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Despite its major role in the Earth’s climate regulation, the evolution of high-

latitude ocean dynamics through geological time remains unclear. Around

Antarctica, changes in the Southern Ocean (SO) circulation are inferred to be

responsible for cooling from the late Eocene and glaciation in the early

Oligocene. Here, we present a geochemical study of foraminifera from

DSDP Site 277 (Campbell Plateau), to better constrain thermal and redox

evolution of the high latitude southwest Pacific Ocean during this time

interval. From 56 to 48 Ma, Mg/Ca- and δ18O-paleothermometers indicate

high surface and bottom water temperatures (24–26°C and 12–14°C,

respectively), while weak negative Ce anomalies indicate poorly

oxygenated bottom waters. This is followed by a cooling of ~4° between

48 and 42 Ma, possibly resulting from a weakening of a proto-EAC (East

Australian Current) and concomitant strengthening of a proto-Ross gyre.

This paleoceanographic change is associated with better ventilation at Site

277, recorded by an increasing negative Ce anomaly. Once this proto-Ross

gyre was fully active, increasing biogenic sedimentation rates and

decreasing Subbotina sp. δ13C values indicate enhanced productivity. This

resulted in a shoaling of the oxygen penetration in the sediment pile

recorded by increasing the foraminiferal U/Ca ratio. The negative Ce

anomaly sharply increased two times at ~35 and ~31 Ma, indicating

enhanced seawater ventilation synchronously with the opening of the

Tasmanian and Drake Passage gateways, respectively. The Oligocene

glaciation is recorded by a major increase of bottom seawater δ18O
during the EOT (Eocene-Oligocene Transition) while Mg/Ca-

temperatures remain rather constant. This indicates a significant ice

control on the δ18O record.
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1 Introduction

Facing ongoing global warming, understanding the feedbacks

driving the Earth’s climate is one of the greatest challenges of Earth

sciences. As a pivotal period marking the transition from a

greenhouse to the modern icehouse world, the Eocene-Oligocene

interval has been studied for decades to identify and decipher the

climate mechanisms driving this cooling (e.g., Zachos et al., 2001;

Hutchinson et al., 2021) (Figure 1). Today, it is generally accepted

that a reduction in atmospheric pCO2 played a major role in this

transition, resulting in the cooling and then glaciation (e.g., DeConto

and Pollard, 2003; Pagani et al., 2011; Ladant et al., 2014; Kennedy-

Asser et al., 2020; Hutchinson et al., 2021). However, ocean

dynamics also play a key role in Earth’s climate. Indeed, oceanic

circulation controls global heat transfers while oceanic primary

productivity and the associated biological pump is a major

atmospheric CO2 sink (e.g., Jovane et al., 2009; Goldner et al.,

2014; Elsworth et al., 2017; Toumoulin et al., 2020; Zhang et al., 2020;

Sauermilch et al., 2021). Hence, constraining the evolution of

oceanic circulation and the chemistry of different water masses

during the Eocene-Oligocene transitions is fundamental for a better

understanding of the Earth’s climate changes.

Antarctica and the surrounding Southern Ocean have been a

significant focus of the last decades given their high sensitivity to

cooling and glaciation during the Eocene-Oligocene (e.g., Kennett

et al., 1975; Nelson and Cooke, 2001; Zachos et al., 2001; Stickley

et al., 2004; Bijl et al., 2009; , 2021; Bohaty et al., 2012; Hollis et al.,

2012, 2015; Scher et al., 2014, 2015; Pascher et al., 2015; Hodel et al.,

2021; Sauermilch et al., 2021; Shepherd et al., 2021). Located at the

outlet of the Tasmanian gateway, the DSDP Site 277 on the

Campbell Plateau (Figure 1) was drilled specifically to investigate

the role played by the Antarctic Circumpolar Current (ACC) in the

FIGURE 1
(A) Temporal evolution of the global benthic foraminifera δ18O records andmain climate events along the Eocene-Oligocene interval (from the
GTS2020 by Gradstein (2020)). Possible occurrences of Antarctica ice-cap are also represented after Zachos et al. (2001). Possible ACC (Antarctic
Circumpolar Current) onset is from Scher et al. (2015) and Hodel et al. (2021). (B) Opening and closing timing of main oceanic gateways during the
Eocene-Oligocene (from Straume et al., 2020). (C) Paleogeographic and paleobathymetric representation of the southern hemisphere at the
Oligocene, ca. 30 Ma (paleobathymetric data from Straume et al., 2020 andmodel built using the GPlate software, Müller et al., 2018). Paleocurrents
are represented based on Nelson and Cooke, (2001), Huber et al. (2004), Stickley et al. (2004), Bijl et al. (2009, Sijp et al. (2011); Pascher et al. (2015),
Hines et al. (2017), Houben et al. (2019); Ladant et al. (2020), Straume et al. (2020), Hodel et al. (2021), Shepherd et al. (2021) and Sauermilch et al.
(2021). Abbreviations: EOT, Eocene-Oligocene Transition; PrOM event, Priabonian Oxygen isotope Maximum event; MECO, Middle Eocene Climate
Optimum; EECO, Early Eocene Climate Optimum; T.G, Tasmanian Gateway; D.G, Drake Passage Gateway; pIOG, proto-Indian Ocean Gyre; pLC,
proto-Leeuwin current; pWG: proto-Weddell Gyre; pRG, proto-Ross Gyre; ACC, Antarctic Circumpolar Current; pTF, proto-Tasman Front; EAC, East
Australian Current; SPG, South Pacific Gyre.
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thermal isolation of Antarctica from tropical heat fluxes (e.g.,

Kennett et al., 1975) (Figure 1). There is significant evidence that

the development of the ACC played a major role in cooling and

keeping Antarctica cool (e.g., Kennett, 1977; Kennett and Exon,

2004; Sauermilch et al., 2019, 2021). In this study, we investigate the

role that other currents such as the proto-East Australian Current

and the proto-Ross gyre (e.g., Nelson and Cooke, 2001; Bijl et al.,

2009; Pascher et al., 2015; Sauermilch et al., 2021; Shepherd et al.,

2021) played on the ocean heat fluxes, ocean redox state and primary

productivity during the Eocene-Oligocene cooling.

Here, we investigate the physico-chemical properties of the

southwest Pacific water masses recorded at Site 277 to better

decipher the high latitude Southern Ocean dynamics during the

Eocene-Oligocene cooling. Site 277 (52°13.43’S; 166°11.48’E) is

located on the Campbell Plateau, South of New Zealand, between

Auckland and Campbell Islands. The site was drilled to better

understand the paleoceanographic history of the region related to

long-term oceanic structural changes and Antarctic glaciation

(Kennett et al., 1975). It is characterized by continuous

sedimentation from the middle Paleocene to the late

Oligocene (Kennett et al., 1975). The Eocene-Oligocene

section of the Site 277, is composed of two main lithological

units: Unit 2 (13 - 246 mbsf) and Unit 3 (246–454) mbsf. Unit 2 is

a nannofossil ooze containing glauconite, radiolaria,

foraminifera, minor amounts of diatoms and sponge spicules.

Unit 3 only differs by the fact that siliceous fossils are poorly

preserved and less abundant and by the occurrence of chert

nodules (Hollis et al., 1997). Site 277 is thus characterized by a

very uniform and mainly biogenic Eocene-Oligocene

sedimentary record, with minor detrital materials (Kennett

et al., 1975). It, therefore, constitutes an ideal target for

paleoceanographic studies dealing with marine biocarbonates.

The modern water depth at Site 277 is 1232 m below sea level. Its

paleodepth during the Eocene-Oligocene interval is estimated to

be 1,000–1,500 m, well above the lysocline at lower to middle

bathyal water depths since the Paleocene (Hollis et al., 1997).

