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ABSTRACT 21 

The early evolutionary and much of the extinction history of marine animals, is thought 22 

to be driven by changes in dissolved oxygen concentrations ([O2]) in the ocean1–3. In turn, 23 

[O2] is widely assumed to be dominated by the geological history of atmospheric oxygen 24 

(pO2)4,5. Here, in contrast, we show via a series of Earth system model experiments how 25 

continental rearrangement during the Phanerozoic drives profound variations in ocean 26 

oxygenation and induces a fundamental decoupling in time between upper-ocean and 27 

benthic [O2]. We further identify the presence of (paleogeographical) state-dependent 28 

modes of circulation instability (oscillations), which allows for pO2 to already be close to 29 

modern by the beginning of the Phanerozoic despite the deep ocean remaining anoxic. 30 

The occurrence of extreme volatility in ocean oxygenation also provides a causal 31 

mechanism explaining elevated rates of metazoan radiation and extinction during the 32 

early Paleozoic6. The absence in our modelling of any simple correlation between global 33 

climate and ocean ventilation together with the occurrence of profound variations in 34 

ocean oxygenation independent of atmospheric pO2, presents both a challenge to the 35 

interpretation of marine redox proxies, but also points to a hitherto unrecognized role 36 

for continental configuration in the evolution of the biosphere.  37 

 38 

MAIN TEXT  39 

The availability of dissolved oxygen in the ocean exerts a critical control on habitability for 40 

marine animals1,7 and is thought to have dramatically impacted their evolution from the late 41 

Neoproterozoic and through the Phanerozoic Eon (635-0 Ma)1–3. Indeed, the emergence of the 42 

first unambiguous metazoans during the Ediacaran period (635–541 Ma) may have been 43 

triggered by the occurrence of ambient [O2] sufficient to support the metabolism of a large 44 

body size1. Further increases in ocean oxygenation may have contributed to the Great 45 
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Ordovician Biodiversification Event8 as well as the rise of large predatory fish in the 46 

Devonian9. Conversely, episodic deoxygenation is considered the primary kill mechanism 47 

during many of the major Phanerozoic mass extinction events, including the Late Ordovician10, 48 

Late Devonian11 and end Permian7. 49 

The past few decades have seen the development and application of a variety of 50 

geochemical redox proxies such as δ238U12, δ98Mo9, I/Ca13 and iron speciation14, which have 51 

provided us with unprecedented insights into the Phanerozoic history of ocean oxygenation5,13. 52 

In parallel, numerical models have been instrumental in helping interpret the proxy trends and 53 

test hypotheses for the underlying driving mechanisms4,15. Principal amongst the ideas that 54 

have arisen is that changes in atmospheric pO2 can be inferred from the ocean4,5,15. However, 55 

for computational reasons, this link between ocean [O2] and atmospheric pO2 has invariably 56 

been made without considering how ocean circulation may have changed through time4,5,15. 57 

While the importance of continental drift for ocean circulation and surface climate has recently 58 

started to be studied systematically16–18, spatial patterns of ocean geochemistry and redox have 59 

only been considered in a limited number of continental configurations (e.g. refs7,19) and often 60 

analyzed in temporal isolation. Here we explicitly address this gap, employing an Earth System 61 

Model to quantify how continental configuration modulates the distribution of [O2] in the 62 

ocean, thereby leading us to a radically different conclusion regarding the inferences that can 63 

be drawn from marine redox proxy records. 64 

We base our analysis on a series of past ocean circulation scenarios generated using 65 

the cGENIE20 Earth System Model (see Methods). In these, we consider both the potential 66 

role of changing ecological structure in the ocean (using the size-structured plankton model 67 

of ref21) as well as the influence of temperature on metabolic rates (following ref22) in 68 

creating 3D realizations of the distribution of [O2] in the ocean. Based on the continental 69 

reconstructions of Scotese and Wright23, we conducted one simulation every 20 Myrs 70 
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through the Phanerozoic (540 Ma to 0 Ma), for a total of 28 simulated time slices. In order to 71 

help isolate the impact of continental drift from other changes occurring through the 72 

Phanerozoic, only the continental configuration23 (plus atmospheric boundary conditions – 73 

see Methods) was varied from one time slice to the other. Solar luminosity (1368 W m-2), 74 

atmospheric oxygen concentrations (20.95 %), and ocean nutrient inventory (2.1 µmol kg-1 75 

