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Abstract At the Eocene-Oligocene Transition (EOT), approximately 34 million years ago, Earth abruptly
transitioned to a climate state sufficiently cool for Antarctica to sustain large ice sheets for the first time in

tens to hundreds of millions of years. Oxygen isotope records from deep-sea benthic foraminifera (5'0,)
provide the foundation of our understanding of this pivot point in Cenozoic climate history. A deeper insight,
however, is hindered by the paucity of independent deep-sea temperature reconstructions and the ongoing
challenge of deconvolving the temperature and continental ice volume signals embedded in §'30, records.

Here we present records of deep-sea temperature change from the eastern equatorial Pacific for the EOT using
clumped isotope thermometry, which permits explicit temperature reconstructions independent of seawater
chemistry and continental ice volume. Our records suggest that the deep Pacific Ocean cooled markedly at the
EOT by 4.7 + 0.9°C. This decrease in temperature represents the first direct and robust evidence of deep-sea
cooling associated with the inception of major Cenozoic glaciation. However, our data also indicate that this
major cooling of the deep Pacific Ocean at the EOT was short-lived (~200 kyrs), with temperatures rebounding
to values close to pre-EOT levels by 33.6 Ma. Our calculated record of seawater §'80 suggests that this rebound
in ocean temperature occurred despite the continued presence of a large-scale Antarctic ice sheet. This finding
suggests a degree of decoupling between deep ocean temperatures in the eastern equatorial Pacific Ocean and
the behavior of the newly established Antarctic ice sheet.

1. Introduction

The abrupt onset of sustained large-scale Antarctic glaciation approximately 34 million years ago, at the
Eocene-Oligocene Transition (EOT), was a pivot point in Cenozoic climate history (Coxall et al., 2005; Zachos
et al., 1992, 1996) because it signaled the rise of a new unipolar glacial climate state (Spray et al., 2019). The
introduction of Antarctic ice sheets into the Earth system fundamentally changed the predictability of Earth's
climate response to astronomical forcing (Westerhold et al., 2020). Long term decline in atmospheric carbon
dioxide concentrations, in the context of an astronomical configuration conducive to cool austral summers, is
suggested to have triggered the onset of sustained large-scale Antarctic glaciation (Coxall et al., 2005; DeConto
& Pollard, 2003). Our understanding of the EOT currently relies heavily on records of stable oxygen isotope
data (8'30) from deep-sea benthic foraminifera (§'#0,). These records indicate a 1.2-1.5%o increase at the EOT
(Zachos et al., 1996) across two main steps or phases (Coxall et al., 2005). An initial, up to ~0.5%o increase was
inferred to be rapid for “Step 1” (Coxall & Wilson, 2011; Coxall et al., 2005) and dated to ~34.15 Ma (Pearson
et al., 2008). This initial 8'80, increase, however, is not rapid or step-like in form in a stratigraphically more
complete section from the eastern equatorial Pacific Ocean (Taylor et al., 2023b). A rapid globally synchronous
8180, increase of at least 0.9%o is documented for “Step 2” and dated to ~33.65 Ma (Coxall & Wilson, 2011;
Coxall et al., 2005). This 8'%0, increase has been referred to as the EOIS (~33.65 Ma; Hutchinson et al., 2021).
A transient “overshoot” in §'30, is observed immediately following the EOIS (Zachos et al., 1996) and deep-
sea 8130, values remain high for ~500 kyrs during the earliest Oligocene glacial maximum (EOGM; ~33.65 to
~33.16 Ma after Liu et al., 2004). Yet, while both the overall amplitude and structure of the 8'80, change across
the EOT are now reasonably well established (Coxall & Wilson, 2011; Coxall et al., 2005; Langton et al., 2016;
Pusz et al., 2011; Taylor et al., 2023b; Zachos et al., 1996), the drivers of the 6180b increase are not. A main prob-
lem limiting progress is the unresolved attribution of the §'30, signal because it is sensitive to changes in both
ocean temperature and seawater §'30 (8'%0 ), with the latter influenced globally, by changes in continental ice
volume and, regionally, by salinity.
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In early studies the overall increase in §'30, from the late Eocene to early Oligocene was attributed entirely to
temperature change, equating to at least 4—6°C of deep-sea cooling (Kennett & Shackleton, 1976; Savin, 1977,
Savin et al., 1975; Shackleton & Kennett, 1975). Subsequent analysis of Southern Ocean drill cores revealed
an abrupt appearance of ice-rafted debris (IRD) and chemically immature clay minerals (e.g., Ehrmann &
Mackensen, 1992; Hambrey et al., 1991; Zachos et al., 1992) coincident with “Step 2” (Scher et al., 2011). These
findings indicated that a component of the observed 8'30, increase must instead be attributed to an increase
in 8180, driven by the initiation of large Antarctic ice sheets. Sequence stratigraphic records of sea level fall
have also been used to attribute an ice volume contribution to the 818Ob increase (Houben et al., 2012; Miller
et al., 2008, 2020; Pekar et al., 2002). These records, however, lack sufficient age control and temporal resolution
to help tease apart the evolution of deep-sea temperatures and continental ice volume across the EOT. Inde-
pendent temperature reconstructions are, therefore, needed to discriminate between the temperature and 50,
components of 580, records.

