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Abstract. The magnitude of past deoxygenation events depended on multiple factors, likely including the background state of 15 

the ocean-atmosphere system. In this study, we investigate how restricted paleogeography and high atmospheric pCO2 may 

have preconditioned the Mesozoic Atlantic Ocean, relative to the Cenozoic, to severe oxygen depletion. To do so, we simulate 

the background redox state for the moderate Paleocene-Eocene Thermal Maximum (PETM) with the Earth System Model 

IPSL-CM5A2 and compare it to the severe Cretaceous Oceanic Anoxic Event 2 (OAE2), with additional simulations 

illustrating the impact of the Tasman Gateway on post-PETM oxygenation. The deep Atlantic is, as expected, more oxygenated 20 

in the pre-PETM run due to lower Paleocene pCO2 and ventilation through a deep Equatorial Atlantic Gateway. Yet, 

counterintuitively, simulated pre-PETM and pre-OAE2 deoxygenation at intermediate depths is remarkably similar, suggesting 

that increased background oxygenation was not the only limit on oxygen loss during the PETM. Instead, we propose that the 

deepening of the Equatorial Atlantic Gateway between OAE2 and the PETM isolated the low oxygen zone from the seafloor 

at intermediate depths, disrupting the positive biogeochemical feedbacks associated with reducing sediments and thus 25 

increasing the oxygen inventory’s resilience against severe perturbations. Our simulations also suggest that the opening of the 

Tasman Gateway and Cenozoic pCO2 evolution drove additional oxygenation through the onset of deep-water formation in 

the Atlantic sector of the Southern Ocean. 
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1 Introduction 30 

Earth’s history is punctuated by carbon cycle perturbations and intervals of climatic change that caused a reduction in 

concentrations marine dissolved oxygen ([O2]DISS) (hereafter referred to as deoxygenation) (Clapham and Renne, 2019; 

Mancini et al., 2024). A similar decreasing trend in modern marine [O2]DISS, in response to anthropogenic climate change, has 

been observed and is expected to continue the coming decades (Keeling et al., 2010; Breitburg et al., 2018; IPCC, 2021). The 

exact extent and intensity of future deoxygenation remains hard to constrain due to several factors. On the one hand, 35 

uncertainties regarding model performance, future forcing such as nutrient input, and the sensitivity of the marine [O2]DISS 

reservoir limit current projections (Hofmann and Schellnhuber, 2009; Watson et al., 2017; Oschlies et al., 2018; Kwiatkowski 

et al., 2020; Ruvalcaba Baroni et al., 2020; Oschlies, 2021). On the other, deoxygenation may constitute a tipping element in 

the Earth system (Lenton et al., 2008; Lenton, 2013) and factors such as the original perturbation, biogeochemical feedbacks 

and the background ocean-atmosphere state (Hennekam et al., 2020; van de Velde et al., 2020; Reershemius and Planavsky, 40 

2021; Mancini et al., 2024) 

may trigger non-linear processes that can cause rapid amplification. The study of past deoxygenation events that differed in 

their magnitude and duration can aid us in improving our understanding of the system and thus our projections for the future.   

 

Two of the most studied deoxygenation events of the past 100 Myr are the Late Cretaceous Oceanic Anoxic Event 2 (OAE2) 45 

(~94 Ma; (Meyers et al., 2012) (e.g. Arthur et al., 1990; Jenkyns, 2010) and the Paleocene-Eocene Thermal Maximum (PETM) 

(~56 Ma; Zeebe and Lourens, 2019) (e.g. Dickson et al., 2012; Sluijs et al., 2014; Papadomanolaki et al., 2022a). Both events 

have been linked to transient carbon emissions from e.g. volcanism (e.g. Turgeon and Creaser, 2008; Dickson et al., 2015; Du 

Vivier et al., 2015; Scaife et al., 2017; Jones et al., 2019) but, crucially, the extent of anoxic and sulfidic (euxinic) conditions 

was much greater during OAE2 (Dickson, 2017). Reconstructions based on molybdenum and uranium isotope records show 50 

that at its maximum, OAE2 anoxia (no free [O2]DISS) and euxinia (free sulfide, [H2S]) may have covered up 15% and 10% of 

the seafloor, respectively (Dickson et al., 2016; 2017; Clarkson et al., 2018). In contrast for the PETM the maximum extent of 

anoxia/euxinia is estimated to have been no more than 2% (Dickson et al., 2014; 2017; Clarkson et al., 2021). This disparity 

has been attributed to differences in climatic forcings and/or paleogeography (Jenkyns, 2010).  

 55 

Clapham and Renne (2019) suggest that long, large carbon releases, such as those associated with OAE2 (0.075 – 0.18 Pg C 

yr-1, 18,000 – 46,000 Pg C; Clarkson et al., 2018; Papadomanolaki et al., 2022b), are usually associated with a stronger anoxia 

signal relative to more rapid emissions like those of the PETM (≥0.6 Pg C yr-1, ≥3,000 Pg C; Zeebe et al., 2009; Gutjahr et 

al., 2017; Komar and Zeebe, 2017; Clarkson et al., 2021). The paleogeographical configuration also differed significantly 

between the Late Cretaceous and late Paleocene (Kocsis and Scotese, 2021; Scotese, 2021), with more restricted ocean basins 60 

and epicontinental seaways, while atmospheric pCO2 decreased from the Late Cretaceous into the Cenozoic (Landwehrs et al., 

2021; Cenozoic CO2 Proxy Integration Project Consortium, 2023; Si et al., 2024). Modeling work has shown that geographical 
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and atmospheric pCO2 changes throughout the Cretaceous impact deep ocean circulation, without quantifying the effect on 

[O2]DISS (Poulsen et al., 2001; Donnadieu et al., 2016; Ladant et al., 2020). The lack of similar Cenozoic work further limits 

our ability to quantify the impact of pre-OAE2 and pre-PETM conditions on the events themselves.  65 

 

In this study we use the IPSL-CM5A2 Earth System Model, to assess whether the documented changes in paleogeography and 

atmospheric pCO2 from the Late Cretaceous to early Cenozoic had a significant impact on ocean oxygenation. Our focus lies 

on the Atlantic Ocean, the main deep, open ocean locus for OAE2 and PETM organic carbon burial (e.g. Takashima et al., 

2006; Papadomanolaki et al., 2022a), whose geography and depth evolved considerably over the studied period (e.g. Parsons 70 

and Sclater, 1977; Pérez-Díaz and Eagles, 2017). Our  simulations for the pre-OAE2 (90 Ma; 4× pre-industrial pCO2; Laugié 

et al., 2021) and pre-PETM (60 Ma; 2× pre-industrial) reinforce the hypothesis that increased deep ocean ventilation promoted 

oxygenation into the Cenozoic. Yet, at intermediate water depths both simulations are characterized by a large Oxygen 

Minimum Zone (OMZ) which only intercepts the 90 Ma seafloor due to the shallower Cretaceous bathymetry. We speculate 

that this interaction, through redox-sensitive biogeochemical feedbacks in the sediments, may have been a key driver of severe 75 

OAE2 deoxygenation. Additional simulations, testing the impact of the Eocene opening of the Tasman Gateway (Bijl et al., 

2013) under Early and Late Eocene pCO2 reinforce the idea that Atlantic Ocean ventilation increased over the Cenozoic, 

making the PETM the last major anoxic event (Jenkyns, 2010). 

