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Our understanding of the long-term behaviour of global climate and the
Antarcticice sheet relies heavily on the oxygenisotopic composition

of marine calcite (6'0,..), Which reflects acombination of ocean
temperature and the amount of water stored in ice sheets. On the basis

of 60,1 the Antarcticice sheet has been interpreted as extremely
dynamicinthe Oligocene, 34-23 million years ago. Yet, the proposed
continental-scale ice volume changes are challenging to reproduce

with models and may be overestimated owing to alarger influence of
temperature on the deep-sea 60, than previously assumed. Here

we present the first Oligocene record of orbital variability in deep ocean
temperature based on benthic foraminiferal clumped isotope thermometry,
amethod affected only by temperature and independent of seawater
chemistry. We find large, eccentricity-paced temperature variations

of up to 4 °C, sufficient to explain the 80, cycles without requiring
continental-scale ice volume changes. This finding is consistent with the
simulated stability of the Antarcticice sheet, highlighting the importance
of robustindependent temperature reconstructions. Our results show that
the temperature in the deep Southern Ocean, and possibly globally, is highly
sensitive to the seasonal distribution of insolation in an Oligocene-like
climate state warmer than today.

The geological past provides the opportunity to assess the behaviour
of the climate system and the long-term stability of the Antarctic ice
sheet under atmospheric carbon dioxide levels close to, and exceed-
ing, those projected for the end of this century'. Both the global mean
climate state and the behaviour of ice sheets are commonly inferred
from deep ocean oxygen isotope records obtained from the micro-
scopic calcite shells of benthic organisms called foraminifera (hereafter
8%0,,1ie)” . However, owing to a multitude of overlying influences on

deep ocean 60, isolating specific aspects of the climate system,
such as continental ice volume or deep ocean temperature, requires
additional assumptions or constraints (ref. 5 and references therein).

Inthe Oligocene (34-23 million years ago, Ma) when atmospheric
CO, ranged between 350 and 800 ppm’, the Arctic was ice-free®,
whereas Antarctic-proximal sedimentological records indicate the
presence of a continental-sized Antarctic ice sheet”®. On the basis
of the occurrence of large (-0.5-1.0%o.) fluctuations in deep ocean
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60, records from the Atlantic and Pacific Oceans™, Antarcticice
volume in the Oligocene has been interpreted to have fluctuated by
34-90% of the modern ice sheet volume at orbital periodicities of 40
and 110 thousand years (kyr)"**. Crucially, the upper range of these
estimates would imply that, at elevated atmospheric CO, relative to
pre-industrial levels', the Antarctic ice sheet could enter a dynami-
cal state similar to the Northern Hemisphere ice sheets during the
glacial-interglacial cycles of the Quaternary (the past 2.6 million
years)"”. Cyclical seaward advances and retreats of at least portions of
the Antarcticicesheetinthe Oligocene are supported by ice-proximal
sedimentological evidence”'®. However, ice sheet models are unable
to reproduce the largest variations in ice volume interpreted from
8"0_,..ie With arange of CO, even larger than the current best estimates
of Oligocene atmospheric CO, (refs. 1,17-19). This is because strong
stabilizing feedbacks limit ice sheet retreat from ice surface melting,
and a topography without deep subglacial basins reduces the retreat
of marine-based ice". These conflicting lines of evidence currently
obscure our understanding of the Antarctic ice sheet behaviour on
orbital time scales.

Amorestable Antarcticice volume, asindicated by models, could
be explained if the documented Oligocene variations in §'®0,, ., were
driven primarily by factors other than continental ice volume. Benthic
foraminiferal 80, reflects both the temperature and the isotopic
composition of seawater (6%0,,,), with the latter influenced globally
by the volume and isotopic composition of continental ice, and to
alesser extent, regionally, by variations in surface ocean salinity at
sites of deep-water formation>*. Owing to the dominant influence
of temperature, ice volume estimates from 60, require either
assumptions of relatively constant deep ocean temperatures®** or
independent temperature reconstructions.

Here, we derive independent estimates of temperature using
clumped isotope thermometry (A,,)* to test for orbital-scale
deep ocean temperature variability during the interval spanning
28.2-27.2 Ma, which encompasses the largest §°0 .. Cycles of the
Oligocene® (Fig. 1). Our aim is to test whether deep ocean tempera-
tures vary on eccentricity timescales and, if so, to determine the pro-
portion of the §'®0,.. signal driven by temperature variability. A,, is
independent of 50, and seawater elemental ratios, which affect the
traditional trace element-based paleothermometers such as foraminif-
eral Mg/Caratios”*, and it does not appear to be measurably affected
by organismbiology****°, Because of their microscopicsize, the appli-
cation of A, to foraminifera has until recently been limited by the
requirement of large sample amounts (more than 10 mg)¥. Advances in
analytical techniques®™?’, however, have increased the scope of possible
applications of this proxy (for example, refs.30-32). Here, we present
thefirst deep oceantemperature record derived by clumpedisotopes
that resolves the high-amplitude 110-kyr §'®0,,;.. cycles observed in
the Oligocene. The 110-kyr cycles (that is, the combined 95-kyr and
125-kyr eccentricity components) reflect the shortest periodicity of
changesin the shape of Earth’s orbit, which, in association with other
orbital parameters, controls the amount and seasonal distribution of
incoming solar radiation (Fig. 1). Our independent deep ocean tem-
peraturerecord comes from Ocean Drilling Program (ODP) Site 699 in
the subpolar Southern Ocean at a present-day water depth of 3,705 m
(ref. 33) (Fig. 1 and Extended Data Fig. 1). An orbital chronology was
developed using sediment colour reflectance and 60, records
(Extended DataFigs.2-4 and Supplementary Table 1). A total of 1,082
individual benthic foraminiferal A,; measurements from 99 discrete
samples (Extended Data Figs. 5-8 and Supplementary Table 2) were
binnedinto 32 temperature data points (Methods) that trace the large
80,1 CYCles characterizing the mid-Oligocene® (Fig. 1), with an
average temporal resolution of 28 kyr (Fig. 1). This binning is necessary
because, with the small-aliquot approach applied here, the precision
ofindividual A,; measurements is insufficient for paleoclimaticinter-
pretation (Methods). The fidelity of our A,; binning is confirmed by

good agreement witha moving window Gaussian filter, averaging tem-
perature with a resolution of 25 kyr (Methods; Extended Data Fig. 8).