We applied several chemical proxies to planktic and benthic

foraminifera from Site 277: (1) Mg/Ca and δ18O ratios to infer

seawater temperature and ice-volume evolution, (2) Ce anomaly

(Ce/Ce*) as a seawater redox proxy, (3) U/Ca ratio as a sedimentary

redox proxy, and (4) the δ13C as a potential paleoproductivity proxy

in combination with sedimentation rates (e.g., Katz et al., 2010 for a

review, Chase et al., 2001; Boiteau et al., 2012; Chen et al., 2017;

Remmelzwaal et al., 2019; Hodel et al., 2021). All these proxies were

analyzed for both benthic (mixedGyroidinoides sp. and Cibicidoides

sp.) and planktonic foraminifera (Subbotina sp.) from Site 277 to

decipher physico-chemical features of bottom and surface water.

These results provide new insights to better constrain southwest

Pacific Ocean circulation, associated heat transfer, ocean and

sedimentary redox evolution as well as paleoproductivity nearby

Antarctica across the Eocene-Oligocene cooling.

2 Materials and methods

2.1 Foraminifera separation and cleaning

Based on the detailed core descriptions of Kennett et al.

(1975), 27 sediment samples were selected for foraminifera

analysis. Each sample was resuspended into Milli-Q water,

ultrasonicated and sieved at 200 µm. Each fraction was dried

for 48 h in an oven at 50°C. Then, planktonic (Subbotina sp.,

thermocline dwellers, e.g., Pearson et al., 2006; Hollis et al.,

2012; Pascher et al., 2015) and benthic foraminifera

(Cibicidoides sp. and Gyroidinoides sp.) were hand-picked

separately under a stereo microscope. We only selected

entire, clean and well-preserved specimens devoid of visible

recrystallization, clay aggregates and oxyhydroxide patches

(Figure 3). Each planktic and benthic foraminifera sample

was then cleaned and digested in a clean laboratory

following the procedure of Hodel et al. (2021). Foraminifera

tests cleaning method consists of several ultrasonications in

MQ water (Molina-Kescher et al., 2014; Osborne et al., 2017;

Hodel et al., 2021) rather than the oxidizing-reducing cleaning

of Barker et al. (2003). This allows the preservation of secondary

coatings hosting the sedimentary redox signal (foraminiferal U/

Ca ratio evolutions) that we investigate further in this

contribution. For each sample, back-scattered electrons

(BSE) images of foraminifera tests (and residues after

chemical treatment) were obtained using a JEOL JSM-

6360LV electron microscope operating at 20 kV at the

Observatoire Midi-Pyrénées (PANGEE instrumental Platform,

Toulouse, France).

2.2 Elemental chemistry

Major and trace element concentrations of each

foraminiferal fraction were obtained through the all-in-one

procedure developed in Hodel et al. (2021). Cleaned

foraminifera fractions were dissolved into 1 ml of a 0.5 N

acetic acid solution. Then, major and trace element

concentrations were measured using a Thermo Scientific

Element XR HR-ICP-MS at the Observatoire Midi-Pyrénées

(Toulouse, France) (see Hodel et al., 2021 for more details).

The oxide interferences (BaO+ on Nd+ and Eu+, LREE on

MREE, and MREE on HREE, see table in Supplementary

Material S1) were then corrected. Oxide production rate

was determined based on the Cal-S standard

material (Calcite, Yeghicheyan et al., 2003). The precision

and accuracy of ICP-MS analyses were assessed by

measuring the Cal-S standard. Element concentrations of

all analyzed foraminiferal fractions are available in

Supplementary data.
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2.3 Oxygen and carbon isotope ratio
analysis

Stable isotope analyses were performed at the ISTeP

Laboratory (Sorbonne Université, Paris, France) using a

Kiel IV carbonate automatic device coupled with a DELTA

V Advantage isotope ratio mass spectrometer. Foraminiferal

oxygen and carbon isotope compositions were obtained by

measuring the oxygen and carbon stable isotopes of carbon

dioxide generated by the dissolution of planktonic and benthic

foraminifera samples using anhydrous orthophosphoric acid

at 70°C. Isotope values are reported in conventional delta (δ)
notation as per mil (‰) deviations of the isotopic ratios (18O/
16O) calculated to the VPDB scale. Accuracy and precision of

0.08‰ (1σ) for both O and C isotopes were determined by

repeated analyses of an internal Carrara marble standard,

calibrated against the international standard NBS-19.

Results of all the foraminiferal δ18O and δ13C analyses of

this study are available in Supplementary data.

2.4 Paleotemperature calculation

2.4.1 Mg/Ca temperatures
Mg/Ca-derived paleotemperatures were calculated using

the latest power law relationship established to describe

foraminiferal Mg/Ca ratio and temperature covariations

(Hollis et al., 2015; Hines et al., 2017 and reference therein,

Eq. 1). The latter is an update of the exponential relationship of

Lear et al. (2002) to better fit past seawater Mg/Ca ratios (Mg/

Casw).

T � ln ([Mg/Catest] × [Mg/Cat�0sw ]H
B × [Mg/Cat�tsw ]H ) ×

1
A

. (1)

In this study, we used a value of 1.6 mol.mol−1 for the Mg/

Ca ratio of seawater at the time of test crystallization (i.e., Mg/

Casw
t=t, Stanley and Hardie, 1998; Evans and Müller, 2012;

Hollis et al., 2015; Hines et al., 2017). Possible variations of

this value along the studied interval are further discussed (see

part 4.2.4). The Mg/Ca ratio of modern seawater (Mg/Casw
t=0)

has been fixed at 5.17 mol.mol−1 (Stanley and Hardie, 1998;

Evans and Müller, 2012). For surface seawater temperatures

(SST), we used the general calibration of Anand et al. (2003),

which is based on nine planktonic species (A = 0.09 and B =

0.38) and an H value of 0.29 (Creech et al., 2010; Hollis et al.,

2012). For seafloor temperatures (SFTs), we used the

calibration of Lear et al. (2002) based on three Cibicidoides

species (A = 0.109 and B = 0.867) and an H value of 0.16

(Burgess et al., 2008). Errors on calculated temperatures were

determined by considering the relative standard deviation

(RSD) on Mg and Ca concentrations of 1.03% and 1.14%

on average, respectively, as well as the calibration error

of ±1.6°C on the multi-species calibrations established by

Lear et al. (2002) and Anand et al. (2003). The cumulative

error calculated provides upper and lower uncertainties

(±1.62°C on average). All the paleotemperatures calculated

based on Mg/Ca molar ratios are available in

Supplementary data.

2.4.2 δ18O temperatures
δ18O-derived paleotemperatures were calculated using the

equation of Kim and O’Neil (1997) for both benthic and

planktonic foraminifera (Eq. 2):

T(°C) � 16.1 + −4.64(δ18OM − δ18Osw)
+ 0.09(δ18OM − δ18Osw)2, (2)

where δ18OM is the measured value and δ18Osw the seawater

value. Here, δ18Osw is fixed to −1.23‰, including an ice-

volume component of −0.96‰ (Zachos et al., 1994) and a

SMOW to VPDB correction of −0.27‰ (Kim and O’Neil,

1997). We fixed the ice-volume component because the

evolution of global continental ice volume along the

Eocene-Oligocene interval remains unconstrained. This

likely induces a bias on calculated temperatures, notably

across and after the Eocene-Oligocene Transition (EOT),

which is debated further (see part 4.2.4.). Planktonic δ18O
values were corrected for paleolatitude (correction of −0.23‰

for ca. 65 °S, Zachos et al., 1994). We also applied a correction

of +0.28‰ for benthic species (Katz et al., 2003; Hollis et al.,

2015). All the δ18O-derived paleotemperatures are available in

Supplementary data.

2.4 Age model and sedimentation rate
calculations

Age estimations for each sample have been calculated

using the biochronological data from Hollis et al. (1997)

for Site 277 and updated with the recently published

nannofossil data of Shepherd et al. (2021) for the Eocene

interval. Data of Hollis et al. (1997) were recalibrated to the

GTS 2012 (Gradstein et al., 2012) (see Supplementary

Material S2). We used the changepoint (Killick and Eckley,

2014) and segmented (Vito and Muggeo, 2003) packages

implemented on the R software (R Development Core

Team, 2019) to identify statistically robust trends of

sedimentation rate fitting with linear regressions and to

calculate the absolute age of each selected sample

(Figure 2) (see Hodel et al., 2021 for a similar approach).