2 Methods 

2.1 Model description 80 

Our simulations are performed with IPSL-CM5A2 (Sepulchre et al., 2019), an Earth System Model adapted for deep-time 

paleoclimate simulations. It is composed of five component models: LMDz5A for the atmosphere (Hourdin et al., 2013), 

ORCHIDEE for the land surface and vegetation (Krinner et al., 2005), NEMO_v3.6 for the ocean (Madec and The Nemo 

System Team, 2024) and LIM2 for sea-ice thermodynamics (Fichefet and Maqueda, 1997), and PISCESv2 for ocean 

biogeochemistry (Aumont et al., 2015). The resolution for the atmosphere is 3.75° in longitude by 1.9° in latitude, with 39 85 

irregularly distributed vertical levels. The ocean component resolution is 2° by 2°, refined at 0.5° near the equator. It has 31 

vertical levels with a thickness ranging from 10m near the surface to 500m in the deep ocean. Surface runoff is computed in 

ORCHIDEE and redirected to the nearest coastal grid, outside of the 200 largest drainage basins for which the runoff at the 

outlet represents the cumulative value for the entire area (Polcher et al., 1998; De Rosnay et al., 2003; d'Orgeval et al., 2008). 

For more detailed descriptions of the various components, we refer the reader to the corresponding publications. 90 

 

The PISCESv2 model (Pelagic Interactions Scheme for Carbon and Ecosystem Studies; Aumont et al., 2015) simulates the 

biogeochemical cycles for carbon, oxygen and the five main limiting nutrients (phosphate, nitrate, iron, silica and ammonium). 

It includes a representation for diatoms and nanophytoplankton (primary producers) and two types of zooplankton. The limiting  
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Figure 1. Paleogeographic configuration and bathymetry for the late Paleocene at 60Ma (left) and the Late Cretaceous at 90Ma 

(right).  

factors for phytoplankton growth are light, nutrient availability and temperature. The C:N:P ratios of the organic pool are kept 

constant, whereas no ratio is imposed on the dissolved nutrient pools. Riverine and dust input, as well as the processes of 

denitrification and nitrogen fixation, result in variable ocean C:N:P ratios. The total global budgets are, however, kept constant 100 

at pre-industrial values. As such, the spatial distribution of dissolved nutrients is only a function of circulation and freshwater 

discharge, while changes in weathering have no impact. 

 

The concentration of dissolved O2 is a function of net primary productivity (production term), and heterotrophic respiration, 

oxic organic matter (OM) remineralization and nitrification (consumption terms). At the ocean surface, [O2]DISS is also 105 

influenced by air-sea exchange that is dependent on temperature and salinity via the Wanninkhof (1992) parameterization. The 

di-oxygen concentration of the atmosphere is set to a fixed ratio of 0:21. Dissolved [O2] is split into two components (Bopp et 

al., 2017). The first component is [O2] saturation ([O2]SAT), which depends on seawater temperature and salinity. At the surface 

[O2]DISS is close to its saturation state ([O2]DISS@[O2]SAT). The second component is Apparent [O2] Utilization (AOU) which 

describes the quantity of [O2]DISS that has been consumed through biogeochemical processes as water masses move away from 110 

the ocean’s surface. As such, AOU integrated both a biological and a ventilation signature. The three terms are linked by the 

following equation (Bopp et al., 2017): [O2]DISS = [O2]SAT – AOU. 

 

Particulate OM in the model is represented by two pools based on the particle size (small and large) with different sinking 

speeds. In addition, there is a pool of semi-labile dissolved OM. The degradation of particulate to dissolved OM is a function 115 

of temperature and oxygen concentrations. Dissolved OM can be further subjected to oxic remineralization or denitrification, 

depending on oxygen availability. Both processes are also a function of temperature, nitrate concentrations, and bacterial 

activity and biomass. The fraction of particulate OM that reaches the seafloor will either be degraded through oxic 

remineralization or denitrification, or buried permanently. The amount of material that is buried is dependent on the flux of 

organic carbon to the seafloor (Dunne et al., 2007). The ratio of sedimentary oxic remineralization over denitrification is 120 

computed following Middelburg et al. (1997).  

2.2 Experimental setup 

Initially, we run coupled atmosphere-ocean simulations for our setups. For our baseline, pre-PETM simulation (TGCLOSED) we 

used the Paleocene (60Ma) land-sea configuration of (Poblete et al., 2021) and their modified (Müller et al., 2008) paleo-

bathymetry (Figure 1). In accordance with micropaleontological, tectonic and modelling reconstructions that suggest southern 125 

high-latitude gateways began opening after 49Ma (Livermore et al., 2005; Eagles et al., 2006; Bijl et al., 2013; Eagles and 

Jokat, 2014), we kept the Tasman Gateway and Drake Passage closed. Atmospheric CO2 for TGCLOSED was set at 2× pre-
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industrial (560ppm), corresponding to the lower to mid-range of pCO2 estimates prior to the PETM (Beerling and Royer, 2011; 

Rae et al., 2021; Cenozoic CO2 Proxy Integration Project Consortium, 2023). Other greenhouse gases were kept at pre-

industrial values, with a solar constant of 1357.5 W m-2 (Gough, 1981) and pre-industrial orbital configuration. The coupled 130 

simulations are followed by offline PISCES simulations as biogeochemistry typically requires a longer spin-up to equilibrium 

than the ocean (Séférian et al., 2016). The supply of terrestrial nutrients is calculated as the product of run-off and the riverine 

concentration of each relevant element. In turn, the concentrations are adjusted to conserve the global, annual amount between 

run-off dependent supply and the fixed modern value. The simulations do not include any variation elemental concentrations 

(e.g. due to different soils, vegetation, etc). Thus, any changes we simulate are due to ocean circulation and on-land 135 

precipitation. 

 

For the comparison with the pre-OAE2 ocean, we use results from the deep Central American Seaway (CAS; ~4,000m) 

(DeepCAS) simulation by Laugié et al. (2021). This simulation was run with the same model (IPSL-CM5A2), using the 

Cenomanian-Turonian (90Ma) land-sea configuration of Sewall et al. (2007) with the corresponding Müller et al. (2008) 140 

paleobathymetry. Laugié et al. (2021) ran it at 4×	pre-industrial (1120ppm) with a solar constant of 1353.36 W m-2 (Gough, 

1981). Sensitivity analyses on the depth of the CAS and comparison to available proxy data indicated that this simulation best 

fit the pre-OAE2 distribution of oxic and anoxic conditions (Laugié et al., 2021). For the distinction different redox conditions, 

we use the same boundaries as Laugié et al. (2021): oxic ([O2]DISS>62.5 mmol m-3), hypoxic (6.5<[O2]DISS≤62.5 mmol m-3; 

Rabalais et al., 2010) and anoxic ([O2]DISS≤6.5 mmol m-3). For further details, we refer the reader to the original publication.  145 

 

Along with our baseline simulation, we performed two more simulations using the same 60Ma configuration (Müller et al., 

2008; Poblete et al., 2021) with an open, deep Tasman Gateway for both simulations (max. depth >3000m). To mimic the 

progressive decline of pCO2 from the Early Eocene onward, we ran the Early Eocene simulation at 4×	pre-industrial 

(1120ppm; 4×TGOPEN) and the Middle/Late Eocene at 2×	pre-industrial (560ppm; TGOPEN). These two setups allow us to 150 

investigate how geographical and pCO2 changes that occurred after the PETM impacted open ocean oxygenation. 

