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Abstract

The large-scale dynamics of ocean oxygenation have changed dramatically
throughout Earth’s history, in step with major changes in the abundance of
O; in the atmosphere and changes to marine nutrient availability. A com-
prehensive mechanistic understanding of this history requires insights from
oceanography, marine geology, geochemistry, geomicrobiology, evolution-
ary ecology, and Earth system modeling. Here, we attempt to synthesize
the major features of evolving ocean oxygenation on Earth through more
than 3 billion years of planetary history. We review the fundamental first-
order controls on ocean oxygen distribution and summarize the current
understanding of the history of ocean oxygenation on Earth from empir-
ical and theoretical perspectives—integrating geochemical reconstructions
of oceanic and atmospheric chemistry, genomic constraints on evolving mi-
crobial metabolism, and mechanistic biogeochemical models. These changes
are used to illustrate primary regimes of large-scale ocean oxygenation and
to highlight feedbacks that can act to stabilize and destabilize the ocean—
atmosphere system in anoxic, low-oxygen, and high-oxygen states.
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1. INTRODUCTION

The atmosphere of the modern Earth contains ~20% molecular oxygen (O,) by volume, making
O; by far the most abundant constituent of Earth’s atmosphere other than dinitrogen (N;). This
remarkably high O, abundance in the atmosphere represents a signal of Earth’s surface biosphere
that would be detectable from light years away (Meadows et al. 2018). Earth’s oxygen-rich atmo-
sphere also strongly impacts ocean chemistry, with the biogeochemistry of marine water columns
and seafloor sedimentary environments being fundamentally regulated by the spatiotemporal dis-
tribution of dissolved O,. The amount of metabolic energy available to a biosphere powered by
O, is vast, such that the O,-rich ocean—atmosphere system of the modern Earth supports stag-
gering levels of standing biomass (Bar-On et al. 2018), energy flow (Falkowski et al. 2008), and
ecological complexity (Steele 1974).

However, the abundance of O, in Earth’s ocean—atmosphere system has changed dramatically
as the Earth system has evolved (Canfield 2005, Kump 2008, Lyons et al. 2014). These changes
span many orders of magnitude in atmospheric O, abundance and encompass a wide range of spa-
tiotemporal scales. Some have been driven by major changes in the metabolic capacity of Earth’s
biosphere, while others have been pushed by external drivers of Earth’s surface redox balance, such
as the rate and style of volcanism and the modes of sediment burial in the oceans. Still others have
been regulated by internal feedbacks within Earth’s oceans that link together the abundance of O,
in the ocean—-atmosphere system, the fertility of the ocean biosphere, global climate, and the long-
term exchanges of oxidized and reduced species between the solid and fluid Earth. Indeed, even
today many regions of Earth’s oceans are poised on the brink of anoxic conditions (Keeling et al.
2010), and such regions are often critically important for the large-scale biogeochemical cycles of
many linked major and trace element species.

In what follows, we consider ocean oxygenation on Earth in the context of four major peri-
ods of Earth’s history: (#) the Archean eon [4.0-2.5 billion years ago (Gya)], which bore witness
to the earliest evolution of oxygen-producing organisms within the context of a pervasively re-
ducing ocean—atmosphere system; (b) the early and middle Proterozoic eon (2.5-0.8 Gya), which
saw the earliest stages of atmospheric and oceanic oxygenation; (c) the Neoproterozoic and Pale-
ozoic eras [~800-250 million years ago (Mya)], which mark the dawn of the first complex aerobic
ecosystems and perhaps the first pervasive oxygenation of Earth’s oceans; and (d) the Mesozoic
and Cenozoic eras (~250 Mya to the present day), a world marked by a stable, well-oxygenated
ocean—atmosphere system that has nevertheless experienced large transient perturbations in ocean
oxygenation. We begin by outlining the basic controls on ocean oxygenation, then discuss the
current understanding of large-scale ocean oxygenation through each of these major periods of
Earth’s history. We consider each period from both theoretical and empirical perspectives and with
an eye toward highlighting recent developments, current gaps in understanding, and interesting
avenues for future work.

2. BASIC CONTROLS ON OCEAN OXYGENATION

In the modern oceans, the distribution of dissolved O is principally regulated by the interaction
between the supply of O, from the oxygen-rich atmosphere and the consumption of O, via aerobic
respiration or the reduced species generated by anaerobic microbial metabolism. Dissolved O,
concentrations in the modern surface ocean are thus uniformly high (Figure 1#) and are largely
within approximately £5% of those predicted by equilibrium with the overlying atmosphere at
in situ temperature and salinity (Figure 1¢). By contrast, large regions of the ocean interior can
be strongly deficient in dissolved oxygen (Figure 15,d). Although a relative decrease in dissolved
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Dissolved [O;] in the modern surface ocean and ocean interior. () Surface-ocean dissolved [O;]. (§) Dissolved [O;] at a depth of 525 m.
(¢c) Percentage deviation from oxygen saturation in the surface ocean. (d) Zonally averaged latitudinal depth section of dissolved [O;].

Note that the blue—green scale applies to panels 4, b, and d, and the blue—red scale applies to panel ¢. Annually averaged data derived

from the World Ocean Atlas 2018 (Boyer et al. 2018).