The 95% confidence interval of these regressions (jack-knife R

script) defined uncertainties on obtained ages (from ±

0.10 to ± 0.6 Ma, Figure 2). The calculated ages with their

associated uncertainties are reported in Supplementary

Material S2.
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3 Results

3.1 Sample ages

Calculated ages of our samples range from 55.4 ± 0.6 Ma to

26.0 ± 0.1 Ma. Our sampling frequency resolution is between

0.5 and 1.2 Ma from 26.0 to 41.8 Ma and between 1.3 and

2.6 Ma from 44.3 to 55.4 Ma. Our statistical approach allowed

us to identify two main sedimentation regimes (in line with

Hollis et al., 1997), namely a sedimentation rate of ~ 0.5 cm/

kyr between 55.4 ± 0.6 Ma and 41.8 ± 0.1 Ma and of ~ 2.15 cm/

kyr between 41.8 ± 0.1 Ma and 26.0 ± 0.1 Ma (Figure 2).

Shepherd et al. (2021) recently mentioned two hiatuses at Site

277 in the early and middle Eocene that we do not observe

with our statistical model. This likely relies on the fact that our

linear regressions are based on several biostratigraphic data

points. It results in a slightly less resolved but statistically

more robust age model. However, it is worth noting that the

calculated uncertainties of our ages take into account the poor

distribution of the biostratigraphic markers for this time

interval. Thus, the effect of these possible hiatuses on our

ages is encompassed in the error bars.

3.2 Scanning electron microscopy
imaging: Test preservation

Scanning electron microscopy (SEM) observations

(Figure 3) have been used to assess the preservation state

of benthic and planktonic foraminifera. As evidenced by

previous studies (e.g., Hollis et al., 2015; Shepherd et al.,

2021), planktonic foraminifera from Site 277 are

characterized by a “frosty” texture (Sexton et al., 2006),

resulting from minor authigenic calcite recrystallization

after the deposition of the test on the seafloor and/or

during their sinking through the water column (Figures

3A,B). Benthic foraminifera show a smoother texture

without visible secondary calcite recrystallization. SEM

observations of the residues after the foraminifera test acid

dissolution (0.5 M CH3COOH) indicate that only calcite has

been dissolved, indicating minimal contamination by detrital

material (e.g., clay mineral, quartz, mica and feldspar grains)

or early-diagenetic mineral such as pyrite (Figures 3E,F).

3.3 Foraminiferal Rare Earth Element
concentrations

All analyzed foraminifera show smooth seawater-like

PAAS (Post Archean Australian Shales) normalized REE

element patterns (Figures 4A,B) characterized by: 1) a

depletion in LREE (Light Rare Earth Elements) compared to

HREE (Heavy Rare Earth Elements, (Pr/Yb)N ratios ranging

from 0.27 to 0.57 and 0.29 to 0.60 for benthic and planktonic

foraminifera, respectively), 2) a marked negative Ce anomaly

(Ce/Ce* = CeN/(PrN x (PrN/NdN)), ranging from 0.31 to

0.90 and 0.29 to 0.92 for benthic and planktonic

foraminifera, respectively) and 3) a pronounced positive La

anomaly (La/La*= LaN/(PrN x (PrN/NdN)
2) ranging from

1.58 to 2.48 and 1.60 to 2.23 for benthic and planktonic

foraminifera, respectively). All these features are

characteristic of modern seawater chemistry (e.g., Elderheld

and Greaves, 1982; Elderfield, 1988; Grenier et al., 2013;

Jeandel et al., 2013; Hathorne et al., 2014; Deng et al.,

2017). Interestingly, temporal evolutions of the Ce/Ce*

values display clear stepwise tendencies (Figure 4C). From

55.4 Ma to 41.8 Ma, Ce/Ce* values are high and fluctuate

between 0.67 to 0.90 and 0.69 to 0.92 for benthic and

planktonic foraminifera, respectively. From 41.8 Ma onward,

Ce/Ce* values decrease considerably in both benthic and

planktonic species in a series of steps. First, Ce/Ce* values

decrease from 0.88 at 41.8 Ma to 0.62 at 39.1 Ma and stabilize

ca. 0.62 from 39.1 to 35.6 Ma. A second marked drop occurs

between 35.6 and 34.4 Ma down to ca. 0.47. Finally, a third

major drop of the Ce/Ce* values down to ca. 0.30 is noticeable

between 31.8 and 31.0 Ma. Then the Ce anomaly remains

constant until 26.0 Ma.

FIGURE 2
Age model for selected samples (green squares) from the
DSDP Leg 29 Site 277. Calibrations are based on the integrated
biostratigraphic study of Hollis et al. (1997) and the recent study of
Shepherd et al. (2021) for the Eocene Data and taxa
abbreviations shown in Supplementary data 2. Regressions are
computed using the packages changepoint (Killick and Eckley,
2014) and segmented (Vito and Muggeo, 2003) on the R software
(R Development Core Team, 2019). Uncertainties (represented in
shaded green) correspond to the 95% confidence interval of
regressions.

Frontiers in Earth Science frontiersin.org05

Hodel et al. 10.3389/feart.2022.998237

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.998237


3.4 Foraminiferal major and traces
element concentrations

3.4.1 Contamination evaluation
In addition to SEMobservations and REE concentrations, Al/Ca

vs. Mg/Ca and Sr/Ca vs. Mg/Ca diagrams can be used in chemical

studies on foraminifera to monitor potential contaminations (e.g.,

Hollis et al., 2015; Osborne et al., 2017; Henehan et al., 2020; Hodel

et al., 2021). In their laser ablation study, Hollis et al. (2015)

calculated threshold values in such diagrams to discard samples

with Mg/Ca-temperatures possibly biased by more than 1°C by

detrital silicates, early-diagenetic (coatings) and/or recrystallization

processes. In our study, all samples show lowAl/Ca ratio with values

ranging from 0.005 to 0.07 mmol.mol−1 and

0.008–0.166 mmol.mol−1 for benthic and planktonic foraminifera,

respectively (Figure 5A). These values are well below the

contamination threshold established by Hollis et al. (2015),

namely Al/Ca > 2 mmol.mol−1 (Figure 5A). Only one sample

(26.9 Ma) displays Al/Ca ratio above the threshold value of

0.140 fixed by Rae et al. (2011) and Henehan et al. (2020) for

potential clay contamination (Figure 5A). With Sr/Ca ratio ranging

from 0.92 to 1.38 and 0.90 to 1.67 for benthic and planktonic

foraminifera, respectively, our data also lie within the range of

0.8–1.6 mmol.mol−1 established by Hollis et al. (2015) for

acceptable values, except for two planktonic foraminifera samples

showing ratios of 1.62 and 1.67. These two samples and the sample

with Al/Ca ratio > 0.140 were discarded and not included in the

discussion. They are circled in pink in the figures.

3.4.2 Mg/Ca ratio
Mg/Ca ratio ranges between 1.51 and 3.69 mmol.mol−1 and

1.58–3.06 mmol.mol−1 for benthic and planktonic foraminifera,

respectively (Figure 6A). From 55.4 Ma to 46.8 Ma, both benthic

and planktonic foraminifera show high Mg/Ca ratio, varying

between 3.32 and 3.69 and 2.41 and 3.06, respectively. Mg/Ca

ratio is rather stable during this time interval for benthic

foraminifera, while it slightly decreases in the planktonic

record. Then, the Mg/Ca ratio drops down to much lower

values of 2.04 and 1.89 in the benthic and planktonic

foraminiferal fractions, respectively at 44.3 Ma. From 44.3 Ma

onwards, the Mg/Ca ratio of both benthic and planktonic

foraminifera is more stable with values of 1.51–2.14 and

1.66 to 2.16 for benthic and planktonic foraminifera,

respectively, except for some peaks in the benthic record at

41.0 Ma (Mg/Ca = 2.47), 39.1 Ma (Mg/Ca = 2.46) and

32.2 Ma (Mg/Ca = 2.44).

3.4.3 U/Ca ratio
Foraminiferal U/Ca ratio ranges from 0.007 to

0.078 μmol.mol−1 and 0.007–0.128 μmol.mol−1 for benthic and

planktonic foraminifera, respectively (Figure 6C). U/Ca ratio is

very low and stable from 55.4 to 41.8 Ma (from 0.007 to

0.020 μmol.mol−1 and 0.007–0.026 μmol.mol−1 for benthic and

planktonic foraminifera, respectively). Then, it rapidly increases

from 41.8 Ma onwards and reaches values of 0.058 and

0.068 μmol.mol−1 at 36.7 Ma. Further on, the U/Ca ratio

decreases down to values of 0.017 and 0.020 μmol.mol−1 at

FIGURE 3
Back-scattered electron (BSE) SEM microphotographs of (A,B) planktonic foraminifera (Subbotina sp.) and (C,D) benthic foraminifera
(Gyroidinoides sp. and Cibicidoides sp., respectively) from the DSDP Site 277. (E) and (F) are examples of residues remaining after 0.5 M CH3COOH
tests dissolution. Abbreviations stand for Pyr, pyrite; Org. Mat, organic matter; Musc, muscovite; Amp, amphibole; Feld, feldspar.
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32.2 Ma in benthic and planktonic foraminifera, respectively.

