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Global Extent of Early Eocene Hyperthermal Events: A New
Pacific Benthic Foraminiferal Isotope Record
From Shatsky Rise (ODP Site 1209)
T. Westerhold1 , U. Röhl1 , B. Donner1, and J. C. Zachos2

1MARUM – Center for Marine Environmental Sciences, University of Bremen, Bremen, Germany, 2Earth & Planetary Sciences
Department, Institute of Marine Sciences, University of California, Santa Cruz, CA, USA

Abstract Studying the dynamics of past global warming events during the late Paleocene to middle
Eocene informs our understanding of Earth’s carbon cycle behavior under elevated atmospheric pCO2

conditions. Due to sparse data coverage, the spatial character of numerous hyperthermal events during this
period is still poorly constrained. Here we present a high-resolution, benthic foraminiferal stable isotope
record for northwest Pacific ODP Site 1209 (Leg 198) spanning 44 to 56 Ma with 5 kyr resolution. An existing
Paleocene section was extended into the middle Eocene creating an unprecedented 22 Myr single-site
record. Several identified carbon isotope excursions correspond in timing and magnitude to hyperthermal
layers previously described elsewhere. Maxima in scanning X-ray fluorescence Fe intensities and pronounced
minima in the wt% coarse fraction characterize carbonate dissolution for all of the hyperthermal events. The
new astronomically calibrated stable oxygen isotope record assists in defining the onset, duration, and
demise of the Early Eocene Climate Optimum (EECO, 49.14 to 53.26 Ma) and the onset of global cooling after
the EECO (49.14 Ma). The cooling trend was interrupted by two warming episodes at 47.2 and 46.7 Ma. A
major positive shift in the benthic foraminiferal carbon isotope record occurring from 51.2 to 51.0 Ma is now
confirmed to be global. Benthic foraminiferal δ13C records from Atlantic and Pacific Oceans converge from
52.0 to 47.5 Ma pointing to a closer connection of deepwater convection initiating well in advance of the final
connection ~40 Ma ago or an increase in bottom water formation around Antarctica.

1. Introduction

The Paleocene/Eocene Thermal Maximum (PETM, 55.93 Ma) is the most pronounced and well-studied global
warming and ocean acidification event of a series of events associated with carbon isotope anomalies (called
“hyperthermals”; Thomas, 1998) in the late Paleocene to middle Eocene (Thomas et al., 2000; Zachos et al.,
2010). These warming events occurred during a climatically dynamic geologic interval marked by long-term
general global warmth and elevated atmospheric CO2 levels (Anagnostou et al., 2016; Zachos et al., 2008).
The transient (40–200 kyr) hyperthermals have been attributed to periodic perturbations of the carbon cycle
caused by rapid injection of greenhouse gases, likely from reduced carbon reservoirs (e.g., Dickens, 2001;
Kirtland Turner et al., 2014). Whether hyperthermals reflect greenhouse gas inputs or cumulative effects of
changing ocean chemistry and circulation attributed to Milankovitch forcing is focus of major research efforts
(Thomas et al., 2006; Zeebe et al., 2017). Characteristics of these rapid events of global warming are paired
negative excursions in δ13C and δ18O of bulk sediment and/or planktonic foraminifera, and clay-rich layers
in carbonate dominated deep-sea sediments indicating dissolution due to acidification related to
carbonate compensation depth (CCD) shallowing (e.g., Kirtland Turner et al., 2014; Zachos et al., 2005).

To date, most Eocene hyperthermal events have been defined solely in records obtained from Atlantic Ocean
cores. During the early Eocene, or Ypresian Stage (47.8 to 56 Ma), the PETM, ETM-2, and ETM-3 (ETM, Eocene
Thermal Maximum) have all been identified at Atlantic ODP Sites 550, 1051, 1262, and 1263 (Figure 1; e.g.,
Cramer et al., 2003; Lauretano et al., 2015; Littler et al., 2014; Lourens et al., 2005; Stap et al., 2010; Zachos
et al., 2005, 2010). Prominent isotope excursions occurring between 56 and 52 Ma have been tied to short
eccentricity cycle maxima, except for the PETM, and are labeled from E to L (Cramer et al., 2003). More
recently, excursions H to L as well as an additional 20 smaller carbon isotope excursions have been documen-
ted for the Ypresian to early Lutetian (56–45 Ma) in stable isotope records from equatorial Atlantic Site 1258
(Demerara Rise; bulk: Kirtland Turner et al., 2014; benthic: Sexton et al., 2011). The Late Lutetian Thermal
Maximum, aka Chron C19r event, was initially described in late Lutetian bulk isotope data from Demerara
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Rise (Site 1260; Edgar et al., 2007) and recently confirmed to be a hyperthermal event (Westerhold et al.,
2018). PETM and ETM2 and other hyperthermals have been documented also in land-based marine
sections, for example, in the Tethyan sections from Italy (e.g., Agnini et al., 2009; Coccioni et al., 2012;
D’Onofrio et al., 2016; Galeotti et al., 2010; Giusberti et al., 2007; Luciani et al., 2007). In contrast to the many
Atlantic records, multiple hyperthermal events have only been found in Ypresian bulk stable isotope records
from New Zealand (e.g., Slotnick et al., 2015).

Eocene hyperthermal events in Pacific sections derive from Shatsky Rise Site 577 and Leg 198 sites (e.g.,
Cramer et al., 2003; Luciani et al., 2016; Zachos et al., 2003) as well as from Site 1215 in the western-equatorial
Pacific (Leon-Rodriguez & Dickens, 2010). In comparison, high-resolution benthic stable isotope records from
the Pacific are rare. A lone low-resolution benthic stable isotope record was produced for the Paleocene to
middle Eocene at Site 1209 from 63 to 42 Ma (Dutton et al., 2005). A more detailed benthic isotope record
from 45 to 37 Ma was produced at Site 1209, which could not be consistently correlated to other middle
Eocene records (Dawber & Tripati, 2012), because enhanced lysocline shoaling in this period condensed parts
of the Site 1209 record (Hancock & Dickens, 2005; Petrizzo, 2005). An accurate depiction of the early to middle
Eocene climate and carbon cycle variability on orbital time scales requires a consistent high-resolution
benthic stable isotope record from the Pacific, one that can be unequivocally correlated to high resolution
Atlantic records.