PO4) were kept identical in every model run, and in a first series of simulations (#1), we also 76 

kept atmospheric pCO2 fixed (at 2240 ppm). We hence are not aiming to reconstruct the 77 

Phanerozoic evolution of climate here (see e.g. refs16,18), but rather, expose the underlying 78 

importance of changes in continental configuration. 79 

Despite assuming both invariant solar constant and pCO2, substantive variability in 80 

climate through the Phanerozoic occurs in the model (Fig. 1b). This is an expected result of 81 

sea-level driven changes in the proportion of absorptive ocean surface vs. more reflective 82 

land surface17,24 and in a principal component analysis conducted across all 28 time slices, we 83 

find a strong positive correlation between global mean sea-surface temperature (SST) and 84 

global ocean surface area (Fig. 1e; R2 = 0.585). Given our assumption of invariant pO2 85 

(deliberately chosen to expose the role of the continental configuration), we find a relatively 86 

straightforward and expected inverse relationship between mean ocean surface [O2] and SST 87 

(Fig. 1b, e) – driven primarily via changes in oxygen solubility and modulated by the 88 

latitudinal distribution of ocean surface area. Global mean subsurface (ca. 90–190 m depth in 89 

the model) [O2] exhibits a more exaggerated temporal evolution (Fig. 1c). Respiration of 90 

organic matter exported from the ocean surface now strongly amplifies subsurface oxygen 91 

variability (Fig. 1c, e) and introduces new features unconnected to SST changes, such as the 92 

~35 μmol kg-1 decrease from 460 to 400 Ma. This is our first hint of the importance of 93 

changing continental distribution (and hence large-scale pattern of ocean circulation) which 94 

in the case of subsurface [O2] is via changes in the resupply of nutrients to the surface. Even 95 
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without attempting to simulate a realistic sequence of Phanerozoic climate states (and hence 96 

changing ocean surface oxygen solubility), our modelling provides hints as to the timing of 97 

Oceanic Anoxic Events (OAEs) during the Phanerozoic (Fig. 2). For instance, ocean 98 

deoxygenation develops in the paleo-Tethys in the Early Triassic (ca. 260 Ma)25, in the 99 

central Atlantic during the Lower Cretaceous (Aptian, ca. 120 Ma)26 and in the central 100 

Atlantic during the Late Cretaceous (100–80 Ma)19. That the Late Devonian OAE (380 Ma)27 101 

and Toarcian OAE (ca. 180 Ma)28 are not captured by our simulations may either be a result 102 

of the coarse model grid (for the Tethys Ocean during the Toarcian OAE in particular28; Fig. 103 

2), or simply a consequence of a too-cold climate state and/or an insufficient nutrient 104 

inventory. 105 

Our unexpected discovery from the numerical modelling is how variable global deep-106 

ocean [O2] (calculated as the mean of all benthic grid points in the model below 1000 m 107 

depth) is (Fig. 1d); ranging from 30 μmol kg-1 (and near fully anoxic) to 178 μmol kg-1 (a 108 

little higher than modern). The early Paleozoic (540 to 460 Ma) in particular stands out and is 109 

characterized by anomalously poor deep seafloor oxygenation (generally < 45 μmol kg-1) in 110 

the model, with an abrupt rise to 171 μmol kg-1 at 440 Ma and thereafter mostly remaining 111 

above 100 μmol kg-1 (Fig. 1d). Simulated water age (the mean time since a water parcel was 112 

last exposed to the atmosphere) anti-correlates with mean global and benthic [O2] (Fig. 1d, 113 

e), while SST and global water age do not correlate (Fig. 1e; R2 = 0.001), pointing to the 114 

dominance of a paleogeographical control on deep-ocean oxygenation and additionally 115 

implying that notions of past warm oceans necessarily being ‘stagnant’ or poorly ventilated, 116 

are wholly incorrect. 117 

To further simplify the attribution of causes of benthic [O2] variability through the 118 

Phanerozoic and eliminate global climate change as a factor, we carried out a second series of 119 

model experiments (#2) in which we varied pCO2 so as to approximately ‘correct’ for the 120 
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paleogeographical impacts on climate, leaving mean global SST and surface oxygenation 121 

largely invariant (Fig. 3). Variance in mean benthic [O2] (Fig. 3d) is now if anything, even 122 

greater than in #1 (Fig. 1d). Sensitivity tests demonstrate that global mean trends are largely 123 

independent of whether a temperature-dependent (Fig. 1) or fixed remineralization profile 124 