Finally, the U/Ca ratio increases again, more gradually, from

32.2 Ma to 26.0 Ma.

3.5 Oxygen and carbon isotope
compositions

Foraminiferal δ18O values range from -0.96 to +2.22‰ for

benthic species and between −1.30 and +1.64‰ for planktonic

species (Figure 7A). Overall, the benthic and planktonic δ18O
signals show a similar evolution, despite average values being

lower by 0.5‰ for planktonic foraminifera. Values are both low

during the early Eocene, ranging from -0.96 to −0.61‰

and −1.99 to −1.15‰ for benthic and planktonic foraminifera,

respectively. From ca. 49 to 43 Ma, δ18O increases up to −0.01‰

in planktonic foraminifera and +0.23‰ in benthic foraminifera,

before stabilizing until ca. 36 Ma. From that time, the δ18O of

benthic and planktonic foraminifera increases progressively up to

+1.89‰ at 26.9 Ma and +1.31‰ at 26.0 Ma, respectively,

although there are some second-order oscillations. Notably,

δ18O of both benthic and planktonic foraminifera increase

from +0.65 to +1.54‰ and from +0.39 to +1.09‰,

respectively between 34.4 Ma and 33.0 Ma, i.e. across the EOT.

Foraminiferal δ13C values are between -0.24 and +1.41‰ and

+1.06 to +3.06‰ for benthic and planktonic species respectively

(Figure 7B). Benthic and planktonic signals do not show similar

temporal trends. For benthic foraminifera, δ13C increases from

+0.04 to +1.41‰ during the 55.4 to 49.9 Ma interval and

progressively decreases down to −0.24‰ at 36.7 Ma. Then it

increases up to +1.03‰ at 33.0 Ma before decreasing down to

-0.05‰ at 26.9 Ma. For planktonic foraminifera, δ13C values

range from +1.39‰ to +2.54‰ and do not showmajor evolution

along the 55.4 to 40.1 Ma interval. Then planktonic foraminifera

δ13C values increase up to +3.05‰ at 39.1 and +2.91‰ at

38.5 Ma before decreasing down to +1.07‰ at 26.0 Ma.

FIGURE 4
(A,B) PAAS normalized REE spectrum of the studied (A) planktonic (Subbotina sp.) and (B) benthic foraminifera (Cibicidoides sp. and
Gyroidinoides sp.) tests from the DSDP Site 277. PAAS normalizing values are from Barth et al. (2000) with Tm from Kamber et al. (2005). (C) Evolution
of the negative Ce anomaly (Ce/Ce* ratio) along the Eocene-Oligocene interval. The samples highlighted in pink are the three samples slightly above
the contamination threshold for Al/Ca and Sr/Ca molar ratios (see Figure 5).
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FIGURE 5
(A)Cross-plots of Al/Ca vs Mg/Ca ratios and (B) Sr/Ca vs Mg/Ca ratios measured in the foraminiferal fractions. Screening limits in shaded red are
fromHollis et al. (2015). Another Al/Ca ratio threshold for potential clay contamination from Rae et al. (2011) and Henehan et al. (2020) is represented
(red line in a). Shaded grey domains and grey trend lines represent the LA-ICP-MS data of Hollis et al. (2015) on benthic and planktonic foraminifera
from the Site 277 for comparison. The samples highlighted in pink are the three samples slightly above the contamination threshold for Al/Ca
and Sr/Ca molar ratios.

FIGURE 6
Temporal evolution of (A) Mg/Ca molar ratios (in mmol.mol−1) and (B) U/Ca molar ratios (in µmol.mol−1). Samples highlighted in pink are the
three samples slightly above the contamination threshold for Al/Ca and Sr/Ca molar ratios (see Figure 5).
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4 Discussion

4.1 Pristine seawater chemical signal

SEM observations of planktonic foraminifera indicate

minor recrystallizations as evidenced by “frosty” test

texture (Sexton et al., 2006; Hollis et al., 2015; Shepherd

et al., 2021) (Figure 3). Nonetheless, for both benthic and

planktonic foraminifera, the LREE depletion compared to

HREE as well as the marked Ce and La anomalies are

typical of pristine seawater chemical signatures (e.g.,

Elderheld and Greaves, 1982; Elderfield, 1988; Bau and

Dulski, 1996; Kamber and Webb, 2001; Bolhar et al., 2004;

Deng et al., 2017; Hodel et al., 2021) (Figure 4). These features

would undoubtedly have been deleted by early-diagenetic

fluids and detrital contamination (e.g., Bolhar et al., 2004;

Deng et al., 2017). This is in agreement with the Al/Ca and Sr/

Ca ratios presented in Section 3.4.1, showing that diagenetic

or recrystallization overprints can be excluded, except for

three samples (Figure 5). Very low Al/Ca and Sr/Ca ratios

in Al/Ca vs. Mg/Ca and Sr/Ca vs. Mg/Ca diagrams (Figure 5)

also discard a significant effect of secondary coatings on Mg/

Ca ratios and therefore on Mg/Ca-derived temperatures.

Indeed, all the samples that we further use in our

discussion are below the calculated threshold values

calculated by Hollis et al. (2015) to discard samples with

Mg/Ca-temperatures possibly biased by more than 1°C by

detrital silicates, early-diagenetic (coatings) and/or

recrystallization processes. Hence, even if we did not use

the conventional oxidizing-reducing cleaning of Barker

et al. (2003), these chemical features attest of the validity of

our Mg/Ca-derived temperatures. The latter is ultimately

confirmed by the perfect consistency between 1) our Mg/

Ca-SFT record and all the δ18O-SFT records available for Site

277 (Hollis et al., 2012; Pascher et al., 2015; Shepherd et al.,

2021; this study; Figure 8), and 2) our Subbotina Sp. Mg/Ca-

derived thermocline temperatures and those of Hines et al.

(2017) on the same site, whom applied a LA-ICP-MS method

specially designed to remove the effects of potential post-

depositional diagenetic contamination on Mg/Ca ratios

(Figure 8). Therefore, we conclude that the elementary

chemistry of the analysed benthic and planktonic

foraminifera from Site 277 reflects pristine seawater

composition for the investigated elements.

FIGURE 7
Temporal evolution of foraminiferal (A) δ18O (in ‰ VPDB) and (B) δ13C (in ‰ VPDB) for benthic and planktonic species along the studied time
interval.
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Nevertheless, we cannot exclude potential effects of

secondary processes on the O isotope compositions (e.g.,

Katz et al., 2010; Hollis et al., 2015). Indeed, δ18O of

foraminiferal calcite and derived temperatures are known

to be more easily biased by such processes. Post-mortem

recrystallization of planktonic tests once deposited on the

seafloor can induce a cool bias on δ18O-derived sea-surface

temperatures (SSTs) by partially recording the bottom ocean

temperature (Katz et al., 2010; Hollis et al., 2015). This bias is

reflected by the relatively close δ18O values of benthic and

planktonic species throughout the studied interval, suggesting

a temperature offset of only ~2°C between bottom and surface

waters, much lower than the one estimated from Mg/Ca ratios

(~12°C). For this reason, we focus our study on Mg/Ca-

derived SSTs, which appear to be less affected by post-

mortem recrystallization (Katz et al., 2010; Hollis et al.,

2015) than δ18O-derived SSTs. Finally, it is worth noting

that the planktonic Subbotina sp. foraminifera picked for

this study are thought to be thermocline-dwelling species

(e.g., Pearson et al., 2006; Hollis et al., 2012; Pascher et al.,

2015). Thus, calculated SSTs likely correspond to an

integration of the thermocline paleotemperatures.