Here we present a new 12 Myr long high-resolution benthic foraminiferal stable carbon and oxygen isotope
record for ODP Site 1209 spanning the 56 to 44 Ma interval utilizing benthic foraminifera species Nuttallides
truempyi and Oridorsalis umbonatus. This study extends an existing 10 Myr long Paleocene benthic isotope
record (Westerhold et al., 2011) to 22 Myr with 5 kyr resolution, unprecedented for a single site in the
Pacific Ocean.

2. Materials and Methods
2.1. Stable Isotopes and Coarse Fraction

ODP Site 1209 is located on the southern high of Shatsky Rise (2,387 m water depth), northwestern Pacific.
The section, though somewhat condensed in the earliest Eocene, is one of the few stratigraphically continu-
ous Sites spanning the Paleogene, largely consisting of nannofossil ooze (Bralower et al., 2002). The Eocene to
Paleocene sedimentary sequence is not deeply buried and resided at depths above the CCD so that sufficient
carbonate was preserved unlike most of the other Pacific cores spanning the Eocene.

ODP Site 1209 was continuously sampled in 4 to 5 cm steps from 163.08 to 229.74 (revised meter composite
depth, rmcd), including over the previously studied section of Westerhold et al. (2011), to improve the sample
resolution for the late Paleocene. The data set now provides an average temporal resolution of 4–5 kyr. A total
of 1,467 sediment samples were disaggregated for 10–15 min in a solution of three parts buffered deionized

Figure 1. Location map for ODP Site 1209 and other sites relevant for this study on a 45 Ma paleogeographic reconstruc-
tion in Mollweide projection (from http://www.odsn.de).
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water (~pH 10) and one part sodium hexametaphosphate (calgon; ~2 g/L) solution, as already done for
Paleocene samples published by Westerhold et al. (2011). Samples were subsequently sieved through a
38 μm mesh at MARUM and a 63 μm mesh at University of California, Santa Cruz (UCSC). After ovendrying
(<50°C) the sieved samples were weighed to calculate the coarse (sand) fraction wt%. The difference in
the coarse fraction %, >38 μm versus >63 μm, appears to be relatively minor (Westerhold et al., 2011).

Benthic foraminiferal stable carbon and oxygen isotope measurements were made on a total of 1155 (388
UCSC, 767 MARUM) samples using specimens (>150 μm fraction) of Nuttallides truempyi. In addition, for
172 samples, isotopic analyses were carried out on benthic foraminifera Oridorsalis umbonatus (all at
UCSC). At the MARUM, University of Bremen, isotope analyses were performed on a Finnigan MAT 251 mass
spectrometer equipped with an automated carbonate preparation line. The carbonate was reacted with
orthophosphoric acid at 75°C. Analytical precision based on replicate analyses of in-house standard
(Solnhofen Limestone) averages 0.03‰ (1σ) for δ13C and 0.06‰ (1σ) for δ18O. All data are reported against
Vienna Peedee belemnite after calibration of the in-house standard with NBS-19. At the UCSC SIL isotope
analyses were performed on an Autocarb coupled to a PRISM mass spectrometer. All UCSC values are
reported relative to the Vienna Peedee belemnite standard. Analytical precision based on replicate analyses
of in-house standard Carrara Marble and NBS-19 averages 0.06‰ (1σ) for δ13C and 0.10‰ (1σ) for δ18O.

2.2. X-ray Fluorescence Core Scanning

In this study we present X-ray fluorescence (XRF) core scanning iron (Fe) intensity data obtained from Site
1209 from 138.74 to 216.15 rmcd, Site 1210 from 137.32 to 205.00 rmcd, and Site 1211 from 85.71 to
125.00 rmcd. Data have been acquired every 2 cm down core over a 1 cm2 area using 30-s count time along
with the data published in Westerhold et al. (2008) using XRF core scanners at MARUM, University of Bremen,
which allow high-resolution, nearly continuous, nondestructive analyses of major and minor elements at the
surface of split cores. XRF data for Sites 1210 and 1211 are given here to complete the XRF records generated
at Shatsky Rise spanning Eocene to Paleocene time and to allow detailed integration of the three sites. The
complete data set presented is available online in the WDC-MARE PANGAEA database (http://doi.pangaea.
de/10.1594/PANGAEA.883390).

3. Results
3.1. Benthic Stable Isotopes and Coarse Fraction

The Site 1209 benthic stable isotope samples in this study span standard planktonic foraminiferal Zones P4c
to P11 according to the zonal scheme of Berggren et al. (1995) (for details see Petrizzo, 2005). All picked
benthic specimens showed good preservation and were of glassy appearance in wet condition; optical

Figure 2. Paired isotope analysis of N. truempyi and O. umbonatus for (left) δ18O and (right) δ13C. Paleocene, gray; Eocene,
black. The linear regression line (red) for δ18O and δ13C paired analysis including data from Dutton et al. (2005), Dawber
and Tripati (2011), and Dawber and Tripati (2012) to establish the isotopic adjustment (i.e., correction) factor for benthic
foraminifera from Site 1209. See Table 1 for details on correction factors used in this study.
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signs of diagenetic recrystallization or secondary overgrowths could not be detected. In some intervals low
abundances or complete absence of specimens prevented stable isotope analysis (see Data Set S1). In
some intervals only one of the two species was present.

In order to generate a continuous isotope time series, it was necessary to combine carbon and oxygen
isotope data for Nuttallides truempyi and Oridorsalis umbonatus. However, because the carbon and oxygen
isotope values of benthic species are known to be offset due to species-specific metabolic variation in isoto-
pic fractionation and isotopically distinct microenvironments (see Katz et al., 2003, for detailed discussion),
the isotope values had to be adjusted. This was achieved by comparing our data along with existing isotope
data for Site 1209 (Dawber & Tripati, 2011, 2012; Dutton et al., 2005; Figure 2). Species-specific adjustments
(i.e., corrections) were estimated based on paired analyses of 128 samples (Figure 2) and applied so all data
could be stacked into a single record. The adjustment for offsets between Nuttallides truempyi and Oridorsalis
umbonatus for ODP Site 1209 isotope data generated in this study (Table 1) is comparable to adjustments
obtained frommultiple Atlantic sites (Katz et al., 2003). We applied this correction factor to plot all unadjusted
benthic data in Data Set S1. Data for other species from earlier studies were adjusted using the Katz et al.
(2003) factors (Table 1).