One approach to deconvolving deep-sea §'80, for temperature and §'30_, is to develop surface ocean temperature
records from high latitude regions proximal to sites of deep convection (e.g., Bohaty et al., 2012; Liu et al., 2009;
Petersen & Schrag, 2015). The premise of this approach relies on temperature signals in these regions being trans-
lated to the deep ocean. Spatial heterogeneity and temporal variability in surface ocean cooling during the EOT,
however, complicate the use of sea surface temperatures (SSTs) to deconvolve §'80, (e.g., Bohaty et al., 2012;
Houben et al., 2019; Lear et al., 2008; Liu et al., 2009, 2018; Petersen & Schrag, 2015; Plancq et al., 2014;
Tremblin et al., 2016; Wade et al., 2012; Sliwiriska et al., 2019). A more direct approach to deconvolving 8180,
into its two component parts is to apply the Mg/Ca paleothermometer to benthic foraminifera across the EOT
(e.g., Billups & Schrag, 2003; Coxall et al., 2018; Katz et al., 2008; Lear et al., 2000, 2004, 2008, 2010; Pusz
et al., 2011). Records from shallow low latitude continental shelf sites identify ~2°C to ~4°C of cooling associ-
ated with “Step 17 and negligible cooling across the EOIS. Based on these records it has been suggested that the
“Step 17 8'80, increase was driven predominantly by cooling and the subsequent EOIS '#0, increase by Antarc-
tic glaciation, with only a minor temperature component. The extent to which these benthic foraminiferal Mg/
Ca records from continental shelf sites are representative of deep-ocean temperature change, however, remains
unclear. This is because many deep-sea Mg/Ca records fail to detect any cooling across the EOT (e.g., Billups
& Schrag, 2003; Lear et al., 2000, 2004; Pusz et al., 2011). The absence of cooling in deep-sea Mg/Ca records
is attributed to competing secondary, non-thermal influences on benthic foraminiferal Mg/Ca records (Lear
et al., 2004, 2010; Peck et al., 2010; Pusz et al., 2011). The most problematic of these non-thermal influences
for the EOT is the increase in carbonate ion concentration (Lear et al., 2004) associated with the rapid deepening
of the calcite compensation depth (CCD) (Coxall et al., 2005). This acts to increase benthic foraminiferal Mg/
Ca ratios, obscuring deep-sea cooling signals (Elderfield et al., 2006; Lear et al., 2010; Yu & Elderfield, 2008).
Despite attempts to use Li/Ca to correct for the carbonate ion effect this problem persists (Lear et al., 2010;
Peck et al., 2010; Pusz et al., 2011) and must be acute in the earliest Oligocene because the CCD over-deepens
markedly (Taylor et al., 2023b). As a result, there are currently no robust records of deep-sea temperature change
across the EOIS or EOGM.

Here we present multiply substituted “clumped” isotope (A,,) bottom-water temperature (BWT) records from the
deep eastern equatorial Pacific (EEP; Integrated Ocean Drilling Program (IODP) Expedition 320 Sites U1334
and U1333, and ODP Leg 199 Site 1218). Exploiting the temperature dependence of bonding between two
heavy isotopes (13C and '80) within carbonate ions (Ghosh et al., 2006; Schauble et al., 2006), the carbonate
clumped isotope thermometer is independent of the isotopic composition of the seawater from which the calcium
carbonate precipitated (Eiler, 2011). Furthermore, it is suggested to be unaffected by influences other than ocean
temperature, including foraminiferal species-specific vital effects (Grauel et al., 2013; Meinicke et al., 2020; Peral
et al., 2018; Piasecki et al., 2019; Tripati et al., 2010), seawater pH and salinity (Tripati et al., 2015; Watkins &
Hunt, 2015), and, crucially for the EOT, changes in calcium carbonate saturation state (Eagle et al., 2013; Hill
et al., 2014). Analytical uncertainty, however, is inherently large and considerable sample amounts are required
to achieve the levels of analytical precision needed to tackle palaeoclimate questions. Recent advances in analyt-
ical techniques have reduced the required sample size and enabled a multiple replicate analysis approach for
deriving clumped isotope temperatures (e.g., Hu et al., 2014; Meckler et al., 2014; Miiller et al., 2017; Schmid
& Bernasconi, 2010), broadening the scope of applicability of the clumped isotope thermometer to foraminifera
(e.g., Evans et al., 2018; Leutert et al., 2020, 2021; Modestou et al., 2020; Rodriguez-Sanz et al., 2017). For a
multiple replicate analysis approach, measurements can either be sourced from one larger sample (as in Meckler
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Figure 1. Location of sites studied. (a) Palaco-locations of study sites and sites referred to within the text. Sites are shown
in their palaeo-locations at 34 Ma (numbers refer to Deep Sea Drilling Project and Integrated Ocean Drilling Program sites
(now International Ocean Discovery Program)); SSQ = St Stephen's Quarry; TDP = Tanzania Drilling Project) and maps
(palacogeographic reconstruction for 34 Ma) were generated using http://www.odsn.de. (b) Detailed view of study site region
in the EEP. Palaeo-locations of sites in the eastern equatorial Pacific (EEP) taken from Pilike et al. (2012) and calculated
using Koppers et al. (2001). (c) Shows palaco-water depth estimates for the study sites and one other main deep ocean site at
34 Ma. Palaeo-water depth estimates at 34 Ma for sites in the EEP are taken from Pilike et al. (2012), and for Site U1406 are
taken from Norris et al. (2014). Palaeo-locations of our study sites are listed in Table S1 in Supporting Information S1.

et al., 2022) or by combining individual monospecific measurements from multiple closely spaced samples (this
study). One example of the success of the multiple replicate analysis approach is a benthic foraminiferal A,
BWT record from the North Atlantic Ocean, spanning the Cenozoic, which suggests a long-term 5-6°C cooling
occurred between the late Eocene to early Oligocene (Meckler et al., 2022). However, that record requires testing
in other ocean basins and is of insufficient resolution to study the relationship between changes in §'80,, BWT,
and 5'80 at the EOT. Our new data from the deep EEP provide the first direct and independent documentation
of BWT change associated with the initiation of sustained large-scale Antarctic glaciation.