4.2 Southwest Pacific seawater
temperatures

4.2.1 Early Eocene Climate Optimum
With a maximum temperature of 26°C in the early Eocene

and a minimum temperature of 18°C in the late Oligocene, our

Mg/Ca-derived SSTs are in line with TEX86 temperatures

calculated and compiled by Bijl et al. (2009, 2021) for ODP

Site 1,172 (Tasmania) located at an equivalent paleolatitude of

~60°S (see Figure 1 for Site 1172 location) (Figure 8). These high

SSTs (from 23 to 26°C in the thermocline) are consistent with the

multi-proxy SSTs of 26–28°C calculated by Hollis et al. (2012) for

the Early Eocene Climate Optimum (EECO, Figure 1A) in the

Canterbury Basin (New Zealand), as well as with numerous

geochemical studies indicating warm subtropical-cool tropical

conditions in the southwest Pacific Ocean in the early Eocene

(Bijl et al., 2009; Hollis et al., 2009, 2015; Liu et al., 2009; Creech

et al., 2010; Sluijs et al., 2011; Hines et al., 2017; Crouch et al.,

2020) (Figure 8). Despite these numerous studies displaying

consistently high temperatures, such high SSTs at high

latitude (above 50°S) are still debated. This notably hinges on

the fact that “proxy-based paleoclimate reconstructions from the

FIGURE 8
Temporal evolution of foraminiferal Mg/Ca- and δ18O-derived SSTs (here thermocline temperatures obtained on Subbotina sp. foraminifera)
and SFTs (seafloor temperatures obtained on Cibicidoides sp. and Gyroidinoides sp.) compared to available data from Hollis et al. (2012), Pascher
et al. (2015), Hines et al. (2017), and Shepherd et al. (2021). TEX86-derived SSTs (mixed-layer temperatures) for Site 1172 (Bijl et al., 2021) and Eastern
New Zealand sites (Mid-Waipara and Hampden, Inglis et al., 2015) are also represented for comparison. Compilation of Mg/Ca- and TEX86-
derived SSTs (mixed-layer temperatures) from tropical sites worldwide by Cramwinckel et al. (2018) is also shown for comparison. It is worth noting
that the post-EECO cooling that we and other authors noticed in the southwest Pacific Ocean is not visible in that compilation. Tethys seaway depth
evolution is from Straume et al. (2020).
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southwest and tropical Pacific imply little to no latitudinal

temperature gradient during the early-Eocene, which is

difficult to reconcile with the known climate dynamics and

model studies” (in Hines et al., 2017, see also Cramwinckel

et al., 2018 and Hollis et al., 2019). Recently, Shepherd et al.

(2021) indicated that nannofossil assemblages from DSDP sites

207 and 277 (see Figure 1 for sites locations) more likely attest to

warm temperate rather than tropical conditions. Several

hypotheses have been proposed to explain this thermal

overestimation, notably calibration issues, seasonal bias, and

physiological processes (Sluijs et al., 2006; Hollis et al., 2012;

Taylor et al., 2013; Hollis et al., 2015; Inglis et al., 2015). However,

as raised by Hollis et al. (2015), given the consistency between the

various proxies used in these studies (δ18O, Mg/Ca, and TEX86),

such overestimation must rely on common factor(s) affecting all

proxies like a warm-season bias rather than calibration issues or

FIGURE 9
Paleogeographic reconstructions illustrating possible paleoceanographic evolutions along the Eocene-Oligocene interval. (A), (B), (C) and (D)
correspond to snapshots at 50 Ma, 40 Ma, 34 Ma and 30 Ma, respectively. Paleogeographic and paleobathymetric data are from Straume et al.
(2020). Reconstructions were realized using the GPlate software. Arrows represent warmer (red) and cooler (blue) oceanic currents. They result from
an attempt of harmonization of several global and regional studies coupled with the results of the present study (this study and Nelson and
Cooke, 2001; Huber et al., 2004; Stickley et al., 2004; Bijl et al., 2009; Sijp et al., 2011; Hollis et al., 2012; Pascher et al., 2015; Hines et al., 2017; Houben
et al., 2019; Ladant et al., 2020; Straume et al., 2020; Hodel et al., 2021; Shepherd et al., 2021; Sauermilch et al., 2021). The size of the arrows is
arbitrary. Abbreviations stand for: pIOG, proto-Indian Ocean Gyre; pLC, proto-Leeuwin Current; pWG, proto-Weddell Gyre; pRG: proto-Ross
Gyre; ACC, Antarctic Circumpolar Current; pTF: proto-Tasman Front; EAC, East Australian Current; SPG, South Pacific Gyre, TG, Tasmanian
Gateway; DG, Drake Passage Gateway.
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physiological factors (e.g., Sluijs et al., 2011; Hollis et al., 2012,

2015). Benthic Mg/Ca and δ18O data also testify to high and

stable seafloor temperatures (SFTs) during the early Eocene,

ranging from 14 to 15°C and 12–14°C, respectively, between

56 Ma and 48 Ma. These data are also consistent with those from

Hollis et al. (2012) and Shepherd et al. (2021) showing similar

SFTs for the Canterbury Basin and Site 277 (Figure 8A).

To explain such high seasonal SSTs and high SFTs during the

early Eocene, Hines et al. (2017) proposed that an intensification

of a proto-East Australian Current (EAC) during the PETMmay

have resulted in the distribution of tropical temperatures down

into the high-latitude southwest Pacific Ocean. Similarly, based

on the Nelson and Cooke (2001) study, Shepherd et al. (2021)

proposed that New Zealand and the Tasman Sea were likely

bathed by warm waters originating from the western limb of the

South Pacific anticyclonic gyre and the southward extension of a

proto-EAC (Figure 9A).

4.2.2 Middle Eocene cooling
Following the EECO, our Mg/Ca-derived SSTs show a

progressive cooling during the early-mid-Eocene, which

intensifies from 48.3 Ma to 44.3 Ma with SSTs decreasing

from 24°C down to 20°C (Figure 8A). Synchronously, both

Mg/Ca- and δ18O-derived SFTs also attest to a marked

cooling of ca. 4°C following the EECO (Figure 8A). In line

with the emergence of cool-water nannofossil taxa at Site

277 from 49 Ma (Shepherd et al., 2021), this cooling likely

marks the transition toward temperate conditions in the

southwest Pacific Ocean (see also Hollis et al., 2012, 2021).

A first hypothesis to explain this southwest Pacific Ocean

cooling could be a global climate event due to decreasing

atmospheric pCO2 (e.g., Zachos et al., 2008). However, other

local mechanisms have been proposed given the apparent lack of

(sub-) equatorial cooling at that time (e.g., Bijl et al., 2013;

Cramwinckel et al., 2018; Shepherd et al., 2021; Figure 8).

Indeed, a comparison of SSTs between southwest Pacific and

tropical sites shows that all southwest Pacific sites are affected by

a significant cooling following the EECO, whereas no comparable

drop is observed for tropical sites (Figure 8 and references

therein). To explain this, Bijl et al. (2013) proposed that local

cooling could have been caused by a westbound flowing current

across the Tasmanian Gateway producing a “cooling of Antarctic

surface waters and coasts, which was conveyed to global

intermediate waters through invigorated deep convection in

southern high latitudes.” More recently, Shepherd et al. (2021)

proposed that a migration of the proto-Ross gyre and the proto-

Tasman front (cooler waters, e.g., Nelson and Cooke, 2001;

Huber et al., 2004) toward lower latitudes could also explain

this post-EECO cooling.

