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Abstract:

Much of our understanding of Earth’s past climate comes from the measurement of oxygen and
carbon isotope variations in deep-sea benthic foraminifera. Yet, long intervals in existing records
lack the temporal resolution and age control needed to thoroughly categorize climate states of the
Cenozoic Era and to study their dynamics. Here we present a new, highly resolved,
astronomically dated, continuous composite of benthic foraminifer isotope records developed in
our laboratories. Four climate states — Hothouse, Warmhouse, Coolhouse, Icehouse — are
identified based on their distinctive response to astronomical forcing depending on greenhouse
gas levels and polar ice sheet volume. Statistical analysis of the non-linear behavior encoded in
our record reveals the key role that polar ice volume plays in the predictability of Cenozoic

climate dynamics.

One Sentence Summary:

During the last 66 million years Earth’s climate system response to astronomical forcing was

state-dependent.
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Global changes in Earth’s climate during the Cenozoic Era, the last 66 million years, have long
been inferred from stable isotope data in carbonate shells of benthic foraminifers, which are
single-celled amoeboid organisms that live on the seafloor. Carbon and oxygen isotope records
from deep-sea benthic foraminifers are a proven, invaluable archive of long-term changes in
Earth’s carbon cycle, deep-sea temperature, and seawater composition driven by changes in ice
volume (/, 2). In 1975, Shackleton and Kennett (3) produced one of the first deep-sea benthic
foraminifer stable isotope records of the Cenozoic. Despite being of low temporal resolution it
revealed that Earth’s climate had transitioned from a warm state 60 to 40 million years ago (Ma)
to a cool state 10 to 5 Ma. Over the last 45 years, many deep-sea benthic foraminifer stable
isotope records of variable length and quality have been developed, resulting in a more detailed
record of Cenozoic climate change. Compilations of these deep-sea isotope records provide a
compelling chronicle of past trends, cyclic variations, and transient events in the climate system
from the Late Cretaceous to today (/, 4-10). However, even the most recent benthic isotope
compilations cannot accurately document the full range and detailed characteristics of Cenozoic
climate variability on time scales of ten thousand to one million years. Age models and temporal
resolution of Cenozoic benthic isotope compilations are either too coarse and/or include gaps,
particularly prior to 34 Ma. These weaknesses hamper progress in determining the dynamics of
the Cenozoic climate system (4, 9, /1), for example, because they prohibit application of
advanced techniques of non-linear time series analysis at the required (astronomical) time-scales.
The lack of highly-resolved, continuous, and accurately dated records constitutes a key limitation
in our ability to identify and understand the characteristics of Earth’s evolving climate during the

Cenozoic.
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Here, we present a new astronomically tuned deep-sea benthic foraminifer carbon §'*C and
oxygen 530 isotope reference record uniformly covering the entire Cenozoic, developed in our
laboratories using sediment archives retrieved by scientific ocean drilling (Fig. 1). To produce
this new composite record, we selected 14 ocean drilling records, checked and revised their
composite splices where necessary, and preferentially selected records utilizing the genus
Cibicidoides and Nuttallides to minimize systematic interspecies isotopic offsets (7, 4, 12, 13).
We additionally generated new benthic stable isotope data spanning the late Miocene and
middle-to-late Eocene to fill intervals inadequately covered by existing records. We collated
existing astrochronologies for all records, recalibrated them to the La2010b orbital solution (/4)
if required, and developed a new astrochronology for the middle-to-late Eocene (/3). We
estimate our chronology to be accurate to + 100-kyr for the Paleocene and Eocene, + 50-kyr for
the Oligocene to middle Miocene, and + 10-kyr for the late Miocene to Pleistocene. The
composite record is affected by some spatial bias arising from the uneven distribution of deep-
sea stable isotope data that mainly derive from low- to mid-latitudes (/3). Nevertheless, the
resulting new Cenozoic Global Reference benthic foraminifer carbon and oxygen Isotope
Dataset (CENOGRID) provides a refined record with higher signal-to-noise ratio than any
previous compilations ((/3); text S1), and better coverage of the Paleocene, Eocene and late
Miocene intervals (Fig. S32). The CENOGRID serves as an astronomically tuned high-definition

stratigraphic reference of past global climate evolution for the past 66 million years.

On time scales of ten thousand to one million years, global climate is a complex, dynamical
system responding non-linearly to quasi-periodic astronomical forcing. By combining the latest
high-resolution generation of Cenozoic deep-sea isotope records on a highly accurate timescale,

CENOGRID enables the definition of Earth’s fundamental climates and investigation of the
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predictability of their dynamics. We used recurrence analysis (RA) of the CENOGRID record
(13, 15) to identify fundamental climate states that internally share characteristic and statistically
distinctive dynamics. Recurrence is a major property of dynamical systems and RA provides
information about non-linear dynamics, dynamical transitions, and even non-linear
interrelationships (/5), and facilitates evaluation of underlying dynamical processes — e.g.,
whether they are stochastic, regular, or chaotic. We present recurrence plots and their
quantification of the benthic foraminifer 8'3C and 830 records to recognize different climate
states and apply the RA measure of ‘determinism’ (DET) to quantify the predictability of

Cenozoic climate dynamics.

Four distinctive climate states emerge as distinct blocks from our recurrence plots of the §'%0
CENOGRID record that we label Hothouse, Warmhouse, Coolhouse, and Icehouse state (Fig. 2).
Block-like structures in the recurrence plots identify epochs where the dynamical system is
‘trapped’ in a particular state. This interpretation of Cenozoic climate history is broadly
consistent with previous interpretations but our recurrence plot analysis of the highly resolved

CENOGRID data provides a more statistically robust and objective exposition of events.

Detailed features of the four climate states can be inferred from the isotope profiles (Fig. 1) and
scatter plots of the CENOGRID 8'3C and 8'30 data, and atmospheric CO: concentration
estimates (Fig. 2; (/3)). Warmhouse and Hothouse states prevailed from the
Cretaceous/Paleogene boundary (K/Pg, 66 Ma) to the Eocene-Oligocene Transition (EOT, 34
Ma). During the Warmhouse, global temperatures were more than 5°C warmer than today (/3)
and benthic 8'3C and '%0 show a persistent positive correlation with one another. The Hothouse
operated between the Paleocene-Eocene Thermal Maximum at 56 Ma and the end of the Early

Eocene Climate Optimum (EECO) at 47 Ma (/6), when temperatures were more than 10°C

5
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warmer than today and displayed greater amplitude variability. Transient warming events
(hyperthermals) are an intrinsic feature of the Hothouse, wherein paired negative excursions in
8!3C and 8'80 reflect warming globally through rapid addition of carbon to the ocean-
atmosphere system. The two Warmhouse phases from 66 to 56 Ma (Paleocene) and 47 to 34 Ma
(middle-late Eocene) share a similar temperature range but have distinct background 8'3C

isotope values and atmospheric CO; levels (Fig. 2, S35). At the EOT, the Warmhouse
transitioned into the Coolhouse state, marked by a stepwise, significant drop in temperature and a
major increase in continental ice volume with large ice-sheets appearing on Antarctica (/7) to
establish a unipolar glacial state (/8). The recurrence plots mark out the EOT as the most
prominent transition of the whole Cenozoic, which highlights the important role of ice sheets in

modulating Earth’s climate state (Fig. S33; (13)).

The Coolhouse state spans ~34 Ma (EOT) to 3.3 Ma (mid Pliocene M2 glacial), and is divided
into two phases by the marked shift in 'O increase at 13.9 Ma related to the expansion of
Antarctic ice sheets during the middle Miocene Climate Transition (mMCT; (/9)). Warmer
conditions culminating in the Miocene Climatic Optimum (MCO; ~17-14 Ma; (20)) characterize
the first phase, followed by cooling and increasing 8'%0 during the second phase (Fig 2). RA of
carbon isotope data documents an additional major transition in the carbon cycle around 7 Ma
related to end of the late Miocene Carbon Isotope Shift (/7, 21, 22). A major change in the
correlation between benthic foraminifer §'3C and 8'%0 occurs during the Pliocene epoch (23).
The Icehouse climate state (Fig. 2), driven by the appearance of waxing and waning ice sheets in
the northern hemisphere, was fully established by the Pliocene-Pleistocene transition (24) (Fig.
1, 2) with Marine Isotope Stage M2 at 3.3 Ma being a possible harbinger. The recurrence plots

are less pronounced and more transparent from 3.3 Ma to today (Fig. 2, S34), suggesting that
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Earth’s climate-cryosphere dynamics entered a state not comparable to anything seen in the

preceding 60 or more million years.

The CENOGRID allows us to scrutinize the state-dependency of climate system response to CO»
and astronomical forcing on ten thousand to one million year time scales (/3). Astronomical
forcing throughout the Cenozoic is consistently uniform, but the RA indicates that the non-linear
response in climate variability to this forcing is strongly influenced by the fundamental state of
climate. Evolutionary spectrograms characterize the dominant climatic response to astronomical
forcing during the Cenozoic (Fig. 3). We find that the prevailing climate state as characterized by
atmospheric CO; concentration and polar ice sheets seems to orchestrate the response and impact
of climate processes to astronomical forcing. Modeled insolation-driven global temperature
variability on astronomical time scales suggest that different temperature response regimes exist:
eccentricity dominates temperature responses in low latitudes, precession in mid latitudes and
obliquity in high latitudes (25). Thus, pronounced astronomical cyclicity in the CENOGRID

could reflect climate-state dependent amplifications of latitude-specific climate processes.

In the Hothouse and Warmhouse, as well as the first Coolhouse phase, eccentricity-related cycles
dominate the CENOGRID indicating a strong influence of low-latitude processes on climate
variations. Obliquity-related cycles are sparse in these intervals, but have been documented in
other geochemical records (26, 27) exhibiting perhaps local lithological responses. Weak
response in the obliquity-band during the Hothouse and Warmhouse intervals might be related to
the absence of a high-latitude ice sheet that could have amplified climate response to obliquity
forcing. The driving mechanism for the prevailing eccentricity cyclicity in the benthic §!*C and
8180 records is still unknown, but modeling suggests that low- and mid-latitude processes in the

climate system respond in a non-linear way to insolation forcing (25, 28-30). In this regard, a key

7
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feedback likely involves the hydrological cycle with highly seasonal precipitation patterns during
intervals of strong monsoon response to precession-induced insolation change which could play
a major role in the global distribution of moisture and energy (3/-34). The expression of
precession is apparently weak in the CENOGRID composite record despite the dominant
eccentricity forcing, likely due to the long residence time of carbon in the oceans enhancing
longer forcing periods (30, 35), as well as our strategy to avoid ‘overtuning’ the record.
Following the increasing influence of high latitude cooling and ice growth during the second
Coolhouse phase, the obliquity-band response steadily increases after the mMCT before
dominating climate dynamics by the late Miocene-early Pliocene (71, 22, 36). In the Icehouse
state, the progressive decrease in atmospheric CO; and major growth of polar ice sheets, which
enhanced variability in 8'%0, steadily amplified the influence of complex high latitude feedbacks

until they essentially dominate climate dynamics.

To better understand the complexity of climate dynamics recorded in the CENOGRID, we
computed the RA measure of determinism (DET, (/3)). This parameter quantifies the
predictability of dynamics in a system's state. Predictability estimates the stochastic
(unpredictable) versus the deterministic (predictable) nature of climate dynamics recorded in
CENOGRID (/3). DET values near zero correspond to unpredictable dynamics, whereas large
values indicate predictable dynamics, which are especially interesting to examine on the
approach to tipping points. Changes in DET can thus reveal transitions between fundamentally

different climate regimes.