O; at intermediate depths is a pervasive feature in the ocean interior (Wyrtki 1962), particularly
intense dissolved O, minima—or oxygen-deficient zones—are prominent features of the eastern
tropical Pacific and Indian Oceans (Figure 15). In general, this pattern reflects intense respiratory
consumption of O, combined with a relatively weak circulatory connection with the atmospheric
O, reservoir via large-scale ocean circulation. Although the most intense oxygen-deficient zones
represent a relatively small fraction of the overall modern ocean volume (e.g., Karstensen et al.
2008), they are in many cases functionally anoxic and are thus regions of significant importance
for ocean metabolism and marine biogeochemistry (Wright et al. 2012). In the deeper oceans,
limited respiratory demand and deep-water renewal result in relatively high deep-ocean dissolved
O,, particularly in regions of intense deep convection (e.g., the North Atlantic; Figure 15,d).
Throughout Earth’s history, as is the case today, the oxygenation landscape of the oceans has
been controlled by the balance between the supply of O, to the ocean interior and the distribution
of respiratory demands within the ocean water column. These interactions can be visualized using
a simple model that relates oxygen levels in the deep ocean to atmospheric O, abundance and
the strength of the biological carbon pump—the production and transfer of organic carbon to
the ocean interior by the marine biosphere. In this model (Figure 2a), rates of O supply to the
deep ocean are controlled by the abundance of O, in the atmosphere and rates of ocean mixing,
while rates of O, consumption in the ocean interior are controlled by bioavailable phosphorus
(as PO4*7), which is assumed to govern steady-state organic carbon export flux from the surface
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Conceptual model for deep-ocean oxygenation. (#) The model structure, showing key reservoirs and exchange fluxes between them.
Boxes represent O; reservoirs, curved gray arrows represent air-sea gas exchange fluxes, and solid black arrows denote the meridional
overturning circulation and deep convective mixing at high latitudes. Organic carbon is exported from the surface ocean by the
biological pump at a magnitude commensurate with nutrient abundance in the ocean interior, creating an O, demand in the
deep-ocean reservoir. (b)) Oxygenation of the ocean interior as a function of atmospheric pO; and the strength of the ocean biological
pump. Contours show steady-state dissolved O, concentration of the deep ocean ([O2]deep), and the red line shows the approximate
value for the modern oceans. The term functionally anoxic refers here to [O2]geep values below 1 nM. Abbreviations: PAL, present
atmospheric level; pO3, partial pressure of O,.
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ocean (Tyrrell 1999). The oxygenation of the model deep ocean is thus governed by the balance
between O, supply from the atmosphere and O, demand by the marine biosphere, the latter of
which is a function of ocean nutrient status.

Though clearly a simplification of the marine system, this model illustrates several important
points. First, the partial pressure of O, (pO,) in the atmosphere must be relatively high in order
to maintain a pervasively ventilated deep ocean in the face of a biological pump similar to that of
the modern Earth. For example, in this model, on the order of 30% of the present atmospheric
O level is required to maintain a deep-ocean [O,] above ~10 wmol kg™! (Figure 2b), while an
average deep-ocean [O;] comparable to that of the modern deep ocean (~170 pmol kg=") requires
an atmospheric pO, of at least ~50% that of the modern Earth regardless of the strength of the
biological pump. Another key principle this model illustrates is that a drop in the marine nutrient
inventory can counteract the impacts of lower atmospheric pO, on deep-ocean oxygenation. For
instance, at a modern biological pump strength, a pervasively suboxic deep ocean—with dissolved
[O;] on the order of 1 pmol kg~'—occurs when atmospheric pO, drops below ~30% that of the
modern Earth, but this condition can be maintained at atmospheric pO; values more than an order
of magnitude below this if the marine nutrient inventory is sufficiently decreased (Figure 2b).

An important fact that can be obscured by this style of analysis is that the abundance of at-
mospheric O; and marine nutrient inventory are not independent variables, because the global
biogeochemical cycles of major nutrients fueling the biological pump (nitrogen, phosphorus,
and a range of trace elements) are mechanistically linked to the oxygenation state of the ocean—
atmosphere system. As a result, not all combinations of ocean nutrient inventory and atmospheric
O, level are permissible at steady state, because many will be incapable of balancing long-term
redox balance within the ocean—atmosphere—crust system. One of the simplest links among the
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() Atmospheric pO, and (b) oceanic [PO43~] through Earth’s history. In panel 4, the boxes show approximate ranges consistent with
existing geologic proxy constraints, and the solid line shows one plausible trajectory through them; the upward arrows depict putative
transient increases in ocean—atmosphere O, abundance during the late Archean. In panel 4, the small light blue bars show empirical
constraints from iron/phosphorus ratios in iron-rich chemical sediments, and the larger bars (<1.8 Gya) show model-derived values
from Ozaki et al. (2019) (dark blue) and Lenton et al. (2018) (green). Note that the absolute values and temporal trajectory of [PO43]
between approximately 1.8 and 0.5 Gya are not well constrained. Abbreviations: Gya, billion years ago; PAL, present atmospheric level;
pO2, partial pressure of O3.

carbon, phosphorus, and O, cycles that has been explored in detail recently is that anoxic condi-
tions favor increased organic carbon burial—which likely renders low-oxygen, high-productivity
combinations unstable (Cole et al. 2021, Derry 2015, Laakso & Schrag 2017, Ozaki et al. 2019,
Reinhard et al. 2017). Despite recent progress and its centrality to the operation of the Earth
system, the quantitative scaling between atmospheric pO; and marine nutrient abundance (in
particular PO4*7) is only broadly understood. In any case, it is useful to consider as a back-
drop the long-term evolutionary trajectories of atmospheric pO, and ocean nutrient abundance
(Figure 3), as these represent the key boundary conditions structuring ocean oxygenation through
Earth’s history (Figure 2b).