As previously mentioned, the source of warm waters bathing

the Campbell Plateau before this cooling was likely a proto-EAC

fed by warm tropical-equatorial waters originating from both the

tropical Indian Ocean and a South Pacific anticyclonic gyre (e.g.,

Nelson and Cooke, 2001; Hines et al., 2017; Shepherd et al., 2021)

(Figure 9A). Therefore, we hypothesize that the northward

migration proto-Ross gyre proposed by Shepherd et al. (2021)

may have resulted from a retreat of this proto-EAC. Indeed, the

Tasman gateway was not significantly opened at that time

(Stickley et al., 2004) and the proto-EAC was thus likely to be

the main control on the northward expansion of the proto-Ross

gyre. Based on recent studies, we propose two mechanisms to

explain such a proto-EAC weakening:

1) Paleomagnetic studies suggest a rifting between Southern

Pacific and Indian oceans between 50 and 40 Ma (e.g., Van

Hinsbergen et al., 2015). Meanwhile, these studies (see also

Bijl et al., 2021) show a southward drift of the Pacific sector of

Antarctica over this time interval, relative to the position of

the Earth’s spin axis. This possibly has relocated the proto-

EAC, reduced its strength, and leads to an effective northward

expansion of the proto-Ross gyre.

2) An alternate hypothesis is linked to the Tethys seaway. In

the early Eocene, the Tethys seaway played a key role in

global ocean circulation by driving an eastward TCC

(Tethys Circum global Current), which provided warm

saline water masses to the tropical Indian Ocean (e.g.,

Jovane et al., 2009; Ladant et al., 2020; Straume et al.,

2020). Hamon et al. (2013) also modeled that the “final

closure of the eastern Tethys seaway played a major role in

the oceanic circulation reorganization during the middle

Miocene”, notably by inducing “strong changes in the

latitudinal density gradient and ultimately the

reinforcement of the Antarctic Circumpolar Current”.

This confirms the important influence of the Tethyan

inputs on the Southern Ocean paleoceanography.

Recently, Straume et al. (2020) suggested that a major

step in the Tethys seaway closure occured from 48 Ma to

42 Ma (depth loss of ca. 3,000 m), synchronously with the

possible proto-EAC retreat and associated post-EECO

cooling (Figure 8). Thus, we hypothesize that this Tethys

seaway shoaling from 48 Ma to 42 Ma, possibly coupled with

the partial obstruction of the Tethys-tropical Indian Ocean

connection by the northward migration of the Indian plate

(e.g., Straume et al., 2020), could also have resulted in a

significant reduction of the warm eastward tropical-

equatorial fluxes feeding the proto-EAC at that time

(Figure 9B).

Further studies, notably modeling studies, are needed to

validate or invalidate these hypotheses.

4.2.3 Middle to late Eocene
Following the post-EECO cooling, SSTs remained stable

from 44 Ma to 26 Ma (20°C on average with a standard

deviation of ±1.8°C) (Figure 8), without noticeable shift at

the Eocene-Oligocene Transition (33.7 Ma). This trend is
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consistent with the TEX86-derived SSTs of Bijl et al. (2021). In

contrast, SFTs show more fluctuations during this

time interval. After 44.3 Ma onward, SFTs calculated from

both proxies remain stable until 36.7 Ma except for two

isolated temperature rises of ca. +2°C noticeable in the Mg/

Ca record at 41.0 Ma and 39.1 Ma. Then both proxies record a

SFT drop of more than 3°C for δ18O data and ca. 2°C for Mg/Ca

data between 36.7 Ma and 35.6 Ma. Our sampling resolution is

not sufficient to study in detail these potential short-lived

events, which are not the purpose of this study.

4.2.4 Eocene-Oligocene transition: Major
cooling, massive ice cap build-up, or both?

At the time of the EOT glaciation (from 34.4 Ma to 33.0 Ma),

δ18O-derived SFTs drop from 6°C to 3°C. Then δ18O-derived
SFTs progressively decrease during the Oligocene (with two

positive peaks at 32.2 Ma and 29.3 Ma) down to a SFT of

1.37°C at 26.9 Ma. Interestingly, Mg/Ca-derived SFTs and

SSTs do not follow this cooling trend and remain rather

stable from 35.6 Ma to 26.0 Ma (Figure 8).

A possible explanation is that local phenomena could have

influenced seawater temperature at Site 277 across the EOT.

Indeed, this absence of cooling at the EOT in ourMg/Ca record is

also noticeable in the TEX86 record of Bijl et al. (2021) from ODP

Site 1172 (Figure 8). This could be due to a throughflow of the

warm proto-Leeuwin current at the same time as EOT cooling as

suggested by Houben et al. (2019) and/or to a subtropical front

developing at these sites as the Tasmanian gateway opens

(Sauermilch et al., 2021).

However, the dichotomy between ice-independent (Mg/Ca

and TEX86) and ice-dependent (δ18O) records remains puzzling.

As mentioned above, southwest Pacific Mg/Ca and TEX86-

derived temperatures remain constant across the EOT, but

δ18O-derived temperatures drop (Figure 8). Several other sites

show the same ambiguity worldwide: for instance, DSDP Site

511 at the Falkland Plateau (Houben et al., 2019), ODP sites

689 and 748 at Maud Rise and the Kerguelen Plateau (Bohaty

et al., 2012). Lear et al. (2004) even suggest warming of ca. 2°C in

the deep South Atlantic (DSDP Site 522) and Equatorial Pacific

(ODP Site 1,218) oceans following the EOT. Therefore, either

Mg/Ca and TEX86 temperatures are biased similarly or δ18O
temperatures are biased.

Based on the fact that the foraminiferal δ18O is ice-dependent

while the Mg/Ca is not, authors firstly concluded that this

apparent absence of cooling in the benthic foraminifera Mg/

Ca record implied that most of the δ18O increase was due to an ice

volume increase, modifying the seawater δ18O, rather than a

major cooling (e.g., Lear et al., 2000; Billups and Schrag, 2003).

Then, it has been shown that these results imply ice volume that

cannot be accommodated by Antarctica alone (e.g., Coxall et al.,

2005; DeConto et al., 2008) and therefore suggest a massive

Arctic ice-cap formation. Based on a compilation of U37
k’ and

TEX86-derived SSTs at low and high latitudes, Liu et al. (2009)

proposed that the EOT was accompanied by a heterogeneous

cooling and modeled “that Northern Hemisphere glaciation was

not required to accommodate the magnitude of continental ice

growth during this time”. Today the timing of the Northern

Hemisphere ice-cap onset is a subject of controversy (see

Hutchinson et al., 2021 for a review). Several studies have

found evidence of massive Arctic ice-cap formation (at least

ephemeral) as early as the Eocene (e.g., Tripati et al., 2005, 2008;

Moran et al., 2006; Eldrett et al., 2007; Stickley et al., 2009; Darby,

2014; Bernard et al., 2016; Tripati and Darby, 2018) while others

argue for aMiocene (e.g., DeConto et al., 2008) or even a Pliocene

(e.g., Zachos et al., 2001) Arctic glaciation. Given this

controversy, several authors looked for alternative hypotheses

to explain the lack of foraminiferal Mg/Ca-derived temperature

cooling following the EOT. These hypotheses are the following:

1) Based on the sensitivity of benthic foraminiferal Mg/Ca to

seawater saturation state (Dekens et al., 2002; Elderfield et al.,

2006; Rosenthal et al., 2006; Yu and Elderfield, 2008), it has

been proposed that the benthic foraminifera Mg/Ca signal

might have been affected by an increase in bottom seawater

saturation state associated with a deepening of the calcite

compensation depth (CCD) (Lear et al., 2004, 2008, 2010;

Coxall et al., 2005; Pusz et al., 2011; Bohaty et al., 2012).

2) Another possibility is that other forcings may have modified

the Mg and Ca distribution in seawater and thus modified the

Mg/Caseawater ratio itself (e.g., Bohaty et al., 2012). If so, our

temperature calculation from foraminiferal Mg/Ca using a

unique Mg/Ca seawater value for the whole Eocene-

Oligocene (Mg/Casw
t=t = 1.6 mol.mol−1 in Eq. 1, Hollis

et al., 2015; Hines et al., 2017) is biased.