Our RA suggests that climate dynamics during the Warmhouse and Hothouse Cenozoic states
are more predictable or more regular than those of the Coolhouse and Icehouse states (Fig. 3).

The growth of polar ice sheets at the EOT enhanced the effect of obliquity pacing of high

8
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latitude climate that interacted with eccentricity-modulated precession forcing at lower latitudes
from that point in time. This led to increased non-linear interactions among astronomically paced
climate processes, and thus more complex, stochastic climate dynamics. The development of
large Antarctic ice volume at the inception of the Coolhouse is associated with a fundamental
regime change towards less predictable climate variability (lower DET values calculated from
benthic 5'%0, Fig. 3). From 25 to 13.9 Ma DET is elevated again, related to a reduction in ice
volume in relatively warmer times of the Coolhouse, culminating in the MCO. Despite the
growing influence of ice sheets in the Coolhouse, until ~6 to 7 Ma carbon cycle dynamics remain
more deterministic than temperature because §'3C variations are predominantly driven by low-
latitude processes and less strongly influenced by the complex interaction with polar ice-sheet
fluctuations. After ~6 Ma DET drops likely due to stronger cryosphere imprint on the carbon
cycle. Upon initiation of the Icehouse at 3.3 Ma, 8'80 recorded climate dynamics become
slightly more deterministic (37) and carbon cycle dynamics unpredictable, likely resulting from

the complex response to the waxing and waning of polar caps (38).

The CENOGRID spectrogram displays a broader frequency range during several intervals with
low DET values (e.g., Coolhouse), while high DET values (e.g., Warmhouse) occur when single
frequencies dominate (Fig. 3). This could be signaling a more direct response to astronomical
forcing in the Warmhouse compared to the Coolhouse. Our RA suggests that the Hothouse is
more stochastic (less predictable) than the Warmhouse, presumably induced by the occurrence of
extreme hyperthermal events and their strong non-linear and much amplified climate response to
astronomical forcing (39, 40). The evolving pattern in the DET from the onset of cooling after
the EECO to the EOT is striking (Fig. 3). The amplitude in fluctuations between stochastic and

deterministic dynamics intensifies from 49 Ma to 34 Ma, consistent with how Earth’s climate
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system is suggested to behave (41, 42) as it moves towards a major tipping point. Once that
tipping point is reached at the EOT, a rapid shift toward more permanently stochastic dynamics
marks the inception of a new climate state (43). Thus polar ice volume is not only critical to
defining Earth’s fundamental climate state, it also seems to play a critical role in determining the

predictability of its climatological response to astronomical forcing.

10
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Fig. 1. Cenozoic Global Reference benthic carbon and oxygen Isotope Dataset
(CENOGRID) from ocean drilling core sites spanning the past 66 million years. Data are
mostly generated using benthic foraminifera tests of the taxa Cibicidoides and Nuttalides
extracted from carbonate rich deep-sea sediments drilled during ODP / IODP expeditions.
Genus-specific corrections were applied and oxygen isotope data adjusted by +0.64%o0 and
+0.4%o, respectively (/2), with the green dot indicating the average oxygen isotope composition
of the last 10 kyr. Average resolution for the last 34 million years is one sample every 2 kyr, for
the interval from 34 to 67 million years 4.4 kyr. After binning data were resampled and
smoothed by a locally weighted function over 20 kyr (blue curve) and 1 Myr (red curve) to
accentuate the different rhythms and trends in Earth’s carbon cycle and temperature operating on
various time scales. Oxygen isotope data have been converted to average temperature
differences with respect to today (/3). Future projections for global temperature (44) in the Year
2300 are shown by plotting three Representative Concentration Pathways (RCP) scenarios are
plotted (light and dark blue, red dots). Gray horizontal bars mark rough estimates of ice volume
in each hemisphere. Absolute ages for epochs and stages of the Cenozoic (GTS2012) and
geomagnetic field reversals (this study) are provided for reference. Note that the oxygen isotope
data axis is reversed to reflect warmer temperatures at times of lower 8'%0 values. K/Pg is the
Cretaceous/Paleogene boundary, Oi-1 is the first major glacial period in the Oligocene, M2 is the
first major glacial event in the Northern Hemisphere.

Fig. 2. Climate states of the Cenozoic. Deep-sea benthic foraminifer high-resolution carbon
(A) and oxygen (B) isotope records and the respective recurrence plots as well as scatter plots of
long-term benthic foraminifer carbon versus oxygen values (C) and oxygen values versus
atmospheric CO; concentrations (D). Recurrence analysis compares climate change patterns
occurring in a specific interval to the entire record. If climate dynamics have similar patterns
they will show up as darker areas in the plot, if they have no common dynamics the plot will
remain white. Four distinct climate states can be identified as Hothouse, Warmhouse, Coolhouse,
and Icehouse with distinct transitions among them. The relation of oxygen isotopes,
representative for average global temperature trends, to atmospheric CO> concentrations suggests
that the present climate system as of today (415 ppm CO2) is comparable to the Miocene
Coolhouse close to the Miocene Climate Optimum. If CO; emissions continue unmitigated until
2100 as assumed for the RCP8.5 scenario, the Earth climate system will be moved abruptly from
the Icehouse into the Warmhouse or even Hothouse climate state.

Fig. 3. Quasi-periodic changes and determinism in the global reference carbon cycle and
oxygen isotope record. Evolutionary FFT spectrogram, recurrence determinism analysis and
benthic foraminifer oxygen (A) and carbon (B) isotope data plotted on age with the four climate
states. Frequencies between two and sixty cycles per million years are related to changes in
Earth’s orbital parameters, known as Milankovitch cycles. The FFT spectrograms were
computed with a 5-Myr window on the detrended records of benthic carbon and oxygen isotope
data. From 67 to 13.9 Ma cyclic variations in global climate are dominated by the 405- and 100-
kyr eccentricity cycles. Thereafter, in particular in the oxygen isotope record, the influence of
obliquity increased, dominating the rhythm of climate in the record younger than ~7.7 million
years. Recurrence analysis of determinism (DET) shows that climate in the Warmhouse state is
more deterministic (predictable) than in the Hot-, Cool- and Icehouse. From 47 Ma towards the
Eocene-Oligocene Transition at 34 Ma climate dynamic changes are rising in amplitude
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approaching a threshold in the Climate System. If DET tends to low values, the dynamics are
stochastic, whereas high values represent deterministic dynamics.
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Materials and Methods

1. New Stable Carbon and Oxygen Isotope Data

New high-resolution stable carbon and oxygen isotope data were generated on bulk
carbonate and deep-sea benthic foraminifer carbonate from key intervals to assure full coverage
of the Cenozoic. Here we describe the methods used to collect new data from biogenic
carbonates at Sites 1263, 1264, and 1265. Ocean Drilling Program (ODP) Leg 208 Sites 1263
(28°32’S, 2°47’E), 1264 (28°32’S, 2°51’E), and 1265 (28°50’S, 2°38’E) drilled during Ocean
Drilling Program (ODP) Leg 208 are located on the Walvis Ridge in the SE Atlantic (45) in
2,717 m, 2,505 m, and 3,059 m water depth (Fig. S1).

Bulk carbonate §'*C and 5'*0 analyses on 2000 freeze-dried and pulverized sediment
samples from Site 1263 (80.69 to 156.40 rmcd depth) spanning the period from 32 to 41.7 Ma
were undertaken at MARUM, University Bremen to validate and improve the benthic record.
The bulk stable carbon and oxygen isotope data from the MARUM lab are reported relative to
the Vienna Pee Dee Belemnite (VPDB) international standard, determined via adjustment to
calibrated in-house standards and NBS-19. Bulk carbonate analyses at MARUM were carried out
on Finnigan MAT 251 mass spectrometers equipped with automated carbonate preparation lines
(Kiel I or IIT). Carbonate was reacted with orthophosphoric acid at 75 °C. Analytical precision
based on replicate analyses of in-house standard (Solnhofen Limestone) is 0.03%o (1o) for §!3C
and 0.05 - 0.07%o (1o) for 3'%0.

Benthic foraminifer tests carbonate 8'3C and §'%0 were measured on 2934 samples at
MARUM and University of Cambridge. At the MARUM lab, good to moderately preserved
specimen of benthic foraminifera Nuttallides truempyi, Cibicidoides praemundulus, Oridorsalis
umbonatus (Eocene) from the >150um fraction, as well as Cibicidoides mundulus (C.
kullenbergi) and Cibicidoides wuellerstorfi (Miocene-Pliocene) picked from the 250-500um
fraction were measured on samples from ODP Sites 1263 (1998 samples), 1264 (85 samples),
and 1265 (217 samples). Each measurement was made using a single species. Analysis at
MARUM were performed on Finnigan MAT 251 with Kiel III, Finnigan MAT 252 with Kiel I1I,
or ThermoFisher Scientific 253plus with Kiel IV automated carbonate preparation line. Samples
were reacted with orthophosphoric acid at 75 °C. Analytical precision based on replicate
analyses of in-house standard (Solnhofener Limestone) averages 0.02 - 0.04%o0 and 0.05 - 0.07%o
(1o) for 8!°C and 8'%0, respectively. Data are reported relative to the Vienna Pee Dee Belemnite
international standard, determined via adjustment to calibrated in-house standards and NBS-19.

At the University of Cambridge lab 634 20-cc samples taken every 2-3 cm from the
composite section of ODP Site 1264 between 58 and 75 rmcd were processed. Oxygen and
carbon isotope ratios were measured on the benthic foraminifer Cibicidoides wuellerstorfi and
Cibicidoides mundulus from the >150 pm size fraction. Benthic foraminifer tests were cleaned in
an ultrasonic bath to remove fine-grained particles and soaked in 15% H>O> to remove surface
organic contaminants prior to analysis. The number of specimens of C. wuellerstorfi/C.
mundulus varied from 1 to 4. Each measurement was made using a single species. Benthic tests
were crushed and between 20 and 60 pg of calcite were used for each analysis. The foraminifer
calcite was reacted in orthophosphoric acid at 70°C using a Finnigan-MAT Kiel III carbonate
preparation device. Evolved CO» gas was measured online with a Finnigan-MAT 252 mass
spectrometer at the University of Florida. All isotope results are reported in standard delta
notation relative to Vienna Pee Dee Belemnite (46). Analytical precision for both %0 and 8'3C
was better than +0.1%o.
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All new stable carbon and oxygen isotope data are reported in the other supplementary
materials Tab. S8 (Site 1263), Tab. S9 (Site 1264), Tab. S10 (Site 1265), Tab. S11 (Site 1263
bulk), and plotted against drilled depth in Fig. S2.

Our new bulk stable isotope data from ODP Site 1263 combined with the previously
published data (47) compose to a 150-meter-long record with 3-5 kyr resolution covering the
entire middle to late Eocene from 32 to 49 Ma (Fig. S2). The new benthic foraminifer data
presented here span the period from 35.6 to 48.2 Ma. Together with the published data of the
Late Lutetian Thermal Maximum (LLTM, (48)), latest Eocene (49) and the EOT (50), the Site
1263 benthic foraminifer record has an unprecedented average resolution of 5-7 kyr over the
entire middle to late Eocene.

New benthic foraminifer stable isotope data were generated with samples from ODP Site
1264 (Fig. S2) to fill gaps in the record after revision of the late Miocene-Pliocene shipboard
composite splice and extend the published 0 to 5.25 Ma record (57) back to 6.1 Ma. At ODP Site
1265 new benthic foraminifer data (Fig. S2) were generated between 38.0 and 39.4 Ma to test the
revised composite record for Site 1263 (see below) as well as between 48.0 and 49.8 Ma to cover
an interval of coring disturbance in Site 1263 (52).