3. OCEAN OXYGENATION AT THE DAWN OF OXYGENIC
PHOTOSYNTHESIS: THE ARCHEAN EARTH

3.1. Oasis and Equilibrium Worlds

Prior to the evolution of oxygenic photosynthesis, the abundance of O; near Earth’s surface would
have been extremely low (Kasting et al. 1979). Photolytic and lightning-induced breakdown of
CO,, along with a disproportionation of H,O, produced from photolysis of water vapor, would
have yielded an average ground-level O, abundance on the order of 107! times the present atmo-
spheric level (PAL) (Haqq-Misra et al. 2011). Following the evolution of oxygenic photosynthesis,
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Dynamics of surface-ocean oxygenation as a function of atmospheric pO;. Panel # illustrates globally averaged surface-ocean dissolved
[O3] as a function of atmospheric pO;, showing results from a three-dimensional Earth system model (dark red line) and expected values

at saturation (light red line)

. The two are largely indistinguishable in the equilibrium regime, whereas in the oasis regime there is

potential for significant local elevation in [O;] in the surface ocean (see also Olson et al. 2018). Shown for comparison is modern
globally averaged surface dissolved [O;] from the World Ocean Atlas 2018 (Boyer et al. 2018) (ight blue line). Circles show the
individual states depicted in panels 4 and ¢; note the differing scales for [O;] in panels 4 and ¢. Abbreviations: PAL, present atmospheric
level; pO,, partial pressure of O,.
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atmospheric O, would have risen by many orders of magnitude (e.g., Kurzweil et al. 2013). How-
ever, the production and preservation of non-mass-dependent sulfur isotope anomalies (NMD-S)
in Archean and earliest Paleoproterozoic sedimentary rocks indicate that atmospheric pO, was
maintained at extremely low values, likely below ~10~7 PAL, for most of Archean time (Farquhar
et al. 2000, Pavlov & Kasting 2002, Zahnle et al. 2006) (Figure 34). At such low atmospheric
PO, values, the ocean interior would have remained functionally anoxic, even at minuscule ocean
nutrient abundances (Figure 2b).

However, an extremely low-oxygen atmosphere does not necessarily imply a pervasively anoxic
surface ocean (Kasting 1991, Olson et al. 2013, Reinhard et al. 2016). The emergence and eco-
logical expansion of oxygenic photosynthesis would thus have given rise to two broad regimes of
surface-ocean oxygenation (Figure 4). In the equilibrium regime—characteristic of the modern
oceans—surface dissolved [O;] is governed largely by gas exchange equilibrium with the atmo-
sphere. Globally averaged surface [O;] scales directly with atmospheric O, abundance (Figure 44)
and broadly follows a latitudinal gradient in which [O,] is elevated in cold, high-latitude surface
waters and decreases moving toward the equator (Figure 4b). Local (and seasonal) gas exchange
disequilibrium still exists (Figure 1¢), particularly in regions of deep convective mixing (Sun et al.
2017), but the disequilibrium is a small fraction of the overall oxygen reservoir and is superimposed
on the latitudinal gradient driven largely by temperature-dependent solubility.

Below a certain threshold of atmospheric pO, the surface ocean enters the oasis regime, in
which percentage shifts in surface dissolved [O] can be highly variable, with some regions of the
surface ocean effectively anoxic while others are characterized by local [O,] as high as ~10 pmol
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kg~! (Figure 4c). Surface [O,] tends to be locally elevated in coastal environments and regions of
intense vertical nutrient exchange, which in a roughly modern ocean circulation regime include
the major eastern boundary systems, the zone of equatorial divergence, and the Southern Ocean
(Figure 4c). The atmospheric pO, at which the surface ocean transitions between the oasis and
equilibrium regimes will depend to some extent on the climate state and mean ocean circulation
but should also respond to the ocean nutrient inventory. Specifically, as the ocean nutrient abun-
dance drops, the oasis/equilibrium transition should shift to lower atmospheric pO5.

The spatiotemporal dynamics and geomicrobiology of the surface ocean in the oasis regime are
not fully understood, but the possibility of locally high dissolved [O,] beneath a pervasively reduc-
ing atmosphere has several important implications. First, dissolved [O,] on the order of 1 wmol
kg~! or more would be expected even if nutrient levels were relatively low, providing the potential
for locally large redox-based energetic gradients for a wide range of microbial electron trans-
fer and respiratory metabolisms. This is consistent with genomic evidence for a relatively rapid
and comprehensive expansion of electron transfer pathways (David & Alm 2011) and oxygen-
utilizing enzymes (Jabloniska & Tawfik 2021) during the Archean. Second, this regime of ocean
oxygenation implies that oxygenic photosynthesis, along with an inclusive range of aerobic and
high-potential electron transfer metabolisms, could exist in shallow-ocean environments while
potentially remaining cryptic to geochemical tracers of atmospheric O, abundance. Tracking this
ocean oxygenation regime may therefore also help to constrain the timing of perhaps the most
significant biochemical innovation in the history of life on Earth—oxygenic photosynthesis.

3.2. Geologic Constraints on Surface-Ocean Oxygenation
During the Archean Eon

As discussed above, the preservation of NMD-S signals in Archean sedimentary rocks indicates
extremely low atmospheric O, and these signals are pervasive throughout the Archean and Pa-
leoproterozoic rock record (e.g., Johnston 2011). Massive iron formations—many of which ap-
pear to have formed under a water column in which iron was always more abundant than oxygen
(Busigny et al. 2014, Planavsky et al. 2012)—also indicate essentially oxygen-free oceans during
some periods of Archean time. At the same time, however, there is evidence for the local accumu-
lation of dissolved O, in surface-ocean environments prior to the initial oxygenation of Earth’s
atmosphere. Particularly striking are significant enrichments in solid-phase manganese, along with
co-occurring enrichments in Mo, in iron-rich sedimentary rocks from the Singeni Formation
(Mozaan Group, South Africa) deposited at ~3.0 Gya (Figure 5). Petrographic, geochemical,
sedimentological, and isotopic data all suggest rapid and effective production, stabilization, and
delivery of manganese mineral phases to sediments during the deposition of the Sinqeni For-
mation (Ossa Ossa et al. 2016, 2018; Planavsky et al. 2014). This has been interpreted to reflect
the oxidation of dissolved manganese and stabilization of manganese oxides in the presence of
dissolved O, followed by delivery to sediments and diagenetic recycling to manganese-bearing
carbonate phases. Similar geochemical signatures are also observed in slightly younger Archean
iron formations (Kurzweil et al. 2016). This interpretation of sediment manganese enrichments is
robust regardless of the possibility of oxygen-free manganese oxidation—through UV photooxi-
dation (Anbar & Holland 1992), photosynthetic oxidation (Johnson et al. 2013), or oxidation with
elemental sulfur (Daye et al. 2019)—given rapid manganese reduction under anoxic conditions
(e.g., Busigny et al. 2014).