However, several observations call these hypotheses into

question. Indeed, a possible role of carbonate saturation state

change (CCD deepening) at Site 277 is improbable given: 1) its

shallow depth (i.e. 1000-1500 m, well above the lysocline at lower

to middle bathyal water depths since the Paleocene, Hollis et al.,

1997): and 2) the Mg/Ca temperature data show that neither SFT

nor SST cooled. Concerning a suddenMg/Caseawater ratio change,

our calculations of Mg/Ca-derived temperatures considering an

unrealistic switch from an Eocene Mg/Caseawater ratio

(1.6 mol.mol−1, Hollis et al., 2015; Hines et al., 2017) to a

modern Mg/Caseawater ratio (5.17 mol.mol−1, Stanley and

Hardie, 1998; Evans and Müller, 2012) at the EOT does not

result in a good agreement between Mg/Ca and δ18O
temperatures (see Supplementary Figure S1). Finally, as

previously mentioned, the TEX86-derived temperatures of Bijl

et al. (2021) at Site 1172, which are not dependent on seawater

carbonate nor to Mg chemistry, are also constant across the EOT

(see Figure 8).

Hence, these findings tend to confirm that the δ18O record

has been affected by something other than seawater cooling

across the EOT (e.g., Cramer et al., 2011). This is probably an
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important ice control supported by Antarctica alone (e.g. Zachos

et al., 2001; DeConto et al., 2008; Liu et al., 2009), or possibly by a

bipolar glaciation as suggested by recent studies (Darby, 2014;

Bernard et al., 2016; Tripati and Darby, 2018). We do not have

the key to resolve this enigma. However, we believe that it

constitutes a critical obstacle in the understanding of this

major climate transition and that further studies are needed.

In particular, the depicted changes in seawater temperatures

obtained from foraminiferal δ18O values will remain biased as

long as the evolution of the ice-volume component present in the

δ18O fractionation equation (see Eq. 2) is not further constrained.

4.3 Redox state of the southwest Pacific
Ocean

The negative Ce anomaly (Ce/Ce* < 1) is a common chemical

feature of present-day seawater (e.g., Elderheld and Greaves,

1982; Elderfield, 1988; Grenier et al., 2013; Hathorne et al., 2014;

Deng et al., 2017). This relies on the two valence states of Ce (III

and IV) while other REE (apart Eu) are only trivalent. In modern

oxic seawater, the oxidation of Ce3+ ions to Ce4+ ions leads to the

precipitation of CeO2, hence removing Ce from seawater leading

to a negative Ce anomaly in the REE pattern. Logically, the more

oxygenated the seawater is, the more Ce is removed and the

stronger the negative Ce anomaly is. Therefore, the amplitude of

the Ce anomaly, quantified by the Ce/Ce* ratio, constitutes a

powerful proxy to reconstruct the past seawater redox state (e.g.,

Bau and Dulski, 1996; Deng et al., 2017). Because foraminifera

accurately record the REE chemistry of the seawater in which

they thrive in their calcitic test, the temporal evolution of the Ce/

Ce* values in well-preserved foraminifera allows to finely

document the past seawater redox state (e.g., Kamber et al.,

2014; Osborne et al., 2017; Remmelzwaal et al., 2019; Hodel et al.,

2021). At Site 277, Ce/Ce* values are similar for benthic and

planktonic foraminifera throughout the studied interval. This is

due to the fact that REE are at least partly incorporated in

authigenic Fe-Mn coatings once on the seafloor and therefore

benthic and planktonic foraminifera both record bottom water

REE composition (e.g., Roberts et al., 2010; Molina-Kescher et al.,

2014; Osborne et al., 2017).

4.3.1 Weakly oxygenated ocean along the early
to middle Eocene at site 277

In the early to middle Eocene, Ce/Ce* values are variable but

remain high (Ce/Ce*>0.67) until 41.8 Ma (Figure 10), which

indicates hypoxic bottom water conditions at the Campbell

Plateau at that time (e.g., Remmelzwaal et al., 2019). Since

this hypoxia is associated with very high SFTs and SSTs

(above 8°C and 22°C, respectively, Figure 8), we propose that

these low-oxygen conditions could be related to this particular

warm climate. Indeed, previous studies of oceans’ redox state

evolution argued that the main warming events of the Earth’s

history were often accompanied by open ocean hypoxic and shelf

domain anoxic/euxinic episodes (e.g., Monteiro et al., 2012;

Pälike et al., 2014; Chang et al., 2018; Remmelzwaal et al.,

2019; Cornaggia et al., 2020; Clarkson et al., 2021). Among

them, the PETM (ca. 56 Ma) and the ETM2 (ca. 54 Ma) are

the last hyperthermal events for which widespread ocean

deoxygenation has been proposed (e.g., Dickson and Cohen,

2012; Pälike et al., 2014; Chang et al., 2018; Yao et al., 2018;

Remmelzwaal et al., 2019; Harper et al., 2020; Clarkson et al.,

2021). Recently, Remmelzwaal et al. (2019) showed that

temperature was likely the main driver of ocean

deoxygenation during the PETM. Here, with similar

temperatures (Figure 8), we suggest that the warm climate of

the early to middle Eocene could have resulted in a poorly

oxygenated ocean too. If so, the Campbell Plateau could have

been particularly impacted by ocean deoxygenation given its

rather shallow (ca. 1,000–1,500 mbsl) and isolated setting (e.g.,

Hollis et al., 1997).

From 41.8 Ma onwards, the Ce/Ce* values decrease to ca.

0.6 and stabilize between 40.1 Ma and 35.6 Ma. This indicates

progressive seawater oxygenation that further stabilized

(Figure 10A). This possibly constitutes a response to the

cooling of the surface and bottom waters between 48.3 and

44.3 Ma at Site 277 (retreat of the warm proto-EAC) and

enhanced ventilation (vertical mixing through upwelling) at

Site 277 once a proto-Ross gyre dominated system was

established (Figure 8, Figure 9A,B, Figure 10A).

4.3.2 Enhanced ventilation after the Tasmanian
and Drake Passage gateways opening

After the first oxygenation step, foraminiferal Ce/Ce* values

drop a second time between 35.6 Ma and 34.4 Ma (Figure 4B,

Figure 10A) indicating a further oxygenation enhancement of the

Campbell Plateau bottom waters. This drop is synchronous with

the deep opening of the Tasmanian gateway from 35.5 Ma by

Stickley et al. (2004). Finally, a last drop of the foraminiferal Ce/

Ce* values occurs between 31.8 Ma and 31.0 Ma. This third

oxygenation step led to well-oxygenated bottom waters at the

Campbell Plateau during the late Oligocene (Ce/Ce* < 0.4)

(Figure 9D, Figure 10A). Interestingly, as for the previous

step, this ventilation enhancement is synchronous with a

major gateway opening, namely the Drake Passage gateway,

which likely opened to deep flow from ca. 31 Ma allowing the

ACC onset (e.g., Scher et al., 2015; Hodel et al., 2021 and

references therein). Hence, these results 1) tend to validate the

timing of the Tasman and Drake Passage gateways deep openings

ca. 35 Ma and ca. 31 Ma, respectively, and 2) testify that the

opening of these gateways had major consequences on the

Southern Ocean ventilation and water masses redox state

Hodel et al. (2021) (Figure 9). Further work is needed with a

higher spatial and temporal resolution to better constrain the

involved mechanisms. In particular, it would be interesting to

measure the evolution of the foraminiferal Ce anomaly for
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several other drill sites in the southwest Pacific and southern

Indian Ocean and compare it to that of Site 277 that we provide

in this study.

4.4 Paleoproductivity and sedimentary
redox state

Based on the fact that the U/Ca in cultured planktonic

foraminifera decreases with increasing seawater [CO3
2−], the

foraminiferal U/Ca ratio has been first considered as a

promising proxy for seawater carbonate chemistry (e.g.,

Russell et al., 1996, 2004; Katz et al., 2010; Keul et al., 2013).