(Extended Data Fig. 1) is assumed. Similarly, patterns of benthic [O2] are only weakly 125 

impacted by uncertainties in the position of mid-ocean ridges (Extended Data Figs. 2, 3) and 126 

the remineralization scheme employed in the model (Extended Data Fig. 4). 127 

The role of continental configuration in creating conditions of extreme deep-ocean 128 

deoxygenation and weakened ventilation (old water mass ages) during the early Paleozoic 129 

(prior to 440 Ma in series #1 (Fig. 1d), and 420 Ma in series #2 (Fig. 3d)), arises from a 130 

regime of self-sustained oscillation in the large-scale circulation of the ocean in the model 131 

(Extended Data Figs. 5 and 6, Supplementary Discussion). It is known that, under certain 132 

climate conditions, advective feedbacks in the ocean circulation can destabilize the steady 133 

state29. In our study, having minimized the influence of climate, it is the occurrence of 134 

specific continental configurations that allows for the destabilization of the steady-state 135 

circulation solutions, resulting in stable oscillations with a mean state characterized by low 136 

benthic [O2] (Figs. 1d, 3d). Some experiments in the series exhibit oscillatory modes that are 137 

linearly stable, but only weakly stable, resulting in clear examples of damped oscillations 138 

(Extended Data Figs. 5bb and 6z). Since the frequencies of the damped and self-sustained 139 

oscillations in adjacent time-slice experiments (Extended Data Figs. 6z and 6aa, respectively) 140 

are very similar, the paleogeography-driven transition could represent a Hopf bifurcation, 141 

resulting in self-sustained oscillations around an unstable steady state. Of course, the 142 

differences in the two simulation series illustrate that the climate state also influences the 143 

presence/absence of an oscillatory regime (contrast Figs. 1 and 3). 144 
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We have good reason to conclude that the occurrence of oscillatory ocean circulation 145 

modes is not an artefact of the particular model used here. For instance, oscillations have 146 

previously been identified in both (ocean-only) 3D ocean circulation models30,31 and 3D 147 

ocean circulation models coupled to simplified representations of atmospheric dynamics 148 

(Earth System Models of intermediate complexity)32,33. Given the long integration times (≥6 149 

kyr) required to distinguish the onset of a stable oscillation from the often ca. 3 kyr interval 150 

of circulation adjustment to initial conditions together with the number of varying climate 151 

parameters and/or continental configurations required to delineate bifurcation points, it is not 152 

surprising that further support is currently lacking from fully coupled GCMs. However, 153 

variations in volume-integrated ocean temperature reported by Valdes et al.16 in some of their 154 

8000-year fully coupled GCM simulations seem to exhibit oscillations for specific 155 

continental configurations and climate states (their Fig. 3c).  156 

Our finding of a fundamental decoupling of subsurface and benthic [O2] during the 157 

Phanerozoic (Fig. 1e; R2 = 0.001) implies that no simple relationship exists during the 158 

Phanerozoic amongst the concentration of oxygen in the atmosphere, in the upper-ocean, or 159 

at the seafloor. This has implications for not only how we interpret deep-ocean redox proxy 160 

records and specifically proxies for the global areal extent of seafloor anoxia5 (e.g., δ238U12, 161 

δ98Mo9), but also how we understand the underlying controls on ocean anoxia and infer 162 

changes in atmospheric composition. Stolper and Keller34 analyzed the ratio of Fe3+ to total 163 

Fe (Fe3+/ΣFe) in hydrothermally altered basalts formed in ocean basins to quantitatively 164 

reconstruct deep-ocean [O2] over the last 3500 Myr. Their results suggest that the deep ocean 165 

became oxygenated only in the Phanerozoic and probably not until the late Palaeozoic (<420 166 

Myr). Our simulations support the vision of a poorly oxygenated early Paleozoic ocean4,5,34 167 