2. Materials and Methods
2.1. Study Sites

IODP Expedition 320 Sites U1334 (7°59.998'N, 131°58.408'W) and U1333 (10°30.996'N, 138°25.159'W)
(Pilike et al., 2010), and Ocean Drilling Program (ODP) Leg 199 Site 1218 (8°53.378’N, 135°22.000'W) (Lyle
et al., 2002) are located in the EEP Ocean (Figure 1). These sites are well located to record a signal representative
of global change because the Pacific Ocean was even larger during the Paleogene than it is today and there-
fore accounts for a significant proportion of the global deep ocean (Lyle et al., 2002, 2008; Pilike et al., 2010).
The seminal benthic foraminiferal stable isotope stratigraphy for the EOT comes from Site 1218 (Coxall &
Wilson, 2011; Coxall et al., 2005). That record, however, suffers from a ~300 kyr-long condensed interval of
non-carbonate burial at the base of the EOT. However, a more stratigraphically complete record for this interval
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is now available from nearby Site U1334 (Figure 1) which benefits from higher carbonate contents because of its
shallower paleowater depth (Taylor et al., 2023b). The benthic foraminiferal stable isotope stratigraphy from Site
U1334 is broadly consistent with the record from Site 1218 with two notable exceptions. First, the §!%0, increase
across “Step 1” is not rapid nor step-like in structure and, second, a pronounced transient negative carbon isotope
excursion (nCIE) occurs correlative to the condensed carbonate-free interval at Site 1218 (Taylor et al., 2023b).
Herein we use the 8'80, stratigraphy for the EOT from Site U1334 (Taylor et al., 2023b; Figure S1 in Support-
ing Information S1). We followed the splice, depth-scale revisions, and site-to-site correlations of Westerhold
et al. (2012). All of our EEP records are shown on a common astronomically calibrated age model, based on the
tuning of X-ray fluorescence (XRF) core scanning Si, Fe, and Ca records to the stable long eccentricity cycle
(Westerhold et al., 2014).

2.2. Sample Processing

At all sites, 2 cm-thick quarter-round scoop samples (~30 cc) were oven dried at 50°C, soaked in buffered 0.2%
sodium hexametaphosphate, and washed over 63 pm sieves using de-ionized (DI) water. The >63 pm residue was
oven dried overnight at 50°C. All Cibicidoides spp. specimens were picked from the 250-500 pm size fraction
and sorted into monospecific aliquots. At Sites U1334 and 1218, Oridorsalis umbonatus specimens were also
picked from the 250-500 pm size fraction. Individual specimens were gently cracked open between glass slides.
Fragments were ultra-sonically cleaned in methanol twice, and DI water once, and rinsed in DI water three times
to remove adhering clays and infilling. An additional methanol sonication, and two DI water rinses, were required
for specimens from Site 1218 to ensure all adhering clays and infilling were removed. All cleaned fragments were
oven dried overnight at 50°C. Benthic foraminiferal specimens at all our sites show good to moderate preserva-
tion and are suggested to robustly record §'3C, and §'%0, values (Edgar et al., 2013). Diagenetic overprinting
has a negligible impact on measured benthic foraminiferal A,, values in typical deep ocean settings (Leutert
etal., 2019).

2.3. Multiply Substituted “Clumped” Isotope Thermometry

Carbonate clumped isotope analysis was conducted at the University of Bergen (UiB) using two Thermo Fisher
Scientific Kiel IV carbonate preparation devices coupled to MAT-253 Plus isotope ratio mass spectrometers. All
measurements were generated following the method described in detail by Meinicke et al. (2020). In summary,
sample and powdered carbonate standard aliquots (85-105 pg) were individually reacted at 70°C with ~104%
phosphoric acid. Organic contaminants and sulfide components were removed from the evolved CO, gas using
a Porapak-QTM (ethylvinylbenzene and divinylbenzene copolymer bead) trap and silver-wool, respectively, held
within a sulfinert coated stainless steel tube kept at —20°C. For cleaning purposes, once a day, the Porapak-QTM
trap was baked at 120°C for at least 1 hr. Sample and reference gas were analyzed for 400 s each using the
long-integration dual-inlet (LIDI) method (Hu et al., 2014; Miiller et al., 2017). Masses 44—49 were collected for
both sample and reference gas to determine A ;, '*C, and 8'%0 values (masses 44-47) and to monitor potential
contaminants (masses 48—49). Daily peak scans were used to correct all measurements for pressure-dependent
baseline (PBL) effects (Bernasconi et al., 2013; Meckler et al., 2014). Powdered carbonate standards (ETH 1-4;
Bernasconi et al., 2018, 2021) were used to monitor instrument performance (ETH 4) and standardize and trans-
fer A, values (ETH 1-3) to the I-CDES scale (Bernasconi et al., 2021). Carbonate standards ETH 1-3 were used
to correct 8'*C and 5'%0 for instrument drift and for scale compression. Sample and carbonate standard aliquots
were measured in a roughly 1:1 ratio, with the number of measurements of each of the carbonate standard per run
selected to maximize accuracy and precision of the empirical transfer function (ETF; Kocken et al., 2019). We
used the IUPAC 7O correction parameters (Brand et al., 2010; Daéron et al., 2016) and all raw data processing
was performed using the Easotope software package (John & Bowen, 2016).

No inter-species offsets in benthic foraminiferal A, values have been observed, enabling us to combine indi-
vidual monospecific measurements from different species (Modestou et al., 2020; Piasecki et al., 2019) to
calculate an average A,, value. Precision of individual temperatures is maximized by averaging across a mini-
mum of 30 measurements of aliquots of monospecific benthic foraminifera sourced from multiple (n = 11-34)
closely spaced samples. Precision of baseline temperatures is further maximized by combining a greater number
(n = 69-251) of individual measurements across longer stratigraphic intervals and from all three sites (see Tables
S2-S4 in Supporting Information S1). Temperatures were calculated from corrected mean A, values using the
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Figure 2. Bottom-water temperature reconstructions from the eastern
equatorial Pacific. Panel (a) shows A,,-derived bottom-water temperatures
for Site U1334 (circles), 1218 (squares), and U1333 (triangles). Horizontal
bars represent the stratigraphic range from which measurements are pooled
and are smallest for Site U1334 due to higher sedimentation rates and benthic
foraminiferal abundance relative to Sites U1333 and 1218. Y-axis error bars
represent 68% and 95% confidence intervals considering both analytical