However, Boiteau et al. (2012) pointed out that the U contents

in downcore foraminifera were often much higher than the U

incorporation threshold into biogenic calcite (lattice-bound U/

Ca < 15 nmol.mol−1). As a result, these authors suggested that

most of the U measured in downcore foraminifera was hosted

by reduced sedimentary coating (U4+
fixation, while U6+

remains soluble in oxygenated environments). From that

point, they proposed that the foraminiferal U/Ca ratio was

directly related to authigenic U in sedimentary piles, providing

“a simple means of evaluating redox changes in sediments

where bulk sediment U data is unavailable or unreliable” (in

Boiteau et al., 2012). Also, Boiteau et al. (2012), and later Chen

et al. (2017), identified a clear correlation between glacial cycles

and foraminiferal U/Ca in sediments of the last 400 kyrs,

mirrored by high U/Ca ratios during glacial maxima and low

U/Ca ratios during interglacial. They attributed this obvious

correlation to either a “shoaling of the oxygen penetration

depth (i.e. sedimentary redoxcline) due to increased export

production or to reduced bottom water oxygen concentrations”

(Boiteau et al., 2012). These processes both result in reducing

conditions favoring authigenic U precipitation or adsorption

onto the foraminifera tests during glacial intervals. Chase et al.

(2001) also identified such glacial-interglacial U/Ca variations

in foraminifera from a well-ventilated Sub-Antarctic setting

during the last glacial maximum. Therefore, they argued that

this tendency (high U/Ca ratios during glacial maxima and low

U/Ca ratios during interglacials) more likely results from

increased glacial productivity in the Sub-Antarctic region

rather than from bottom water redox change.

FIGURE 10
Evolution of bottom water redox state, primary productivity, and sediments redox state along the studied time interval. (A) Evolution of the
foraminiferal Ce anomaly reflecting bottom water conditions. (B) δ13C data of thermocline dwelling Subbotina sp., a possible proxy for surface
productivity. Three samples have been discarded because of probable contamination or picking error. We notably suspect accidental picking of
surface mixed-layer species instead of Subbotina sp. for these samples given the fact that they fall in the Globigerinatheka index (G. index)
composition field in Pascher et al. (2015) data. Compiled data for Subbotina sp. δ13C values for Site 277 are from Keigwin (1980), Murphy and Kennett,
1986, and Pascher et al. (2015). (C) Evolution of foraminiferal U/Ca ratios in Site 277 foraminifera. (D) Scheme of the redoxcline shoaling (allowing U
fixation on foraminifera tests) in response to an increase of productivity export denoted by Subbotina sp. δ13C data and drastic increase of the
sedimentation rate from 42–40 Ma at Site 277.
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Similarly, the temporal trends of the foraminiferal Ce

anomaly, which recorded bottom seawater redox changes,

attest to enhanced ventilation of the water masses at Site

277 from 41.8 Ma onwards (Figure 10A). Thus, the increase in

foraminiferal U/Ca that we observe is unlikely to be related to

a lower bottom seawater oxygenation and more likely relies on

productivity/sedimentary processes (e.g., Chase et al., 2001;

Boiteau et al., 2012). Thus, we hypothesize that a productivity

enhancement and export may have reduced the oxygen

penetration depth into the sediment, promoting more

reductive conditions conducive to U fixation on

foraminifera tests (e.g., Chase et al., 2001; Boiteau et al.,

2012) (Figure 10D). This hypothesis is strengthened by 1)

the sedimentation rate evolution, which is multiplied by four

from 41.8 Ma without a major change in biogenic vs detrital

contributions (the sedimentation remained mainly biogenic,

Kennett et al., 1975; Hollis et al., 1997) (Figure 2) and 2) the

Subbotina sp. δ13C values, which start decreasing from that

time (Figure 10B). Indeed, metabolic processes preferentially

incorporate 12C, thus phytoplankton blooms deplete the

shallowest surface seawater in 12C and enrich deeper

surface water (where Subbotina sp. live) in 12C after

organic matter mineralization (e.g., Katz et al., 2010).

Therefore, even if δ13C is not only a productivity proxy and

has to be interpreted carefully, Subbotina sp. δ13C evolves as

we would expect if there was a major phytoplanktonic bloom.

This strengthens the idea of enhanced primary productivity

from 42 Ma. If so, the rather shallow depth of Site 277, which

remained well above the lysocline along the Eocene-Oligocene

interval, is compatible with the fact that the organic matter did

not have time to fully mineralize during its sinking through

the water column, therefore allowing its deposition and burial.

Then, the decomposition of this remaining organic matter

into the sediment likely promoted reducing conditions and a

shoaling of the sedimentary redoxcline, allowing the fixation

of U on both benthic and planktonic foraminifera tests at Site

277 (Figure 10D). Increasing productivity has been already

noticed in the Southern Ocean during the Eocene-Oligocene

in response to seawater cooling and circulation intensification

(e.g., Diester-Haass and Zahn, 1996; Plancq et al., 2014).

Similarly, we can reasonably hypothesize that at Site 277,

cooler seawater and more vigorous ocean circulation may

have promoted an enhanced vertical mixing and nutrient

supply through upwelling (Diester-Haass and Zahn, 1996;

Miller et al., 2009; Plancq et al., 2014) once a proto-Ross

gyre dominated system was established from ca. 42 Ma, then

following the Tasmanian Gateway opening from ca. 35 Ma

and finally with the establishment of the ACC following the

Drake Passage Gateway opening from ca. 31 Ma.

5 Conclusion

Our integrated geochemical study of Site 277 foraminifera

brings new insights into the paleoceanographic evolution of the

southwest Pacific during the major climate transition of the

Eocene-Oligocene.

Both Mg/Ca- and δ18O-derived temperatures attest to very high

SSTs (from ca. 24°C–26°C in the thermocline) and SFTs (from ca.

12°C to 14°C) at Site 277 during the EECO (from 55.4 Ma to

48.1 Ma). Such high temperatures are in line with other studies

relating subtropical conditions in this area. This indicates that

despite its high latitude location, the Campbell Plateau was

bathed by warm waters, possibly originating from a proto-EAC

fed by warm tropical-equatorial waters originating from both a

South Pacific anticyclonic gyre and the tropical Indian Ocean

(Figure 9A). Weak foraminiferal Ce anomaly (Ce/Ce* values

close to 1) along this warm early to middle Eocene (from

55.4 Ma to 41.8 Ma) attests to poorly oxygenated bottom

seawater at Site 277 at that time. Between 48.3 and 44.3 Ma, both

Mg/Ca and δ18O data recorded a marked bottom and surface

cooling of ca. 4°C. Given the absence of an equivalent cooling at

higher latitudes, we hypothesize that a proto-EAC weakening and a

Ross-gyre enhancement pushed the proto-Tasman front (cooler

waters) towards lower latitudes (Figure 9B). Then, bottom and

surface temperatures remained rather constant until the EOT.

Interestingly, our benthic Mg/Ca- and δ18O-signals are

significantly different from the EOT: δ18O-temperatures decrease

while Mg/Ca-temperatures remain constant. This dichotomy

suggests that the hypothesis of a dominant ice control on the

global EOT δ18O decrease has to be reconsidered.

Major changes in redox and paleoproductivity took place

from 41.8 Ma onwards, i.e., with the onset of a proto-Ross gyre

dominated system (Figure 9B). We notably identified a major

increase in productivity export from that time, which likely

promoted more reductive sedimentary conditions. From

41.8 Ma as well, a drop of foraminiferal Ce/Ce* values attests

to enhanced ventilation of bottom waters after the

establishment of a proto-Ross gyre dominated system. Ce/

Ce* values then drop a second time between 35.6 Ma and

34.4 Ma and a third time between 31.8 Ma and 31.0 Ma,

synchronously with the Tasmanian and Drake Passage

gateways opening. These results tend to confirm the timing

of these major gateways opening and attest that their opening

had major consequences on the Southern Ocean ventilation and

water masses’ redox state.

Thereby, altogether these results shed light on the role that

major oceanic gateway closings and openings play on the Earth’s

climate by driving ocean currents and associated heat fluxes, water

masses redox state and primary productivity fluxes.
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