Over the long term the carbon and oxygen isotope records (Figures S1 and 3) follow the known general glo-
bal trend in stacked benthic records throughout the late Paleocene to early Eocene (Zachos et al., 2001, 2008).
Benthic δ13C values steadily decrease from 2‰ to 0‰ from 230 to 213 rmcd just before ETM-2 (Figure 3). The
values then persist around 0‰ from 213 to 198 rmcd, subsequently shift by ~0.75‰ from 198 to 197 rmcd to
heavier values and remain around 0.75‰ from 197 to 175 rmcd. From 175 to 170 rmcd benthic δ13C data
decrease in three steps by 0.75‰ again and remain slightly above 0.0 ‰ up to 164 rmcd. Higher up the
record exhibits two δ13C anomalies of about 0.5‰ at 164 and 153 rmcd. Between the two shifts values plot
around 0.2‰ and 0.7‰, respectively. Superposed on the general benthic δ13C trend are frequent carbon iso-
tope excursions with amplitudes between 0.5 and 1‰ resembling hyperthermal events partly already iden-
tified in the bulk record from Site 577 (Luciani et al., 2016). With the exception of the PETM CIE (Zachos et al.,
2003), the most prominent feature in the record is the high-amplitude carbon isotope variations around the
distinct positive δ13C shift from 198 to 197 rmcd.

The Site 1209 benthic δ18O values decrease from 230 to 213 rmcd from 0.3‰ to�0.5‰ following the estab-
lished global deep-sea warming trend toward the Early Eocene Climate Optimum (EECO; Figure 3). Above
ETM-2 δ18O remains around�0.75‰ up to ~180 rmcd fully representing the warm EECO deep-sea tempera-
tures in this 33-meter-thick sedimentary succession. From 180 to 164 rmcd δ18O values increase bymore than
1‰ to 0.5‰. The new high-resolution data reveal 2 to 3 stepped increases in δ18O around 180, 173, and
172 rmcd followed by a more pronounced decreasing trend from 171 to 164 rmcd. From 164 to 158 rmcd
δ18O data reside at 0.3‰ followed by a 0.3‰ decrease at ~158 rmcd. Benthic δ18O values plot around
0.6‰ from 158 to 151 rmcd and decrease thereafter by 0.5‰ remaining around 1.0‰ up to the top end
of the record at 142 rmcd. Benthic δ18O values show frequent transient decreases that correlate to the
δ13C data. The paired excursions in δ13C and δ18O clearly point to the existence of multiple hyperthermal
events in the northwest Pacific.

XRF core scanning Fe data for Sites 1209, 1210, and 1211 (Figure 3 and Data Set S3) range between 100 and
1500 counts per second with lower intensities in lighter, more carbonate-rich intervals, and higher intensities
in darker, more clayey intervals. Site-to-site correlation (Figure S2) was accomplished by the new software

Table 1
Isotopic Correction Factors for Benthic Stable Isotopes Applied for ODP Site 1209

Taxa pairs Katz et al. (2003) This study Site 1209

Cibicidoides O18 (Cib * 0.89) - 0.10 = Nutt
N. truempyi C13 Cib - 0.34 = Nutt
Cibicidoides O18 Orid - 0.28 = Cib
Oridorsalis C13 Orid +0.72 = Cib
N. truempyi O18 (Orid - 0.36) /0.79 = Nutt (Orid - 0.42) /0.91 = Nutt
Oridorsalis C13 Orid +0.46 = Nutt (Orid +0.37) /0.97 = Nutt

Note. The bold formula used for correction in this study.
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tool Code for Ocean Drilling Data (CODD; Wilkens et al., 2017) utilizing XRF Fe data and the composite core
images for the revised splice (Westerhold & Röhl, 2006). High-resolution analysis data and core images allow
centimeter-scale correlation between Sites 1209, 1210, and 1211 (Data Set S4). In order to incorporate legacy
data from nearby DSDP Site 577 (Leg 86; Figure 1) we improved the composite record, namely, the depths, for
Site 577 of Dickens and Backman (2013) using core images with the CODD software tool (see the supporting
information), and then correlated Sites 577 to 1209 based on core images in combination with stable isotope
data (Figure S4). Applying the new offsets for Site 577 cores and the correlation to Site 1209, all data available
from Site 577 can now directly be compared to Leg 198 sites (Data Sets S5–S7). The compiled bulk stable
isotope data from Site 577 (Cramer et al., 2003; Luciani et al., 2016; Shackleton et al., 1985) reveal a
consistent pattern compared to the benthic Site 1209 data (Figure 3). High peaks in the scanning XRF Fe

Figure 3. Overview of data spanning the latest Paleocene and early Eocene of ODP Sites 577, 1209, and 1210 plotted
against 1,209 rmcd. From left to right: composite core images, remnant magnetization inclination data from Sites 577
(Bleil, 1985), magnetostratigraphic interpretation (Bleil, 1985; Dickens & Backman, 2013), XRF Fe intensities for 1209 (red)
and 1210 (black) (this study), base (B) or top (T) of calcareous nannofossil horizons (Bralower, 2005) with error bars, benthic
carbon and oxygen isotope data from Site 1209, and bulk carbon isotope data from 577 (Cramer et al., 2003; Luciani et al.,
2016; Shackleton et al., 1985). The horizontal light-blue bars mark prominent early Eocene Thermal Maxima (ETM) or
hyperthermal events identified at Site 577/1209: ETM1 – Paleocene Eocene Thermal Maximum (PETM), ETM2-ELMO or H1,
ETM3-X, or K (Cramer et al., 2003; Luciani et al., 2016; Zachos et al., 2003). Note that all data from Site 577 have been cor-
related to Site 1209 revised composite depth as given in the supporting information to this paper. All isotope values
obtained from benthic species Oridorsalis umbonatus and Cibicidoides spp. are corrected to Nuttallides truempyi, for details
see text.
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data correspond to darker layers and shifts to lighter values in both carbon and oxygen isotopes. This
relationship allows for identification of likely hyperthermal layers even in cases where benthic foraminifera
isotope data are absent, for example, ~179 rmcd in Site 1209 (Figure 3).