 

The TGOPEN simulation was run for 3,600 model years with IPSL-CM5A2, the 4×TGOPEN simulation for 3,000 years, and 

TGCLOSED was integrated for 2,000 years from the end state of TGOPEN (Table 1; Fig. S1). All simulations were extended for 

3,000 model years with offline PISCES simulations, forced with monthly averages of the last 100 years of the corresponding 155 

coupled simulation. Average temperature drift over the last 1000 years is <0.02°C/century (Fig. S1). Results are discussed 

using the last 100 years average climatology of each simulation. 
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Table 1. Experimental setup for the simulations presented in this study. 160 

Simulation 

name 

Target 

interval 
Geography pCO2 

Tasman 

Gateway 

IPSL-CM5A2 

coupled run 

duration 

PISCES 

offline run 

duration 

Reference 

TGCLOSED Pre-PETM 

60Ma 

560 Closed 3,600 

3,000 

This study 4×TGOPEN Early Eocene 1,120 Open 3,000 

TGOPEN Middle Eocene 560 Closed 2,000 

DeepCAS Pre-OAE2 90Ma 1,120 Open 3,000 
(Laugié et 

al., 2021) 

2.3 Model – data comparison 

Geological evidence is widely used to evaluate model outputs, especially within the Paleoclimate Modelling Intercomparison 

Project (PMIP; e.g. Braconnot et al., 2007; Lunt et al., 2012; Haywood et al., 2024). For the purpose of this study, it is important 

to assess if the spread of different redox conditions in our baseline, pre-PETM ocean is supported by proxy data. While a vast 

array of paleo-oxygen proxies exists, most of them are qualitative or, at best, semi-quantitative (see Hoogakker et al. (2025) 165 

for a recent review). Their interpretation is complicated by the impact of non-redox factors, the need for specific, combined 

proxy records, that lack of analogue environments in the modern ocean, and so forth (e.g. Tribovillard et al., 2006; Algeo and 

Liu, 2020; Bennett and Canfield, 2020; Hoogakker et al., 2025).  

 

Data for the pre-PETM Atlantic Ocean is relatively scarce. In general, open ocean records indicate hypoxic rather than 170 

anoxic/euxinic conditions in the (pre-)PETM (e.g. Pälike et al., 2014; Sluijs et al., 2014; Papadomanolaki et al., 2022a), which 

is an additional complication as hypoxia (also dysoxia/suboxia) often denotes a range of values between fully oxic and 

anoxic/euxinic waters. We compiled published proxy records from the seven available Atlantic sites which reconstruct redox 

conditions/[O2]DISS at the seafloor, during deposition. However, it is important to note that the paleodepth corresponding to 

these samples does not necessarily match the bathymetrical reconstruction (at model resolution) used for our simulations 175 

(Müller et al., 2008). We compare the data with [O2]DISS simulated at depths equal to the paleodepth of each corresponding 

site. 

2.3.1 Proxy interpretation 

The proxies used for model output evaluation in this study are the following: (1) manganese (Mn) and uranium (U) enrichment 

factors (EF) (Pälike et al., 2014); (2) iodine over calcium ratios (I/Ca) (Zhou et al., 2014; 2016); (3) magnetofossils (Xue et 180 

al., 2022; 2023) and (4) molybdenum (Mo) concentrations (Papadomanolaki et al., 2022a). For the comparison with the model 

output we follow the interpretation of the original publication but discuss potential caveats where applicable. 
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The Mn and U EF are interpreted together as indicators of an oxygenated environment, where Mn is present as Mn oxides, or 

an early diagenetic, suboxic environment, where Mn represents Mn carbonates (Pälike et al., 2014). Manganese dynamics in 185 

sediments, leading to the deposition and preservation of Mn oxides or carbonates, are affected by water-column oxygenation 

(constant or intermittent) but also e.g. the rates of organic matter sedimentation, alkalinity and iron availability (e.g. Calvert 

and Pedersen, 1996; Lenz et al., 2015; Johnson et al., 2016; Dong et al., 2023). Mn carbonates can be found in sediments 

deposited under conditions as varying as fully oxic to periodically euxinic (e.g. Lepland and Stevens, 1998; Lyons and 

Severmann, 2006; Macdonald and Gobeil, 2012; Lenz et al., 2015; Lenstra et al., 2021). Currently, only qualitative 190 

interpretation of Mn and U datasets is possible, depending also on their combination with other redox proxies (Hoogakker et 

al., 2025).  

 

The thermodynamically stable form of I under oxic conditions is iodate, while in anoxic deep waters and pore fluids I is 

predominantly present as iodide (Rue et al., 1997). When carbonates form in oxygenated settings they incorporate iodate, yet 195 

when [O2]DISS is low the predominant iodide is excluded (Lu et al., 2010; Podder et al., 2017; Feng and Redfern, 2018). As a 

result, oxygenation favors high I/Ca values and oxygen depletion results in lower I/Ca. An additional factor is the loss of iodate 

in highly productive surface waters (e.g. Campos et al., 1996; 1999; Tian et al., 1996; Farrenkopf and Luther Iii, 2002; Chance 

et al., 2010; Bluhm et al., 2011) due to its role as a micronutrient (Küpper et al., 2011). This results in a correlation between 

high productivity and lower I/Ca. Calibration studies on planktic and benthic foraminiferal I/Ca have facilitated the use of this 200 

proxy across glacial-interglacial intervals (Hoogakker et al., 2018; Lu et al., 2016; Lu et al., 2020a; 2020b). In planktic 

foraminifera, used to reconstruct subsurface oxygenation, I/Ca values below ∼2.5 μmol mol-1 correlate with hypoxic conditions 

(defined in the original publications as [O2]DISS < ∼70 – 100 mmol m-3) (Lu et al., 2016; Lu et al., 2020a). The I/Ca proxy can 

also be used to determine bottom water oxygenation when it is measured on epifaunal benthic foraminifera; the relationship, 

however, between benthic I/Ca and [O2]DISS is not linear and low values (<∼3 μmol mol-1) can only indicate [O2]DISS < ∼50 205 

mmol m-3 (when combined with porosity data; (Lu et al., 2020b; 2021). Ongoing work on core-top calibration may improve 

the use of the I/Ca as a quantitative proxy (Hess et al., 2025) but for now it remains largely qualitative. 

 

Magnetofossils (preserved biogenic magnetite/greigite) are produced motile magnetotactic bacteria that thrive in the transition 

zone between oxic and anoxic conditions, in the water column and in sediments (Bazylinski and Frankel, 2004; Faivre and 210 

Schuler, 2008; Kopp and Kirschvink, 2008; Lefèvre and Bazylinski, 2013). Their magnetic properties and morphology have 

been used extensively for environmental and redox reconstructions for the PETM, in particular because they are unaffected by 

carbonate dissolution (e.g. Kopp et al., 2007; Lippert and Zachos, 2007; Larrasoana et al., 2012; Chang et al., 2018; Wagner 

et al., 2021a; 2021b). They are purely qualitative proxies whose changing physical characteristics indicate a decrease or 

increase in oxygen without further constraints. 215 

 

https://doi.org/10.5194/egusphere-2025-3458
Preprint. Discussion started: 26 August 2025
c© Author(s) 2025. CC BY 4.0 License.