The 60, data obtained for each sample as a co-product of the
A,; measurements (Methods) provide a higher-resolution record that
reproduces the large eccentricity-paced 60, Cycles observed at
othersites™ (Fig. 1, Extended Data Fig. 9 and Supplementary Table 2).
The 60, data were additionally binned in the same way asthe A,
dataand combined withtheir corresponding temperature data points,
to extract the residual variability in 80, (Methods; Fig. 1).

Warm mid-Oligocene bottom waters

Mid-Oligocene bottom water temperatures at Site 699 varied between
4.3°C(+1.8°C)and10.8 °C (+1.5 °C) (uncertainty reported at 68% con-
fidence intervals; Methods) within the study interval and averaged
7.2°C £1.4 °C(Fig.1), substantially warmer than the present-day bottom
water temperature of O °C at this site** (Extended Data Fig. 1). When
compared withreconstructions based on 8®0,,,.;.. for the study interval,
our A,,-derived mean deep ocean temperature is significantly warmer
thanthe1.4 °C estimate of Rohling et al.” but within error of the 5.6 °C
estimate of Cramer et al.*>. Our reconstructed temperature is close to
the mean deep ocean temperature of 6.5-7 °C obtained from Mg/Ca
thermometry for the interval 28-26 Ma (ref. 35), although the absolute
temperatures derived from Mg/Ca are highly dependent on calibra-
tion choices (for example, refs. 14,36), and also match with clumped
isotope-based estimates for the mean Oligocene temperature in the
deep North Atlantic (7.7 °C + 1.1 °C between 33.5 and 24.4 Ma)*. The
overall deep ocean warmth reconstructed for the mid-Oligocene fur-
thermore corresponds well with the reconstructed contemporaneous
sea surface temperatures seasonally exceeding 10 °C at sites in the
Southern Ocean® and on the Antarctic margin®*, the likely source
region for the bottom water bathing Site 699 (refs. 42,43).

The calculated 60, values average 0.57%. + 0.34%o within the
study interval. If reflecting only continental ice volume, this value
would indicate a substantially larger ice volume than at present. The
direct translation of §'*0,, into continental ice volume (for example,
ref.12), however, is complicated by the additional influences on 80,
including 80, of theice sheet and regional, salinity-related changes
in §'0,,. Large interbasin salinity gradients have been reconstructed
for the deep ocean in the mid-Pliocene**, highlighting that this factor
must be considered when interpreting 8'®0,,, especially in climate
states warmer thantoday. We note that both the absolute temperature
and §'®0,,, would be lower by around 1.5 °C and 0.35%. respectively, with
alternative clumped isotope calibrations*>*® (Methods). This differ-
enceinabsolute temperatures, however, does not exceed uncertainty
(Methods), and, crucially, the relative changes in temperature and their
relationship with observed variationsin "0, remainindependent
of our calibration choice.

Eccentricity-paced variability in bottom water
temperature

AtSite 699, sediment properties (Methods), 8®0,.i.. and bottom water
temperature show acyclicity witha dominant 110-kyr (short eccentri-
city) pacing throughout the studied interval (28.2t0 27.2 Ma; Fig.1and
Extended DataFigs.2and 4). The studied interval captures a total of six
110-kyr cycles (Fig.1and Extended Data Fig. 9), with the youngest three
being the largest 110-kyr cycles of the Oligocene and corresponding to
up to1%. changes in 0, .;.., globally®'® (Fig.1). In the South Atlantic,
these 60, cycles have been interpreted to reflect changes in Ant-
arcticice volume equivalent to 100% of the modern East Antarctic ice
sheet". By contrast, our record shows distinct temperature changes
of £2.8-4.4 °C (1.4 °C) associated with each of the largest 60, e
cycles (A8"®0,cie + 0.6-1%o) (Fig. 1). This amplitude of eccentricity
(110-kyr)-paced temperature variations in the mid-Oligoceneis slightly
larger than 2-3 °C obliquity (40-kyr)-paced temperature variations
reconstructed with Mg/Ca thermometry for the late Oligocene deep
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Fig.1| Eccentricity-paced cyclesin bottom water temperature.

a-c, Eccentricity-paced cycles in bottom water temperature (a), together with
880, cie (%0VPDB) records from Site 699 (b), the Atlantic (Site 1264)™ and Pacific
Ocean (Site 1218)° (¢). In b, 80, is shown both for all samples (continuous
purpleline) and averaged in the same way as the A, record (purple dots) to
obtain the Site 699 record of §'°0,,, (%VSMOW) (d). Inaand d, the dataare
presented as mean values with light and dark envelopesinaand stippled and
continuous error bars in d representing the 95% and 68% confidence intervals,
respectively, derived from 20-46 measurements sourced from two to five

individual sediment samples (Methods; Supplementary Table 2). e, The cycles

in Earth’s orbital eccentricity®” with higher values indicating the times of greater
southern hemisphere summer insolation during precession maxima. Black