Given the poor-quality magnetostratigraphic data, only a tentative magneto-stratigraphy can be established.
The interpretation using the available inclination data from Site 577 (Bleil, 1985) is consistent with the most
reliable current calibration of the late Paleocene and early Eocene calcareous nannofossil biohorizons to
magnetostratigraphy (Westerhold et al., 2017). For example, the top T. orthostylus in Site 577 is close to the
C22r/C23n reversal and Last Common Occurrence D. sublodoensis is in Chron C22n, consistent with what is
shown in Westerhold et al. (2017). Planktic foraminiferal (Petrizzo, 2005) and calcareous nannofossil
(Bralower, 2005) biohorizon zonations published for Site 1209 have to be updated to the revised schemes
of Wade et al. (2011) and Agnini et al. (2014). This updated biostratigraphic scheme would provide a further
stratigraphic tool to correlate hyperthermals and, at the same time, evaluate the synchronicity of planktic for-
aminiferal and calcareous nannofossil events that show some diachrony in the early Eocene (Luciani et al.,
2017; Luciani & Giusberti, 2014; Westerhold et al., 2017). Updating the biozonal scheme of Petrizzo (2005)
and Bralower (2005) is beyond the objectives of this study, requiring investigations on well-selected addi-
tional samples. Nevertheless, the planktonic foraminifera (Petrizzo, 2005) and calcareous nannofossil
(Bralower, 2005) biohorizons available provide a firm basis for developing a high-resolution astrochronology.

4. Chronology
Due to condensed intervals in the early Eocene a direct astronomical tuning of the Site 1209 benthic record is
not possible (Figure 3); thus, an alternative approach was pursued. Combined high-resolution stable isotope
records with an astronomically tuned age model are available from the Atlantic covering the interval from 45
to 58 Ma and older (Kirtland Turner et al., 2014; Lauretano et al., 2015, 2016; Lourens et al., 2005; Littler et al.,
2014; McCarren et al., 2008; Stap et al., 2009, 2010; Sexton et al., 2011; Westerhold et al., 2012, 2015, 2017;
Zachos et al., 2005, 2010). Patterns in bulk and benthic carbon isotope data can be applied to correlate deep
marine stratigraphic sections (Saltzman & Thomas, 2012). Prominent hyperthermal events identified in late
Paleocene and early Eocene Atlantic records provide excellent tie points. Supported by biohorizons and char-
acteristic patterns in the core images, the benthic carbon isotope record of Site 1209 was correlated to the
Atlantic carbon isotope composite as detailed in Westerhold et al. (2017) (Figure 4). This correlation allows
the transfer of the astronomical age model for the Eocene (from the onset at 55.93 Ma up to 45 Ma) from
the Atlantic to the Pacific (Site 1209) record. Extending the age model younger than 45 Ma is beyond the
aim of this study. The astronomical age model for the Site 1262 Paleocene (incl. Dinarès-Turell et al., 2014;
Littler et al., 2014; Westerhold et al., 2007, 2008) was updated to the La2010b orbital solution for eccentricity
(Laskar et al., 2011). Applying the correlation between Site 1209 and southeast Atlantic ODP Site 1262
(Dinarès-Turell et al., 2014; Westerhold et al., 2008), an astronomical age model for the entire Paleocene
Site 1209 record was established. The resulting age model for Site 1209 is provided in Table S1.

Because the age model is mainly supported by the correlation of carbon isotope data it limits independent
deciphering of phase relationships between Atlantic and Pacific records. However, important information
can still be extracted from the phase relationship between XRF Fe intensities, stable isotope data, and orbital
eccentricity as discussed below. The Site 1209 shows a tight correlation with the combined Atlantic benthic
carbon isotope records on the astronomical age model. Carbon isotope excursions recorded in both records
turn out to be ideal for cross correlation between basins. The detrended records show very congruent ampli-
tude modulations related to the short and long eccentricity cycle although with slightly lower amplitudes in
the Site 1209 record (Figure 4), which is a consequence of the relatively lower sedimentation rates at Site
1209. Nevertheless, even the condensed intervals at Site 1209 around 215 and 220 rmcd can be reasonably
well correlated with the Atlantic records due to the distinct eccentricity pattern.

5. Discussion
5.1. Recurrent Late Paleocene and Early Eocene Hyperthermal Events

The new late Paleocene to early Eocene Site 1209 benthic isotope record clearly demonstrates the global
extent of repeated hyperthermal events during the warmest period of the Cenozoic era, thus providing addi-
tional insight into the nature of these events and their relation to orbital and other forcing (Figure 5). Multiple
carbon isotope excursions are revealed over the course of the Ypresian and Lutetian that correspond in
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timing and magnitude to hyperthermal events previously observed, for example, in New Zealand, Italy, and
the Atlantic realm (e.g., Cramer et al., 2003; Coccioni et al., 2012; D’Onofrio et al., 2016; Galeotti et al., 2017;
Kirtland Turner et al., 2014; Lauretano et al., 2015, 2016; Leon-Rodriguez & Dickens, 2010; Littler et al., 2014;
Luciani et al., 2016, 2017; Sexton et al., 2011; Slotnick et al., 2012, 2015; Westerhold et al., 2017; Zachos