and calibration uncertainty. Gray boxes represent broad averaging windows
calculated by combining individual measurements from all eastern equatorial
Pacific sites. Thereby, x-axis extent of the boxes represents the stratigraphic
range from which measurements are pooled and the y-axis extent represents
68% and 95% confidence intervals considering both analytical and calibration
uncertainty. Boxes are numbered 1 to 4 as shown in the bar above Panel (a).
Panels (b) and (c) show benthic foraminiferal §'30 and §'3C data, respectively,
from Sites U1334 (Taylor et al., 2023b), 1218 (Coxall & Wilson, 2011;
Coxall et al., 2005), and U1333 (this study) for the samples measured

during A, analysis (horizontal bars as in a) and the independently generated
high-resolution 8'0 and &'3C record, respectively, from Site U1334 (gray;
Taylor et al., 2023b). The Eocene-Oligocene Transition is defined following
Hutchinson et al. (2021) (refer to Figure S1 in Supporting Information S1).

combined foraminiferal calibration of Meinicke et al. (2020), updated to the
I-CDES scale (Meinicke et al., 2021). The impact of calibration choice on
calculated absolute temperatures is minor (Figure S2 in Supporting Infor-
mation S1). We report sample errors of our A,,-derived BWTs as 68% and
95% confidence intervals (Fernandez et al., 2017), combining both analyt-
ical and calibration uncertainty using Monte Carlo simulation (n = 5,000).
Uncertainty in the ETF is incorporated into mean A, values by ensuring that
the measurement of samples combined within each averaging group (indi-
vidual temperatures and box groups) were spread across long time intervals
(at least several months) (Daéron, 2021). Our BWTs and 8'80, values are
substituted into the (Cibicidoides spp.-specific) paleotemperature equation
of Marchitto et al. (2014) to calculate §'30_.. To avoid introducing additional
uncertainty into 880, calculations from inter-species 8'30 offset correc-
tions, we use independently generated 8'80, values from Sites U1334 (Cibic-
idoides grimsdalei; Taylor et al., 2023b) and 1218 (Cibicidoides spp.; Coxall
& Wilson, 2011; Coxall et al., 2005), which were measured on the same
samples used for A, analysis.

3. Results and Discussion
3.1. Deep-Sea Temperature Change in the Eastern Equatorial Pacific

To track BWT change across the EOT, we produced A ,,-derived BWT records
from three neighboring sites in the deep EEP (Figure 1). Our most detailed
record comes from Site U1334 (Figure 2, circles), which, in the lead-up to
the onset of Antarctic glaciation, benefits from the highest sedimentation
rates, highest carbonate contents, and best benthic foraminiferal preservation
of the EEP sites (Edgar et al., 2013; Taylor et al., 2023b). We also present
A ;-derived BWT records from neighboring sites 1218 (Figure 2, squares)
and U1333 (Figure 2, triangles). We use these data to test the reproducibil-
ity of our BWT record from Site U1334. Despite the taphonomical gradient
between sites (Edgar et al., 2013), reconstructed absolute temperatures from
Sites U1334, 1218, and U1333 are all within error of one another and the
records take the same overall form (Figure 2a and Figure S3 in Supporting
Information S1). This result further suggests that there is only a minor influ-
ence of diagenetic overprinting on benthic foraminiferal A ,; values in typical
deep ocean settings (Leutert et al., 2019). The specific effect of dissolution
remains to be explicitly tested, but our new records suggest that its effect on
benthic foraminiferal A, values may be minimal. Crucially for our study, the
congruence in reconstructed temperatures among sites and detailed inter-site
correlations (Westerhold et al., 2012, 2014) allow us to combine all EEP
A ,; measurements to capture temperature changes across the main phases of
the EOT with greater precision. Guided by our §'3C, and 8'30, data series
(Figures 2b and 2c¢) we define four broad averaging windows within which
we combine measurements from all three EEP sites: 35.02 to 34.33 Ma
(Figure 2a, box 4), 34.01 to 33.78 Ma (Figure 2a, box 3), 33.70 to 33.63 Ma
(Figure 2a, box 2), and 33.60 to 33.01 Ma (Figure 2a, box 1). Using these

broad averaging windows, we define baseline BWTs for the late Eocene (pre-EOT) and early Oligocene (post-
EOT) and constrain BWT change across (a) “Step 1,” (b) the EOIS, and (c) the long-term net change across

the EOT.

Using this approach, we find that average BWTs in the EEP range from 6.5 + 0.9°C to 11.1 + 0.6°C during
our study interval (uncertainty reported at 68% confidence intervals combining both analytical and calibration
uncertainty; Figure 2a, boxes). These temperatures are appreciably warmer than modern seafloor temperatures
in the deep EEP (~1.5°C; Locarnini et al., 2010). Our reconstructed BWT range is, however, compatible with

TAYLOR ET AL.

Sof 14

85UB01 7 SUOWILLIOD BA 81D 8|l |dde U Aq pauenob aJe sajole YO '8sN JO S3nJ o} A%eiq18Ul|UO AB]1M UO (SUOTHPUOD-PUE-SWR)LI0Y A8 | AleIq1jeul [Uo//Stiy) SUORIPUOD pue swie L 8Ly 8eS *[£202/0T/9T] Uo AriqiTauliuo ABIM ‘NIDYIE 4O A LISHIAINN A 0S9¥00VdEZ02/620T 0T/10p/LI0d A8 |mAseiq1jeul|uo'sandnfey/sdny woy pepeojumoq ‘8 ‘€202 ‘S2Sk2.Se



I ¥ell .