and white barsindicate the magnetic polarity stratigraphy at Site 699 (ref. 58).
The yellow bands mark the 110-kyr eccentricity cycles captured at Site 699. The
horizontal barsina, band d reflect the age ranges of the adjoining two to five
samples combined for calculating the mean temperature and 6'%0, values (Main
and Methods). The inset map shows the modern location of ODP Sites 699,1264
and 1218. Map generated with Ocean Data View*’.
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Fig.2|An early Antarcticice sheetresilient to climate change. a,b, The

largest 110-kyr cycles in the younger part of our record from Site 699, for which
the age modelis best constrained, showing eccentricity maxima matching
maxima in bottom water temperatures (a) and the absence of consistent cyclical
changesin §'*0,, (%VSMOW) (b), suggesting no orbital variability in Antarctic
ice volume. c-e, Theresultsinaand b are consistent with Oligocene ice sheet
model simulations” showing minimal ice volume variability between 500 ppm
(c) and 840 ppm (d) atmospheric CO, due to melting in coastal regions being
compensated by increased ice thickness inland at higher CO, (e). The yellow and
purpledotsinaandbindicate values included in the eccentricity maxima groups

Ice surface elevation (m)

Ice thickness difference (m)

for the purpose of testing statistical significance of peak versus background
values (Methods; Extended Data Fig.10).Inaand b, the data are presented as
mean values with horizontal stippled lines representing the 68% confidence
intervals of the proxy data derived from 20-46 measurements sourced from

two to five individual sediment samples (Methods; Supplementary Table 2). The
vertical lines reflect the age ranges of the adjoining two to five samples combined
for calculating the mean temperature and 60, values (Main and Methods).

The eccentricity values are from ref. 57. Panels c-e adapted from ref. 17 under a
Creative Commons license CC BY 4.0.
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North Atlantic Ocean'. With an empirical relationship between 60, cie
and temperature of approximately —0.22%. per degree Celsius***,
our reconstructed changes in deep ocean temperature alone are in
principle sufficient to explain the §'®0,;.. cycles observed at our site,
without requiring continental-scale changes in Antarctic ice volume
(Fig.1). Our data clearly demonstrate that deep ocean temperatures
can exhibit a high degree of variability on orbital timescales (Fig. 2),
and therefore, 6'%0_,,.i.. cannot be interpreted to reflect 60y, (and
ice volume) changes in the absence of independent constraints on
temperature. This suggests that the previous assumptions thatled to
theinterpretation of continental-scale ice volume fluctuations based
on Oligocene 80, alone need revising’.

The large analytical uncertainty of our residual §'®0, data pre-
vents detailed interpretations of this signal, leaving open the possibility
of some ice volume-related changes in §®0,, Nonetheless, we do not
see any evidence for systematic, large-scale changes in §'®0,, on orbital
timescales, asit would be expectedif cyclical, continental-scale, waxing
and waning of the Antarctic ice sheet was the primary driver behind
the 60, record (Methods; Fig. 2 and Extended Data Fig. 10). Given
the large deep ocean temperature changes we observe, the 80, i
cycles could only accommodate for continental-scale fluctuations in
ice volume—equivalent to melting the modern East Antarcticice sheet,
resulting in ~59 m of sea-level change'*—if large changes in salinity and/
orin 80, were counteracting the ice volume componentin the 50,
signal (Fig.1). The 80, varies with ice sheet size owing to the effects
of changing altitude and transport distance, but these effects are of
the opposing sign, and they would probably be insufficient to offset
large-scale ice volume changes*®. The scale of salinity-related change in
80, inthe study arearequired to offset continental-scale ice volume
changes would have to approach the difference observed between
deep Atlantic and Pacific water masses in the Pliocene**. Further, any
regional salinity-related change in §'*0,,, would need to be compen-
sated for by opposing signals elsewhere in the ocean to maintain mass
balance, which may be hard to achieve given the volume of deep water
that was probably formed in the Southern Ocean. For these reasons,
itseems unlikely that bottom water salinity at Site 699 changed to the
extent required to fully mask the large ice volume-related changes
proposed in earlier studies. Hence, the most parsimonious explana-
tion to account for the mid-Oligocene eccentricity cycles captured
in the deep ocean oxygen isotope records is that they were primar-
ily driven by temperature, with possible small variations in ice vol-
ume not exceeding the lower end estimates from Oligocene sea-level
change reconstructions™*,

The warmest deep ocean temperatures at our site coincide with
eccentricity maxima, within age model uncertainty (Methods; Figs. 1
and 2 and Extended Data Fig. 10). The magnitude of the temperature
and §®0,,,... changes appears to be proportional to the degree of
changeineccentricity, withintervals of less pronounced eccentricity,
suchasbetween 28.1and 27.9 Ma, corresponding to more muted tem-
perature and 80, .. variability (Fig. 1). Hence, our new temperature
reconstructions suggest a strong response of deep ocean temperature
inthe Oligocene to orbital variations in insolation (Fig. 2).

The deep ocean temperature reflects the surface temperature
in areas of deep-water formation”, which, for Site 699, and much of
the global ocean during the Oligocene, were most probably located
in the Southern Ocean****. Our record could thus reflect regional
eccentricity-paced temperature variations in the surface ocean sur-
rounding Antarctica, with implications for ocean overturning and
associated heat and carbon sequestration in the deep ocean. Alter-
natively, the eccentricity-paced deep ocean temperature variations
couldreflect switches between two different water masses bathing Site
699, characterized by different temperatures, akin to the Circumpolar
Deep Water and Antarctic Bottom Water today (Extended Data Fig. 1).
Similar temperature reconstructions from other sites are needed to
distinguish between these scenarios. Regardless, given its location

in the deep Southern Ocean, Site 699 is probably representative for
a substantial portion of the global deep ocean, indicating a strong
eccentricityimprintonocean circulation and heat distribution during
the middle Oligocene.