Figure 4. Correlation of Site 1209 benthic isotope data (this study) to the Ocean Drilling Program Site 1262 (Walvis Ridge,
southeast Atlantic) record (Littler et al., 2014) and the benthic Ypresian composite for the Atlantic Ocean (Westerhold et al.,
2017) to establish an astrochronology from 58 to 45 Ma. From bottom to top: Site 1209 core image and benthic carbon
isotope data (red) versus depth; correlation ties to the bulk (gray) and benthic (black) composite carbon isotope data
plotted on the astronomically tuned age model of Westerhold et al. (2017), core images of Sites 1209 and 1267 (southeast
Atlantic), full and detrended benthic carbon isotope records from Site 1209 (red), and the Atlantic benthic composite
record (black) on the same y axis. The uppermost panel shows the La2010b numerical solution (blue) and the stable 405-kyr
eccentricity number counted from today backward.
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et al., 2010). As a consequence of carbonate dissolution, benthic foraminifera are rare in some intervals, and
thus, not all hyperthermal layers can be identified by their characteristic paired negative benthic stable
carbon and oxygen isotope excursions. Still the combination of isotopes and scanning XRF Fe data
provides a robust method for event identification. Hyperthermal events at Site 1209 are characterized by

Figure 5. Late Paleocene and early Eocene benthic Atlantic and Pacific stable isotope records from 45 to 58 Ma.
Hyperthermal layers are labeled and major shifts are also indicated. For the first time it is possible to define the exact
onset and duration of the EECO (Early Eocene Climate Optimum), from 54.0 to 48.2 Ma. In addition, the onset of cooling
(49.1 Ma) and the onset of the pause in cooling (45.5 Ma) following the EECO as well as the age of two warming reversals
within the cooling trend were defined. Note the high-amplitude variations during and shortly after the major positive
carbon isotope shift in magnetic polarity Chron C23n; these might indicate unstable climate conditions at a critical
transition in the climate system. Magnetostratigraphy from Westerhold et al. (2008, 2017) forms Atlantic sites;
magnetostratigraphy here is not from Site 1209 but derives from correlation with Atlantic sites; composite core images
from Sites 1209 and 1267 on age; XRF Fe intensities from Sites 1209 (dark red), 1210 (red), and 1267 (green); benthic
oxygen and carbon isotope data for N. truempyi from Sites 1209 (this study combined with Westerhold et al., 2011),
1258 (Sexton et al. (2011)), 1262 (Lauretano et al., 2015; Littler et al., 2014; McCarren et al., 2008; Stap et al., 2010), and
1263 (Lauretano et al., 2015, 2016; McCarren et al., 2008; Stap et al., 2010). Epoch and stage from GTS2012
(Vandenberghe et al., 2012).
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higher scanning XRF Fe intensities in darker intervals (Figure 5) and
minima in the wt% coarse fraction reflecting severe
carbonate dissolution.

Benthic stable isotope records of hyperthermal events show paired
negative excursions in δ13C and δ18O of various magnitudes. Detailed
high-resolution investigations on South Atlantic (Leg 208) benthic fora-
miniferal oxygen versus carbon isotope data from several prominent
hyperthermal events revealed that there seems to be a coherent
relation between δ13C and δ18O (Stap et al., 2010). Decreases in benthic
foraminiferal δ13C are accompanied by consistent decreases in δ18O dur-
ing these events, meaning that carbon input to the exogenic carbon
pool causes proportional warming (Pagani et al., 2006). The relation
between benthic foraminiferal δ13C and δ18O in hyperthermal events
can be quantified with the slope of the linear regression of δ13C and
δ18O (Lauretano et al., 2015). In theory if climate sensitivity—the tem-
perature response of the climate system to carbon release to the exo-
genic carbon pool—is constant, changes in the slope of the δ13C and
δ18O regression could be related to changes in the sources of the carbon
injected. The distinctive δ13C composition of potential sources thus may
assist in identifying the driving mechanisms for the excursions (Dickens,
2011; Lauretano et al., 2015).

The new Site 1209 benthic foraminiferal δ13C and δ18O record spans
almost all early Eocene hyperthermal events and thus could, as a first-

order measure, be used to assess whether all hyperthermal events are fueled by the same carbon source.
Calculating the slopes in the regression lines for all events at Site 1209 (Figure 6) shows that the hyperthermal
PETM, ETM2, ETM3, P, S, T, and C21nH1 have a less steep or lower slope than the other events. A lower slope,
assuming constant climate sensitivity, indicates that the source of carbon was more depleted in 13C relative
to the other sources, a finding that validates similar observations based on data from Atlantic sites (Stap et al.,
2010; Lauretano et al., 2015). This suggests that the observed relationships between benthic foraminiferal
δ13C and δ18O in hyperthermal events are an intrinsic feature of the global climate system during the entire
Ypresian Stage. It also provides additional evidence that the PETM, ETM2, ETM3, P, S, T, and C21nH1 events
have a common origin, distinctive from the other events. One possible scenario to cause a less steeper slope
in the regression line between benthic foraminiferal δ13C and δ18O could be a relatively larger contribution of
a lighter, methane-related carbon source (e.g., from the release of methane hydrates) to the isotopic signa-
ture of the events (Lauretano et al., 2015).

One important aspect in the discussion of the carbon source fueling hyperthermal events is their possible
relation to orbital cycles (Kirtland Turner et al., 2014; Littler et al., 2014; Lourens et al., 2005; Zachos et al.,
2010). Our findings demonstrate that all the events characterized by a lower slope are located at the rising
limb of a long eccentricity (405 kyr) cycle (Figure 4). Indeed, the position with respect to eccentricity, their
spacing, and the relatively lower slope in the stable isotope relationship (ETM2, ETM3, P, S, T, and C21nH1)
suggests that a common threshold mechanism could have caused these events related to a reduced and
slow recharging carbon reservoir (e.g., from methane hydrates; Archer et al., 2009; Dickens, 2003; Zachos
et al., 2010). In contrast, events with distinctly steeper slopes are more symmetrically spaced in relation to
the 405-kyr cyclicity as well as exhibit a striking coincidence with short eccentricity cycles. If assuming a larger
contribution of relatively heavier carbon isotope sources (e.g., wetlands and peat) for these events (as indi-
cated by the steeper slope in the regression between δ13C and δ18O benthic values) it seems plausible that
they are mainly forced by eccentricity-induced climate feedback as discussed in Zachos et al. (2010) and
simulated by Zeebe et al. (2017). Regression lines of the relationships between δ13C and δ18O in some of
the hyperthermal events show a slope that is between the lower slopes of the ETM2, ETM3, P, S, T, and
C21nH1 events and the steeper slope of events like the C23rH1 (L) or C23rH2 (M). This simply could represent
increased input from an isotopically light carbon source (e.g., smaller amounts of gas hydrates released by
warming or thawing of permafrost). In summary, the new Site 1209 data support the hypothesis of a direct