ODP 1266

ODP 1263

ODP 1262

ODP 1258
DSDP 401

IODP 1409

IODP 1403

D
ep

th
 (m

)

0

-1000

-2000

-3000

-4000

-5000
80°S 40°S 0° 40°N

(a) Zonal average Atlantic [O2]DISS 

D
ep

th
 (m

)

0

-1000

-2000

-3000

-4000

-5000
80°S 40°S 0° 40°N

0 30 60 90 120 150 180

Lo
ng

itu
de

0 60 120 180 240

Dissolved O2 concentrations (mmol m-3)

D
ep

th
 (m

)

0

-1000

-2000

-3000

-4000

-5000
80°S 40°S 0° 40°N

Latitude

D
ep

th
 (m

)

0

-1000

-2000

-3000

-4000

-5000
80°S 40°S 0° 40°N

60°N

40°N

20°N

0°

40°S

20°S

120°W 60°W 0° 60°E

(b) Atlantic [O2]DISS at 750m 

Lo
ng

itu
de

60°N

40°N

20°N

0°

40°S

20°S

120°W 60°W 0° 60°E

Lo
ng

itu
de

60°N

40°N

20°N

0°

40°S

20°S

120°W 60°W 0° 60°E

Lo
ng

itu
de

Latitude

60°N

40°N

20°N

0°

40°S

20°S

120°W 60°W 0° 60°E

Dissolved O2 concentrations (mmol m-3)

TGCLOSED

DeepCAS

4×TGOPEN

TGOPEN

TGCLOSED

DeepCAS

4×TGOPEN

TGOPEN

9

https://doi.org/10.5194/egusphere-2025-3458
Preprint. Discussion started: 26 August 2025
c© Author(s) 2025. CC BY 4.0 License.



10 
 

Figure 2. Zonally averaged oxygen concentration profiles for the Atlantic Ocean (a) and average [O2]DISS in the core of the OMZ at 
750m (b). DeepCAS results are from Laugié et al. (2021). All values in mmol m-3. Solid contours: anoxia ([O2]DISS < 6.5 mmol m-3; 
[O2]DISS at which denitrification starts); thick, dashed contours: hypoxia (6.5 mmol m-3 < [O2]DISS < 62.5 mmol m-3); thin, dashed 220 
contours: waters near the hypoxic threshold (62.5 mmol m-3 < [O2]DISS < 90 mmol m-3); orange symbols (a): sites used for model-
data comparison (paleodepths taken from Pälike et al. (2014) and Xue et al. (2023); paleolatitudes were generated with the 
Paleolatitude Calculator 3.0 (Van Hinsbergen et al., 2015)). 

Molybdenum is a trace-metal whose dominant form in oxic waters is the soluble molybdate (Letowski et al., 1966). The main 

sink for Mo is the formation of thiomolybdate under sulfidic conditions, though sequestration through e.g. adsorption to Mn 225 

oxyhydroxides is also possible (Kendall et al., 2017; Hlohowskyj et al., 2021; Hoogakker et al., 2025). Enriched authigenic 

Mo in sediments is generally interpreted as an indicator of a sulfidic (sedimentary) environment and can be used to distinguish 

between oxic to anoxic and euxinic conditions (e.g. Dickson et al., 2012; Hoogakker et al., 2025; Hardisty et al., 2018; 

Tribovillard et al., 2006). Basin restriction can complicate the interpretation of Mo records (Algeo and Lyons, 2006; Algeo 

and Tribovillard, 2009) but for the well-connected Paleocene Atlantic Ocean this is unlikely to be the case. 230 

3 Results 

3.1 Paleocene redox conditions in the Atlantic Ocean 

Our 60Ma Atlantic Ocean (pre-PETM; TGCLOSED) is characterized by an expansive hypoxic (6.5<[O2]DISS≤62.5 mmol m-2) 

zone with an anoxic ([O2]DISS≤6.5 mmol m-3) core (Fig. 2). This OMZ extends from the northern part of the Central Atlantic 

to ~35 – 20ºS in the South Atlantic, with a maximum depth of ca. 2500m (Fig. 2). The anoxic core is largely restricted to the 235 

Equatorial Atlantic at an average depth of 750m (Fig. 2a). In total, 23% of the Atlantic Ocean volume is encompassed by the 

OMZ; specifically, 20.2% is hypoxic and 2.8% is anoxic (Table 2). Only a small fraction of the low [O2]DISS waters interacts 

with the seafloor, as 4.4% of the Atlantic seafloor is hypoxic and only 1.7% is anoxic (Table 2). 

 

The waters of the Atlantic Ocean in our run are generally supersaturated with respect to [O2]DISS, as [O2]SAT values are >300 240 

mmol m-3 (Table 3). The low [O2]DISS above 2500m and at the seafloor are a function of high AOU (Table 3). Deep-water 

formation occurs in the Southern Hemisphere (Fig. 3a; Fig. S2). This counterclockwise meridional overturning cell is fed by 

waters sinking mainly in the southern Pacific Ocean, as captured by a deep mixed layer depth (maximum values in austral 

winter > 1000m and 2000m; Fig. 3b). Aging of the deep waters en route to the Atlantic Ocean (Fig. S3) and a relatively weak 

inflow across the Tethys and CAS at intermediate depths (Fig. 4) contribute to the formation of the OMZ. In the highly 245 

productive Equatorial Atlantic, degradation of organic matter further increases the demand for [O2]DISS (Fig. 5a). 
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Figure 3. Meridional overturning circulation in Sverdrup (a) and maximum (austral winter) mixed layer depth in meters in the 
Southern Hemisphere (b). DeepCAS results from (Laugié et al., 2021). For the overturning circulation, contours are spaced at 4Sv 250 
intervals. For the mixed layer depth dashed contours indicate depths over 1000m and solid contours depths over 2000m. Note that 
the MOC has been computed in density coordinates and reprojected to a pseudo‐depth, following de Lavergne et al. (2017). 

 
Table 2. Percentage of the Atlantic seafloor area, and water column volume and area that is anoxic ([O2]DISS <6.5 mmol m-3), hypoxic 
(6.5 < [O2]DISS < 62.5 mmol m-3) or near the hypoxic threshold (62.5 < [O2]DISS < 90 mmol m-3). Total percentages are calculated 255 
relative to the total Atlantic seafloor area or Atlantic water column volume/area of the Atlantic Ocean. Percentages for waters 
shallower than 2500m are calculated relative to the seafloor area or total volume/area of the Atlantic Ocean that is shallower than 
2500m. DeepCAS values are from (Laugié et al., 2021). 