2. Splice revision Site 1263

Deep-sea drilling techniques and methods have evolved and now allow to retrieve complete
nearly undisturbed and successive 9.6-meter-long cores from the upper 200 to 400 meters of the
soft sediment pile. Between the consecutively taken drill cores a recovery gap always exists,
mostly due to ship motion (53). Common practice is to drill several offset, parallel holes at the
same site, to then correlate all cores using physical properties data and core images (54) to
generate a complete record from spliced intervals out of the parallel cores that represents the full
sedimentary package targeted by drilling. The splicing of cores towards a composite heavily
relies on the core and data quality used for correlation. The shipboard composite record of Site
1263 was already revised using shipboard magnetic susceptibility data and high-resolution
digital line scan core images (W15 splice; (47)). Due to slight coring disturbance this revision
revealed a difficult to splice interval around 125 rmcd between cores 1263B-6H, 1263B-7H, and
1263C-2H, which required a reevaluation by additional parameters, in this case stable isotope
data.

Therefore, we generated high-resolution stable isotope data at on benthic foraminifer tests
extracted from Cores 1263C-2H and 1263B-7H (Fig. S3) that reveal a mismatch in the
overlapping interval between cores at 126 rmcd in the W15 splice (47). By moving Core 1263C-
2H up by 50 cm, a reasonable match was found. To validate this correlation, we generated a
benthic foraminifer stable isotope data on the complementary interval in ODP Site 1265 that
supports the new correlation. Revised offsets (Tab. S12), revised composite (Tab. S13), and
revised mapping pairs (Tab. S14) as well as corrected site-to-site correlation ties are given in the
other supplementary materials (Tab. S15, S16, S17).

3. Paleomagnetic data Site 1263

To contribute towards the compilation of an updated Cenozoic geomagnetic polarity time
scale (GPTS; see Section 4), we generated a new astronomically-tuned magnetostratigraphy at
ODP Site 1263 spanning Chron C12r to C19n, as this interval was poorly calibrated elsewhere.
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The geocentric axial dipole field at the geographic latitude of Site 1263, assuming that the
site location did not change significantly its position within the last 40 Myr, has an inclination of
ca. #47°, which makes it feasible to reconstruct paleomagnetic polarity using only inclinations.
During ODP Leg 208, the bulk of the remanence measurements was made using a pass-through
cryogenic magnetometer (model 760R) (45). The Natural Remanent Magnetization (NRM) was
routinely measured before and after alternating field (AF) demagnetization at 5-cm increments,
with 10-cm-long headers and trailers, on all archive-half core sections from Holes 1263 A,
1263B, 1263C. Time constraints permitted analysis with only 2 or 3 AF demagnetization steps at
10 and 15 mT peak values for most of the core sections. Only Section 1263B-2H3 was
demagnetized up to 25 mT. The low-maximum-peak AFs ensured that the archive halves
remained useful for shore-based palacomagnetic studies.

Natural remanent magnetization (NRM) was measured on 586 discrete cube samples
(dimensions 2 cm x 2 cm x 2 cm) to document magnetic polarity Chrons C12r (earliest
Oligocene) to C19r at ODP Site 1263. In total, 43 discrete samples were analyzed at the Faculty
of Geosciences, University of Bremen, spanning Chrons C18n to C19r, and 543 discrete samples
at Istituto Nazionale di Geofisica e Vulcanologia (INGV, Rome) covering Chrons C12r to C18r.

At the Faculty of Geosciences, University of Bremen, paleomagnetic directions and
magnetization intensities were determined using a cryogenic magnetometer (2G Enterprises
model 755 HR). NRM was measured on each sample before being subjected to a systematic
alternating field demagnetization treatment involving steps of 7.5, 10, 15, 20, 25, 30, 40, and 60
mT. Intensities of orthogonal magnetic components of the remanent magnetization were
measured after each step. A detailed vector analysis (55) was applied to the results in order to
determine the characteristic remanent magnetization (ChRM) without anchoring to the origin of
the orthogonal projections by choosing an individual demagnetization interval for each sample.

All samples but one showed a reversed, mostly steep, probably drilling induced, magnetic
overprint of relative high intensity, which was easily removed at a demagnetization level of 7.5
mT (Fig. S4, S5). NRM intensities range from 3.1 to 33.4 x10* Am™! with a mean 0f 9.9 x 10 A
m!, The maximum peak demagnetization field (60 mT) reduced the NRM to about 3% in
average of the NRM intensity prior to AF demagnetization, indicating a dominant low-coercive
magnetization and no clear evidence for high-coercive NRM carriers. Declinations shown here
were not corrected for core orientation in the horizontal plane because our reversal stratigraphy is
based on inclination data only.

The majority of the samples (> 95%) provide very stable ChRM results with maximum
angular deviations (MAD), a measure of the determination of the ChRM direction, lower than 5°
(mean ~3.4°). The mean normal (reversed) inclination is -32° (39°), which is slightly shallower
than -47° to be expected for a geocentric axial dipole assuming that the site location had not
significantly moved within the last 40 Myr.

For analysis at the INGV ODP Holes 1263A, 1263B, 1263C were sampled between August
2007 and April 2008 using standard 8 cm? plastic cubes at the Integrated Ocean Drilling Program
(IODP) Bremen Core Repository, where the core is curated. 543 samples were taken from
1263B-2H-3,3 to 1263A-15H-7,29, between depths of 58.52 (67.53 rmcd) and 134.78 mbsf
(158.65 rmced) and oriented with respect to vertical. To minimize sample dehydration and
alteration, samples were packed in sealed bags and were stored in a refrigerated room until they
were processed at the INGV. NRMs were analyzed within a Lodestar Magnetics shielded room
(internal field < 200 nT) using a 2-G Enterprises automated cryogenic magnetometer (model
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755R) with an internal diameter of 4.2 cm and equipped with three DC SQUID sensors (noise
level 3 x 10® Am?/kg).

Before performing routine demagnetization of all samples a pilot study on 32 samples was
conducted to determine the most appropriate demagnetization technique. Fourteen samples were
subjected to AF demagnetization at successive peak fields of 5, 10, 15, 20, 25, 30, 35, 40, 50, 60,
70, 80, 90 and 100 mT. The remainder 18 samples were carefully removed from the plastic cubes
and subjected to progressive thermal demagnetization from room temperature up to 650°C at the
following steps: 100, 200, 300, 330, 360, 400, 500, 550, 600, 650°C.

In most cases, the pilot study at INGV demonstrated that thermal and AF demagnetization
were both effective in removing secondary remanence components and in isolating the ChRM.
AF demagnetization, up to peak fields of 80-100 mT, was adopted for routine treatment of
samples because it was less time-consuming and because it avoided the possibility of thermal
alteration during demagnetization, which would hinder future analysis of the magnetic
mineralogy content. Most of the samples from ODP site 1263 are affected by a steep reversed
polarity overprint which appears to be drilling induced (Fig. S6 and S7). This magnetic overprint
was successfully removed at peak fields of 10-15 mT.

For a few samples, AF demagnetization above 40 mT was obscured by the simultaneous
acquisition of a gyroremanent magnetization (GRM) (e.g., (56, 57) suggesting the presence of a
single-domain material (Fig. S7d). The ChRM was generally isolated at fields below 40 mT and
consequently the GRM acquisition did not hamper the polarity interpretation for these samples.
NRM stability was assessed using vector component diagrams (58). Principal component
analysis (55) was used to calculate characteristic remanent magnetization (ChRM) directions,
with linear best fits calculated from a minimum of three demagnetization steps using the
PuffinPlot paleomagnetic analysis application (59). The maximum angular deviation (MAD) was
calculated to provide an estimate of the precision for each best-fit line. Samples were only
included in this study if MAD values were less than 10°.

Five hundred twenty-nine samples (ca. 97%) are characterized by stable ChRMs which
allows construction of a detailed magnetic polarity zonation for the studied interval. NRM
intensities range between 2.65 x 10° A m! and 1.55 x 102 A m™! with a mean of 5.52 x 103 A
m!. The normal and reversed polarity ChRM inclinations are grouped in two nearly antipodal
clusters, as expected for reliable ChRM directions, with the mean normal and reverse
inclinations of -30° and 32°, respectively. In conjunction with evidence from vector component
diagrams this indicates that secondary overprints were successfully removed by stepwise AF
demagnetization.

Applying calcareous nannofossil events documented in Site 1263 (45, 52; Tab. 18) to the
inclination record (Tab. S19), we establish a paleomagnetic polarity interpretation (Fig. S8, Tab.
S20). The resulting new Site 1263 magnetostratigraphy spanning Chron C12r to C19n is given in
Table S21.

4. Cenozoic Magnetostratigraphy

The complete Cenozoic geomagnetic polarity time scale (GPTS) is given in the
Geomagnetic Polarity Time Scale (60), the The Neogene Period (61) and The Paleogene Period
(62) chapters of the Geological Time Scale 2012. Since the publication of the GPTS in 2012
several new-high resolution magnetostratigraphic records have been produced mainly refining
the Paleogene Period. Here we have compiled additional recent magnetostratigraphic
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interpretations from base of Chron Cén to the top of C30n (Tab. S22) and applied the new
astrochronology (see below) to form a new GPTS from 19.727 to 66.393 Ma (Tab. S23)
consistent with the new tuned benthic foraminifer stable isotope reference record. The
differences to the GPTS 2012 in this interval are less than 400 kyr (one 405 kyr eccentricity
cycle) except for Chron C21n and C22n (Fig. S9). Two independent studies have refined the
early to middle Eocene magnetostratigraphy for Chron 21 to 24 using deep-sea records (52) and
a pelagic/hemipelagic succession of the western Tethys Possagno section (Southern Alps,
northeastern Italy;(63)). Consistently they reach similar ages and durations for Chrons C21n,
C21r and C22n. In the GPTS2012, the age calibration within this interval was difficult due to
relatively large uncertainty in the radioisotopic ages of the Montanari ash, located in Chron C21n
and used to calibrate the GPTS (64, 65). For the interval younger than the base of Chron Cén
(19.727 Ma), we applied the GPTS2012 because no major changes are apparent so far. Only the
interval between top Chron C3An.1n (6.023 Ma) and top Chron C4r.1n (8.236 Ma) was replaced
by the recent refinement from IODP U1337 (22), where for the first time an astronomically tuned
benthic foraminifer stable isotope stratigraphy (1.5 kyr resolution) and magnetostratigraphy from
a single deep-sea location was combined for this time interval.

5. Astrochronology

Dating of geological archives by astrochronology provides accurate age models at a
resolution not achieved by any other dating method for the Cenozoic (66). The breakthrough of
our study is to present an unprecedently high resolution, astronomically tuned benthic
foraminifer stable isotope record spanning over the entire Cenozoic. In this section, we describe
the development of the astronomically tuned age model for the deep-sea sediment successions.

Quasiperiodic cycles with periods in the order of 10* and 10° years are found in many
geological records and are known as Milankovitch cycles. The distribution and quantity of the
incoming solar radiation vary due to subtle variations of the Earth’s orbit around the Sun caused
by the gravitational interaction of larger bodies in the Solar System. Over the timeframe of tens-
to hundreds of thousands of years, climatic patterns on the Earth respond to the quasiperiodic
orbital forcing recorded as rhythmic variations in numerous paleoclimate proxy records.
Milankovitch cycles show characteristic thythms of 21 kyr (precession), 41 kyr (tilt or obliquity),
100 and 405 kyr (both eccentricity). Cyclostratigraphic age models evolve out of the recognition
of these cycles in geological data using the quasi-regular Milankovitch beats as a natural
metronome to measure elapsed time. Matching Milankovitch cycles containing records to long-
term numerical solutions for the insolation quantities of the Earth results in highly accurate
astrochronologies (66).