Figure 6. Regression lines of the relationships between δ13C and δ18O for all
late Eocene hyperthermal events at Site 1209. PETM, ETM2, ETM3, P, S, T
(uncertain due to sparse data), and C21nH1) with a significantly flatter
slope are thick red or pink lines.
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orbital forcing of the carbon cycle in the Eocene (Kirtland Turner et al., 2014; Lourens et al., 2005) with infre-
quent additional carbon released from slowly recharged reservoirs (Dickens, 2003). This might not be the
case for the PETM because its relation to orbital cycles and much larger magnitude compared to all other
hyperthermal events requires additional sources of carbon and other causal mechanisms (e.g., Dickens,
2011; Gutjahr et al., 2017; Littler et al., 2014; Zachos et al., 2010).

5.2. Longer-Term Trends and High-Frequent Variability in Benthic Stable Isotope Data

When compared with the high-resolution records from the south Atlantic (Leg 208, Walvis Ridge; Lauretano
et al., 2015; Littler et al., 2014; McCarren et al., 2008; Stap et al., 2010; and 1263; Lauretano et al., 2015, 2016;
McCarren et al., 2008; Stap et al., 2010), the new high-resolution Site 1209 benthic stable isotope record
clearly resolves the timing and scale of key heretofore unknown or poorly resolved early Eocene trends in cli-
mate and the carbon cycle (Figure 5). This includes the approximate timing of the late Paleocene-early
Eocene long-term warming trend into the EECO, the extent of the EECO, the onset of cooling after the
EECO, two previously unknown hyperthermals (at 47.2 and 46.5 Ma) during the cooling trend, and the timing
of the pause in the post EECO cooling trend (45.5 Ma).
5.2.1. Early Eocene Climate Optimum
The EECO is characterized by the warmest deep-sea temperatures for the last 80 Myr (Friedrich et al., 2012;
Zachos et al., 2008) and increased temperatures in terrestrial climate (Hyland & Sheldon, 2013; Hyland
et al., 2017). Defining the onset, duration and end of the EECO were ambiguous up until now due to the lack
of astronomically calibrated high-resolution benthic stable isotope records spanning the entire interval (for a
detailed discussion see Luciani et al., 2016). The onset of the EECO has been placed at the J event (C24n.2rH1,
53.260 Ma; Figure 5) based on a general decrease of ∼0.3‰ in benthic foraminiferal δ13C and δ18O from Site
1263 (Lauretano et al., 2015) and a major lithological change in the land-based section at Mead Stream, New
Zealand (Slotnick et al., 2012). Starting at the J event a persistent change from limestone to marl at Mead
Stream is interpreted to reflect enhanced terrigenous supply to a continental margin because of warming
and an enhanced seasonal hydrological cycle (Dallanave et al., 2015; Slotnick et al., 2012, 2015). In addition,
close to the J event, major permanent changes in planktic foraminiferal abundance and evolution have been
documented in several sites (Luciani et al., 2016, 2017). The termination of the EECO is tentatively placed
using the base of calcareous nannofossil biohorizon Discoaster sublodoensis (Luciani et al., 2016) occurring
in polarity Chron C22n (Agnini et al., 2014), at the same time when limestone deposition returns in the
Mead Stream section (Dallanave et al., 2015). Using both definitions, the duration of the EECO was estimated
to span some 4 Myr (Luciani et al., 2016), starting at 53 Ma and ending at 49 Ma using GTS2012
(Vandenberghe et al., 2012).

Combining the high-resolution benthic foraminiferal δ13C and δ18O from Site 1209 with the astronomically
calibrated bio-magnetostratigraphy for the Ypresian (Westerhold et al., 2017) allows us to revisit the defini-
tion of the EECO. In comparing the benthic isotope records from Site 1209 (this study) and Sites 1262 and
1263 (Lauretano et al., 2015; Littler et al., 2014) (Figure 5), it becomes apparent that the onset of the EECO
cannot be clearly defined. Smoothing the benthic foraminiferal δ18O data from 1209 shows that in the early
Eocene, deep-sea temperatures vary around two different plateaus of maximumwarm temperatures, a lower
and upper average maximum temperature (Figure S6). The lower average maximum temperature is reached
in the C24rH8 (Elmo, ETM-2, or H1) event at 54.050 Ma; the upper average maximum temperature is then
reached slightly later in the C24n.3nH1 (I1) event at 53.665 Ma (all ages from Westerhold et al., 2017). But
the record also reveals that the average maximum temperature, assuming that all changes in δ18O are solely
related to temperature, shifts toward lower and upper values hereafter until C23rH2 (M) at 51.970 Ma. At the
C24n.2rH1 or J event at 53.260 Ma, temperatures shift toward the upper level but move back to the lower
level after the C24n.1H1 (ETM-3 or K) event. Comparing this pattern to previous records from other regions
mentioned above, this simply means that the beginning of the EECO is complex. In the Mead Stream section,
for example, the shift from limestone to marl sedimentation occurs at the C23r/C24n boundary (Dallanave
et al., 2015) correlating to the first upper average maximum temperature in 1209 spanning C24n.3nH1 (I1)
and C24n.3nH2 (I2). But benthic foraminiferal δ13C and δ18O from Site 1263 reveal a permanent shift at the
J event (Figure 5; Lauretano et al., 2015).