Additional evidence for the accumulation of O, in shallow-ocean environments can be found
in younger siliciclastic and iron-rich marine sedimentary rocks deposited between approximately
2.7 and 2.5 Gya in western Australia and South Africa. In particular, bulk rock and kerogen-bound
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and ¢ taken from Planavsky et al. (2014) and Goldberg et al. (2009), respectively.
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stable nitrogen isotopes in organic-rich shales from the ~2.7-Gya Jeerinah Formation and the
~2.5-Gya Mt. McRae Shale (Hamersley Group, western Australia), along with the ~2.6-Gya
Nauga Formation (Ghaap Group, South Africa), are consistent with the presence of coupled nitri-
fication and denitrification (or anaerobic ammonium oxidation) reactions in some shallow marine
environments (Garvin et al. 2009, Godfrey & Falkowski 2009, Koehler et al. 2018), strongly sug-
gesting the presence of dissolved O;. In the Nauga Formation, these observations co-occur with
evidence from stable iron isotopes for partial iron oxidation (Czaja et al. 2012). Observations from
stable thallium isotopes in the Mt. McRae Shale suggest burial of oxidized manganese in shallow-
ocean sediments at ~2.5 Gya (Ostrander et al. 2019), consistent with a range of stable isotopic,
trace element, and radiogenic isotope data suggesting transient but possibly significant accumu-
lations of surface O; in the late Archean Earth system (Anbar et al. 2007, Kendall et al. 2015a).
Importantly, all of these signals co-occur with significant NMD-S anomalies, suggesting the
continued presence of a pervasively O,-poor atmosphere (Kaufman et al. 2007, Ono et al. 2009).

It is difficult to definitively rule out alternative mechanisms for producing any individ-
ual geochemical signature, particularly in sedimentary rocks that have long and complex post-
depositional histories at or near Earth’s surface. In particular, alternative pathways for partial iron
oxidation and significant nitrogen isotope fractionation that do not require the presence of O,
should also be considered, including oxidation of iron by anoxygenic photosynthetic bacteria (e.g.,
Croal et al. 2004) and nitrogen isotope redistribution due to partial uptake of NH4* and/or cou-
pling with anoxic iron redox cycling (Busigny et al. 2013). These considerations highlight the
importance of combining multiple independent lines of evidence and interpretation in the fullest
possible environmental context. Nevertheless, the collective Archean geochemical record points
to a surface-ocean oxygenation landscape in the oasis regime during at least some periods of the
Archean, and possibly sporadically more intense ocean oxygenation leading up to a major shift in
ocean—atmosphere redox state during the early Proterozoic.
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4. FEAST AND FAMINE: RISING AND FALLING OXYGEN
AND PRODUCTIVITY ON THE PROTEROZOIC EARTH

4.1. Ocean Oxygenation in the Wake of the Great Oxidation Event

A wide range of observations from Earth’s rock record indicate a transition to a more oxidizing
Earth surface environment after ~2.3 Gya—the Great Oxidation Event (Bekker et al. 2005 and
references therein). How much atmospheric O, rose initially during this period is not entirely
clear. Photochemical models indicate that pO, must be above ~10~° PAL to prevent the pro-
duction and delivery of NMD-S anomalies near Earth’s surface (Pavlov & Kasting 2002, Zahnle
et al. 2006). This is generally consistent with an apparent loss of detrital reduced minerals from
coarse-grained coastal fluvial and marine sediments (Johnson et al. 2014, Rasmussen & Buick
1999, Roscoe & Minter 1993) and evidence for iron oxidation in the terrestrial realm (Holland
1984, Rye & Holland 1998). However, all of these observations are consistent with an atmospheric
pO; perhaps orders of magnitude below what should be required to ventilate large regions of the
ocean interior (Figure 2b). Stable nitrogen isotope data indicate the onset of a pervasive aero-
bic nitrogen cycle in the surface ocean during this interval (Luo et al. 2018, Zerkle et al. 2017),
but it is not straightforward to tie this quantitatively to an atmospheric O; value or global ocean
oxygenation landscape.

Accumulating sedimentological and geochemical observations suggest a transient period of el-
evated atmospheric O, between approximately 2.2 and 2.0 Gya (Figure 3#) in association with a
very large perturbation to Earth’s carbon cycle (Karhu & Holland 1996). Anomalously positive car-
bon isotope records during this time period—whether they track a local or global signal (Geyman
& Maloof 2019, Karhu & Holland 1996)—likely point to high rates of primary productivity. The
oldest bedded sulfate evaporite deposits in Earth’s rock record also appear during this interval, in
the Lucknow Formation in South Africa (Schroder et al. 2008) and the Tulomozero Formation
in northwest Russia (Melezhik et al. 2005). The formation of gypsum (a hydrated sulfate mineral,
CaS04-2H,0) before halite (NaCl) in these systems implies seawater sulfate concentrations above
~1-2 mmol kg~! (compared with 28 mmol kg~! in modern seawater). The stable calcium isotope
composition of Tulomozero evaporites, together with the presence of magnesium sulfate min-
erals, further constrains contemporaneous seawater to contain at least ~10 mmol kg~! (Blittler
et al. 2018). While this does not provide a direct constraint on ocean—atmosphere O, levels, it is
indicative of a robust oxidative sulfur cycle and is consistent with pervasive oxygenation of Earth’s
oceans. For instance, ocean-sediment models of global sulfur cycling imply that these sulfate levels
require largely oxygenated oceans (Fakhraee et al. 2019).