By combining the numerical solutions of precession, obliquity and eccentricity one can
form target curves to which to correlate geological data to. Correlation of the geological data to
the astronomical target results in astrochronologies that are of much higher resolution and in
effect more precise and accurate than any other geological dating technique over the Cenozoic.
All of the published benthic foraminifer isotope records used in CENOGRID have an
astrochronology, either as provided in the respective publication or refined if needed (see Tab.
S1, S24 to S32). From 0 to 20 Ma, the integrated records are tuned to an astronomical target that
is a appropriate combination of eccentricity, obliquity and/or precession (20, 22, 54, 67-69). For
records older than 20 Ma, only eccentricity was used as a target curve due to (a) the less evolved
expression of precession and obliquity in the geological records and (b) the uncertainty in
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precession and obliquity in the astronomical solutions itself. Details about the splice reference
record for each record are given in Section 6 below.

The most prominent and stable astronomical cycle is the 405-kyr eccentricity cycle, which
is driven by the planetary perturbations caused by Venus and Jupiter (70). Cenozoic deep-sea
foraminifer stable carbon isotope records are predominantly imprinted by this cycle (77)
suggesting a tight link between orbital forcing and the climate system, likely due to intricate
feedback mechanisms in the carbon cycle (30, 72). Most of the orbital cycles experience marked
changes in their periodicity and phasing due to the dissipative effect of the Earth-Moon system,
friction, dynamic changes in the distribution of masses in the Earth and on Earths’ surface, as
well as chaotic diffusion of the Solar System (74, 66, 70, 73). Therefore, numerical solutions for
precession and obliquity can only provide accurate targets back to about 10 to 20 Ma (74, 735),
and usable targets back to 40 Ma (70). As said before, for intervals older than 20 Ma,
eccentricity-related cycles provides the only accurate tuning target.

Major components of Earths’ orbital eccentricity have a period of ~95 kyr (Mars — Jupiter),
~124 kyr (Mars — Venus), ~405 kyr (Venus — Jupiter), and ~2.4 Myr (Earth — Mars) (70).
Accurate tuning to numerical solutions of eccentricity are limited by the chaotic behavior of the
inner Solar System planets and the largest bodies in the asteroid belt (/4, 70). Recent orbital
solutions (/4, 76) are valid from 0 to ~54 Ma for all eccentricity components, whereas only the
405-kyr eccentricity cycle is stable and can be used for astronomical tuning back to 200 Ma (74,
66, 77). However, comparison to geological data from the Eocene (52) and Paleocene (78)
suggests that the La2010b solution (/4) best matches to the observed eccentricity related cycle
modulations imprinted in the records older than 50 Ma. Therefore, we used the La2010b orbital
eccentricity solution to establish a consistent astrochronology for the Eocene and Paleocene.
Tuning more negative carbon isotope values to short eccentricity maxima in the La2010b
solution (30, 35, 79, 80) avoids distortion effects in the 8'3C 405-kyr component due to the
residence time of carbon in the ocean-atmosphere system and to the enhanced carbon isotope
excursions of hyperthermal events (52, 8§7). We do not use the recently published ZB18a orbital
solution because it is almost identical with the La2010b up to 58 Ma, and beyond 58 Ma it is
unconstrained due to chaotic behavior (76). Furthermore, in the ZB18a solution some parameters
have been varied beyond physically realistic values (pers.comm Jacques Laskar) and, thus, need
to be tested first before being applied. For the same reason, we do not apply the recently
proposed age (76) for the Paleocene/Eocene boundary or onset of the PETM.

All age models applied to the individual records used for the CENOGRID are given in Tab.
S24 to S32. For the new benthic foraminifer stable isotope data generated from Site 1263
(middle to late Eocene) and Site 1264 (early Pliocene to late Miocene) samples we ascertained
astrochronologies where necessary. Benthic carbon isotope data from the earliest Oligocene to
late Eocene interval at Site 1263 exhibit a distinct eccentricity-related cyclicity (Fig. S10), which
was used to tune the record from 32.7 to 42 Ma (Fig. S11). The astrochronology for Site 1264
from 0 Ma to 6.1 Ma is from Drury et al. (https://doi.pangaea.de/10.1594/PANGAEA.919489). It
is based on tuning of the high-resolution %CaCOj3 record was tuned to a normalized eccentricity,
tilt and precession (E+T-P) target, guided by benthic §'30 where available, using a similar
approach (%CaCO3; maxima/benthic 5'8%0 minima tuned to E+T-P maxima) as in (22).
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6. Cenozoic global reference benthic foraminifer carbon and oxygen isotope dataset
(CENOGRID)

To compose the new high-fidelity Cenozoic benthic foraminifer stable carbon and oxygen
isotope reference record, we selected the temporally best resolved deep-sea records from the
Atlantic and Pacific Oceans featuring published astrochronologies. Additionally, we filled gaps,
expanded these existing records, and generated new data for the early Pliocene to late Miocene
(Site 1264) and middle to late Eocene (Site 1263) intervals. We included records from 14 ODP
and IODP sites (Fig. S1) from the Atlantic: ODP Leg 154 Ceara Rise Sites 925, 926, 927, 928,
and 929; ODP Leg 207 Demerara Rise Site 1258; ODP Leg 208 Walvis Ridge Sites 1262, 1263,
1264, and 1265; and the Pacific: ODP Leg 184 South China Sea Site 1146; ODP Leg 199 East
Equatorial Pacific Site 1218; IODP Exp. 320/321 East Equatorial Pacific Sites U1337 and
U1338. These sites are also ideal as it is possible to correlate between sites and compare coeval
datasets, thereby highlighting the optimum, expanded intervals to use at each location in order to
best target a consistent global signal. To avoid systematic interspecies isotopic offsets in isotope
data (12, 82), whenever possible we only used species of the genus Cibicidoides and Nuttallides,
as suggested by (4). The isotopic correction factors applied are given in Tab. S2 and Fig. S12. To
obtain the best estimates of oxygen isotopic equilibrium and carbon isotopic composition of
ocean deep-water dissolved CO», adjustment factors were applied (Tab. S3) and documented for
each isotope value.

After compiling, generating, testing and refining astrochronologies for all the records as
well as correcting interspecies offsets, we calculated a 10-point LOESS smooth and plotted the
smooth along with the data (Fig. S13). Then we ascertained the optimal position to switch from
one record to the next and determined the isotopic offsets between records from different ocean
basins. The later step is necessary to produce a single high-fidelity reference record that
documents the overall global carbon and oxygen isotope evolution in the Cenozoic. The Pacific
Ocean is the largest ocean and probably best resembles a global mean, therefore all data were
offset with respect to the equatorial Pacific values (Sits 1218, U1337, U1338; Fig. S14). One has
to realize that single, continuous, individual high-resolution records for each of the different
ocean basins and spanning the entire Cenozoic are unrealistic due to local sedimentation effects
(gaps and condensed intervals) in available deep-sea sections. Comparing the evolution of ocean
basin geochemistry is tempting having the new reference record at hand, but beyond the scope of
this manuscript. It also involves an order of magnitude more effort to revise the published
composite records from all three major ocean basins and their age models.

Ten switch points were defined where we switched from one record to the next (Fig. S15 to
S24) to build a continuous high-fidelity record utilizing the specifies given in Tab. S5. We
defined optimal points to switch between records to ensure the maximum resolution possible and
from locations, where the isotope signals between records are highly consistent. In the latest
Eocene interval the time resolution of available records is lower (Fig. S22 and S23), therefore we
used the bulk isotope records to ensure that the age models are well synchronized. Due to severe
dissolution across the 34.025 to 34.308 Ma interval of Site 1218, the Eocene-Oligocene
Transition (EOT) (Fig. S22), we had to switch from Site 1218 to Site 1263. Low data coverage at
35.5 Ma forced us to introduce an uncertain switch (Fig. S23), which may need a refinement
when additional benthic isotope records become available. However, this would require new
ocean drilling campaines, because currently no high-resolution sedimentary section provides a
continuous benthic foraminifer isotope record at a single location and at the same time
unaffected by dissolution.
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After the data for the reference record were merged (Fig. S25, Tab. 33), the average sample
resolution was determined. Average sample resolution from 0 to 34.025 Ma is 2 kyr and from
34.025 to 67.100 Ma is 4.4 kyr (Tab. S6). The lower sample resolution for the Eocene and
Paleocene is due to lower sedimentation rates and lower sample resolution of the available
records. Based on this observation, we divided the reference record in two intervals for
subsequent binning and smoothing of data. We binned the data into equally spaced bins of
respectively 2 kyr and 5 kyr bins for the younger and older intervals. The bin sizes were
determined based on the average sample resolution. Binning was done by dividing a weighted
histogram of the data by a frequency histogram of the data in IGOR Pro 8 (Wavemetrics). Where
empty bins occurred, the bin was filled with interpolated data based on surrounding bins, to
provide a continuous and equally spaced dataset for smoothing. To minimize the effects of
outliers the records were then smoothed in IGOR Pro 8 using a nonparametric LOESS quadratic
regression smooth with a tricube locally-weighted function equivalent to a 20-kyr smooth
window. This equated to a 10-point smooth for the 0 to 34.025 Ma interval and 5-point smooth
for the 34.025 to 67.100 Ma interval. To generate a long-term trend curve equivalent to a 1-Myr
smooth window, the reference record was LOESS smoothed over 500 points for the 0 to 34.025
Ma interval and 250 points for the 34.025 to 67.100 Ma interval (Fig. S26). The binning and
smoothing avoid biases due to intervals with higher sample resolution and data density and
provide a balanced view for the entire Cenozoic at higher resolution than before (Fig. S27). The
benthic deep-sea foraminifer carbon and oxygen isotope reference record and LOESS smoothed
data are provided in Tab. S33 and S34.

Sampling Biases - Cenozoic deep-sea benthic foraminifer oxygen isotope data essentially
track mean deep-sea temperature and ice sheet evolution (see /, 4, §3). The temperature
component of the oxygen isotope record essentially tracks mean deep-sea temperature which is
set by surface conditions at sites of water mass formation. It has been suggested that the low
latitudes may have contributed to sites of water mass formation under past warm climate states
but the balance of evidence suggests that that the main explanation for the very warm
intermediate and deep waters evidenced in the oxygen isotope record during the warm climate
states are warm surface water conditions at high latitude sites of water mass formation during the
season of deep convection (winter) with southern hemisphere sources dominant (e.g., §4-87).
Biases in benthic foraminifer records have been discussed in detail by (7, 4). Another issue is the
bias due to the uneven distribution of deep-sea stable isotope data in both space and in time,
particularly in the early Cenozoic with few high-resolution records. Splicing records from
different regions can create artificial steps in the global record. Compared to previous records,
the CENOGRID significantly reduces the temporal limitations (sampling density), but not the
regional distribution issues (4). The regional distribution and water depth bias can only be solved
by getting access to multiple new records from low to high latitudes over a range of water depth,
a major endeavor for future scientific ocean drilling. However, the global imprint on the
individual records included in CENOGRID is supported by the consistency in the variability of
overlapping datasets, which partly mitigates the sampling bias caused by the regional distribution
of sites. An additional bias of warmer time intervals like the Paleocene and Eocene is the
perception that thermal gradients within the deep-sea were greater than today, making surface
temperature reconstruction more complicated. Isotope records of planktic foraminifer to
document surface ocean conditions could help here, but early diagenesis tends to bias the records
towards deep-sea isotope values (see (88)).
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For the Cenozoic temperature/ice-volume reconstructions the biases have limited affects.
The late Neogene oceans were thermally homogeneous and a greater density of high-resolution
available records means we have a greater understanding of the global versus regional imprint on
individual records. In the compilation of Cramer et al. 2009, which separated records from
different oceans, Eocene benthic foraminiferal §'30 values seem rather homogenous and suggest
minor temperature differentiation amongst deep water source regions. In contrast, 8'30 records
from the Pacific Shatsky Rise Site 1209 (/6) and the Atlantic Walvis Ridge Sites 1262/1263 (89)
show a consistent pattern from 66 to 45 Ma. Thus, the CENOGRID presented here is assumed to
be the currently best global temperature/ice-volume recorder.

