec-
ular clock evidence for the early emergence of the eukaryotic capacity to 
produce sterols casts some doubt on this framework (Gold et al., 2017). 
Moreover, body fossils of multicellular, crown-group algae—which 
would certainly have required appreciable oxygen levels and practiced 
sterol synthesis—have been documented from multiple upper Meso-
proterozoic–lower Tonian successions (e.g., Butterfield, 2000; Tang 
et al., 2020). Therefore, it is likely that, at least in local oxygenated 
benthic microenvironments, eukaryotic algae were present by the late 
Mesoproterozoic and early Neoproterozoic, but perhaps insufficiently 
abundant to produce a measurable sterane contribution to bulk sedi-
mentary organic matter (e.g., Lyons et al., 2021). Ultimately, these ob-
servations are also consistent with the idea that even if the high oxygen 
levels of the Lomagundi facilitated the development of the biotic nov-
elties integral to eukaryotic life, there was an extended (potentially up to 
a billion-year) macroevolutionary lag between the development of 
eukaryotic novelties and their ecologically and environmentally wide-
spread implementation as biotic innovations (cf. Erwin, 2015). The 
ecological impact of eukaryotes may therefore have been relatively 
muted prior to the late Neoproterozoic. 

In sum, coupled paleontological, molecular, and geochemical re-
cords strongly suggest that oxygenation during the Lomagundi was 

M. Fakhraee et al.                                                                                                                                                                                                                              



Earth-Science Reviews 240 (2023) 104398

12

neither induced by nor the cause of notable increases in biological 
complexity and appears to have been temporally decoupled from 
extensive diversification and ecological expansion of eukaryotes. 
Instead, Lomagundi oxygenation must have occurred in an Earth system 
where primary production was bacterial and biological complexity was 
limited to bacterial and archaeal cells, as well as their intercellular in-
teractions. By extension, this possibility implies both that a world 
lacking eukaryotes would not necessarily remain trapped in a low- 
oxygen state and that well-oxygenated atmospheres need not trigger 
biological complexity beyond simple cells and their interactions. 

7. Drivers of Lomagundi oxygenation 

If biological innovations in eukaryotes are an unlikely driver of 
oxygenation for the Lomagundi, this begs the question of what caused 
ocean-atmosphere oxygenation during this period. One possibility is 
that oxidation of Archean crust rich in siderite and sulfides promoted 
enhanced phosphorus and sulfate fluxes to the oceans (Bachan and 
Kump, 2015; Bekker et al., 2016; Bekker and Holland, 2012; Konhauser 
et al., 2011). Given that phosphorus is generally agreed to be the 
nutrient limiting the productivity of the marine biosphere on geologic 
timescales (Reinhard et al., 2017; Tyrrell, 1999), enhanced phosphorus 
fluxes would be predicted to lead to more organic carbon burial and thus 
oxygenation. Further, oxygenation and ingrowth of the sulfate reservoir 
would have dramatically decreased iron fluxes to the oceans from hy-
drothermal systems (Kump and Seyfried, 2005), which is critical since 
P/Fe ratios are thought to play a key role in regulating biospheric oxy-
gen fluxes (Jones et al., 2015; Ozaki et al., 2019). Competition for 
phosphorus between oxygenic and anoxygenic photosynthesis provides 
a means to restrict oxygen production rates in anoxic oceans. In this 
framework, the duration of the Lomagundi would ultimately be limited 
to the time span needed for the continental weatherable shell to tran-
sition from being rich in reduced mineral species (and associated with 
increased liberation of phosphorus) to being rich in oxidized mineral 
species. Under this framework, similar processes could, in theory, have 
promoted oxygenation during the Neoproterozoic—after a prolonged 
interval of pervasive anoxia in the deep ocean and low-oxygen condi-
tions in the shallow ocean (Arnold et al., 2004; Planavsky et al., 2011, 
2014b; Shen et al., 2003; Tang et al., 2016). However, this possibility 
leaves open the question of why the elevated oxygen levels that char-
acterized the Lomagundi did not persist beyond several hundreds of 
millions of years—in spite of the stabilizing feedbacks predicted to 
regulate a well-oxygenated ocean-atmosphere system (e.g., Laakso and 
Schrag, 2017)—while the Earth system appears to have remained stable 
and mostly well-oxygenated following the NOE. 