Redox-sensitive trace elements, sedimentary iron speciation, and stable molybdenum isotope
systematics in the Francevillian Group in western Africa suggest local ocean oxygenation be-
neath storm wave base (e.g., on the order of 10-100 m) at ~2.1-2.0 Gya (Canfield et al. 2015).
Marked redox-sensitive trace element and »**U enrichments in siliciclastic sedimentary rocks
from the slightly younger Zaonega Formation in northwest Russia provide additional evidence
of widespread ocean oxygenation at ~2.0 Gya (Mind et al. 2020). As above, quantitative links
between redox-sensitive trace element enrichments and stable isotope systematics remain impre-
cise, making it difficult to use these data to definitively constrain atmospheric pO, and large-scale
patterns of ocean oxygenation. However, taken together with quantitative estimates of elevated
seawater SO,4°~, these observations point toward pervasive ocean oxygenation, perhaps on a scale
comparable to that of the recent/modern Earth.

There is evidence for a relatively rapid drop in ocean—atmosphere oxygen levels and marine
primary production following this apparent period of transient ocean oxygenation. This shift in
redox conditions is marked foremost by the reappearance of evidence for anoxic conditions in very
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shallow waters and the disappearance of sulfate evaporites (Canfield 2005, Grotzinger & Kasting
1993). Most notably, between 1.9 and 1.8 Gya (Fralick et al. 2002) there was an apparent return
to the deposition of massive shallow-water iron formations, with iron oxidation occurring in the
wave-mixed upper portion of the oceans (Dimroth & Chauvel 1973, Planavsky et al. 2009, Raye
et al. 2015). There is also evidence from rare-earth element systematics for anoxic conditions in
very shallow water (likely >50 m) (Bellefroid et al. 2018). These observations are consistent with
recent oxygen isotopic evidence for a dramatic drop in oceanic primary production after ~2 Gya
(Hodgskiss et al. 2019).

4.2. An Oligotrophic Ocean Model for the Mid-Proterozoic Earth

Existing constraints on ocean oxygenation during the mid-Proterozoic (~1.8-0.8 Gya) yield com-
plex and variable signals. The speciation of iron-bearing minerals in marginal siliciclastic sedimen-
tary rocks (Guilbaud etal. 2015, Planavsky etal. 2011, Poulton etal. 2010, Sperling etal. 2015) sug-
gests that anoxic bottom waters were common on shelf and slope environments but were buffered
by dissolved Fe?* rather than hydrogen sulfide (termed ferruginous conditions). The contrasting
behaviors of molybdenum, chromium, uranium, and rhenium in organic-rich marginal sedimen-
tary rocks deposited throughout the mid-Proterozoic qualitatively indicate widespread marine
anoxia (Partin et al. 2013, Reinhard et al. 2013, Scott et al. 2008, Sheen et al. 2018) and, when cou-
pled to mass balance modeling of oceanic trace element inventories, suggest that the most common
form of anoxia in modern oceans—euxinia (anoxic but containing dissolved H,S)—covered only
a very small fraction of the seafloor (Reinhard et al. 2013). In addition, there are geochemical
signals for anoxic conditions in very-shallow-water environments, including in the wave-mixed
portions of the oceans (Bellefroid et al. 2019, Doyle et al. 2018, Liu et al. 2021, Tang et al. 2016).
Taken together, these observations indicate pervasively anoxic, but sulfur-poor, ocean chemistry
for much of mid-Proterozoic time.

However, several observations point to surface-ocean oxygenation and a heterogeneous marine
redox landscape at intermediate depths in mid-Proterozoic oceans. For example, multiproxy inves-
tigation of the ~1.8-Gya Stambaugh Formation in the United States indicates episodic deep-water
oxygenation against a background of predominantly anoxic conditions (Planavsky et al. 2018b).
Limited reactive iron enrichment and muted enrichment of redox-sensitive trace elements in basi-
nal shales from the Kaltasy Formation in central Russia (~1.4 Gya) are consistent with at least
weakly oxygenated conditions in some deep-shelf environments contemporaneous with euxinic
and ferruginous conditions in similar depositional environments elsewhere (Sperling et al. 2014).
Authigenic iodine enrichments in shallow marine carbonates and early diagenetic carbonate con-
cretions also suggest widespread oxygenation of the upper oceans during some intervals of the
mid-Proterozoic (Liu et al. 2020, Shang et al. 2019).

True archives of deep-ocean oxygenation prior to the Cenozoic (65 Mya to the present) are ex-
tremely rare. Volcanogenic massive sulfide deposits, often containing iron-rich chemical sediments
and associated sulfide ores rich in copper, provide one of the few windows into true deep-ocean
chemistry during mid-Proterozoic time (Slack et al. 2007). Importantly, the copper-rich compo-
sition of these deposits requires hydrostatic pressure equivalent to a depth of at least ~1 km to
prevent loss of copper prior to mineralization at the seafloor (Slack et al. 2007, 2009). The trace
and rare-earth element systematics of similar volcanogenic massive sulfide deposits formed at ap-
proximately 1.8 Gya, 1.7 Gya, 1.4 Gya, and 1.2 Gya have been interpreted to reflect weakly oxy-
genated (suboxic) conditions in the deep ocean for at least some periods of the mid-Proterozoic
(Little et al. 2021; Slack et al. 2007, 2009). Evidence for low-oxygen conditions is consistent with
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Figure 6

Statistical distribution of deep-ocean dissolved [PO43~] during the mid-Proterozoic derived from the
stochastic large-ensemble model analysis of Ozaki et al. (2019). The histogram shows the distribution of
individual model runs, the open circle denotes the median value, the solid line shows +10, and the shaded
bar shows the 90% credible interval. Abbreviation: POL, present oceanic level (~2.1 pmol kg~1).

deep-ocean [O;] reconstructed from the iron redox chemistry of extrusive, subaqueous volcanic
rocks, though this record also allows for pervasive deep-ocean anoxia (Stolper & Keller 2018), and
the eruption depths of these rocks are not always well constrained.