(until ca. 440 Ma in the model, see Figs. 1d, 3d). However, while Fe3+/ΣFe data is interpreted 168 

as reflecting a rise in atmospheric oxygen concentrations34, our Earth System simulations in 169 
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contrast suggest that deep-ocean oxygenation around 440–420 Ma is a consequence of 170 

continental drift and concomitant changes in ocean circulation and ventilation. The 171 

implication is that early Phanerozoic atmospheric pO2 need not have been appreciably lower 172 

than modern, which aligns with the redox-sensitive trace elements analysis of ref35 and the 173 

measurements of atmospheric oxygen trapped in fluid-gas inclusions of halite36. Furthermore, 174 

the step changes in early Paleozoic seafloor oxygenation are indicative of bistability between 175 

deep-ocean circulation states; that is, for certain continental configurations multiple 176 

advection and convection patterns will co-exist (what is observed depends on the initial 177 

conditions of the simulation). Switches between such states could provide an explanation to 178 

the swings5 in early Paleozoic global anoxia extent documented on grounds of δ238U37–39 and 179 

δ98Mo38,40. Finally, our results have implications for the evolution of marine animal 180 

ecosystems through the Phanerozoic. If kyr-scale oscillations in ocean oxygenation were a 181 

characteristic feature of early Paleozoic oceans, as supported by the high-resolution Mo 182 

record of ref41 and our modelling (Extended Data Figs. 5-6), this would lend support to 183 

arguments linking the progressive (here: paleogeographical) stabilization of a steady-state 184 

Earth system to decreasing extinction rates through the Phanerozoic6,42. 185 
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METHODS 291 

Description of the model 292 

cGENIE20 – an ‘Earth System Model of intermediate complexity’ – is based around a 3-293 

dimensional ocean circulation model which, for speed, is coupled to a 2D energy-moisture-294 

balance atmospheric component. We configured the model on a 36×36 equal-area grid with 295 

16 unevenly spaced vertical levels to a maximum 5500 m depth in the ocean. The cycling of 296 

carbon and associated tracers (including O2 and SO4) in the ocean is based on a single 297 

(phosphate) nutrient limitation of biological productivity accounting for plankton ecology 298 

based on Ward et al.21 and Wilson et al.43, but adopts the Arrhenius-type temperature-299 

dependent scheme for the remineralization of organic matter exported to the ocean interior of 300 

Crichton et al.22. 301 

Description of the numerical experiment 302 

We adopted the Phanerozoic continental reconstructions of Scotese and Wright23, but 303 

substituted the deep-ocean bathymetry of Müller et al.44 when available (140 Ma – 0 Ma). In 304 

order to specifically quantify the impact of continental drift, we kept all boundary conditions 305 

but continental configuration plus surface wind and albedo fields, the same in our first series 306 

of model runs (#1), including solar luminosity (1368 W m-2), atmospheric CO2 concentration 307 

(2240 ppm) (but varied it in series #2 in order to approximately ‘correct’ for the 308 

paleogeographical impacts on climate), atmospheric oxygen concentrations (20.95 %), and 309 

ocean nutrient inventory (2.1 µmol kg-1 PO4). We employed a null eccentricity-minimum 310 

obliquity orbital configuration, which provides an equal mean annual insolation to both 311 

hemispheres with minimum seasonal contrasts. This forcing combination ensures that 312 

simulated ocean temperatures are in the right order of magnitude compared with the 313 

Phanerozoic proxy-derived trend18 (Extended Data Fig. 7).  314 
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To generate the atmospheric boundary conditions required by cGENIE for each different 315 

continental configuration, we ran the FOAM45 general circulation model experiment for 2 to 316 

3 kyrs, until deep-ocean temperature equilibrium, using these boundary conditions. We then 317 

derived the 2D wind speed and wind stress, and 1D zonally-averaged albedo forcing fields 318 

required by the cGENIE model, using the ‘muffingen’ open-source software (DOI: 319 

10.5281/zenodo.5500687), following the methods employed in ref46.  320 

Simulations were initialized with a sea-ice free ocean and homogeneous temperature and 321 

salinity in the ocean (5 °C and 33.9 ‰, respectively). The model was then integrated for 322 

20,000 years. 323 
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The version of the code used in this paper is tagged as release v0.9.28 and has a DOI: 338 

10.5281/zenodo.5500719. Necessary boundary condition files are included as part of the code 339 
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release. Configuration files for the specific experiments presented in the paper can be found 340 

in the installation subdirectory: genie-userconfigs/MS/pohletal.Nature.2021. Details 341 

of the experiments, plus the command line needed to run each one, are given in the 342 

readme.txt file in that directory. A manual describing code installation, basic model 343 

configuration, and an extensive series of tutorials is provided (DOI: 344 

10.5281/zenodo.5500696). 345 
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 364 