Aresilient early Antarcticice sheet

If the 110-kyr eccentricity-paced 80, cycles observed in the deep
ocean are dominated globally by temperature changes on the order of
~3-4°C (Fig. 1), this may offer a way to reconcile ice sheet modelling,
suggesting arelatively stable Oligocene Antarcticice volume, with the
deep ocean 80, records. In the Oligocene, the Antarctic ice sheet
was probably not marine-based as it is today due to elevated bedrock
topography'”* (Fig. 2). The warm surface ocean temperatures proxi-
mal to Antarctica® *' would have furthermore prevented an extensive
marine-based ice sheet fromforming. Models suggest that aland-based
ice sheet is much less susceptible to large-scale melting compared
with marine-based ice sheets, even under high CO, concentrations
(>1,000 ppm), resulting from self-stabilizing feedbacks caused by
surface-elevation mass balance and albedo™**’~%*, Inmodel simulations
thatincorporate data-constrained Oligocene bedrock topographies
for Antarctica, the ice volume loss obtained for a CO, change from 500
to 840 ppm, in line with Oligocene estimates’, is negligible' (<0.1%)
(Fig. 2). For simulations with a low concentration of atmospheric CO,
0f280 ppm, which s lower than proxy reconstructions', the ice volume
change is equivalent to 25% of the modern-day ice volume'””. In these
simulations, melting in Antarctic coastal areas is counteracted by the
increasedice thicknessin the interior due to more abundant snowfalls
inawarmer climate (Fig. 2). Therefore, changes in the spatial extent of
the Antarctic ice sheet”'® may not necessarily correspond to large ice
volume changes (Fig. 2) and can explain changesin deep ocean tempera-
tures decoupled from Antarcticice volume**°. Our work thus supports
avery different response of the middle Oligocene Antarctic ice sheet
to orbital variations compared with the ice sheets of the Quaternary
atsubstantially lower levels of atmospheric CO,.

Our new data show temperature fluctuations in the deep ocean
of up to 4 °C consistent with a mostly terrestrial Oligocene Ant-
arcticice sheet between 28 and 27 Ma that may have responded to
orbital forcing by changes in its spatial extent but with relatively
small variations in ice volume. This finding contradicts previous
interpretations of §®0,,,.;. fluctuations being the expression of
continental-scale glacial-interglacial cyclesin Antarcticice volume.
The large, eccentricity-paced (110 kyr) deep water temperature
swings we reconstruct for the Southern Ocean (Figs.1and 2) suggest
aclimate state thatis highly sensitive to external forcing during the
middle Oligocene. At thistime, the ocean, rather thanice sheet vol-
ume, was the primary component of the climate system mediating
and responding to orbital variability in insolation. This may be an
inherent feature of a warmer-than-present-day climate state such
asthe Oligocene. Our findings stress the importance of robust deep
ocean temperature reconstructions and the need for more such
records to reconcile our understanding of the Antarctic ice sheet
from both the geological record and model simulations, and to
understand the behaviour of the climate systemin an Oligocene-like
state characterized by the unipolar glaciation on Antarctica.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Study site

ODP Site 699 (51°32.537’S, 30°40.619’ W) was drilled as a single hole
(Hole 699A) in the Atlantic sector of the Southern Ocean at a water
depthof 3,705 m, underneath the Antarctic Circumpolar Current (ACC)
and Circumpolar Deep Water, and is today bathed by Antarctic Bottom
Water®*° (Extended Data Fig. 1). The paleolatitude of Site 699 in the
Oligocene was very close to the modern®. The high abundance of sili-
ceous microfossilsin studied cores 699A-20H and 21H indicate a high
productivity regime typical of the ACC region already in the Oligocene.
This is corroborated by micropaleontological evidence® indicating
that, since the early Oligocene, the Atlantic Ocean south of 50 °S was
under theinfluence ofthe ACC and had apolar oceanographic regime.

Age model and orbital tuning

Sediments recovered at Site 699 possess a clear characteristic rema-
nent magnetization, determined by means of shipboard continu-
ous measurements on the archive halves and integrated by onshore
analysis of discrete samples®®. The newly generated diatom biostratig-
raphy supports the magnetic polarity correlation of cores 699A-
20H and 699A-21H within subchrons C9n-C10n. This assignment is
based on the occurrence of the following marker taxa: Rocella vigi-
lans, Kozloviella minor and Cestodiscus trochus. Especially K. minor
is reported from other Southern Ocean deep-sea holes for which
diatom biostratigraphy is available, including ODP Holes 748B and
749A%. The best constrained Southern Ocean record of this species
is from Hole 748B, where K. minor occurs within a narrow interval
spanning Chron C10n. To refine this initial biomagnetostratigraphic
framework, red-green-blue (RGB) data was extracted from the core
images (Extended Data Fig.2). We corrected the RGB data for overex-
posureinthe centre of theimages and underexposure at the edges of
the images. The correction does not considerably change the main
patterns in cyclicity. Please note that the main cyclicity in the core
images is not an artefact of uneven lighting conditions but a true
feature of the sediment cores. The resulting individual red, green,
and blue records, were combined into a combined RGB record. High
values inthe combined RGB signal visually correspond to the lighter
coloured strata, which at Site 699 are calcium carbonate dominated.
At other South Atlantic and Pacific Ocean sites*'*®*, elevated levels
of calcium carbonate (light-coloured sediments, RGB highs) corre-
spond to eccentricity-paced productivity maxima that occur during
aneccentricity minimum. The RGB and §'*0,,;.. records both exhibit
the dominant110-kyr cyclicity but are not always perfectly aligned. To
better visually align the high-amplitude mid-Oligocene ~110-kyr cycles
identified at Sites 699, 1218, and 1264, we made a small correction to
the Site 1264 eccentricity-tuned age model by changing the tie point
293.52 adjusted revised metres composite depth (armcd) - 27.511 Ma’
into293.30 armcd - 27.511 Ma’. BothRGB and "0, were considered
when selecting our final tuning tie points (Supplementary Table 1).
This tuning approach was independently validated by (1) the convinc-
ing alignment (within error) between the magnetostratigraphic rever-
sals from Site 699A with those of the Westerhold et al.> astronomically
calibrated time scales (Extended Data Fig. 3), (2) the identification
of between five and six precession forced cycles in the RGB record
for some of the best-expressed ~110-kyr cycle (that is, the combined
95- and 125-kyr components of eccentricity) and (3) the coherency
in the benthic foraminiferal §80 stratigraphy from Site 699A and
independently astronomically age-calibrated 80, records from
Walvis Ridge Site 1264, and equatorial Pacific Ocean Site 1218 (on the
revised age model of Westerhold et al.?; Fig.1).