As discussed above, estimates of both biospheric productivity and atmospheric O, are needed
in order to fully understand the factors controlling ocean oxygenation. Although the precise range
of atmospheric pO, values during the mid-Proterozoic is not yet clear (Gregory et al. 2021, Liu
et al. 2021, Planavsky et al. 2018a), it is widely accepted that atmospheric O; was well below that
of the modern Earth. At the same time, there is increasing evidence from both the rock record
and biogeochemical models indicating very low marine nutrient abundances—and thus levels of
primary productivity—during the same period. In particular, the abundance of phosphorus in sili-
ciclastic sedimentary rocks deposited along continental margins throughout the mid-Proterozoic
has been interpreted to reflect extreme phosphorus-limited growth and very little phosphorus au-
thigenesis even in biogeochemically active, organic-rich continental margin sediments (Reinhard
et al. 2017). In parallel, large-ensemble biogeochemical modeling (Ozaki et al. 2019) suggests a
mid-Proterozoic PO4*~ inventory on the order of 5% of the present oceanic level (Figure 6),
consistent with results from low-order Earth system models (e.g., Laakso & Schrag 2017). A low-
productivity marine biosphere is also consistent with the stable oxygen isotope compositions of
marine and lacustrine evaporite minerals, which have been interpreted to suggest reduced bio-
spheric productivity during the mid-Proterozoic (Crockford et al. 2018).

Altogether, Earth’s mid-Proterozoic rock record provides evidence for an oligotrophic ocean
in which the ocean redox structure is maintained in a mixed anoxic/weakly oxygenated state at
relatively low atmospheric pO, and low marine nutrient abundance. The first-order features of
ocean oxygenation under these conditions can be broadly illustrated by implementing the esti-
mated marine PO4*~ abundances obtained by Ozaki et al. (2019) in a three-dimensional ocean
biogeochemistry and climate model, assuming a roughly modern ocean bathymetry and climate
state but a much lower atmospheric pO, of 1% PAL (Figure 7). We consider three scenarios for
each of the bounded PO4*~ inventory values obtained by Ozaki et al. (2019): (4) a default scenario,
with a mean climate and ocean circulation similar to that of the modern Earth; (5) a high-CO,
scenario, in which atmospheric pCO; is set to 10 times that of the modern preindustrial value; and
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(¢) a no-flux scenario, in which the freshwater rebalancing flux in the ocean circulation model is
adjusted downward, decreasing the strength of the meridional overturning circulation (e.g., Marsh
etal. 2011).

The spatial patterns of benthic ocean oxygenation resulting from this exercise are shown in
Figure 7. We emphasize that this analysis is only meant to be illustrative—bathymetry, climate
state, and ocean nutrient abundance are only weakly constrained for this period of Earth’s history
and would also have changed considerably over time. Nevertheless, it demonstrates that, in princi-
ple, large regions of the seafloor can be weakly oxygenated even at a relatively low atmospheric pO,
of ~1% PAL, with large regions of the deep ocean characterized by dissolved [O,] on the order of
micromoles per kilogram of seawater. This redox state would be difficult to distinguish from oxic
depositional conditions using iron speciation or trace element enrichments (Scholz 2018, Sperling
et al. 2014) and is fully consistent with constraints based on stable uranium isotope systematics
(Yang et al. 2017) and the geochemistry of deep-sea volcanogenic massive sulfide deposits (Slack
et al. 2007, 2009). Such a weakly oxygenated state can also be maintained at progressively higher
marine nutrient abundances provided that atmospheric pO, also rises (Figure 25).
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Placing more definitive constraints on atmospheric pO, and marine nutrient abundance
during the mid-Proterozoic remains an important challenge. It is particularly important to better
establish the quantitative scaling between ocean—atmosphere O, levels and marine nutrient
abundance, which is currently only crudely parameterized in biogeochemical models (Laakso &
Schrag 2017, Ozaki et al. 2019, Reinhard et al. 2017). The development of ocean biogeochemistry
models with more robust mechanistic representations of the coupled oceanic cycles of iron,
phosphorus, and sulfur represents a significant challenge (van de Velde et al. 2021) but will be
critical in future attempts to invert patterns of ocean oxygenation for atmospheric composition.
Despite key advances in using iron-rich chemical sediments to develop first-order constraints on
marine [PO4’~] through time (Bjerrum & Canfield 2002, Jones et al. 2015, Konhauser et al. 2007),
there is also a pressing need to develop additional empirical constraints on both marine nutrient
levels and marine primary production. Nevertheless, we suggest that the working hypothesis of
an oligotrophic ocean state may help to reconcile geologic evidence for low atmospheric pO,
with the current understanding of spatial redox structure and evidence for weakly oxygenated
conditions from existing archives of deep-ocean chemistry.

5. VENTILATING THE OCEAN INTERIOR: THE NEOPROTEROZOIC
AND EARLY PHANEROZOIC EARTH

It is common to depict the oxygenation of Earth’s ocean—atmosphere system as having occurred
in two broadly stepwise increases near the beginning and end of the Proterozoic eon (Canfield
2005, Lyons et al. 2014, Och & Shields-Zhou 2012) (Figure 3). However, in detail, both of these
transitions were likely dynamic and complex in their own right. In particular, although there are
multiple instances of apparent late Neoproterozoic ocean oxygenation on a broad scale (Kendall
etal. 2015b; Sahoo et al. 2012, 2016), it is becoming increasingly clear that there was not a single
transition to a more oxygenated ocean state. Geochemical and sedimentological records instead
suggest multiple instances of widespread ocean oxygenation against a backdrop of largely anoxic
oceans during most of the late Neoproterozoic era.