Simulation TGCLOSED TGOPEN 4×TGOPEN DeepCAS 

Depth (m) <2500 Total <2500 Total <2500 Total <2500 Total 

Seafloor 

area (%) 

Anoxia 7.1 1.7 4.7 1.1 8.4 2 15.5 7 

Hypoxia 17.8 4.4 9.1 2.6 15.6 3.6 32.6 24.7 

Threshold 7.1 11.7 10.8 3.3 11.5 2.9 10.1 18.7 

Total 

volume 

(%) 

Anoxia 4.9 2.8 1.2 0.7 5 2.9 7.7 5.4 

Hypoxia 34.6 20.2 11.3 6.5 12.2 16.2 37.3 34.2 

Threshold 15.8 17.1 14.3 8.2 11.9 6.8 7.3 12.5 

Total 

area (%) 

Anoxia 4.1 3.6 2.2 1.9 5.1 4.4 6.3 5.8 

Hypoxia 15.6 13.6 10.3 9 15.2 13.3 14 13 

Threshold 5.5 4.8 6.7 5.8 5.1 4.5 3.5 3.2 

Seafloor area  

<2500m (%) 
22.9 45.4 

Water column volume 

<2500m (%) 
57.4 70.6 

 
  260 
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Figure 4. Schematic representation of the incoming and outgoing fluxes for the Central Atlantic basin across the three main 
gateways: values in Sverdrup are averages at 500m (a) and below 2500m (b). Bold values signify the larger flux and magenta arrows 
indicate the direction of the net flux across the gateway. Note that the Tethys gateway is shallow does not experience any flow in the 
>2500m domain. 265 

3.2 Impact of Tasman Gateway and pCO2 on Atlantic Ocean oxygenation 

An open Tasman Gateway affects the extent of the OMZ and the ventilation of the deep ocean in our 60Ma simulations (Fig. 

6a). At high pCO2 (Early Eocene; 4xTGOPEN), the downward extent of the OMZ is reduced with hypoxia/anoxia limited to 

depths above ca. 2000m, and bottom water [O2]DISS roughly double relative to the pre-PETM (Fig. 2; Table 3). Above 2000m, 

hypoxia is somewhat expanded laterally (Fig. 2b). Thus, the volume of low [O2]DISS waters decreases to 20.1% while the 270 

corresponding area at the seafloor is reduced to 5.6% (Table 2).  

 

The doubling in pCO2 causes a [O2]SAT reduction of 9 – 12% throughout the water column, but in the deep Atlantic this is not 

sufficient to counteract the decrease in AOU (Fig. 6b, c; Table 3). At intermediate depths, the expanded OMZ is the combined 

result of relatively high AOU and reduced [O2]SAT (Fig. 6b, c; Table 3). Deep-water formation shifts from the distant southern 275 

Pacific Ocean to the Atlantic sector of the Southern Ocean (Fig. 3), as Southern Hemisphere westerlies shift south to push 

saline Indian Ocean waters into the Atlantic and Indian sectors, raising surface salinity (Fig. S4; Table S1). Strengthened 

overturning reduces deep Atlantic AOU by ca. 70% (Fig. 6c; Table 3). The influx across the CAS and Tethys gateway, and 

the outflux across the Equatorial Atlantic Gateway, all increase at intermediate depths (Fig. 4). In the deep Atlantic, the influx 

across the Equatorial Atlantic Gateway is almost tripled and the flux across the CAS is reversed into a net outflux (Fig. 4). 280 

Export productivity decreases along the African coast and in the northern Central Atlantic and increases are observed in parts 

of the Central and Southern Atlantic (Fig. 5c). Remineralization at the depths of the OMZ is largely equal to TGCLOSED (Fig. 

5b).  

 

Low pCO2 and an open Tasman Gateway (Middle to Late Eocene; TGOPEN) greatly reduce the vertical and horizontal extent 285 

of the OMZ (Fig. 2). The anoxic core that dominates the OMZ in the Equatorial Atlantic of the other simulation disappears 

completely (Fig. 2). Only 6.2% of the Atlantic Ocean’s volume is now hypoxic/anoxic, and just 3.7% of the seafloor (Table 

2).  
  

https://doi.org/10.5194/egusphere-2025-3458
Preprint. Discussion started: 26 August 2025
c© Author(s) 2025. CC BY 4.0 License.



18
0°

18
0°

0°
60

°W
12

0°
W

60
°E

12
0°

E

60
°N

30
°N 0°

60
°S

30
°S

Ex
po

rt
 p

ro
du

ct
iv

ity
 (g

 C
 m

-3
 y

-1
)

0
20

40
60

80
10

0

(a
) E

xp
or

t p
ro

du
ct

iv
ity

 a
t 1

00
 m

 

-1
00

0

-2
00

0

-3
00

0

-4
00

0

-5
00

0

0.
0

0.
5

1.
0

1.
5

2.
0

0

Depth (m)

R
em

in
er

al
iz

at
io

n 
(g

 C
 m

-3
 y

-1
)

0

-1
00

-2
00

-3
00

-4
00

-5
00

Depth (m)

R
em

in
er

al
iz

at
io

n 
(g

 C
 m

-3
 y

-1
)

0.
0

0.
5

1.
0

1.
5

2.
0

D
ee

pC
A

S

4×
TG

O
P

E
N

TG
C

LO
S

E
D

TG
O

P
E

N

(b
) E

qu
at

or
ia

l A
tla

nt
ic

 re
m

in
er

al
iz

at
io

n 

Ex
po

rt
 p

ro
du

ct
iv

ity
 d

iff
. (

g 
C

 m
-3
 y

-1
) 

0°
12

0°
W

60
°N

30
°N 0°

60
°S

30
°S

12
0°

E
0°

12
0°

W
12

0°
E

TG
C

LO
SE

D

0
20

40
-2

0
-4

0

(c
) D

iff
er

en
ce

 in
 e

xp
or

t p
ro

du
ct

iv
ity

 a
t 1

00
 m

 

D
ee

pC
A

S-
TG

C
LO

SE
D

4×
TG

O
PE

N
-T

G
C

LO
SE

D
4×

TG
O

PE
N
-T

G
O

PE
N

0°
12

0°
W

12
0°

E

60
°N

30
°N

0° 30
°S

60
°S

15

https://doi.org/10.5194/egusphere-2025-3458
Preprint. Discussion started: 26 August 2025
c© Author(s) 2025. CC BY 4.0 License.



16 
 

Figure 5. Marine export productivity across the 100m depth contour in g C m-3 yr-1 for TGCLOSED (a) and remineralization throught 
the water column (surface to 500m in the inset) (b) in the high productivity region of the Equatorial Atlantic (red box in (a)). 
Remineralization is shown for all simulations: TGCLOSED (green), TGOPEN (purple), 4×TGOPEN (red) and DeepCAS (blue). Bottom row 
Difference in export productivity at 100m (c) between (left to right) TGOPEN and DeepCAS, 4×TGOPEN and TGCLOSED, and 4×TGOPEN 
and TGOPEN. DeepCAS results from (Laugié et al., 2021). 295 

Oxygen saturation levels are roughly equal to the pre-PETM, and within the OMZ AOU similar to 4xTGOPEN (Fig. 6b; Table 

3). In the deep ocean, AOU does not change much in the South Atlantic, yet in the Central Atlantic it is significantly increased 

relative to 4xTGOPEN (Fig. 6c; Table 3). Unlike 4xTGOPEN, the maximum mixed layer-depth indicates that deep-water formation 

is now split between the Pacific Ocean and the Southern Ocean, while overturning velocity is stronger than the pre-PETM and 

weaker than 4xTGOPEN (Fig. 3). The fluxes across the three major gateways do not change much at intermediate depths, but in 300 

the deep Atlantic they revert to values and directions more similar to the pre-PETM (Fig. 4). In the Equatorial Atlantic, export 

productivity is further reduced but the impact on remineralization is negligible (Fig. 5). The net result is increased ventilation 

at depth, which doesn’t fully reach the Central Atlantic (Figs. 2, 6a, c; Table 3).  