For the global benthic foraminiferal carbon isotope record, spatial biases are more important
toward the younger part of the record, the Neogene, because of circulation related basin to basin
fractionation. Paleogene 8'3C records from Atlantic and Pacific show the same variability but
are, as expected, offset and thus can be treated as an average global carbon cycle recorder.

7. Recurrence Analysis

Recurrence analysis (RA) is used to identify transitions between different types of
dynamics. A recurrence plot (RP) is a binary matrix where the coordinates of each entry mark
the pair of time points with recurring states (90). A value one at column i and row j represents
that state at time 1 recurs at time j. A recurrence is defined by the pairwise comparison of all
values in the time series, whether their distance is smaller than a predefined threshold. The
threshold is selected in a way that the fraction of recurrences is 10% of the number of pairwise
comparisons (97). The graphical rendering of the RP can be used to get a first visual impression
of the type of dynamics and to identify changes of the dynamics. RP is a powerful tool to reveal
nontrivial dynamical features, i.e., not only periodic dynamics, but also intermittent regimes or
chaos-chaos-transitions. For example, block-like structures in the RP identify epochs where the
dynamical system is ‘trapped’ in a particular state.

We conducted RA on the CENOGRID in the time domain. Analysis was performed on the
undetrended (Fig. S32) and detrended isotopes records (Fig. S33). Data were resampled at 0.005
Ma and detrended using a 5" order Butterworth-filter with cutoff-frequency of 0.1 Ma.

An RP contains a number of interesting and important small-scale features, such as single
points or diagonal lines (/5). A diagonal line corresponds to episodes of similar evolution of
states. A dominance of single points indicates stochastic processes. The more diagonal lines exist
with respect to single points, the more deterministic or predictable the process would be. To
quantify this property, the fraction of recurrence points that form diagonal lines with respect to
all recurrence points was introduced and is called "Determinism" (DET) (/5). DET ranges from
zero to one. If DET tends to low values, the dynamics is stochastic, whereas high values
represent deterministic dynamics.

The temporal change of DET is calculated by using a sliding window approach (window
size 1 Ma, moving step size 0.25 Ma). By using a specific bootstrap test, the 95% confidence
level for significantly elevated DET values can be determined (92). It is important to note that
each given DET value corresponds to the center of the moving window. Therefore, the analysis
provides insight to significant changes in DET, equal to significant changes in the dynamics of
the system, that occur within less than 1 Ma. The method cannot resolve abrupt changes on the
order of thousands and tens of thousands of years. Nevertheless, the analysis of the detrended
data (Fig. S33) documents distinct white bands in the recurrence plots. These bands mark
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transitions in the climate dynamics and coincide with major changes or events recorded in
benthic foraminifer isotopes.

8. Global Temperature Record and Past Atmospheric CO, Levels

We use the approach in (93) to transpose the deep-sea temperature changes recorded in the
benthic foraminifer oxygen isotope data into average global changes in surface air temperature
scaled to the 1961-1990 mean. Deep-sea benthic foraminifer oxygen isotope 5'0 values are
controlled by changes in deep-ocean temperature and global ice mass over the Cenozoic (§3).
Therefore, variations in ice growth need to be taken into account prior to estimating deep-ocean
temperature changes. Prior to the onset of large polar ice sheets on Antarctica at 34.025 Ma,
deep-sea temperature can be approximated assuming that most of the ~1.8%o increase in §'30
from the Early Eocene Climate Optimum (EECO) to the end of the Eocene is due to a 7-8°C
change in temperature (1). After the major onset of a large polar ice sheet in Antarctica at the
Eocene-Oligocene Transition (EOT) ice volume and deep-sea temperature changes both
contribute to the variance in benthic foraminifer 8'%0 values (94). With the appearance of larger
ice sheets in the Northern Hemisphere the contribution of global ice mass variations to 830
values increased at 3.6 Ma and 1.81 Ma. Taking this into account, (93) proposed three equations
(equations 1 to 3 in Tab. S7) to transfer deep-sea 5!%0 values into temperature estimates for the
Cenozoic. We applied these three equations to the three time intervals to compensate for
different contributions of ice sheet variations to the 5'%0 signal. Our intent is not to develop a
new scheme to transpose the benthic foraminifer record but just to account for the potential
influences of ice-volume during those periods for which major ice-sheet expansion occurred (on
Antarctica in the Miocene and the N. Hemisphere at 2.7 Ma) as indicated by independent
evidence.

To compare changes in global temperature relative to today, the deep-sea 8'*O-derived
temperatures have to be transposed into surface air temperature changes. We follow the relation
between deep ocean and surface temperature change (equations 4, 5, 6 in Tab. S7) and calculate
the temperature change with respect to the Holocene mean temperature of 14.15 °C as given in
(93).

Estimates for past atmospheric CO; levels are compiled from (95) and references therein,
(96) and references therein, and from (97-105). Atmospheric CO; estimates including the upper
and lower estimate were LOESS smoothed in IGOR Pro 8 over 30 data points. References in
(95) are on the GPTS2012 (60). Additional atmospheric CO» estimates are on their individual
age models, because the uncertainty for atmospheric CO> estimates is much larger than the
difference between GPTS2012 and our updated GPTS ages.
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Supplementary Text
S1 - Earth’s Trends, Rhythms, and Aberrations

Trends: The general long-term trends in global climate as represented by the spliced
oxygen isotope record (the red curve in Fig. 1) confirm the patterns obtained in the previously
published low-resolution stacks (e.g. (/)). These trends are partly influenced by modifications in
boundary conditions due to tectonic processes (/06) including continental geography and
topography, oceanic gateway locations and bathymetry, but mainly by the concentrations of
atmospheric greenhouse gases, finely balanced between volcanic CO» outgassing and
consumption by weathering of silicate mineral rocks (/07). It is generally accepted that the
overall increase in the relative abundance of oxygen isotopes values reflects the formation of
large polar ice sheets and a decrease in mean deep-ocean temperature, a trend that largely
corresponds with a long-term decline in atmospheric pCO». Supported by more recent
independent evidence, its well accepted that the prominent steps towards greater oxygen isotope
values mark major stages of polar ice sheet growth: the Eocene/Oligocene Transition (EOT) 34
million years ago with the large scale expansion of the East Antarctic Ice Sheet (EAIS, 17), the
middle Miocene Climate Transition (mMCT, /08) 13.9 million years ago with the expansion of
the West Antarctic Ice Sheet (WAIS) and with the re-expansion or further expansion of the
EAIS, and the intensification of the Northern Hemisphere Glaciation ~2.7 million years ago
(109).

The benthic carbon isotope record, which is generally assumed to be sensitive to changes in
the global carbon cycle (/10), over long time scales, shows a number of key features, most of
which often relate to climate (Fig. 1). Aside from the effects of the K/Pg extinctions (/17), the
most striking features of the marine C isotope record are the late Paleocene carbon isotope
maximum (PCIM) and the Miocene Monterey Event, thought to represent periods of large
changes in organic carbon burial caused by enhanced marine productivity or increased burial of
biomass, terrestrial and/or marine (20, 82, 112-114). Synchronous with the first major glacial
event in the Pliocene at 3.3 Ma (M2), the amplitude in both the carbon and oxygen isotope signal
increase on time scales of 10° years.

Rhythms: The main contribution of the current study is to reveal the general patterns of
rhythmic fluctuations as superposed on the long-term trends. Fluctuations on time scales of 10*
to 10° years dominate early-mid Cenozoic global oxygen and carbon isotope records (the blue
curve in Fig. 1) and are related to the short eccentricity oscillations of about 95,000, 124,000 and
405,000 years, more distinctive in the carbon isotope record (Fig. 3). The influence of
eccentricity on insolation are small compared to those of obliquity and precession, but it is the
only orbital parameter that controls the total amount of solar radiation received by the Earth
averaged over the course of one year (/4). More importantly, eccentricity modulates the
amplitude of the precession cycle affecting the intensity of seasons (e.g., during maxima in
eccentricity, more intense wet and dry seasons caused a decrease in the net burial of carbon)
(30). Modeling suggests that low- and mid- latitude processes in the climate system respond in a
nonlinear way to insolation forcing (28, 37-33). Important feedback to be considered involves
the global monsoon which plays a key role in distributing moisture and energy as driven by low-
latitude insolation (37, 32). The high-resolution isotope record thus documents a nearly 50-
million-year sustained dominance of low-latitude processes on Earth’s climate system.

After the mMCT at 13.9 Ma, Earth‘s climatic regime and dynamic response changed with
the re-expansion of Antarctic ice sheets and possible initiation of Northern Hemisphere Ice
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Sheets (NHIS) in the late Miocene (/10). After that time, a persistent response to obliquity gains
power in the oxygen isotope signal, further strengthening after 7.7 Ma (Fig. 3; 22, 36),
documenting the increasing influence of high latitudes on global climate variability caused by
the expansion of polar ice-sheets. In contrast, carbon cycle dynamics remain strongly paced by
eccentricity after the mMCT (36, 67), but obliquity only noticeably imprints on carbon isotope
variability after 7.7 Ma before becoming the dominant influence in both oxygen and carbon
isotopes after 6.4 Ma (11, 22, 114) (Fig. 3). About 800,000 years ago, the amplitude in oxygen
isotope data, now showing a characteristic asymmetric pattern, increased due to the waxing and
waning of large Northern Hemisphere ice sheets. The origin of the prevailing quasi 100-kyr
cycle of the ice age is still an unsolved problem, but it is likely not directly related to the 95-kyr
and 124-kyr eccentricity cycle. However, from the perspective of the last 66 Myr, the past
800,000 years represent a very unusual time with its asymmetric large scale amplitude
fluctuations in oxygen isotope values due to the waxing and waning of massive bipolar ice-
sheets.

Aberrations: Aberrations from the background global trends and rhythms are the third
important feature of the Cenozoic deep-sea benthic carbon and oxygen isotope record. Transient
climate warming events lasting 40-kyr to 200-kyr occurred frequently in the late Paleocene and
early Eocene. Known as hyperthermal events, they are characteristically coupled to negative
excursions in carbon and oxygen isotope values, which document rapid warming of the climate
system on geological time scales associated with large perturbations of the carbon cycle (4, 16,
39, 115). By far the largest event, unprecedented in the last 100 million years, was the 5 to 8°C
global warming of the Paleocene/Eocene Thermal Maximum (PETM) at ~56 Ma. It is evident
that hyperthermals are orbitally forced disruptions in the carbon cycle (39, 115, 116) with
infrequent and variable additional carbon released from slowly recharging reservoirs (/17).
These transient global warming events are an intrinsic feature of the climate system in the
“hothouse mode” as is apparent in the early Eocene. After the East Antarctic Ice Sheet expansion
at the EOT at ~34 Ma ago, only the Tortonian Thermal Maximum at 10.75 Ma (36) stands out as
a potential similar warming event, but its global nature needs to be validated by additional
records. High-amplitude variability of '*0 and 8'3C during the Miocene Climate Optimum is
reminiscent of hyperthermals (8'0 and 8'3C decreases coupled to intense transient carbonate
dissolution events). If we assume that pCO> level reconstructions around 600 ppm for that time
are correct, the climatic implications are major. The detailed isotope record of the Cenozoic
encompasses many more anomalies, but of lower magnitude than those discussed above. Many
of these were very likely orbitally controlled dynamics in the climate system enhanced by non-
linear effects (30).