As with the onset, the termination of the EECO is also not easily defined. Average maximum temperatures
drop from the upper to the lower level (Figure S6) at 49.1 Ma close to the C21r/C22n polarity chron
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boundary, marking the onset of the long-term cooling trend after the EECO. However, average maximum
temperatures drop below the lower level at 48.25 Ma in the middle of C22r. The base of calcareous nanno-
fossil biohorizon Discoaster sublodoensis was found close to the C22n/C22r polarity chron boundary at Leg
208 sites (Westerhold et al., 2017), and in Site 1209, this event is at around 52.0 Ma in polarity Chron C23r.
More detailed investigations on the 1209 calcareous nannofossil biohorizonts are needed to evaluate if the
base of Discoaster sublodoensis is an appropriate marker for the end of the EECO. Combining all available
information, the EECO can be defined beginning with the C24n2r.H1 or J event in C23r at 53.260 Ma and ter-
minating at the onset of the cooling trendwith C22nH5 event at 49.140Ma, close to the top of C22n (Figure 5).
Applying these ages results in a total duration of 4.12 Myr for the EECO. Site 1209 benthic data show that the
warmest intervals occurred from C24n2r.H1 (J) to C24n.1nH1 (K), 53.260–52.845 Ma, and C23rH2 (M) to
C23n.2nH2 (O), 51.970–51.230 Ma.
5.2.2. Benthic Carbon Isotope Shift in Polarity Chron C23n
One of the more prominent Paleogene positive carbon isotope shifts occurs from 51.2 to 51.0 Ma in magnetic
polarity Chron C23n. This shift of +0.75‰ in Site 1209 benthic foraminiferal δ13C was initially identified in a
bulk isotope record from Site 1258 by Kirtland Turner et al. (2014) and in a benthic record at Site 1263
(Lauretano et al., 2016). It is also reported from the Tethyan Possagno and Contessa sections (Luciani et al.,
2017). Our new Site 1209 record demonstrates that the shift in benthic carbon isotopes is global in scale
and has a duration of less than 200 kyr. In the time interval just prior to and after this shift, isotope data
are characterized by high-amplitude fluctuations that may indicate unstable climatic conditions (Figure 5).
In particular, the oxygen isotope data after the shift point to enhanced deep-sea temperature variations.
This pattern could represent the Earth system approaching a critical threshold or tipping point exhibiting
high sensitivity and shifting from one state to the other (Scheffer et al., 2009). Interestingly, this carbon cycle
shift also coincides with a global reorganization of the plate-mantle system (Ishizuka et al., 2011; O’Connor
et al., 2013; Whittaker et al., 2007), major changes in ocean seafloor spreading rates, and the chaotic diffusion
of planetary orbits in the solar system (Westerhold et al., 2017). Marine and terrestrial records indicate major
climatic and environmental change (s) between roughly 51.5 and 50.9 Ma (see Hyland & Sheldon, 2013;
Hyland et al., 2017).

A +0.75‰ shift in the mean ocean dissolved inorganic carbon δ13C within 200 kyr requires a significant
change in carbon fluxes, inputs, or outputs (e.g., increased Corg burial). However, the benthic oxygen isotope
record shows no concurrent temperature change as would be expected with a shift in the concentration of
atmospheric CO2, indicating that the total dissolved inorganic carbon budget remained relatively balanced. A
change in the mean isotopic composition of a source or sink of carbon could produce such a pattern. Plate
reorganization could have reduced spreading rates during magnetic polarity Chron C23n leading to less
12C-enriched carbon release to the oceanic reservoir due to reduced CO2 degassing. Spreading rate recon-
structions show a one third decrease for the South Pacific and Indian Ocean, an increase for South Atlantic,
and no major change in the North Pacific (Bouligand et al., 2006; Westerhold et al., 2017), although it is not
clear what the global average change is given uncertainties (Bouligand et al., 2006; Westerhold et al.,
2017). Strontium isotope composition of seawater (87Sr/86Sr) reconstructed for Leg 208 records starts to
decrease at 51.5 Ma consistent with a decrease in ocean-crust production (Hodell et al., 2007). The combined
effects of lower ocean crust production rates and associated decrease in CO2 degassing (Berner et al., 1983)
could have caused the observed shift in the benthic carbon isotope values. This reduced carbon flux would
need to be balanced by a compensating effect that prevented global pCO2 levels from changing appreciably,
for example, a decline organic carbon burial or rock weathering (Berner & Caldeira, 1997). A decline in organic
carbon burial, however, would shift back the δ13C toward lighter values. Carbonate-rich deep-sea sediments
should record a coeval change because a decrease in rock weathering or organic carbon burial will lead to a
rise in the CCD. Shallowing of the CCD and decrease in carbonate accumulation are observed in the
South Atlantic starting at ~50 Ma (Zachos et al., 2004), although this is more than a million years after the
carbon isotope shift (~51.2 to 51.0 Ma).

5.3. Late Paleocene to Early Eocene Atlantic to Pacific Ocean Basin δ13C Fractionation

The carbon isotope shift in magnetic polarity Chron C23n spanned <200 kyr, which might be too fast to be
solely related to a change in global plate tectonic processes (e.g., Berner, 1994). To explore if changes in
ocean circulation could have played a role, we apply the tightly correlated high-resolution benthic carbon
isotope records from Pacific and Atlantic to assess changes in the interbasinal deep-water gradients and
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infer the degree of communication from Late Paleocene to early Eocene (e.g., Cramer et al., 2009; Curry &
Lohmann, 1982; Sexton et al., 2006). Site 1209 benthic δ13C values are consistently ~0.3‰ lighter than the
South Atlantic δ13C for the late Paleocene and early Eocene up to 52 Ma (Figure 7). Values converge from 52.0
to 51.5 Ma and then shift synchronously (i.e., the Chron C23n shift discussed above). Up to 47.25 Ma the δ13C
gradient is low, after 47.25 Ma the curves diverge by more than 0.4‰. The gradients between basins diminish
during hyperthermals due to reductions or reversals in overturning circulation (e.g., Zeebe & Zachos, 2007)
triggered by warming (Kirtland Turner et al., 2014; Lunt et al., 2010). Convergence of δ13C from 52 to 47.25 Ma
could point to increased deep-water exchange (bidirectional mixing) between Atlantic and Pacific well before
the widening of the circum-polar gateways ~40 Ma ago (Scher & Martin, 2006; Thomas et al., 2014) or an
increase in bottom water formation around Antarctica as reported from South Ocean Nd records (Huck et al.,
2017). A reduction in the style of communication (bidirectional to uni-directional) after 47.25 Ma could be the
result of changes in deep-water formation regions as climate cools after the end of the EECO.