8. Conclusions 

We argue that taking a broad look at the Precambrian permits a 
balanced consideration of the extent to which environmental and biotic 
change have been linked through Earth’s history. Archean and Prote-
rozoic records provide clear examples of how even profoundly impor-
tant biotic novelties (cf. Erwin, 2015)—such as oxygenic photosynthesis 
or the emergence of eukaryotes—may be followed by appreciable 
macroevolutionary lags and not immediately drive fundamental envi-
ronmental change or ecological innovation. For example, Paleoproter-
ozoic archives indicative of an extended interval of stable oxygenation 
associated with the Lomagundi suggest that the emergence of biological 
complexity (e.g., eukaryogenesis) is not a prerequisite for large-scale 
oxygenation and, conversely, that oxygenation need not immediately 
foster associated increases in biological complexity. In contrast, Meso-
proterozoic and Neoproterozoic records suggest that environmental 
conditions can reshape ecosystem structure and thus facilitate the ‘long- 
fuse’ development of major biological and ecological innovations. 
Therefore, our current picture of Earth’s history does not give the simple 
message once envisioned regarding the links between oxygenation and 

the rise of complexity (Cloud, 1965; Knoll and Nowak, 2017; Sagan, 
1967). Instead, the emerging view is that similar Earth system states 
have hosted markedly different biospheres and biotic-environmental 
relationships, for intervals lasting hundreds of millions of years, over 
our planet’s history. 
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Lepland, A., Kirsimäe, K., Planavsky, N.J., Konhauser, K.O., 2021. The kaolinite 
shuttle links the Great Oxidation and Lomagundi events. Nat. Commun. 12 (1), 1–6. 
https://doi.org/10.1038/s41467-021-23304-8. 

Hardisty, D.S., Lu, Z., Bekker, A., Diamond, C.W., Gill, B.C., Jiang, G., Kah, L.C., Knoll, A. 
H., Loyd, S.J., Osburn, M.R., Planavsky, N.J., Wang, C., Zhou, X., Lyons, T.W., 2017. 
Perspectives on Proterozoic surface ocean redox from iodine contents in ancient and 
recent carbonate. Earth Planet. Sci. Lett. 463, 159–170. https://doi.org/10.1016/J. 
EPSL.2017.01.032. 

Hardisty, D.S., Lu, Z., Planavsky, N.J., Bekker, A., Philippot, P., Zhou, X., Lyons, T.W., 
2014. An iodine record of Paleoproterozoic surface ocean oxygenation. Geology 42, 
619–622. https://doi.org/10.1130/G35439.1. 

Hayles, J.A., Cao, X., Bao, H., 2016. The statistical mechanical basis of the triple isotope 
fractionation relationship. Geochem. Perspect. Lett. 1–11 https://doi.org/10.7185/ 
geochemlet.1701. 

Hodgskiss, M.S.W., Crockford, P.W., Peng, Y., Wing, B.A., Horner, T.J., 2019. 
A productivity collapse to end Earth’s Great Oxidation. Proc. Natl. Acad. Sci. 
201900325 https://doi.org/10.1073/pnas.1900325116. 

Hodgskiss, M.S.W., Crockford, P.W., Turchyn, A., 2023. Deconstructing the Lomagundi- 
Jatuli Carbon Isotope Excursion. Ann. Rev. Earth Planet. Sci. 51 https://doi.org/ 
10.1146/ANNUREV-EARTH-031621-071250. 

Holland, H.D., 2006. The oxygenation of the atmosphere and oceans. Phil. Trans. R. Soc. 
B Biol. Sci. 361, 903–915. https://doi.org/10.1098/rstb.2006.1838. 

Holland, H.D., 1984. The chemical evolution of the atmosphere and oceans. Princeton 
University Press. 

Imachi, H., Nobu, M.K., Nakahara, N., Morono, Y., Ogawara, M., Takaki, Y., Takano, Y., 
Uematsu, K., Ikuta, T., Ito, M., Matsui, Y., Miyazaki, M., Murata, K., Saito, Y., 
Sakai, S., Song, C., Tasumi, E., Yamanaka, Y., Yamaguchi, T., Kamagata, Y., 
Tamaki, H., Takai, K., 2019. Isolation of an archaeon at the prokaryote-eukaryote 
interface. bioRxiv 726976. https://doi.org/10.1101/726976. 

Isson, T.T., Love, G.D., Dupont, C.L., Reinhard, C.T., Zumberge, A.J., Asael, D., 
Gueguen, B., McCrow, J., Gill, B.C., Owens, J., Rainbird, R.H., Rooney, A.D., 
Zhao, M.Y., Stueeken, E.E., Konhauser, K.O., John, S.G., Lyons, T.W., Planavsky, N. 
J., 2018. Tracking the rise of eukaryotes to ecological dominance with zinc isotopes. 
Geobiology 16, 341–352. https://doi.org/10.1111/gbi.12289. 

Izon, G., Luo, G., Uveges, B.T., Beukes, N., Kitajima, K., Ono, S., Valley, J.W., Ma, X., 
Summons, R.E., 2022. Bulk and grain-scale minor sulfur isotope data reveal 
complexities in the dynamics of Earth’s oxygenation. Proc. Natl. Acad. Sci. U. S. A. 
119, e2025606119 https://doi.org/10.1073/PNAS.2025606119/SUPPL_FILE/ 
PNAS.2025606119.SD04.XLSX. 
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