3.3 The Late Cretaceous Atlantic Ocean 

In the 90Ma (pre-OAE2; DeepCAS) simulation of Laugié et al. (2021), above 2500m, the general pattern is similar to that of 305 

the pre-PETM. An anoxic core extends laterally from the Equatorial Atlantic and into the Central American Seaway (Fig. 2). 

Hypoxic waters are even more expanded, reaching well into the Pacific Ocean (Fig. 2). In the South Atlantic, the OMZ has a 

similar lateral, but restricted vertical, extent relative to the pre-PETM (Figs. 2; 6a). In the Equatorial Atlantic, the shallower 

seafloor of the gateway interacts with the anoxic waters just below 1000m (Fig. 2). The biggest difference with the pre-PETM 

simulation can be observed in the Central Atlantic. Here, hypoxia extends into the deep ocean below 2500m and interacts with 310 

a large section of the seafloor (Fig. 1; Laugié et al., 2021). Overall, 39.6% of the Atlantic volume and 25.4% of the seafloor 

are hypoxic/anoxic at 90Ma (Table 2). 

 

At all depths, the higher pCO2 forces a decrease in [O2]SAT which in turn limits oxygenation (Fig. 6b; Table 3). On average, 

AOU in the pre-OAE2 Atlantic Ocean is similar to the pre-PETM, but within the OMZ it is decreased in DeepCAS (Fig. 6c; 315 

Table 3). Deep water formation is restricted to the South Pacific and is limited relative to the pre-PETM (Fig. 3). In the Central 

Atlantic, the intermediate flux across the CAS is reversed, but at depth the Equatorial Atlantic Gateway forms a barrier to 

circulation and limits ventilation (Figs. 4; 6a, c; Laugié et al., 2021). Large differences in export production are observed 

throughout the Atlantic Ocean: in the Central Atlantic and parts of the South Atlantic it is higher at 90Ma, but in the Equatorial 

and southern South Atlantic it is decreased relative to the pre-PETM (Fig. 5). These differences do not translate to large 320 

differences in remineralization, and thus [O2]DISS consumption, within the OMZ (Fig. 5).   
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Table 3. Average [O2]DISS, O2 saturation ([O2]SAT) and apparent [O2] utilization (AOU) in the core of the OMZ (620 – 880m), below 
2500m and at the seafloor (mmol m-3). Values are calculated for the Atlantic Ocean, between 50°N and 50°S to capture the OMZ. 
DeepCAS values are from (Laugié et al., 2021). 325 

  

Simulation Depth 
Average 

[O2]DISS [O2]SAT AOU 

TGCLOSED 

750m 53.23 301.3 248.1 

>2500m 112.4 325.5 212.5 

Seafloor 123.2 314.2 191.0 

TGOPEN 

750m 72.75 299.5 226.8 

>2500m 188.6 326.0 135.6 

Seafloor 183.3 313.4 130.0 

4×TGOPEN 

750m 39.61 273.8 234.2 

>2500m 237.4 285.7 40.25 

Seafloor 223.8 277.4 53.64 

DEEPCAS 

750m 51.67 269.6 217.9 

>2500m 82.03 294.7 212.7 

Seafloor 79.08 278.7 199.6 
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Figure 6. Differences in [O2]DISS (a), oxygen saturation ([O2]SAT, b) and negative (for color scale consistency) apparent [O2] utilization 
(AOU; c). From left to right: DeepCAS minus TGCLOSED, 4×TGOPEN minus TGCLOSED, and 4×TGOPEN minus TGOPEN. Contours in (c) 
mark the difference in ideal age of waters. 330 

4 Discussion 

A comparison of [O2]DISS, [O2]SAT and AOU between the pre-PETM, pre-OAE2 and post-PETM Atlantic Ocean highlights 

how changes in geography and pCO2 causes deoxygenation to expand and retract (Fig. 2; 6). Below, we evaluate 

deoxygenation in our pre-PETM simulation and discuss how the preconditioning of the Atlantic Ocean to widespread 

deoxygenation evolved from the Mesozoic into the Cenozoic. 335 

4.1 Evaluation of the pre-PETM Atlantic Ocean OMZ 

The presence of an [O2]DISS minimum at intermediate depths of the late Paleocene/early Eocene Atlantic Ocean has been 

recognized by previous studies (Chun et al., 2010; Winguth et al., 2012; Pälike et al., 2014; Zhou et al., 2016). We evaluate 

the OMZ extent produced by IPSL-CM5A2 with the available data from six open ocean sites located in intermediate to deep 

waters: DSDP Site 401 (Bay of Biscay; paleodepth: 2000m); IODP Sites 1409 and 1403 (Newfoundland; paleodepth: 2913m 340 

and 4374m, respectively); ODP Site 1258 (Demerara Rise; paleodepth: 2500m); ODP Sites 1263, 1266 and 1262 (Walvis 

Ridge; paleodepth: 1500m, 2600m and 3600m, respectively) (symbols in Fig. 2a; see caption for overview of references). 

Manganese and uranium EF from the two deepest Walvis Ridge sites indicate oxic conditions prior to the PETM, while the 

shallowest site (Site 1263) was likely suboxic (Chun et al., 2010; Pälike et al., 2014). Suboxic conditions are also indicated by 

EF values in the Bay of Biscay and at Demerara Rise (Chun et al., 2010; Pälike et al., 2014). Ratios of I/Ca in epifaunal benthic 345 

foraminifera of Site 1262 (average: 26 μmol mol-1) are interpreted as indicators of oxic bottom waters (due to the great depth 

of the site and the Mn EF mentioned above), so that the lower values at Site 1263 (19 – 23 μmol mol-1) can be interpreted as 

lower [O2]DISS (Zhou et al., 2016). The magnetofossil records of Newfoundland show a decrease in oxygenation for the pre-

PETM, starting several hundreds of thousands of years before the event itself (Xue et al., 2023), however Mo concentrations 

at the deepest of these sites (Site 1403) are extremely low (≤3 ppm) indicating largely oxic conditions (Papadomanolaki et al., 350 

2022a). 

 

The three Walvis Ridge sites are located beyond the southernmost extent of our simulated pre-PETM (TGCLOSED) OMZ. For 

the deepest two sites (1266 and 1262) this agrees with the interpretation of the proxy data. For Site 1263, the Mn/U EF and 

I/Ca values could suggest that the OMZ extended further south, and its full extent is not reproduced by our setup. We note that 355 

the I/Ca values of Cibicoides spp. at Site 1263 are between 10 and 15 μmol mol-1 prior to the PETM (Zhou et al., 2016). 

Species of the same genus, measured by Lu et al. (2020b), only exhibit such high values when bottom water [O2]DISS > 150 

mmol m-3 (non-OMZ conditions by our definition). We acknowledge that such semi-quantitative interpretation of very old 

samples has several caveats, including unknown vital effects (although C. mundulus is present in both the Paleocene and 
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modern samples), and that best practice requires additional data such as pore size (Lu et al., 2020b). Nevertheless, we interpret 360 

the Site 1263 record as representative of a (local) [O2]DISS minimum, but not fully hypoxic conditions. 