Our fine-tuned astronomically calibrated age model for cores
699A-20H and 21H spans the 26.8- to 28.2-Ma interval and is based
on 11 eccentricity based (La2011_ecc3L solution®) tie points and
three magnetostratigraphic tie point (Extended Data Fig. 4 and
Supplementary Table1).

We note that the results of this study are independent from the
adopted tuning approach as we used 80, from Site 699 and
Westerhold et al.’ to guide our sampling strategy and obtain tempera-
ture data for the targeted 60, Cycles.

Sample preparation

The samples from cores 699A-20H and 21H are clay-rich and unlithified
with generally well-preserved benthic foraminifera (Extended Data
Figs. 5-7). Benthic foraminiferal abundance fluctuates substantially
through the studied interval, with several intervals characterized by
very low abundances. Levels of low foraminiferal abundance are at
182.6-182.8 and 192.1-192.6 meters below sea floor (mbsf). Benthic
foraminiferal abundance can be lower owing to an increase in sedi-
mentation rates, a drop in paleoenvironmental oxygen conditions or
carbonate dissolution®**®, Based only on benthic foraminifera abun-
dance variability in the samples, some degree of dissolution at discrete
levelsin the record cannot be ruled out. However, the generally good
foraminiferal preservation throughthe record does not suggest major
dissolution, as supported by scanning electron microscope images
of specimens (Extended Data Figs. 5-7) taken from light (Extended
Data Figs. 5 and 6) and dark (Extended Data Fig. 7) sediment intervals
(Extended DataFig. 2).

The samples were washed over a 63-um mesh-size sieve with tap
water and oven-dried at 40 °C. A total of 99 samples were picked for
clumped isotope analysis from179.9 t0 195.45 mbsf. Benthic foraminif-
erawere picked fromthe size fraction >150 um after dry sieving. Benthic
foraminiferaweregroupedaccordingtotaxonomyand ecology depend-
ing on species and genus abundance as follows: (1) Cibicidoides spp.
(composed of C. mundulus, C. eocaenus, C. havanensis, C. grimsdalei,
C.micrus, C. brady, C.lamontdoherty and C. dickersoni); (2) Oridorsalis
umbonatus; (3) Epifaunals (composed of Laticarinina pauperata,
Gyroidinoides gyrardanus, G. planulatus, G. depressus, Nuttallides
umbonifera, Alabamina weddellensis, Epistominella exigua, Anomali-
noidesrubiginosus and A. spissiformis); (4) Nodosarids (Nodosaria spp.,
Lenticulina spp., Lagenidae and Polymorphinids), Pleurostomellids
(Pleurostomella spp.) and Stilostomellids (Stilostomella spp.); and
(5) Infaunals (Pullenia bulloides, P. quinqueloba, Melonis barleanuum,
Nonion havanense, Nonionella spp. and Globocassidulina subglobosa).
For several samples, this distinction into different species groups was
not possible owing to extremely low foraminifera abundance, requir-
ing all found specimens to be combined for measurements (samples
699A-20H-2,20-22 cmto 699A-20H-2,42-44 cm; samples 699A-20H-3,
5-7 cmto 699A-20H-3, 27-29 cm; samples 699A-21H-3,10.5-13 cm to
699A-21-3.50-53 cm). Foraminifera were cracked between glass plates
and sonicated in deionized water (3 x 10-20 s) and methanol (1 x 5s).
At the end of the cleaning procedure, the test fragments were rinsed
until the solute was nolonger cloudy and oven-dried at 50 °C. Individual
measurements from multiple adjacent samples were combined to
calculate average A,; values, covering the minimum and maximum
depth ranges of 10 and 30 cm, respectively, except between 182.21-
182.67 mbsf (46 cm) and 186.45-187.05 mbsf (60 cm) where several
samples were barren of foraminifera.

Clumped isotope analyses

The clumpedisotope paleothermometer relies on the thermodynamic
bounding of *C and ®0 isotopes in calcite molecules as a function of
ambient temperature and is unaffected by the 80, (ref. 23). The
influence of non-thermal controlson A,,, such as pH and the biological
partitioning of isotopes in calcite, does not appear resolvable® *°. The
low natural abundance of C-®0 bonds within carbonate ions demands
large sample sizes to produce data with the precision required for
palaeoclimate applications. Here, we used small (-85 pug) carbonate
samples and obtained the necessary precision by averaging a mean
of 33 A,;; measurement values (minimum 20 to maximum 46) from
neighbouring samples®”°. The A,, measurements were performed at
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the Farlab, University of Bergen, on two Thermo Scientific MAT 253 Plus
isotope ratio mass spectrometer connected to Thermo Scientific Kiel
IV carbonate preparation devices. The analytical method used here is
extensively described inModestou et al.*’ and Leutert etal.”. We used
three carbonate standards (ETH 1, 2, 3), which differ in bulk isotopic
composition and ordering state to correct for A, scale compression
and to transfer results to the Intercarb-Carbon Dioxide Equilibrium
Scale (I-CDES)”* Anadditional standard (International Atomic Energy
Agency (IAEA)-C27%) was not used for corrections but instead used to
check thefidelity of the correction procedure (0.639 + 0.027%o. (1s.d.);
n=3850). All analytical sessions (-23 h each) included approximately
equal numbers of carbonate standards and samples. External reproduc-
ibilities (1s.d.) in A, of the four carbonate standards after correction
were between 0.027 and 0.028%o.