I Paleoceanography and Paleoclimatology 10.1029/2023PA004650
C13n GC13r @ contemporaneous surface ocean warmth (~12°C to ~25°C; Figure S4 in
R B 2 L L B Supporting Information S1) in the high-latitude Southern Hemisphere (e.g.,

Vi

<
b4
>8cSR
T
| | o
E N
AT (°C)

4 -0~ 511
277 |
TEX,,
u,” —-6
b SNEY
15 Ig vl L_g
s o] [ :
< 10 + + +
- -
= |
o i ® U1334
4 U1333
7 m 1218
5— U1406
] Hals
T c 1200
1000 €
o
800 =
]
% % % 600 Q
05-d
I 400
g
g 10
>
é 15
o
)
2.0 1218
early Oligocene late Eocene
C13n C13r
T T ‘ T T T T ‘ T T T T
33.0 33.5 34.0 34.5 35.0

Age (Ma)

Figure 3. Comparison of CO, and temperature reconstructions across the
Eocene-Oligocene Transition. Panel (a) compares relative temperature changes
in the surface ocean compared to our record of bottom-water temperature
(BWT) in the eastern equatorial Pacific (EEP). Surface ocean temperature
records (open symbols) are shown from Sites 647 in the southern Labrador
Sea (Sliwiniska et al., 2023), U1404 in the North Atlantic (Liu et al., 2018),
511 in the South Atlantic (Liu et al., 2009), 959 in the equatorial Atlantic
(Cramwinckel et al., 2018), 1090 in the Atlantic sector of the Southern
Ocean (Liu et al., 2009), and 277 in the Pacific sector of the Southern Ocean
(Liu et al., 2009). U;‘; records are shown as pentagons and TEX, records
are shown as inverted triangles. Temperature change is calculated relative

to a late Eocene baseline defined as the average of temperatures between
35.5 and 34.5 Ma. Gray boxes show relative deep ocean temperature change
calculated for the broad averaging windows shown in Figure 2. Panel (b)
shows A ,,-derived BWTs (closed symbols) for Sites U1334 (circles), 1218
(squares), and U1333 (triangles) as in Figure 2, in addition to BWTs for

Site U1406 (diamonds; Meckler et al., 2022). Panel (c) shows atmospheric
carbon dioxide concentration (pCO,) reconstructions derived from boron
isotopes (filled hexagons; Pearson et al., 2009) and alkenones (open hexagons;
Pagani et al., 2011, recalculated by Zhang et al., 2020). Panel (d) shows the
benthic foraminiferal 5'%0 record for Site 1218 (Coxall & Wilson, 2011;
Coxall et al., 2005) for reference. All EEP records are shown on the common
astronomically calibrated age model of Westerhold et al. (2014). Published
surface ocean temperature records are updated to GTS2012.

Houben et al., 2019; Liu et al., 2009; Pagani et al., 2011; Plancq et al., 2014),
which is a potential source region of deep-waters in the EEP during the late
Eocene and early Oligocene (McKinley et al., 2019; Thomas et al., 2008).
These warm high-latitude Southern Hemisphere surface ocean tempera-
tures are corroborated by clumped isotope records (Figure S5 in Supporting
Information S1; Douglas et al., 2014; Petersen & Schrag, 2015). Our warm
deep-sea temperatures are also comparable to those associated with other
intervals of Antarctic ice sheet expansion, such as the middle Miocene (~5°C
to ~12°C; Lear et al., 2015; Leutert et al., 2021; Modestou et al., 2020). The
warm BWTSs that we reconstruct for the EOT therefore add to a growing body
of evidence pointing toward the capacity for dynamic behavior of the early
Antarctic ice sheets under warmer conditions than today.

We identify three broad features in the evolution of BWTs in the EEP at the
EOT. First, we reconstruct no net cooling across “Step 1” (Figure 2a, boxes
4 to 3). We note that at Site U1334, where the EOT is most stratigraphi-
cally expanded, there is no evidence to support the suggestion that “Step 1” is
marked by a rapid 830, increase (Taylor et al., 2023b). Instead, §'30, values
increase gradually from ~1.2 to ~1.7%o over ~300 kyrs between ~34.0 Ma
and ~33.7 Ma (Taylor et al., 2023b). According to our new data, this gradual
880, increase is not associated with deep ocean cooling (Figure 2). The latest
Eocene is instead characterized by an interval of sustained warmth during
which BWTs average 11.1 + 0.6°C in the EEP (Figure 2a, box 3), similar to
the average BWT of 10.9 + 0.7°C prior to “Step 1.” Second, we reconstruct an
abrupt major cooling at “Step-2” (EOIS) whereby BWTs in the EEP cooled by
4.7 + 0.9°C (Figure 2a, boxes 3 to 2) to an average of 6.5 + 0.9°C (Figure 2a,
box 2). These coldest early Oligocene BWTs are statistically distinct from
those immediately prior to the EOIS, and during the pre- and post-EOT inter-
vals (Figure S6 in Supporting Information S1). This finding represents the first
robust and direct evidence of deep-sea cooling across the EOIS and strongly
suggests that the §'80, “overshoot” at the base of the EOGM (Liu et al., 2004;
Zachos et al., 1996) contains a substantial component of deep-sea cooling in
the EEP (Figure 2). Third, the major cooling across the EOIS is short-lived.
Within 300 kyrs, BWTs in the EEP rebound to temperatures of 9.7 + 0.6°C
(Figure 2a, box 1), close to those of the late Eocene (10.9 + 0.7°C; Figure 2a,
box 4). A similar structure of change is seen in 8180b, however, unlike BWTs,
8180, values do not fully return to pre-EOIS values within the same time-
frame (Figure 2). This suggests a progressively diminishing role for tempera-
ture in driving high 580, values during the EOGM.