S2 - Milankovitch cycles and astronomical tuning

Periodic variations in Earth’s orbit around the Sun have remained relatively uniform over
hundreds of millions of years. However, the climatic response to resulting changes in insolation
have varied considerably (1, 69, 106). Average global temperature over millions of years mostly
varied in concert with the concentration of greenhouse gases such as atmospheric CO» (/18).
Superposed on the long-term trends, fluctuations omnipresent in deep-sea benthic foraminifer
isotope data are driven by variations in Earth’s orbital parameters (//9) with periodicities
corresponding to the so-called Milankovitch cycles of precession (19 and 23 kyr), obliquity (41
kyr) and eccentricity (100 and 405 kyr). These cycles are the key quasi-periodic climate
influencing changes in Earth’s orbital geometry caused by the gravitational interaction of larger
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bodies in the Solar System (69). Although the expression of these cycles in sediments can change
with time the heartbeat of climate, the Milankovitch cycles, can be used as a metronome telling
time. Such astronomical tuning, the correlation of Milankovitch cycles in sediment archives to
numerical computations of insolation is now a cornerstone calibrating the geological time scale
(66), and central to the contribution of this study.

S3 - Sampling resolution and site location artefacts

We have addressed the sampling biases of the CENOGRID already above. Here we
elaborate on the limits and possible artefacts arising from the selection of ocean drilling sites.
Sedimentary records are a mix of local, regional and global signals and their interactions. Deep-
sea and far offshore ocean drilling records are good records to investigate global changes, as
proven in 50 years of scientific ocean drilling. However, on time scales of ten thousand to one
million years specific locations are better suited for resolving the higher frequency components
of climate variability, in part, because of proximity to certain climate system processes
(circulation/weathering). Just as an example, the Ceara Rise (ODP Leg 154) sites with relatively
high sedimentation rates for a pelagic region and a location in the western Equatorial Atlantic
(i.e., relative to the boundary between Antarctic Bottom Water and Northern Component Water)
should record both obliquity and precession. Oligocene-early Miocene records from the eastern
South Atlantic Walvis Ridge might not be as sensitive to obliquity (for discussion see (/20)).
How much of the signal in the Oligocene-early Miocene Site 1264 5'30 or §!3C is local versus
global is debatable and can only be assessed with high fidelity records from multiple other sites
from different regions and water depths (e.g. (/21)). Stratigraphically continuous and splices
composite scientific ocean drill cores are still rare. It will take another 50 years of scientific
ocean drilling to systematically retrieve suitable records and generate high-resolution benthic
stable isotope records needed to clearly disentangle regional from global signals as well as
regional from global responses to astronomical forcing.

Due to the limited selection of currently available cores the results in our study will be
biased towards the particular record used from Atlantic or Pacific. We are confident that the
selected records still for the most part mainly reflect a global signal due to their well-
connected/ventilated positions within vast ocean regions and high resolution expression of
variability mirrored in other records. For the records in CENOGRID, we chose to apply a
minimal tuning approach to avoid introduction of precession or obliquity components into the
records prior to spectral analysis. The selection of mid- to low-latitude sites could bias the
records as well as their position in the water column and thus the origin of the signal recorded.
Benthic 8'%0 values mainly tell about the climate (temperature) in the areas of deep-water
formation (e.g., the high latitudes) and change in seawater isotope composition by ice sheet
variations. Benthic 8'3C values are more complex, they mostly reflect the dissolved inorganic
carbon inventory of the ocean and are influenced by the ocean circulation patterns. Records will
thus be biased depending on their geographic position and influence the outcome of the spectral
analysis. Thus artefacts can arise from changing between records. Additionally, the sample
resolution (Fig. 28) and sedimentation rate at a given location will bias the outcome. Slow
sedimentation rates of much less than 1 cm/kyr tend to amalgamate precession and obliquity
related cycles, enhance the amplitude of longer cycles like eccentricity, and potentially lead to
cycle misidentification. We use the best resolved records in the CENOGRID to avoid aliased
signals or amplitude enhancement.
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Different approaches for time series analysis to produce evolutive spectrograms exist. We
applied various methods to avoid misinterpretation by method based artefacts. The Evolutive
Power Spectral Analysis (Fig. S29) and the evolutionary FFT spectrogram (Fig. 3) give similar
results but tend to smear out at significant power intervals. Wavelets generally perform better in
identifying brief intervals with significant cyclicity, because this time series analysis tool adjusts
window size for each periodicity. We computed 3D wavelets on CENOGRID (Fig. 29), which
show a bit more detailed but consistent pattern compared to the Evolutive Power Spectral
Analysis and evolutionary FFT spectrogram. The enhanced persistent appearance of obliquity
cycles at around 13.9 Ma in 8'%0 and 7.7 Ma in 8'°C can be seen in the 3D wavelets as well.
These analyses are consistent with findings at multiple locations in different oceanic basins that
pervasive obliquity pacing is imprinted in benthic oxygen and carbon isotopic records since the
late Miocene to early Pliocene. A similar picture evolved using the Thomson multi-taper method
(MTM, (122), Fig. S31). The latter method reveals in 5'®0 data some more power in the
obliquity band around 14.5 Ma, 19.5 Ma, 21 Ma, 23.7 Ma, 30.5 Ma, and 43 Ma. All of these
intervals are characterized by low eccentricity modulation of the precession and larger obliquity
amplitudes in the astronomical forcing. Higher power intervals in the obliquity band at 56 Ma
(Paleocene/Eocene Thermal Maximum) and the Early Eocene Climate Optimum (EECO, 49.14
to 53.26 Ma) are an artifact of the hyperthermal events (/6). The weak response to obliquity in
the early Cenozoic could be partly biased by the selection of sites. Enhanced obliquity cyclicity
was reported during the Oligocene from the Pacific ODP Site 1218 (35) in benthic stable isotope
data, the early Miocene and Oligocene from Southern Ocean ODP Site 1090 (/23) and Atlantic
Ceara Rise ODP Leg 154 sites (/24-128) in magnetic susceptibility and benthic stable isotope
data. In our study we have revised the astronomical tuning for ODP Site 1218 using a minimal
tuning approach. Spectral analysis of the benthic data on the new age model reveals less
obliquity contribution than previously thought. Higher resolved benthic records spanning the
early Miocene and late Oligocene from ODP Site 1264 (Walvis Ridge, (/20)) and ODP Site
U1334 (121) show less imprint of obliquity related cyclicity then the previous lower resolution
record. We point out here that more detailed records spanning all intervals of the Cenozoic Era
are needed to properly resolve the detailed response to astronomical forcing. Low amplitude
variability will make this a challenging task for most of the Cenozoic, but we strongly
recommend here to generate records at high resolution (2-3 kyr) and on monospecific species to
avoid aliasing and distortion of the primary isotope signal.

S4 - Evolution of Earth’s global temperature and its coupling to atmospheric CO, changes

Since the industrial revolution in the 1850s atmospheric CO> concentrations have risen as a
result of anthropogenic carbon (C) emission due to fossil-fuel burning and net land use (/29). At
present, concentrations have increased to 415 ppm or by 40% relative to pre-industrial times, and
depending on future fossil fuel (FF) consumption will rise following one of several potential C
trajectories, or Representative Concentration Pathways (RCP). The response of future climate to
anthropogenic carbon release, however, still has a large degree of uncertainty due to the
nonlinear behavior of feedbacks in climate models, for example clouds. This is particularly true
for scenarios of COz levels exceeding those of the last several million years (~400 ppm) which
are closer to the early Eocene levels (>800 ppm). Although reconstructions of deep time climate
states and their associated dynamics, cannot be used as direct analogs for future climate due to
different climate boundary conditions (e.g., configuration of continents and mountain ranges,
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etc.), they can be used to assess climate model sensitivity, and thus test hypotheses about
feedback mechanisms.

After removing the contribution of large polar ice-sheets, deep-sea benthic foraminifer
oxygen isotope data essentially track mean deep-sea temperature over the Cenozoic (/) which
can be transferred into average global changes in surface air temperature by scaling to the 1961—
1990 average (Fig. S34; (92)). Over the same period atmospheric CO; levels can be
reconstructed by a variety of methods (/30). Assuming that atmospheric CO2 concentrations
mainly pace Cenozoic climate (/37-133) a comparison of the RCP results to the average global
temperature changes derived from the high-resolution benthic foraminifer record helps to (A)
identify periods in Earth’s history that are comparable to future scenarios and (B) unravel how
dynamic climate evolves in these modes.

At 415 ppm, present day CO- levels are similar to those of the middle Pliocene (Fig. S34;
(134)), before the establishment of a large Northern Hemisphere ice sheet (NHIS). By the year
2100 atmospheric CO2 could reach 935 ppm, possibly causing a global warming of more than 4°
Celsius according to RCP 8.5 (Fig. 31, (44)). The Miocene Climate Optimum, more than 15
million years ago, is the most recent period in the Earth’s past with similar temperature increase
relative to preindustrial (1961-1990), a time with insignificant NHIS and dynamic Antarctic Ice
Sheets (e.g. (135-138)). If there is no considerable decrease in carbon emissions by the year
2200, atmospheric CO2 could reach almost 2000 ppm, likely causing a warming of more than
8°C by the year 2300 (44, 139). The Earth was as warm during the middle to late Eocene (>40
Ma) and mid-Paleocene (~60 Ma) (Fig.31, (44)), a time of no significant polar ice-sheets and
COsz level much higher than today (/33). During the EOT, 34 Ma ago, the massive expansion of
the Antarctic ice sheet is thought to be related to a CO» threshold for the establishment of
continental ice sheets (~600 ppm; (/40-142)). Even under the caution that past climates may not
be direct analogues to Earth’s short term future, because of non-linearities in forcing and
feedbacks of the climate system (/43, 144), under further unmitigated emissions of CO> there is
a risk of pushing the climate system towards a state with ephemeral glaciations at the poles,
where the climate system will lose a key thermostat and the influence of low-latitude processes
on global climate will be strengthened. As is apparent in long-term detailed reconstructions such
a major shift between states in climate would be unique in the past 66 Mya. While there have
been similar magnitude warming events (e.g., the PETM), the main difference is that during
these past events, the planet was already warm and ice-free, so lacking a major amplifying
feedback on the climate system. Moreover, despite state, carbon cycle feedbacks have operated
to varying degrees. As such, it is very likely that the rate and impacts of future warming will be
severe and exceedingly challenging to forecast.
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Fig. S1.

Location of ocean drilling sediment cores used to form the Cenozoic high-fidelity benthic stable
isotope reference splice.
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Fig. S2.

Bulk carbonate and benthic foraminifer stable carbon and oxygen isotope data for ODP Sites
1263 (A), 1264 (B) and 1265 (C) plotted versus revised meters composite depth (rmcd).
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Fig. S3.