Oxygen and carbon isotopes

Oxygen and carbon stable isotopes were obtained from the same
groups/specimens as a co-product of A,; measurements. Carbon-
ate 6'%0 and 8"C values are reported relative to the Vienna Pee Dee
Belemnite scale (VPDB) and were corrected with the same carbonate
standards (ETH 1-3), using the values reported by Bernasconi et al.”,
including a scale correction. The 60 and §™C values of all the stand-
ards have external reproducibilities (1s.d.) better than or equal to
0.07%o (6'*0) and 0.03%. (6-C).

Tocomplementthe stableisotope record obtained asa co-product
of A,; measurements, stable isotopes were additionally measured on
several monospecific samples of Cibicidoides (C. munduls/C. eocaenus)
for the depthinterval193.6-194.1 mbsfand 194.7-195.0 mbsfat10-cm
resolution on a Thermo Scientific MAT 253 isotope ratio mass spec-
trometer connected to a Thermo Scientific Kiel IV carbonate prepara-
tion device at Farlab, University of Bergen. Carrara Marble (in-house
CM12) was used as a working standard, and the values are reported
relative to VPDB, calibrated using National Bureau of Standards (NBS)
standards18 and 19. External reproducibility in CM12 was better than or
equal to 0.02%o (§°C) and 0.05%o (6°0) (1s.d.) over the analysis interval.

Clumped isotope temperatures

Owing to the large number of ‘replicate’ measurements required, A,
values from multiple 10-cm spaced samples were averaged for each
data point, using the 80, record as aguide to avoid aliasing and to
obtain temperature data for the targeted 60, cycles. On average,
eachtemperature group combines measurements fromthree samples
(from minimum two to maximum five), and a total of 32 temperature
groups were obtained with this approach, equivalent to one tempera-
ture data point every 28 kyr.

Sample standard errors were determined by selecting the higher
value between the sample standard deviation and the external repro-
ducibility from IAEA-C2 (0.027%.) and calculating standard errors of
the means depending on the number of measurements from each
sample. Average A,; values for each group were determined as the
average of all sample averages in the temperature group weighted by
the number of measurements fromthe respective samples, with errors
being estimated through the propagation of the standard errors of
the samples. For each temperature group, a mean age was assigned
by also averaging the age of each sample in the temperature group by
the number of measurements.

Temperatures were then estimated with the calibration of
Meinicke et al.” updated to the I-CDES scale™:

A4y = (0.0397 + 0.0011) x 10%/72 + (0.1518 + 0.0128)(TinK). (1)

Errors in temperature estimates (for example, propagated ana-
lytical and calibration errors) were determined through Monte Carlo
simulations after Meckler et al.””. The final temperature errors are
reported as 68% and 95% confidence intervals (Fig. 1).

To test the impact of the choice of calibration equation, we also
calculated temperatures with the calibrations of Anderson et al.* and
Daéron and Vermeesch*®” (Supplementary Table 2), which include
bothbiogenic andinorganic (for example, natural and laboratory pre-
cipitate) samples. Temperatures calculated with these equations are
onaveragel.5°C (ref. 45) and 1.2 °C (ref. 46) colder, respectively, than
those obtained with equation (1), and the §'*0,,, on average 0.35%o and
0.28%0 more negative. For this study, we chose to report temperatures
with equation (1) because the other two calibrations include very high
temperature (>100 °C) samples that canbias the relationship within the
ocean temperature range. Although the choice of calibration affects
our absolute reconstructed temperature and 80, (albeit within error
of our estimates), therelative changes, which are the main focus of this
study, are unaffected. We refrain from using the calibration of Daéron
and Gray” asityields unrealistically cold temperatureswhenapplied to
the Plio-Pleistocene section of the Cenozoic record of Meckler et al.”.

In addition to the grouping (binning) approach to reconstruct
temperature, we used a Gaussian moving window filter toindependently
confirm the validity of our temperature grouping. This verification
process was carried out through a Monte Carlo simulation following
the methodology outlined in Rodriguez-Sanzetal.”. Inshort, for each
replicate analysis, we generated 10,000 random values on the basis
of the observed external reproducibility of 0.027%. from IAEA-C2
(Extended Data Fig. 8a), and assuminga normal distribution. Toaccount
forbothanalytical and calibration uncertainties, we computed 10,000
temperature estimates for each replicate using arandom slope-inter-
cept pair from the clumped isotope calibration equation (outlined
below). Subsequently, we applied a Gaussian filter with a110,000-year
window to each simulationand calculated average temperatures every
25,000years. The final temperature values are presented as the median
(50th percentile), along with the associated uncertainties represented
by the 95% and 68% confidence limits (Extended DataFig. 8b). Thefilter
generated a pattern remarkably similar to the temperature groups,
indicating that our chosen binning approach did not introduce bias
into the temperature reconstruction (Extended DataFig. 8). Despite the
similarity between the temperature patterns obtained with the binning
and Gaussian filter approaches, we prefer the binning approach, as it
enables variable resolution and minimal smoothing in places where
data density is higher (such as between 27.55 and 27.4 Ma).