 

In the Central and Equatorial Atlantic, Sites 401 and 1258 are located near the lower edge of the hypoxic zone, while the two 

Newfoundland Sites are well below the OMZ (Fig. 2a). The qualitative nature of the available data does not allow a direct 

comparison, however the presence of magnetofossils and the enrichment of Mn and U matches the simulated low [O2]DISS (if 365 

not fully hypoxic, at least well below surface values) conditions of the waters in this region. The lack of any real enrichment 

in Mo at Site 1403 does not support a lasting extension of hypoxia/anoxia to the deepest seafloor and in general indicates non-

sulfidic sediments/oxygenated bottom waters. We conclude that we simulate an OMZ that is representative of the late 

Paleocene, though additional data from shallower depths are required to evaluate the lowest [O2]DISS. 

4.2 Cretaceous to Paleocene oxygen dynamics 370 

In the pre-OAE2 (90Ma; DeepCAS) simulation we observe a similar OMZ above 2500m, while the deep Central Atlantic 

(below 2500m) is characterized by hypoxic waters that reach the seafloor (Fig. 2a). Three regions emerge where oxygenation 

is similar or distinct for the pre-OAE2 and pre-PETM simulations, due to different mechanisms: the deep South Atlantic, the 

deep Central Atlantic and the OMZ. In the South Atlantic, a lack of deep-water formation in the adjacent Southern Ocean 

sector increases AOU in both simulations to equivalent levels, while DeepCAS [O2]DISS are lowered further due to higher pCO2, 375 

4 – 5°C warmer waters and a 10% reduction in [O2]SAT (Fig. 6b). In the deep Central Atlantic, the low [O2]DISS conditions 

observed during the pre-OAE2 and OAE2 (e.g. van Helmond et al., 2014 and references therein) are considered the result of 

limited deep circulation due to a shallow Equatorial Atlantic Gateway (Arthur and Natland, 1979; de Graciansky et al., 1984; 

Poulsen et al., 2001; Donnadieu et al., 2016; Ladant et al., 2020). The IPSL-CM5A2 simulations presented here also produce 

an increase in ventilation with a deeper bathymetry in the Equatorial Atlantic, but we observe that low [O2]SAT in the DeepCAS 380 

run exerts a stronger control on deep [O2]DISS (Fig. 6b; Table 3). Due to the distance of the deep Atlantic from the main site 

of deep-water formation (Fig. 3) and aging of waters (Fig. 6c), ventilation across the Equatorial Atlantic Gateway does not 

supply much [O2]DISS in our pre-PETM run (Fig. 2; 4). Within the OMZ, despite low [O2]DISS availability forced by high 

Cretaceous temperatures and low O2Sat, TGCLOSED ventilation produces a similarly low [O2]DISS environment. The sinking of 

oxygenated surface waters in the DeepCAS Indian sector of the Southern Ocean (maximum mixed layer depth > 600m; Fig. 385 

3b) and the higher [O2]DISS of the simulated 90Ma Tethys Ocean result in the influx of waters richer in [O2]DISS across the 

Tethys gateway, even though the incoming TGCLOSED flux is not much weaker (Fig. 4).  

 

At the seafloor, we simulate a much larger areal extent of hypoxia/anoxia for the pre-OAE2 (32.7%) than the pre-PETM (6.2%) 

(Table 2) and thus reproduce the pattern that redox-sensitive isotopes reconstruct for the events themselves (Owens et al., 390 

2013; Dickson et al., 2016; Dickson, 2017; Clarkson et al., 2018; 2021; Yao et al., 2018). Across the entire Atlantic Ocean, 

the area of hypoxia/anoxia is surprisingly similar between the two setups (18.8% at 90Ma and 17.2% at 60Ma; Table 2). This 
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discrepancy holds whether we consider the entire basin or only the seafloor and water column above 2500m (OMZ; Table 2). 

Laugié et al. (2021) show that seafloor hypoxia/anoxia in DeepCAS can be found in the Central and Equatorial Atlantic regions. 

In the Central Atlantic, as we have noted above, [O2]SAT and reduced ventilation allow hypoxic conditions to permeate the 395 

deep ocean and reach the seafloor well below 2500m (Fig. 2). In the Equatorial region, a deeper extent of reducing conditions 

cannot account for most of the discrepancy as they are confined to depths shallower than 2500m in both simulations (Fig. 2). 

In fact, the areal extent of seafloor hypoxia/anoxia above 2500m (48.1% at 90Ma and 24.9% at 60Ma) closely follows the 

fraction of the seafloor that is shallower than 2500m (45.4% for the 90Ma paleogeography and 22.9% for the 60Ma 

configuration) (Table 2). The shallow Equatorial Atlantic Gateway region of the pre-OAE2 setup accounts for this to a 400 

significant degree. Thus, relatively higher seafloor oxygenation in the pre-PETM run is also due to bathymetric evolution 

rather than OMZ retraction. Proxies like molybdenum isotopes cannot distinguish between such mechanisms. As different 

biogeochemical processes and feedbacks are active in sediments and the water column, it is vital the extent of reducing 

conditions is quantified for both environments. 

4.3 Ocean preconditioning to deoxygenation 405 

A larger extent of low [O2]DISS waters prior to the OAE2/PETM perturbations could facilitate a greater expansion of hypoxia 

and anoxia during and after a perturbation, with significant implications for biota and biogeochemical processes. The extent 

to which a water mass must be perturbed for a switch in redox state likely depends on how close [O2]DISS are to that state (e.g. 

(Palastanga et al., 2011; van de Velde et al., 2020). Laugié et al. (2021) note that multiple sites which transition to anoxia 

during OAE2 are in regions where the DeepCAS setup produces low [O2]DISS concentrations ([O2]DISS < 90 mmol m-3). For the 410 

Paleocene/Eocene interval, while our simulation produces an extensive area of such low [O2]DISS conditions (Fig. 2), there is 

no conclusive evidence in the geological record for a large scale switch to hypoxia and/or anoxia (Chun et al., 2010; Pälike et 

al., 2014; Zhou et al., 2016; Papadomanolaki et al., 2022a; Xue et al., 2023). Possible explanations for the dissimilarity in 

response include: (1) our simulations overestimate the extent of low [O2]DISS conditions in the late Paleocene; (2) the PETM 

perturbation itself was insufficient to force a widespread change in redox state; (3) other factors unrelated to the perturbation 415 

were not conducive to a switch in redox state. The first option requires more (quantitative) proxy data from the edges and the 

core of our simulated OMZ for evaluation. Future work should also test if other models reproduce a similar result to this setup, 

and whether the inclusion of tidal mixing in IPSL-CM5A2 significantly changes [O2]DISS distribution (Ladant et al., 2024). 

Similarly, the configuration of low latitude gateways may favor oxygenation through strengthened influx from outside the 

Atlantic. In terms of the strength of the PETM perturbation itself, larger or longer-lasting increases in pCO2 would likely be 420 

accompanied by similarly large increase in continental weathering and nutrient supply (e.g. Wieczorek et al., 2013; Dickson 

et al., 2015; Jenkyns et al., 2017; Pogge Von Strandmann et al., 2021; Yobo et al., 2021) and it has been shown that this forcing 

in particular exerts a large control on the expansion of anoxia (Watson et al., 2017; Ozaki and Tajika, 2013; Ozaki et al., 2011). 