Figure 1. Earth System Model results for simulations at 2240 ppm CO2 (series #1). (a) 365 

Atmospheric pCO2 and global ocean area. (b) Globally averaged sea-surface temperatures and 366 

globally averaged ocean-surface oxygen concentrations. (c) Total export production and 367 

globally averaged subsurface (ca. 90–190 m depth) oxygen concentrations. (d) Globally 368 

averaged benthic water age and benthic oxygen concentrations, both extracted below 1000 m 369 

depth. (e) Principal component analysis. In panels b–d, the linear correlation coefficient (R2) 370 

value is provided in the upper-right corner. For each variable and age, the mean value simulated 371 

over the last 5000 years of the model run is shown (point), while envelopes represent the range 372 

of values simulated over the same time interval (for simulations exhibiting oscillations). 373 
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 376 

Figure 2. Benthic oxygen concentrations for simulations at 2240 ppm CO2 (series #1). Emerged 377 

continental masses are shaded white. Thick black line delimits the extent of oceanic anoxia, 378 

defined as [O2] ≤ 0 µmol kg-1. Results of the last simulated year are shown (year 20 000). 379 
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 381 

Figure 3. Same as Fig. 1 for Earth System Model experiments in which we varied pCO2 in 382 

order to approximately ‘correct’ for the paleogeographical impacts on climate (series #2), 383 

leaving surface oxygenation and mean global SST (b) largely invariant. 384 
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 386 
 387 

Extended Data Fig. 1. Earth System Model results for simulations at 2240 ppm CO2 (like #1) 388 

but with no dependence of remineralization on temperature. 389 
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 391 

Extended Data Figure 2. Benthic oxygen concentrations for simulations at 2240 ppm CO2 392 

(like #1) but with no mid-ocean ridges (see Extended Data Fig. 3). Results of the last 393 

simulated year are shown (year 20 000). 394 
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 396 

Extended Data Fig. 3: Bathymetry with mid-ocean ridges used in series #1 and #2 (a), and 397 

flat-bottomed bathymetric reconstructions used in simulations with no mid-ocean ridges (b) 398 

(see Extended Data Fig. 2). Only reconstructions for 0 to 140 Ma (both included) differ (see 399 

Methods). 400 
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 403 

Extended Data Figure 4. Benthic oxygen concentrations for simulations at 2240 ppm CO2 404 

(like #1) but with no dependence of remineralization on temperature. Results of the last 405 

simulated year are shown (year 20 000). 406 
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 408 
Extended Data Figure 5. Time-evolution of benthic ventilation age for simulations at 2240 409 

ppm CO2 with temperature-dependent remineralization (series #1). 410 
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 412 

Extended Data Figure 6. Time-evolution of benthic ventilation age for simulations in which 413 

we varied pCO2 in order to approximately ‘correct’ for the paleogeographical impacts on 414 

climate (series #2). 415 
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 417 

Extended Data Figure 7: Simulated tropical temperature vs. proxy data. Comparison of 418 

simulated tropical sea-surface temperatures (black circles with error bars) with the proxy-419 

derived tropical sea-surface temperature reconstruction of Scotese et al.18 (grey line; their 420 

Fig. 17), for (a) simulations at 2240 ppm (series #1) and (b) simulations using varying pCO2 421 

levels (series #2). Simulation results are shown as average mean annual sea-surface 422 

temperature simulated between 25 °S and 25 °N (black circle) and range of values found at 423 

various longitudes within the same latitudinal belt (error bar).  424 

 425 

 426 

0100200300400500
Geological Time (Ma)

15
20
25
30
35
40
45

Se
a-
su
rfa
ce
te
m
pe
ra
tu
re

(
C)

0100200300400500
Geological Time (Ma)

15
20
25
30
35
40
45

Se
a-
su
rfa
ce
te
m
pe
ra
tu
re

(
C)

a

b



Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

phaneroO2GENIEv2SIforNatureWITHOUT�eldscodesWITHOUTcolors.pdf

phaneroO2GENIEv2SIdotdoc.pdf

https://assets.researchsquare.com/files/rs-915282/v1/c3f9b2f982bcdc407d158997.pdf
https://assets.researchsquare.com/files/rs-915282/v1/457f1c8ffe9c3bef557e02b7.pdf