Benthic foraminifer carbon isotope data (N. truempyi) from ODP Sites 1263 and 1265 to
illustrate the correction of the composite drill core depth at Site 1263. Isotope data from Cores
1263C-2H (green) and 1263B-7H (blue) plotted versus depth for Site 1263 (upper x-axis), and
for Core 1265A-20H (black) plotted versus depth for Site 1265 (lower x-axis). The lower panel
shows the data plotted on the (47) (W15) composite depth for Site 1263, the upper panel shows
the corrected composite depth for Site 1263 presented in this study. Comparison with the
equivalent interval from Site 1265 validates the correction of the composite depth at Site 1263 by
moving Core 1263C2H upward by 50cm. The nannofossil event datum of Top Chiasmolithus
grandis at Sites 1263 and 1265 is given to back-up the correlation between both sites.
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Fig. S4.

Natural remanent magnetization (NRM) data from the 0 to 60 mT AF peak field demagnetization
interval for sample U1263A-14H2, 116-118 cm from normal magnetic polarity Chron C18n: (A)
intensity of magnetization versus AF peak field; (B) stereographic projection of vector end-
points with declination plotted on the circles (N at the top, E to the right) and inclination plotted
on the radius (0° on the outer circle; 90° in the center); filled (open) symbols mark data on the
upper (lower) hemisphere; (C) orthogonal projections of NRM component data; open (filled)
symbols represent projection of vector end-points on the vertical (horizontal) plane; blue lines
indicate direction of characteristic remanent magnetization (ChRM).
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Fig. S5.

Natural remanent magnetization (NRM) data from the 0 to 60 mT AF peak field demagnetization
interval for sample U1263A-15H1, 146-148 cm from reversed magnetic polarity Chron C18r:
(A) intensity of magnetization versus AF peak field; (B) stereographic projection of vector end-
points with declination plotted on the circles (N at the top, E to the right) and inclination plotted
on the radius (0° on the outer circle; 90° in the center); filled (open) symbols mark data on the
upper (lower) hemisphere; (C) orthogonal projections of NRM component data; open (filled)
symbols represent projection of vector end-points on the vertical (horizontal) plane; blue lines
indicate direction of characteristic remanent magnetization (ChRM).
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Fig. Se.

AF demagnetization behavior for representative samples from Hole 1263 B. For the vector
component diagrams, open (closed) symbols represent projections onto the vertical (horizontal)
plane. The blue lines represent linear regression fits that indicate the ChRM direction for each
sample. The stereo plots are equal-area stereographic projections, with solid (open) symbols

representing points projected onto the lower (upper) hemisphere. Plots were produced using
PuffinPlot (59).
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AF demagnetization behavior for representative samples from Hole 1263 B and C. For the vector
component diagrams, open (closed) symbols represent projections onto the vertical (horizontal)
plane. The blue lines represent linear regression fits that indicate the ChRM direction for each
sample. The stereo plots are equal-area stereographic projections, with solid (open) symbols
representing points projected onto the lower (upper) hemisphere. Plots were produced using

PuffinPlot (59).
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Fig. S8.

Overview of characteristic remanent magnetization results and data versus depth at Site 1263.
Maximum angular deviation (MAD), declination and inclination results of discrete samples as
well as the final magnetostratigraphic interpretation applying calcareous nannofossil datums.
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Fig. S9.

Comparison of magnetochron boundary ages between GPTS2012 (60) and astronomically tuned
ages compiled from ocean drilling sediment cores (this study).
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Spectral analysis of middle to late Eocene benthic foraminifer carbon isotope data plotted versus
depth at Site 1263. Based on the calcareous nannofossil biostratigraphy and the
magnetostratigraphy, sedimentation rates can be estimated showing that the dominant cycles
with frequency of 0.2 cycles/meter (5 m-long cycles) are related to the 405 kyr eccentricity
cycle. Shorter cycles in the order of 0.8 cycles/meter (1.25 m-long cycles) are related to short
eccentricity.
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Fig. S11. — oversized figure

Astronomical tuning of bulk and benthic foraminifer carbon isotope data from Sites 1258, 1262,
1263 and 1265 spanning the Paleocene and Eocene. For orientation, inclination data with
magnetostratigraphic interpretation and calcareous nannofossil event datums are plotted along all
available bulk and benthic carbon isotope data versus depth. The published age model for Sites
1262 (Tab. S28) and 1263 (Tab. S29) have been extended in this study from 32.7 to 41.9 Ma at
Site 1263 to develop a complete astrochronology for the Paleocene and Eocene. Outstanding
events (transitions, hyperthermals, boundaries) are indicated. Target for astronomical tuning was
the numerical solution La2010b for eccentricity from (/4). In the top panel the La2010b solution
is plotted with the detrended carbon isotope data to document the good agreement between data
and model with respect to the amplitude modulation of short eccentricity.
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Fig. S12.

Paired isotope analysis of benthic foraminifers N. truempyi, O. umbonatus, and C. praemundulus
for (left) '%0 and (right) 3'3C. Paleocene, gray; Eocene, black; Eocene this study in dark red.
The light red linear regression line for 8'0 and §'3C paired analysis of N. truempyi, and O.
umbonatus (16) include data from (16, 145-147) to establish the isotopic adjustment (i.e.,
correction) factor for benthic foraminifers from Site 1209. The 1263 data from our study of the
late Eocene fall on the established regression line from Site 1209. §'%0 and 3'3C paired analysis
of N. truempyi and C. praemundulus provide a regression line to adjust between the species. See
Tab. S2 for details on correction factors used in this study.
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Fig. S13.
Complete benthic foraminifer stable carbon and oxygen isotope records and 10-point LOESS
smooth on astrochronology used for building the Cenozoic reference splice.
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Fig. S14.

Benthic foraminifer stable carbon and oxygen isotope records and 10-point LOESS smooth on an
astrochronological timescale used to build the Cenozoic reference splice. 8'0 and 8'*C values of
the records are offset as given in Tab. S4 to get rid of interbasin offsets to form a continuous
record without offsets due to switches between different records.
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Fig. S15.

Switch at 4.925 Ma from Ceara Rise Stack to Site 1264. Top: benthic !3C and §'80 raw data.
Bottom: benthic data with offset for Ceara Rise and Site 1264 spanning 4.5 to 5.5 Ma across
reference record switch at 4.925 Ma.

53



Science

AVAAAS
Miocene
Messinan
8
2.0
»s [5.975 Ma switch 1264 / U1337|
g .
Ke]
"o
o
£
€
@
o
Site 1264
4.0 Sie (A3a7
-1.0 — 1264 LOESSsmooth10
— U1337 LOESSsmooth10! E
-0.5
2
) 0.0
o
L 05
s
z
3
< 1.0
1.5
T T T T T T T T T T T
5.5 56 5.7 58 6.0 6.1 6.2 6.3 6.4 6.5
Age (Ma)
Miocene
Messinan
3
2.0
»s 5.975 Ma switch 1264 / U1337|
g .
O
o
L
5
z
[}
o
Site 1264 3'°C offset -1.00%
4.0 Site U1337
—— 1264 LOESSsmooth10
-1.5 — U1337 LOESSsmooth10
2
o
"o
o
£
<
o
o
Fig. S16.

Switch at 5.975 Ma from Site 1264 to Site U1337. Top: benthic foraminifer !*C and §'%0 raw
data. Bottom: benthic data with offset for Site 1264 and Site U1337 spanning 5.5 to 6.5 Ma
across reference record switch at 5.975 Ma.
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Fig. S17.

Switch at 8.270 Ma from Site U1337 to Site 1146. Top: benthic foraminifer !*C and §'%0 raw
data. Bottom: benthic data with offset for Site U1337 and Site 1146 spanning 7.75 to 8.75 Ma
across reference record switch at 8.270 Ma.
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Fig. S18.

Switch at 12.860 Ma from Site 1146 to Site U1338. Top: benthic foraminifer !*C and §'%0 raw
data. Bottom: benthic data with offset for Site 1146 to Site U1338 spanning 12.25 to 13.25 Ma
across reference record switch at 12.860 Ma.
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Fig. S19.

Switch at 15.555 Ma from Site U1338 to Site U1337. Top: benthic foraminifer 3'*C and 5'30
raw data. Bottom: benthic data with offset for Site U1338 to Site U1337 spanning 15.00 to 16.00
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Fig. S20.

Switch at 20.000 Ma from Site U1337 to Sites 1264/1265. Top: benthic foraminifer 5'°C and
8'80 raw data. Bottom: benthic data with offset for Site U1337 to Sites 1264/65 spanning 19.50
to 20.50 Ma across reference record switch at 20.000 Ma.
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Fig. S21.

Switch at 29.275 Ma from Sites 1264/1265 to Site 1218. Top: benthic foraminifer '*C and §'%0
raw data. Bottom: benthic data with offset for Sites 1264/65 to Site 1218 spanning 28.80 to 29.80
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Fig. S22.

Switch at 34.025 Ma from Site 1218 to Site 1263 and back at 34.308 Ma. Top: benthic
foraminifer §!°C and 8'80 raw data. Bottom: benthic data with offset for Site 1218 to Site 1263
and back spanning 33.50 to 34.50 Ma across reference record switch at 34.025 and 34.308 Ma.
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Fig. S23.

Switch at 35.500 Ma from Site 1218 to Site 1263. Top: benthic foraminifer 3'*C and 3'¥0 raw
data. Bottom: benthic data with offset for 1218 to 1263 spanning 35.00 to 36.00 Ma across
reference record switch at 35.500 Ma.
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Fig. S24.

Switch at 48.125 Ma from Site 1263 to Site 1258 and back to Site 1263 at 49.975 Ma. Top:
benthic foraminifer 8'3C and 3'30 raw data. Bottom: benthic data with offset for 1263 to 1258
and back to 1263 spanning 47.50 to 50.50 Ma across reference record switches at 48.125 Ma and
49.975 Ma.
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Fig. S25.
Combined astronomically-tuned benthic foraminifer stable carbon and oxygen isotope records
forming the Cenozoic reference splice.
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Fig. S26.

Short- and long-term LOESS smooth of the astronomically-tuned combined benthic foraminifer
stable carbon and oxygen isotope records forming the Cenozoic global reference benthic carbon
and oxygen isotope dataset (CENOGRID).
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Fig. S27.

Benthic foraminifer stable oxygen isotope compilations from (8) and (/) as well as the
Megasplice of (5) and the recent composite of (/0) compared to the new composite Cenozoic
reference global benthic carbon and oxygen isotope dataset (CENOGRID). Note the low
resolution in the Paleocene and Eocene for the previous compilations.
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Fig. S28.

Average sample resolution over one million year intervals for the CENOGRID benthic stable
5 isotope data.
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Fig. S29.

Evolutive Power Spectral Analysis (EPSA) on the short-term LOESS smooth of the
astronomically-tuned CENOGRID using ASTROCHRON (/48). The EPSA documents, as in
Fig. 2, the dominance of the 405 kyr and ~100 kyr eccentricity cycles from 67 to 13.9 Ma. After
13.9 Ma enhanced obliquity related cyclicity appears first in the oxygen isotope record. In the
carbon isotope data obliquity becomes more dominant around 7.7 million years ago. Isotope data
have been detrended by the long-term LOESS smooth trend and evenly samples every 2 kyr. The
following code was used to compute the spectra in ASTROCHRON:
eha(dat,tbw=2,65536,0,80,0.02,5,demean=T,detrend=T,siglevel=0.90,sigl D=F,ydir=1,output=0,
pl=2,palette=3,centerZero=T,ncolors=100,"Frequency","Location",genplot=4,verbose=T).
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Fig. S30.