3.2. Ocean Temperature Change at the Eocene-Oligocene Transition

The lack of cooling that we document in our records for “Step 1” (Figures 3a
and 3b, boxes 4 to 3) is not a unique result. Sustained warmth into the latest
Eocene, immediately prior to the main phase of Antarctic ice sheet expan-
sion is also seen in SST records from the mid-latitudes of the South Pacific
Ocean at Sites 277 (Figure 3a) (Liu et al., 2009; Pagani et al., 2011) and 1172
(Houben et al., 2019). At these latitudes in the Atlantic Ocean, however, there
is a marked cooling demonstrating strong spatial heterogeneity in the temper-
ature response to global change (Figure 3a). More detailed records from both
the surface and deep ocean during this interval are needed to determine the
spatial extent of this sustained latest Eocene warmth and assess its impact on
preconditioning Antarctica for large-scale glaciation across the EOIS.
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The magnitude of cooling that we reconstruct in the deep EEP across the EOIS (4.7 + 0.9°C; Figures 3a and 3b,
box 3 to 2) is consistent with the cooling observed in SSTs in the mid-latitude southern hemisphere across the
EOT and with associated model estimates of global deep ocean cooling (3—-5°C) (Figure 3a) (Liu et al., 2009).
This abrupt cooling signal in our records is correlative with the rapid high-amplitude over-deepening in the CCD
(Taylor et al., 2023b, Figure S3 in Supporting Information S1) which likely explains why a contemporaneous
cooling is not documented by deep-sea benthic foraminiferal Mg/Ca records (Figure S7 in Supporting Informa-
tion S1), including the one from Site 1218 (Lear et al., 2004, 2010).

Some (but not all) other temperature records suggest an, at least partial, rebound in temperatures following
cooling at the onset of large-scale Antarctic glaciation. A partial temperature recovery during the early Oligo-
cene is observed in terrestrial temperature records (e.g., Amoo et al., 2021; Colwyn & Hren, 2019; Lauretano
et al., 2021), in records from low latitude continental shelf sites (Katz et al., 2008; Lear et al., 2008) and in many
other SST records (Figure 3a) (Bohaty et al., 2012; Liu et al., 2009, 2018). The coarse resolution of many of these
records prevents an assessment of the rate of this rebound in the surface ocean, but warm SSTs, akin to those of
the middle-to-late Eocene, are seen for most of the Oligocene (see O’Brien et al., 2020 for a recent compilation).
Taken together, these data sets, alongside our new record of deep ocean temperature change in the EEP, suggest
a partial recovery in temperatures during the early Oligocene following the inception of Antarctic ice sheets
(Figure 3a, boxes 2 to 1). A similar structure is suggested in low-resolution reconstructions of atmospheric carbon
dioxide concentrations (Figure 3c) (Pagani et al., 2011; Pearson et al., 2009 recalculated by Zhang et al., 2020).
Some records from the mid-latitudes in the southern hemisphere are the main exception to this, with surface
ocean temperatures records from Sites 277 and 511 (Figure 3; Houben et al., 2019; Liu et al., 2009) suggesting a
long-term cooling across the EOT. The same is not, however, true at Site 1090 (Figure 3; Liu et al., 2009) or in
the Atlantic-sector Southern Ocean Site 689 (Bohaty et al., 2012) and Indian-sector Southern Ocean Sites 738,
744, and 748 (Bohaty et al., 2012), suggesting a strong degree of heterogeneity in the surface ocean response in
the high Southern latitudes. Further work is needed to investigate the heterogeneity in these records, especially
in the Southern Ocean.

Given the spatial heterogeneity and temporal variability in surface ocean SSTs during the EOT (Figure 3a and
Figure S4 in Supporting Information S1), we might expect the response of the deep ocean to have been spatially
heterogenous. A comparison with the few available A,,-derived BWTs from the North Atlantic Ocean supports
spatial heterogeneity in deep ocean temperatures across the EOT. While our EEP BWTs across the EOT are
comparable with BWTs from the North Atlantic Ocean for the middle to late Eocene, they are warmer than those
documented for the early Oligocene North Atlantic Ocean (by ~2°C to ~5°C; Meckler et al., 2022; Figure 3b,
box 1). Further work is needed to better characterize the temperature histories of the different deep ocean basins
at a resolution sufficient to capture the different phases of the EOT.

3.3. Late Eocene to Early Oligocene Seawater 580 and Antarctic Ice Sheets

To calculate 8'80, at our EEP study sites, we combine our A -derived BWTs and 8'%0, values. The 580,
values are set by a combination of global continental ice volume and local deep-sea salinity. The absolute §'30_,
values we reconstruct for the EEP range from 0.2 + 0.2 to 0.8 + 0.1%o, and are, therefore, consistently much
higher than the value for an “ice-free world” (880, ~ —0.9 to —1.2%0) estimated by oxygen isotope mass
balance (Cramer et al., 2011; Shackleton & Kennett, 1975; Zachos et al., 2001) (Figure 4d). The high SISOSW
values that we calculate are not dependent on our choice of A ,,-temperature calibration (Figure S2 in Supporting
Information S1). Higher-than-expected §'80,, values are also not unique to our setting, time interval, or paleo-
thermometer. Similarly high deep-sea §'%0_, values have been reconstructed for much of the Paleogene (Meckler
et al., 2022) and into the middle Miocene (e.g., Lear et al., 2015; Leutert et al., 2021; Modestou et al., 2020), and
calculated using both A, and Mg/Ca-derived BWTs.