There is also increasing evidence that ocean anoxia was extensive in the early Paleozoic era,
an idea with a long history (Berry & Wilde 1978, Wilde 1987). Specifically, combined evidence
from local (Sperling et al. 2015), regional (Lu et al. 2018, Wallace et al. 2017), and global (Dahl
etal. 2019, Wei et al. 2020) redox proxies suggests extensive anoxia during the Cambrian (~541-
485 Mya), Ordovician (~485-444 Mya), and Silurian (~444-420 Mya). Similar to the Neoprotero-
zoic, there are intervals—particularly during the Cambrian—during which the extent of marine
anoxia appears to have waxed and waned periodically. For instance, sulfur and uranium isotope
systematics indicate multiple intense spikes in the pervasiveness of marine anoxia during the early
(~530 Mya) and late (~500 Mya) Cambrian (Dahl et al. 2019, Gill et al. 2011), while there appear
to have been transient intervals of ocean oxygenation intensity that may have been similar to that
of the modern Earth (Dahl et al. 2019). The general picture is one of progressive, if fitful, ocean
oxygenation through the late Neoproterozoic and Paleozoic eras, with ocean oxygenation land-
scapes starting to become broadly similar to that of the modern/recent Earth only after ~400 Mya.

The apparent expansion of well-oxygenated ocean conditions correlates temporally with the
rise of vascular land plants, and specifically with putative increases in the depth and intensity of
rooting in terrestrial ecosystems (e.g., Wallace et al. 2017). In particular, there is a striking coin-
cidence between the emergence of deep rooting systems during the Silurian—-Devonian transition
(~410-390 Mya) and an increase in the proportion of marine sedimentary rock samples deposited
under oxygenated waters (Dahl etal. 2010, Sperling et al. 2015, Stolper & Keller 2018). There also
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appear to be changes in samples deposited under anoxic bottom waters, with a shift from samples
being dominated by ferruginous conditions to being dominated by euxinic conditions (Sperling
etal.2021). Given this temporal correspondence, it has been hypothesized that vascular plants—by
both increasing the mobilization of bioavailable phosphorus from Earth’s crust and increasing the
globally integrated rate of carbon burial per unit phosphorus—drove a secular increase and long-
term stabilization of atmospheric pO, at roughly modern values (Kump 1988, Lenton et al. 2016),
which would have driven more pervasive oxygenation of the ocean interior. Although the precise
mechanistic links among the various stages of terrestrial ecosystem expansion, ocean—atmosphere
O, and CO; levels, and ocean oxygenation remain topics for future work (D’Antonio et al. 2020,
Dahl & Arens 2020, Ibarra et al. 2019), it seems increasingly likely that the oceans did not transi-
tion into a modern, well-oxygenated ocean until late in Earth’s history (<400 Ma), after the initial
emergence of land plants.

6. DEOXYGENATION IN OXIC OCEANS: THE MESOZOIC
AND CENOZOIC EARTH

Itis anticipated that climate warming in the coming centuries will strongly impact a wide range of
marine processes, including large-scale circulation, marine biogeochemical cycling, and ecosys-
tem structure (Gruber 2011, Keeling et al. 2010, Levin 2018, Oschlies et al. 2018). These changes
have the potential to affect ocean oxygenation in at least three key ways. First, there is a decrease
in the solubility of O, in marine surface waters as ocean temperatures rise, which will tend to
reduce the thermodynamic capacity of the ocean to store dissolved O,. Second, patterns of ocean
circulation are expected to shift considerably in the face of climate warming, leading to the po-
tential for more intense stratification in the shallow ocean and potentially changes in the strength
of the large-scale overturning circulation, all of which can both impact the replenishment of dis-
solved O3 in the ocean interior and change the supply rates of key nutrients to the surface ocean.
Third, changes in the background and seasonal temperatures of marine ecosystems are expected to
impact marine biogeochemistry, in particular by modulating rates of photosynthetic O, produc-
tion and the consumption of O, during respiration in the ocean interior. However, there remains
considerable uncertainty in the overall magnitude and spatial patterns of ocean deoxygenation
in the face of future climate warming, with attendant unpredictability in ocean carbon storage,
food security, and ecosystem stability (e.g., Bindoff et al. 2019). As a result, there is considerable
interest in reconstructing the response of ocean oxygenation to climate shifts in Earth’s recent
past.

It is useful to distinguish between two different modes of climate shift observed in the
Mesozoic (~251-65 Mya) and Cenozoic (~65 Mya to the present) Earth system, which has been
characterized by relatively well-oxygenated oceans overall. The first involves long-term secular
changes in surface temperature and climate state on timescales greater than ~107 years. For exam-
ple, over the last ~50 million years, global average surface temperatures have steadily decreased
from nearly 30°C during the early Eocene (Burke et al. 2018, Hansen et al. 2013) to less than 10°C
during the most recent Pleistocene glacial epoch (e.g., Tierney et al. 2020). The solubility impact
of such a large temperature change alone would be anticipated to lead to significant changes in
ocean oxygen storage (Figure 8), with the prediction of expanded marine anoxia during the warm
Eocene. Interestingly, however, there is very little evidence for major changes in ocean oxygena-
tion over the last ~50 million years. For example, metal isotope systematics limit the extent of
benthic anoxia to less than ~1% of global seafloor area over the same interval (Wang et al. 2016).
This suggests that on long timescales, there are feedbacks within well-oxygenated oceans that
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The potential impact of Cenozoic temperature change on ocean oxygenation. (#) Dissolved [O3] at air saturation as a function of
temperature and a fixed salinity of 35%o and pressure of 1 atm using the method of Garcia & Gordon (1992). The circles depict
approximate globally averaged surface temperatures for three different Earth system states: the preindustrial modern state (black), the
Pliocene glacial Earth (blue), and the early Eocene Earth (red). (/) Cumulative frequency distribution of bottom-water dissolved [O3] in
a three-dimensional Earth system model, using a preindustrial modern state (black) and scaling [O;] according to the estimated
temperature-dependent changes in solubility shown in panel 4.

stabilize the carbon, nitrogen, phosphorus, and O; cycles and prevent widespread changes to ocean
oxygenation despite very large long-term changes to global temperature (e.g., Shackleton 1987).