3D wavelets of the CENOGRID. Wavelet analysis of the Cenogrid 6'%0 (top panel) and §'3C
(bottom panel), using a Morlet transform (/49,150). Prior to wavelet analysis the records were
resampled at 2.5 kyr resolution, detrended using a Notch filter (frequency = 0.0 Myr !,
bandwidth = 1.0 Myr ') (/51), and normalized using a 1-Myr sliding window. Gray lines
indicate the 95% significance contours. Shaded areas indicate the cone of influence.
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Fig. S31.

Evolutive spectra of CENOGRID computed using the Thomson Multi-taper method (/22), with
v.0.0.7 Spectrogram tool (https://paloz.marum.de/confluence/display/ESPUBLIC/Spectrogram).
Data were interpolated to even time steps, and then computed with 700kyr windows stepped
every 70kyr. MTM settings were bandwidth product: 3, number of tapers: 4. For the isotope data,
the amplitudes are displayed on a logarithmic scale.
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Fig. S32.

Recurrence Plot of undetrended benthic foraminifer carbon (left) and oxygen (right) isotope data
versus age; important transitions and events given.
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Fig. S34.

Past and future trends in global mean temperature and atmospheric CO2. Deep-sea benthic
foraminifer oxygen isotope values spanning the last 67 million years are a measure of global
temperature and ice volume. Here the record was first converted to a deep-sea temperature and
then projected to surface air temperature change (92). Temperature is relative to the 1961-1990
global mean, and plotted along with estimates for past atmospheric CO; levels (see Section 6.
and supplementary Text SI). Temperature and CO: data from ice core records of the last 25,000
years illustrate the transition from the last glacial to the current warmer period, the Holocene.
Historic data from 1850 to today ((/52, 153); 415 ppm www.esrl.noaa.gov/gmd/ccgg/trends)
show the distinct increase for both constituents after 1950 marking the onset of the Anthropocene
(154). Future projections for global temperature (44) and CO; (/39) for three Representative
Concentration Pathways (RCP) scenarios in relation to the benthic deep-sea record suggest that
by 2100 the climate state will be comparable to the Miocene Climate Optimum (~16 million
years ago), way beyond the threshold for nucleating continental ice sheets (/40). If emissions
are constant after 2100 and are not stabilized before 2250, global climate by 2300 might enter the
hothouse world of the early Eocene (~50 million years ago) with its multiple global warming
events and no large ice sheets at the poles.
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Scatter plots of deep-sea benthic high-resolution (A) and long-term (B) carbon versus oxygen
isotope data variations as well as long-term atmospheric CO> concentrations versus benthic
carbon (C) and oxygen (D) isotope data. The relation to atmospheric CO concentrations for
both carbon and oxygen, as representative for the global carbon cycle and temperature trends,

suggests that the present climate system as of today 415 ppm CO» is comparable to the

Coolhouse in the Miocene, but will move abruptly into the Warmhouse or even Hothouse by
2100 if emissions of CO2 are not diminished.
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Table S1.
Details on the applied age models for the CENOGRID

Interval Site Source / Note
5 0to 6 Ma 925,926, 927, 928, 929 Wilkens et al. 2017, Zeeden et al. 2013, Drury et al. 2017 (22, 54, 155)
0to 6.1 Ma 1264 3.3 to 6.1 Drury pers.comm, Bell et al. 2014 (57) updated 0 to 3.3 Ma
59t0 83 Ma  Ul1337 Drury et al. 2017 (22)
5.1to 13 Ma 1146 Holbourn et al. 2018 (67), corrected due to a doubling of strata in
the composite record (DeVleeschouwer/Drury)
10 12.7to 16 Ma  U1338 Holbourn et al. 2014 (68)
15 to 20 Ma U1337 Holbourn et al. 2015 (20)
17t0 30.7 Ma 1264, 1265 Liebrand et al. 2016 (120)
18.6t0 41.3 Ma 1218 18.6 to 28.8 Ma Pilike et al. 2006 (35) refined to minimal tuning
28.8 to 30.8 Ma this study to connect above and below
15 30.8 to 41.3 Ma Westerhold et al. 2014 (156)
32.7to42Ma 1263, 1265 this study, Rivero-Cuesta et al. 2019 (157)
42 to 67 Ma 1258, 1262, 1263 Westerhold et al. 2017, 2018 (16, 52) with a refinement for 48.4 to

49.6 Ma and from Barnet et al. 2019 (88) updated to La2010b
Age models for each site given in Tab. S24 to S32.
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Table S2.

Isotopic correction factors applied for Paleocene and Eocene benthic foraminifer stable isotopes

Taxa pairs Formula Source

Cibicidoides 018 (Cib * 0.89) - 0.10 = Nutt Katz et al. 2003 (12)

N. truempyi C13 Cib - 0.34 = Nutt Katz et al. 2003 (12)
Cibicidoides 018 Orid - 0.28 =Cib Katz et al. 2003 (12)
Oridorsalis C13 Orid + 0.72 = Cib Katz et al. 2003 (12)

N. truempyi 018 (Orid - 0.416) / 0.909 = Nutt Westerhold et al. 2018 (/6)
Oridorsalis C13 (Orid + 0.372) / 0.971 = Nutt Westerhold et al. 2018 (/6)
N. truempyi 018 (Cprae - 0.474) / 0.792 = Nutt this study

C. praemundulus  C13 (Cprae - 0.617) / 0.565 = Nutt this study
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Table S3.

Adjustment factors applied to the isotopic measurements of benthic foraminifer species in order
to obtain the best estimates of oxygen isotopic equilibrium and carbon isotopic composition of

ocean deep-water dissolved COx.

Species Abbr. d180 d13C Source
Offset  offset

Paleocene/Eocene
Cib CSPP +0.64 0.00 Shackleton et al., 1984 (817)
Nutt NTRUE +0.40 0.00 Shackleton et al., 1984 (81)
Oligocene/Neogene
Cibicidoides kullenbergi CKULL 0.64 0.00 Shackleton et al. 1995 (158)
Cibicidoides wuellerstorfi CWUEL 0.64 0.00 Shackleton et al. 1984 (81)
Cibicidoides spp. CSPP 0.50 0.00 Shackleton et al. 1984 (81)
Cibicidoides bradyii CBRA 0.64 0.00 Bickert et al. 1997 (159)
Cibicidoides cicatricosus CCIC 0.64 0.00 Bickert et al. 1997 (159)
Globocassidulina subglobosa GLOSUB -0.10 0.50 Shackleton et al. 1995 (158)
Gyroidina orbicularis GORB 0.00 0.00 Shackleton et al. 1995 (158)
Nuttalides umbonifera NUMB 0.35 0.00 Shackleton and Hall 1997 (160)
Oridorsalis spp. ORID 0.00 1.00 Shackleton et al. 1995 (158)
Oridorsalis umbonatus OUMB 0.00 1.00 Shackleton et al. 1984 (81)
Pyrgo murrhina PMUR 0.00 0.90 Shackleton and Opdyke 1973 (161)
Uvigerina spp. UVIG 0.00 0.90 Shackleton et al. 1995 (156)
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Table S4.

Applied offsets for individual stable isotope records using equatorial Pacific records as global

baseline
Site Source of benthic data Age Interval 3180 313C
Ceara Rise Wilkens et al. 2017 (54) 0.000 to 4.925 Ma +0.45 %o -1.00 %o
1264 this study, Bell et al. 2014 (517) 4.925t0 5.975 Ma +0.00 %o -1.00 %o
1146 Holbourn et al. 2013,’18 (36, 67) 8.270 to 12.860 Ma +0.25 %o +0.45 %o
1264 Liebrand et al. 2016 (120) 20.000 to 29.275 Ma -0.20 %o -0.50 %o
1263 Riesselmann et al. 2007 (50) 34.025 to 34.308 Ma -0.20 %o -0.20 %o
1263 this study 34.308 to 48.125 Ma -0.20 %o -0.20 %o
1258 Sexton et al. 2011 (/62) 48.125 t0 49.975 Ma -0.30 %o -0.20 %o
in the interval older than 49.975 Ma all records from Leg 208 -0.20 %o -0.20 %o
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Table S5.

Definition of intervals and records used to define a complete high fidelity benthic foraminifer
stable isotope reference splice

Age Interval Site Source of benthic stable isotope data
5 0t04.925 Ma 925,926,927  Bickert et al. 1997, deMenocal et al. 1997, Tiedemann and
928,929 Franz 1997, Billups et al. 1998, Franz and Tiedemann 2002
4.925 t0 5.975 Ma 1264 this study, Bell et al. 2014
5.975 to 8.270 Ma U1337 Drury et al. 2017, Tian et al. 2018
8.270 to 12.860 Ma 1146 Holbourn et al. 2007, 2013, 2018
10 12.860 to 15.555 Ma  U1338 Holbourn et al. 2014
15.555t0 20.000 Ma  UI1337 Tian et al. 2014, Holbourn et al. 2015
20.000 to 29.275 Ma 1264, 1265 Liebrand et al. 2011, 2016
29.275 to 34.025 Ma 1218 Lear et al. 2004, Wade and Pilike 2004, Pilike et al. 2006,
Coxall et al. 2005, Coxall and Wilson 2011
15 34.025 to 34.308 1263 Riesselmann et al. 2007
34.308 to 35.500 1218 Lear et al. 2004, Coxall et al. 2005, Coxall and Wilson 2011
35.500t0 48.125 Ma 1263 this study, Boscolo Galazzo et al. 2014, Westerhold et al.
2018
48.125t049.975 Ma 1258 Sexton et al. 2011
20 49.975t0 67.103 Ma 1262, 1263 Lauretano et al. 2015, 2016, 2018; Littler et al. 2014; Barnet
etal. 2017, 2019; Stab et al. 2010; Hull et al. 2020, Thomas
etal. 2018

Citations: (17, 20, 22, 35, 36, 50, 51, 67, 68, 77, 88, 120, 159, 162-181)

78



Science

AYAAAS

Table Se.

Benthic foraminifer reference splice average resolution and smoothing details
Action item 0.000 to 34.025 Ma 34.025 to 67.100 Ma

5 Average sample resolution 2 kyr 4.4 kyr
Binning interval 2 kyr 5 kyr
Resampling resolution 2 kyr 5 kyr
LOESS smooth of resampled series 10 points 5 points = 20kyr
Long term LOESS smooth 500 points 250 points = 1 myr
10 Note: To minimize the effects of outliers the records were smoothed in IGOR Pro 8 using a nonparametric LOESS quadratic

regression smooth with a tricube locally-weighted function. For sample resolution overview see Fig. S28.
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Table S7.
Equations to calculate deep-sea temperature and surface air temperature (Hansen et al. 2013) (86).

Deep Sea Temperature Tao

0.000 to 3.660 Tao (°C)=1-4.4* ((8180 (%0) —3.25) / 3) (1)
3.600 to 34.025 Tdao (°C) =5 -8 * ((6180 (%0) — 1.75) / 3) 2)
34.025t0 67.000  Tdo (°C) = (—4 * 3180 (%0)) + 12 3)
Surface air temperature change Ts

0.000 to 1.810 Ts (°C)=2*Tdo + 12.25 4)
1.810 to 5.330 Ts (°C)=2.5*Tdo + 12.15 (5)
5.330 to 67.000 Ts (°C) =Tdo + 14.15 (6)

Temperature anomaly with respect to average global temperature from 1961-1990
Delta Temperature = Surface air temperature — 14.15 (Holocene mean temperature) @)
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