818Ocalcite and 818Osw

To calculate 80y, we used 80, .. from the A, analysis of Cibicidoides
spp. for most of the samples that compose our temperature groups
(86 of 106 samples). However, we also had to rely on other taxa when
Cibicidoides spp. were absent or not sufficiently abundant for A,;
analysis. Whereas A,, is not measurably impacted by using differ-
ent benthic foraminifera taxa’, there are species-specific offsets in
50,11 (fOr example, refs. 78,79) that need to be corrected for. Our
Site 699 dataset shows distinct offsets between the §®0,;. of Cibi-
cidoides spp. and the other taxonomic groupings used as A,; aliquots
from the same samples (Extended Data Fig. 9a). Averaged across all
samples with dual measurements, aliquots of mixed epifaunal benthic
foraminifera species were offset in 60 ;.. by —0.13%0 (+0.05, 95% con-
fidence intervals), O. umbonatus by —0.22%. (+0.04, 95% confidence
intervals) and mixed samples of all benthic foraminiferal species by
-0.15%0 (£0.09, 95% confidence intervals) with respect to Cibicidoides
spp. (Extended Data Fig. 9b). We used these mean offsets to correct
80,1 With respect to Cibicidoides spp. when Cibicidoides spp. was not
available and used the corrected 60, value from the other species/
groups with the following order of priority where multiple options were
available: (1) mixed epifaunal benthic foraminifera (8/106 samples),
(2) 0. umbonatus (1/106) and (3) mixed benthic foraminifera, in case of
very low abundance of specimens (11/106) (Extended Data Fig. 9c). We
preferred the mixed epifaunal group over O. umbonatus, as the former
consistently display the smallest offset from Cibicidoides spp. It is also
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worth noting that the offset correction ultimately has limited impact
on the Site 699 60, record and, hence, §'°0,,, owing to the rela-
tively small number of samples lacking Cibicidoides spp. and the small
magnitude of the 60, Offsets that we corrected for, relative to the
changes observed in the 80, record (Extended Data Fig. 9d). This
notionis corroborated by the similar magnitude of 0, .. fluctuations
atSite 699 and at Sites 1264 (South Atlantic) and 1218 (Equatorial Pacific)
where Cibicidoides mundulus and Cibicidoides spp. were used,
respectively, with amean difference of only 0.18%o.

To obtain §'®0,,, we calculated the average 80, for each group
using theaverage 80, value for each sampleinatemperature group
and weighing these in the identical way to the A,, data (that is, giving
more weight to samples that yielded more measurements for A,,).
This way, any skewing of the group averages towards a given sample
owing to an unequal number of A,; measurements is also reflected in
the 80, and, as aresult, 80,

The temperature and the average 8®0,,.;.. for each group were
combined to obtain 80, following the equation of Marchitto et al.*°

(880 1cite — 8180gy + 0.27) = —0.245 x BWT + 0.0011 x BWT? + 3.58,
()

where BWT is bottom water temperature.

Statistical analysis

We tested the statistical significance of the temperature and 0,
changes associated with the six 110-kyr eccentricity cycles between
28.2and 27.2 Ma using mean values of temperature and 80, groups
(Extended Data Fig. 10). The temperatures and 80, coinciding with
the cycle core ~40 kyr of peak eccentricity values were grouped in the
‘eccentricity maxima’ group of values and tested against background
values (Extended Data Fig.10).Indoing so, we took into account aslight
(+5 kyr) misalignment between the data and the eccentricity cycles.
The test was performed with a ¢-test using the R stats package R Core
Team®® (Extended Data Fig.10b,d). For temperature, the ¢-test returned
aPof0.011, meaning the mean of the groups are statistically different.
For 6'®0,,, the t-test returned a Pvalue of 0.256, meaning the mean of
the groups are not statistically different (Extended Data Fig.10b,d).

Data availability

All data are available in Supplementary Table 2 and in the EarthChem
datarepository at https://doi.org/10.60520/IEDA/114211 (accessed 31
October 2025).
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Extended DataFig. 1| Present day bathymetry and water masses at Site 699. salinity highlight the two main deep-water masses characterizing the area: CDW
North-South cross-sections at 30°W showing the modern location of Site 699 (Circumpolar Deep water) and AABW (Antarctic Bottom Water). Figure generated
with present-day temperature and salinity. Contours for temperature and using https://odv.awi.de ref.*.
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Extended Data Fig. 2 | Site 699 stratigraphic data in the depthdomain. (a) Hole = mean of the upper and lower depth uncertainties (error bars) ranges from +0.1

699 A Cores 19H to 21H were visually inspected for the presence of sedimentary
cycles. Core colorimages show distinct cyclicity in the depth domain. (b)
Magnetostratigraphy from Hole 699A%, where black (white) indicates a normal
(reversed) magnetic polarity. Grey corresponds to coring gaps. Red error bars
indicate uncertainty intervals of the exact magnetic reversal positions in the
depth domain. Specifically, to each chron-reversal is assigned a mean-depth
value indicated with a horizontal red bar. Mean-depth values are calculated
based on the uppermost and lowermost magnetic chron positions, as reported
by ref. 58, also used to calculate the error bars in the figure. The spread from the