The 8'80,,, values we reconstruct are too high to be explained solely by continental ice volume, even if we
account for the greater sub-aerially exposed land area available for ice accumulation on Antarctica at the EOT
(Paxman et al., 2019; Wilson et al., 2012). This is especially true when we consider the following: (a) the isotopic
composition of the initial ice sheet was likely less isotopically depleted than today (Coxall et al., 2005; Edgar
et al., 2007), requiring an even larger ice volume to account for our reconstructed high §'%0, values, (b) contem-
poraneous Southern Hemisphere high latitude warmth (Bohaty et al., 2012; Houben et al., 2019; Liu et al., 2009;
Petersen & Schrag, 2015) and vegetated Antarctic coastal regions (Francis et al., 2008), and (c) large-scale
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Figure 4. Seawater '30 reconstructions from the eastern equatorial Pacific.
Panels (a) and (b) show fish tooth neodymium isotopes and IRD accumulation
rate records, respectively, from Site 738 (Kerguelen Plateau; Scher et al., 2011)
interpreted to represent the onset of large-scale Antarctic glaciation. Panel

(c) indicates the inferred size of the Antarctic ice sheet based on analysis

of sedimentary cycles in the CRP-3 drill core in the Ross Sea (Galeotti

et al., 2016). Panel (d) shows calculated 880, values for Sites U1334
(circles), 1218 (squares), and U1333 (triangles). Horizontal bars represent the
stratigraphic range from which measurements are pooled, and y-axis error bars
represent propagated temperature errors as 68% and 95% confidence intervals.
Panel (e) shows A,;-derived BWTs for Sites U1334 (circles), 1218 (squares),
and U1333 (triangles) as in Figure 2. Boxes represent average §'%0,, (d)

and BWTs (e) calculated by combining individual measurements from all
EEP sites. Bar x-axis extent represents the stratigraphic range from which
measurements are pooled and the bar y-axis extent represents 68% and 95%
confidence intervals considering both analytical and calibration uncertainty.
Panel (f) shows benthic foraminiferal 8'30 records from Site U1334 (gray;
Taylor et al., 2023b) and Site 738 (black; Scher et al., 2011).

Northern Hemisphere ice sheets were not established at the EOT (Spray
et al., 2019). Other environmental factors, therefore, likely contribute to the
high 830, values that we report. These could be related to non-thermal
influences on 8'80,, such as physiological effects during foraminiferal calcite
precipitation which are not accounted for in the §'®0-temperature calibration
(in this study we use Marchitto et al., 2014). Another possible explanation
for higher-than-expected calculated 880, values could be an influence
of lower seawater pH (Meckler et al., 2022; Zeebe, 2001). Lower ocean
pH has been shown to increase planktic foraminiferal 8'0 values (Spero
et al., 1997; Uchikawa & Zeeve, 2010), while the influence on A, values is
negligible by comparison (Guo, 2020; Tang et al., 2014; Tripati et al., 2015).
Although the relationship between deep ocean pH and §'%0, values remains
less clear (Marchitto et al., 2014), correcting 5'%0, values for the long-term
deep ocean pH trend would bring calculated overall 5'80, values closer to
those predicted using sea level reconstructions (Cramer et al., 2011; Meckler
et al., 2022). Alternatively, 8'30,, values could be higher due to storage of
isotopically light water in other continental reservoirs, such as groundwater,
which would increase baseline 8'30,,, values. This has been suggested as a
possible mechanism to explain Cretaceous sea level variability in the absence
of ice sheets (Sames et al., 2020; Wendler et al., 2016). An isolated, and
fresher, Arctic Ocean basin (Onodera et al., 2008; Straume et al., 2020;
Waddell & Moore, 2008) may also act as a reservoir of isotopically light
water. Greater interaction between seawater and oceanic crust could also
elevate long-term SISOSW values (Jaffrés et al., 2007; Wallmann, 2001).
Finally, elevated §'80,, values could indicate that a more saline bottom-water
mass is bathing the deep EEP, as has been suggested to explain comparably
high 880, values during the middle Miocene (Lear et al., 2015; Modestou
et al., 2020). A saltier bottom-water mass in the deep Pacific would need
to be compensated for by a comparatively fresher water mass elsewhere.
Different gateway and basin configurations may have led to a less glob-
ally connected deep ocean circulation, relative to the modern ocean, which
presents the potential for greater heterogeneity in the properties of contem-
poraneous deep-water masses. Future work should test for this possibility by
generating comparable records from other ocean basins.

Although factors other than ice volume are probably needed to explain the
high 8'30,, values, and water mass changes could in principle also contrib-
ute to relative changes in 8'80_,, expansion of continental ice volume was
likely the dominant driver of long-term 8'30,, change from the late Eocene
to early Oligocene, given the Antarctic-proximal evidence for glaciation
at the EOT (Ehrmann & Mackensen, 1992; Galeotti et al., 2016; Hambrey
et al., 1991; Passchier et al., 2017; Scher et al., 2011; Zachos et al., 1992).
We reconstruct an overall net increase in deep EEP 880, of 0.6 + 0.2%0
from the late Eocene to early Oligocene (Figure 4d, boxes 4 to 1). This result
is comparable to surface ocean estimates of the overall §'30_, change across
the EOT from the Indian Ocean (Lear et al., 2008), Southern Ocean (Bohaty
et al., 2012; Petersen & Schrag, 2015) and southeast Atlantic Ocean (Peck
et al., 2010). The agreement between ocean basins supports the suggestion
that the overall 8'80,, increase across the EOT represents a global 520,
increase, most likely related to continental ice volume. An increase of
~0.6%o is consistent with the growth of an Antarctic ice sheet 70%—110%
as large as today, and a ~40-60 m fall in global mean sea level (Bohaty
et al., 2012; Edgar et al., 2007; Lear et al., 2008; Liu et al., 2009). Our new
data suggest that an Antarctic ice sheet of at least this size was sustained
into the early Oligocene and bottom-water in the deep EEP at the EOT was
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likely sourced from the Southern Ocean, with convection sites proximal to Antarctica (McKinley et al., 2019;
Thomas et al., 2008), implying a close connection between temperatures in the deep EEP and the Antarctic ice
sheet. However, temperatures in the deep Pacific rebounded to levels close to those of the late Eocene by approx-
imately 33.6 Ma (Figure 4). The apparent continued presence of a large-scale Antarctic ice sheet during the early
Oligocene in the context of rebounding ocean temperatures in the deep EEP (Figures 4d and 4e) and many other
locations in the surface ocean (Section 3.2) therefore suggests a partial decoupling between the early Antarctic ice
sheet and ocean temperatures (Figures 3 and 4). This partial decoupling implies that the main control on the mass
balance of the early Antarctic ice sheet on this timescale may have been the competition between the stabilizing
effects of ice sheet elevation and profile (Paxman et al., 2019; Pollard & DeConto, 2005) and top-down melting
through atmospheric forcing. The likely absence of ice shelves under warmer, higher pCO, conditions (Gasson
et al., 2016) would have limited the role of ocean-driven melting and may help to explain the apparent decoupling
between the early Antarctic ice sheet and ocean temperatures in the early Oligocene. Furthermore, the impact of
ice volume changes on deep ocean temperatures has been suggested to be largely related to ice sheet extent, rather
than volume, suggesting that an inland ice sheet growing in height may have had a minimal impact on BWTs
(Bradshaw et al., 2021).