In marked contrast to protracted secular climate cooling over the last ~50 million years, rapid
temperature changes during transient carbon cycle perturbations appear to cause significant in-
creases in the extent of marine anoxia (Figure 9). Prominent examples include the Cretaceous
and Triassic ocean anoxic events at approximately 92, 120, and 180 Mya and the end-Triassic
(~200 Mya) and end-Permian (~250 Ma) mass extinction events, both of which led to staggering
losses of marine biodiversity (Dal Corso et al. 2020, Erwin 1990, Fan et al. 2020). Combined esti-
mates of global ocean oxygenation (from uranium isotope records) and carbon release rates (from
carbon isotope records and volcanic province eruption rates) indicate a broad scaling between car-
bon release rate and the intensity of transient ocean deoxygenation (Figure 9). The end-Permian
is the most extreme of these events, with anoxic conditions estimated to have covered ~30%
of global seafloor area, and with anoxic conditions observed even in open-ocean pelagic locali-
ties (Isozaki 1997). However, although lower oxygen solubility and intensified ocean stratifica-
tion can be important drivers of ocean deoxygenation (see above), current state-of-the-art Earth
system models forced by temperature changes alone (Penn et al. 2018) do a poor job of predict-
ing the spatial pattern of anoxic conditions (Eltom et al. 2017; Huang et al. 2017, 2019; Isozaki
1997; Lei et al. 2017). This suggests that co-occurring changes to global nutrient cycling, such
as increased chemical weathering and phosphorus release to the oceans at elevated temperature
and circulation-driven changes to the recycling of nutrients within marine ecosystems, also play
key roles in driving ocean deoxygenation during transient climate warming. Further exploration
of short- and long-term feedbacks within the coupled carbon, nitrogen, phosphorus, sulfur, and
O; cycles will be critical for evaluating whether there are suitable past analogs for future ocean
deoxygenation.
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Figure 9

Relationship between the magnitude of carbon cycle perturbation and the transient increase in deep-ocean
anoxia for a series of warming events in Earth’s Mesozoic/Cenozoic history. Carbon release rates are
estimated from carbon isotope data or radiometric constraints on volcanic CO; degassing; the relative
fraction of seafloor anoxia (fanox) is estimated based on stable uranium isotope records. Abbreviations:
OAE, oceanic anoxic event; PETM, Paleocene—Eocene thermal maximum; PTB, Permian—Triassic
boundary; TJB, Triassic—Jurassic boundary; TOAE, Toarcian oceanic anoxic event. Data are from C.K.
Chen, I.P. Montanez, S. Zhang, T.T. Isson, S.I. Macarewich, et al. (manuscript in review).

1. Large-scale patterns of ocean oxygenation are driven fundamentally by the combined
effects of the partial pressure of O, (pO;) in the atmosphere and marine nutrient avail-
ability. The oxygenation of Earth’s oceans has thus followed largely in step with secular
increases in atmospheric pO; and co-occurring changes to marine nutrient abundance.

2. When atmospheric pO; is very low, ocean oxygenation is limited to the surface ocean
and is spatially heterogeneous. However, the overall magnitude of disequilibrium be-
tween local dissolved [O;] and the global atmosphere is governed by patterns of ocean
circulation and marine nutrient availability.

3. When atmospheric pO, surpasses ~10% of the present atmospheric level, surface-ocean
oxygenation is poised close to equilibrium with respect to air-sea gas exchange, while
strong heterogeneity in oxygenation shifts from the ocean surface to the ocean interior.

4. Atmospheric pO, and marine nutrient availability are mechanistically linked, such that
low-0O,, high-productivity Earth system states are unlikely to be stable unless geophys-
ical reductant fluxes are large. One result is the possibility that regions of the ocean
interior could become weakly oxygenated despite relatively low atmospheric pO,.

346 Reinbard o Planavsky



Annu. Rev. Mar. Sci. 2022.14:331-353. Downloaded from www.annualreviews.org
Access provided by Georgia Institute of Technology on 01/04/22. For persona use only.

5. Despite evidence for step changes in the background state of the marine redox land-
scape, there have been significant transient ocean oxygenation and deoxygenation events
through the Proterozoic and Phanerozoic.

1. The scaling between atmospheric pO, and the ocean PO4*~ inventory is a critical feature
of the Earth system but is poorly known at present. In particular, although it is conven-
tionally thought that anoxic and sulfidic (euxinic) conditions will lead to more efficient
recycling of PO4>~ and the potential for positive feedback during transient ocean deoxy-
genation, the impact of anoxic and iron-rich (ferruginous) conditions on marine PO4*~
is not well constrained.

2. Similarly, the quantitative scaling between marine SO4*~ abundance and patterns of
ocean oxygenation is only broadly constrained. This is important, because some of the
most informative proxies for ocean oxygenation in Earth’s most distant past come only
indirectly from geochemical tracers of ocean SO42~ abundance.

3. Earth system models that fully encapsulate the coupled oceanic cycles of iron, phos-
phorus, sulfur, and O, across a wide range of redox states will be crucial for better un-
derstanding the modalities of ocean oxygenation when atmospheric pO, is low and for
predicting the dynamics of ocean deoxygenation when atmospheric pO; is high.

4. There has been significant focus on the development of new tracer systems and isotopic
proxies. Moving forward, an increased focus should be placed on generating robust geo-
chemical records with better context and more directly coupling mechanistic biogeo-
chemical models with observations from Earth’s rock record.
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