Even so, the need for stronger external forcing is compatible with the hypothesis that background conditions influenced the 

final outcome, as the PETM forcing may have been able to cause a switch to a largely anoxic ocean under different background 425 
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conditions. The same is true for factors that are not affected by the perturbation, as evidenced by the role the shallow Cretaceous 

Equatorial Atlantic Gateway played in limiting ventilation for the deep Central Atlantic. 

 

The presence of large OMZ at intermediate depths in both the pre-OAE2 and pre-PETM simulations, highlights another 

potential mechanism favoring Cretaceous expansion of anoxia. Here, it is not just the presence of widespread, [O2]DISS-depleted 430 

waters but their location relative to the basin’s bathymetry and productivity hotspots that matters. Multiple studies have shown 

that redox-sensitive biogeochemical processes occurring at the seafloor can act as powerful positive feedbacks on 

deoxygenation with far-reaching consequences; such processes include phosphorus regeneration (e.g. Reed et al., 2011), 

benthic iron release (e.g. (Wallmann et al., 2022) and marine production of the greenhouse gas N2O (e.g. Naafs et al., 2019). 

Phosphorus regeneration in particular appears to be a key requirement for deoxygenation on the scale of an OAE (e.g. Mort et 435 

al., 2007; Tsandev and Slomp, 2009; Ozaki et al., 2011; Palastanga et al., 2011; Beil et al., 2020). This necessitates an 

interaction between hypoxic/anoxic waters and shelf/slope sediments (Ozaki and Tajika, 2013), or similar environments with 

a significant supply of organic matter. A major difference between the pre-OAE2 simulation and our pre-PETM results is that 

the OMZ at 90Ma impinges on the much shallower seafloor of the Equatorial Atlantic Gateway (Fig. 1; 2). Importantly, the 

core of the OMZ and this shallow seafloor are overlain by the highly productive Equatorial Atlantic waters (Fig. 5; Laugié et 440 

al., 2021) and previous work has found evidence for highly reducing conditions in this region, prior to the onset of the PETM 

(Kuypers et al., 2002; van Bentum et al., 2009; van Helmond et al., 2014). We hypothesize that phosphorus regeneration from 

these equatorial sediments, possibly combined with other biogeochemical feedbacks, resulted in a sufficiently perturbed pre-

OAE2 phosphorus cycle that was primed to respond strongly to changes in nutrient input and productivity. 

 445 

The simulations presented here suggest that the interaction between low [O2]DISS waters and relatively shallow sediments 

underlying productive waters was shut down between OAE2 and the PETM, not by a dramatic shoaling and/or weakening of 

the OMZ, but by the progressive deepening of the Equatorial Atlantic Gateway to depths below 1000-1500m, from the Late 

Cretaceous onward (Channell et al., 1995; Pérez-Díaz and Eagles, 2017; Dummann et al., 2023). Thus the PETM recorded a 

much weaker expansion in reducing conditions but was, in turn, the last true global deoxygenation event of the Cenozoic 450 

(Jenkyns, 2010). Further changes in background conditions following the late Paleocene could explain the weaker nature of 

younger deoxygenation events. We find that the opening of the Tasman Gateway and the progressive decrease in atmospheric 

CO2 result in Southern Ocean deep-water formation south of the Atlantic and Indian basins and improve overall oxygenation 

in the Atlantic Ocean (Figs. 2, 3, 6). Loss of [O2]DISS in response to climatic events would still have had a larger impact on 

waters that were already depleted in [O2]DISS, similarly to OAE2 and the PETM, but, like the PETM, these waters no longer 455 

interacted with large areas of open ocean seafloor and its geochemistry. Thus, they left a limited imprint on the geological 

record. This Eocene trend of Atlantic oxygenation was likely aided by the opening of the Drake Passage (Farnsworth et al., 

2019; Toumoulin et al., 2020) and continued by the onset of North Atlantic Deep Water formation (Vahlenkamp et al., 2018). 
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5 Conclusion and outlook 

The IPSL-CM5A2 model simulates a pre-PETM (60Ma) Atlantic Ocean that is generally more oxygen enriched than it is for 460 

the pre-OAE2 (90Ma). Importantly, this difference is most evident in the deep Central Atlantic (>2500m), as the intermediate 

ocean is dominated by an OMZ of comparable size in both runs. The increase of [O2] saturation under lower pCO2 and the 

lack of barrier to deep circulation are the main controls here on the oxygenation of the deep Atlantic in the pre-PETM run. 

Intermediate depth deoxygenation is sustained by relatively limited ventilation for both simulations, and lower [O2]SAT for the 

pre-OAE2 run. We argue that the Equatorial Atlantic Gateway increased the Cretaceous Atlantic Ocean’s sensitivity to [O2]DISS 465 

depletion, not just by limiting deep ventilation, but by providing reducing sediments where positive geochemical feedbacks 

could strengthen any external forcing. Bathymetrical changes, rather than OMZ evolution, appear to have removed this 

mechanism by the late Paleocene and, with the later contribution of an open Tasman Gateway and pCO2 decrease, potentially 

reinforced the oxygen inventory’s resilience to perturbation. The stability of the ocean’s redox state under different boundary 

conditions is a topic that requires thorough evaluation if we are to correctly predict how the modern ocean will evolve the 470 

coming hundreds to thousands of years. Future work should elaborate on the results presented here by targeting factors such 

as nutrient input, orbital configurations and the depth of barriers to circulation, including the Walvis Ridge – Rio Grande highs. 

Another significant target for biogeochemical modeling is the nonlinearity of feedback processes and whether boundary 

conditions for past anoxic events favored large geochemical shifts,, a possibility that has been highlighted in work by Handoh 

and Lenton (2003), Watson et al. (2017) and Van De Velde et al. (2020).  475 
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8. Open Research 

LMDZ, XIOS, NEMO and ORCHIDEE are released under the terms of the CeCILL license. OASIS-MCT is released under 

the terms of the Lesser GNU General Public License (LGPL). IPSL-CM5A2 source code is publicly available through (Pillot, 

2022). The mod.def file provides information regarding the different revisions used, namely: 

• NEMOGCM branch nemo_v3_6_STABLE revision 6665 490 

• XIOS2 branchs/xios-2.5 revision 1763 

• IOIPSL/src svn tags/v2_2_2 

• LMDZ5 branches/IPSLCM5A2.1 rev 3591 

• branches/publications/ORCHIDEE IPSLCM5A2.1.r5307 rev 6336 

• OASIS3-MCT 2.0 branch (rev 4775 IPSL server) 495 

We recommend that you refer to the project website: http://forge.ipsl.jussieu.fr/igcmgdoc/wiki/Doc/Config/IPSLCM5A2 for 

a proper installation and compilation of the environment. The authors acknowledge the use of ferret 

(ferret.pmel.noaa.gov/Ferret/) for analysis and graphics. The authors also acknowledge the use of Crameri (2018) color maps. 

All model outputs and grid files required for calculations used in this study are available as a NetCDF files in Papadomanolaki 

and Donnadieu (2024) at (10.5281/zenodo.10560174) and in Laugié et al. (2021) at (10.5281/zenodo.4915873).  500 
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