3.4. Deep-Sea Cooling Prior to the Onset of Large-Scale Antarctic Glaciation

Decoupling between ocean temperature and apparent ice sheet growth is also observed in some of the smaller-scale
details of our record. First, our data from Site U1334 record a transient cooling of 3.9 + 1.9°C in the latest Eocene
between ~34.35 and ~34.1 Ma, which is unaccompanied by change in 8'80, (Figure 2). In our record, BWTs
reach a minimum of 7.7 + 1.1°C by ~34.21 Ma, closely associated with the end-Eocene nCIE (Figure 2) and
CCD shoaling event (Figure S3 in Supporting Information S1; Taylor et al., 2023b), suggesting close coupling
of this cooling signal to a perturbation of the carbon cycle. Second, our data from Site U1334 suggest that the
main phase of deep ocean cooling in the EEP began about 100 kyrs before the main phase of EOT §'30, increase
(Figure 2). We can rule out aliasing through either inadvertent analysis of reworked foraminifera specimens or
by our averaging approach, because the individual 8"3C, and §'80, values acquired in concert with the lower
A,, temperatures are consistent with the base of the EOIS (Figure 2). Because these two prominent cooling
signals are unaccompanied by major increases in 8'%0,, they are associated with calculated decreases in §'30,
that are superimposed upon the overall long-term pattern (a 8'30,, increase). While decreases in §'80, records
post-EOT typically signify deglaciation events, that process is unlikely to offer an explanation here because of
robust sedimentological and geochemical evidence for ice sheet advance across the EOIS (Figure 4; e.g., Galeotti
et al., 2016; Passchier et al., 2017; Scher et al., 2011). An alternative explanation for the decreases in S‘SOSW seen
in our record is that they reflect either a shift between two different water masses bathing the deep EEP (i.e., a
warmer and saltier water mass vs. a cooler and fresher water mass) or a temporary change in the properties (fresh-
ening) of the dominant bottom water mass. Assuming a modern regional 8'80_ -salinity relationship for the deep
Pacific Ocean (LeGrande & Schmidt, 2006), these negative 8'%0_,, excursions would require a change in salinity
in the deep EEP of up to 1.5 to 2 psu. The current lack of constraints on deep-sea hydrography during the EOT
does not allow us to differentiate between these two scenarios but we suggest that the shorter-term variability in
deep EEP 830, could be traceable to a highly dynamic and expanding early Antarctic ice sheet exerting influ-
ence on ocean circulation configuration and vigor (Goldner et al., 2014).

4. Conclusions

Clumped isotope thermometry provides a way to deconvolve deep-sea 8'%0, records. Our benthic foraminiferal
clumped isotope records from three sites in the deep EEP provide new independent constraints on the evolution
of deep-sea temperatures and 8'80,,, across the EOT. The congruence in our records across three EEP sites,
despite their varying water depths, attests to the robustness of our reconstructed temperatures and allows us to
combine A,, measurements to document the magnitude of deep-sea temperature change during the EOT with
greater confidence. We identify four main features of the EOT deep-sea temperature record in the EEP: (a) late
Eocene to early Oligocene temperatures in the deep EEP were ~5 to ~10°C warmer than seafloor temperatures
there today, (b) no net temperature change is documented associated with EOT 8'30, “Step 1,” (c¢) major cooling
(~4.7 £ 0.9°C) is documented for the main phase of §'30, increase at the EOT (EOIS, i.e., §'30, “Step 2”), and
(d) this “Step 2” cooling event was short-lived, lasting only ~200 kyrs, temperatures rebounded to near pre-EOT
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levels by 33.6 Ma. Our records, therefore, suggest that there was no discernible overall change in BWTs in the
EEP between climate states both with and without a large Antarctic ice sheet. Further work is needed to improve
data coverage and depeen our mechanistic understanding of the EOT. Short-term episodes of deep-sea cooling
during various phases of the EOT may have played an important role in preconditioning the Earth system for
large-scale Antarctic ice sheet expansion.

Our calculated record of seawater 5'80 change suggests the continued presence of a large-scale Antarctic ice
sheet in the early Oligocene while deep-sea temperatures returned to those akin to the late Eocene. This inter-
pretation relies on the assumption that the observed long-term increase in §'#0, is entirely a global signal
related to Antarctic ice sheet expansion. If confirmed by comparable records from other ocean basins, the partial
decoupling between ocean temperature and ice volume suggests that the self-stabilizing effects associated with
the growth of the early Antarctic ice sheet were strong enough to withstand the effect of subsequent warming as
indicated in our ocean temperature record.

Data Availability Statement

This research used samples and data provided by the International Ocean Discovery Program (IODP). Tempera-
ture data are available on Pangaea at Taylor et al. (2023c). Benthic foraminiferal stable isotope records for Sites
U1334 and 1218 are available at Taylor et al. (2023a), and Coxall et al. (2005) and Coxall and Wilson (2011),
respectively.
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