to1.5meters. Note that the reversal from Chron C10r to C10n fallsin the core
gapinbetween Core 22H and Core 21H, and this reversal comes with agreater
uncertainty. The study interval spans Cores 699A-20H and 21H, and Subchrons
C9nto C10n. (c) Uncorrected red (R), green (G), blue (B), (RGB), data extracted
from the coreimages (a). (d) RGB data corrected for uneven lighting conditions
of core photographs. (e) Benthic foraminiferal 80 data from Site 699. Arrows
indicate the stratigraphic depths of foraminiferal samples used for SEM images
shownin Extended Data Figs. 5-7.
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Extended Data Fig. 3 | Site 699 initial magnetostratigraphic and final tuned
age models. (a) Depth-age relationship. Our initial age model consisted of
assigning the Westerhold et al.’ reversal ages to Site 699 magnetostratigraphic
chronboundaries (ref. 58). Black error bars on the y-axis indicate the

upper, mean, and lower depth position for each reversal boundary (see
Extended Data Fig. 2 caption for an explanation). Black error bars on the x-axis
indicate how the uncertainty in the depth-domain (uppermost, mean, and
lowermost positions) translates into an age uncertainty. Note that upper and
lower depth uncertainties with respect to the mean are equal (see y-axis), but
thatyounger and older age uncertainties with respect to the mean vary fromone
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another (see x-axis). This is resulting from changing depth-age relationships, that
is, varying sedimentation rates, throughout our study interval. In the age domain
the spread from the mean of the younger and older age uncertainties ranges
from-0.009 and +0.005 Myr to -0.072 and +0.141 Myr. Subsequent alignment

of the RGB record to the La2011_ecc3L* eccentricity solution resulted inamore
accurately constrained age control for Site 699. Our tuned reversal ages are
within error inagreement with those of Westerhold et al.>, and apart from the
C8r/C9nreversal, also with the GTS2020 ages®. (b) Site 699 sedimentation rates
based on our eccentricity tuning. Sedimentation rates vary between -1.1and

2.7 cmkyr™, values that are typical for a (hemi)pelagic deep marine site.
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100 um

Extended Data Fig. 5| SEM images of cleaned fragments of Cibicidoides spp. Sample 699A-20H-2,100-105 cm (182.10-182.13 mbsf). Panels a, b, and ¢ show whole
fragments and the images on the right are zoomed in (see panels a, b, c for locations).
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Extended Data Fig. 6 | SEM images of cleaned fragments of Cibicidoides spp. Sample 699A-20H-3, 45-50 cm (183.05-183.08 mbsf). Panels a, b, and ¢ show whole
fragments and theimages on the right are zoomed in (see panels a, b, cfor locations).
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Extended Data Fig. 7| SEM images of cleaned fragments of Cibicidoides spp. Sample 699A-21H-4, 50-53 cm (194.10-194.13 mbsf). Panels a, b, and ¢ show whole
fragments and theimages on the right are zoomed in (see panels a, b, c for locations).
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Extended Data Fig. 8| Gaussian Filter. (a) Replicate analyses (grey circles) and respectively. Red circles are the temperature estimates for the temperature
filter median values (blue line). (b) Filter median values (blue line) and 68% and groups expressed as mean values. Errors on temperature groups are the 68% and
95% confidence intervals shown as dark blue and light blue envelopes. These 95% confidence intervals derived from 20-46 measurements sourced from 2-5
were calculated with the simulation 16th - 84th and 2.5th - 97.5th percentiles, individual sediment samples.
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Extended DataFig. 9 | Constructing a species-corrected Site 699 benthic
foraminifera 8'°0,, record. (a) Cross-plot of 8'®0y,,.;.. from Cibicidoides spp.
versus other key taxonomic groupings used here (red: O. umbonatus; grey:
aliquots of mixed epifaunal benthic foraminifera species; yellow: mix of all
benthic foraminifera present) fromindividual samples where measurements

of both Cibicidoides spp. and other were possible. (b) The averaged §'°0 i
offset from Cibicidoides spp. of the groupings in (a) for all samples containing
dual measurements, with 95% confidence intervals (vertical bars) and number of
samples containing measurements of a specific grouping as well as Cibicidoides
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spp. displayed at the bottom. (c) The composite Site 699 benthic foraminifera
880, record (black line) plotted versus age, with taxonomic groups
contributing to the record shown as coloured circles (blue: Cibicidoides spp.;
red: 0. umbonatus; grey: all epifaunal benthic foraminifera; yellow: all benthic
foraminifera), constructed by correcting for the averaged 8®0,,,.. Offsets (see
(b)) of the other groupings to that of Cibicidoides spp. (d) Comparison of the
composite benthic foraminifera §'®0,,.;,. record with the offset-correction
applied (blueline, grey circles) and without an offset-correction (black line,
yellow circles).
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Extended Data Fig. 10 | Statistical significance of temperature and "°0,,,
variability. (a) A,; temperatures plotted against the La2011_ecc3L Eccentricity
Index from* for the six 110-kyr eccentricity cycles captured here. Yellow
dotsindicate temperatures included in the eccentricity maxima group for

the purpose of testing statistical significance of peak vs background values.
Temperature dataare presented as mean values with horizontal stippled lines
representing the 68% confidence intervals of the proxy data derived from 20-46
measurements sourced from 2-5individual sediment samples. Vertical lines
reflect the age ranges of the adjoining 2-5 samples combined for calculating
average A, values. (b) Result of the Welch’s t-test®, a variation of the standard

t-test that is more suitable for distributions with unequal variance, comparing
the background temperature values with the ones at the eccentricity maxima.
Each box-plot shows the mean (white star), median (green line), 25-75% range
(boxes) and full range of values (whiskers) of the two groups. The numerical
result of the Welch’s t-test is shown in upper-left-hand part of the figure, whereby
DF=degree of freedom; LC and HC = 95% lower and higher (respectively)
confidence boundaries of the estimated likely true difference between the two
groups. (c) Same as (a) but for 80, data. Purple dots indicate values included in
the eccentricity maxima group for the purpose of testing statistical significance
of peak vs background values. (d) Same as (b) but for §°0,, data.
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