Previously, comparison of multiple globally distributed untuned, low-resolution benthic isotope records with the
low-resolution records from Site 1258 with average sample resolution of 75 cm suggested little to no basin to
basin differences in δ13C prior to 50 Ma, followed by divergence from 48 to 50Ma (Sexton et al., 2006). In contrast,
our orbitally (5 kyr) resolved records from Pacific Site 1209 and Atlantic Sites 1258, 1262, and 1263 clearly reveal
(Figure 7) the presence of the gradient. The impression of a homogenous global ocean thus is an artifact of aliasing
the true signal combined with a poorly resolved age model. Nevertheless, after 48 Ma benthic foraminiferal δ13C
gradients between the Atlantic and Pacific do intensify as observed in the low-resolution records. This illustrates
why efforts to reconstruct the paleoceanographic evolution of the early Paleogene, or any time for that matter,
require a synchronized consistent astronomical age model and high-resolution sampling in the order of <5 kyr.
Otherwise, sample aliasing will distort signals and result in ambiguous interpretations.

Identifying the cause of the magnetic polarity Chron C23n carbon isotope shift will be challenging. However,
there are number of clues that might provide insight. To start, the benthic δ13C data converge just before the
shift itself (Figure 7). More precisely, at the C23rH2 (M) hyperthermal (Figure 5), 52.0 Ma in age, Atlantic δ13C
values show a 0.2 ‰ negative shift, which could reflect a change in bottom water source, or in the rate of
overturning. In contrast, the subsequent global +0.75‰ shift could represent an increase in organic carbon
burial (Kump & Arthur, 1999), which might be accompanied by declining pCO2.

5.4. Phase Relationships

Here we briefly discuss observations regarding the phase relationships of benthic δ13C, coarse fraction, XRF
Fe data, and orbital eccentricity. The Site 1209 age model is based on the correlation of carbon isotope

Figure 7. Benthic carbon isotope trends for and difference between Atlantic and Pacific Ocean from 45 to 61 Ma. The
isotope records were evenly resampled and then smoothed applying the IGOR Pro smooth operation using
binomial (Gaussian) smoothing. The difference Δδ13C was calculated by subtracting Pacific from Atlantic values.
Magnetostratigraphy from Westerhold et al. (2008, 2017) form Atlantic sites.
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data to eccentricity and thus limits quantification of phase relationships between Atlantic and Pacific records.
Multitaper method power spectra (Figure 8) show that benthic δ18O, coarse fraction, and XRF Fe intensity are
dominated by short and long eccentricity cycles. Precession and obliquity-related variations in these records
cannot be detected with confidence due to low sedimentation rate and bioturbational smoothing of signals
over 10 to 25 kyr. In XRF Fe intensity data the 405-kyr cycle is less dominant, which could simply be the effect
of stronger dissolution during hyperthermal events tending to produce high-amplitude short eccentricity
related Fe peaks.

Cross-spectral analysis (Figure S7) shows that on Milankovitch-cycle scale the phasing between isotope, XRF
Fe, and eccentricity in the Eocene is similar to the Paleocene (Westerhold et al., 2011). XRF Fe data lead
benthic δ13C by 12–20 kyr for short eccentricity and ~50 kyr for long eccentricity. Evolutive cross-wavelet ana-
lysis (Figure S8) documents a more complex and dynamic phase relationship between coarse fraction,
benthic δ13C, and eccentricity. Considering the long eccentricity-related phase relationship, coarse fraction
is in phase with benthic δ13C from 55.8 to 52.0 Ma. Benthic δ13C is antiphased to eccentricity due to the tun-
ing procedure. Dissolution during hyperthermal events was much stronger from 55.8 to 50.2 Ma creating
higher amplitude variations in the coarse fraction leading to the in-phase behavior. However, from 52.0 to
48.0 Ma lower amplitude variations in the coarse fraction prevent determination of a clear phase relation.
From 48.0 to 45.0 Ma, the coarse fraction leads benthic δ13C by ~40 kyr.

Assuming that the coarse fraction record at Site 1209 is an indicator for carbonate ion concentration, the sedi-
ment lacks significant amounts of siliceous components, and that there are no significant changes in planktic
foraminiferal productivity, we find that sediment dissolution leads the input of reduced carbon. Our new
record thus confirms a similar finding in the late Paleocene to early Eocene benthic stable isotope record
from ODP Site 1262 (Littler et al., 2014). Using a complex long-term ocean-atmosphere-sediment carbon-
cycle reservoir model (LOSCAR; Zeebe, 2012), Zeebe et al. (2017) showed that this unusual behavior of
dissolution leading the carbon input at long eccentricity cycle (405 kyr) time scale can be explained by the
feedback between atmospheric CO2 and weathering. Under a 405 kyr sinusoidal forcing in the model, carbon
burial maxima correspond to δ13C minima in the isotope records. The basic assumption behind this effect is

Figure 8. MTM power spectra of ODP Site 1209 benthic foraminiferal δ13C, δ18O, coarse fraction, and XRF Fe intensity data
on astrochronology. MTM was performed by the Astrochron software package (Meyers, 2014) using the following
setting: mtm (dat, tbw = 3,ntap = 5,padfac = 2,demean = F,detrend = F,siglevel = 0.9,ar1 = T, output = 1,CLpwr = T,0,0.025,
pl = 2,sigID = F,genplot = T,verbose = T). Spectral peaks related to the short (100 kyr) and long (405 kyr) eccentricity
cycles are marked by an arrow. In preparation for analysis outliers were removed and the time series linearly resampled at
2 kyr intervals. Trend was estimated and remove from stratigraphic series using a Gaussian kernel smoother in Astrochron
(noKernel (dat, smooth = 0.03,sort = F,output = 1,genplot = T, verbose = T).
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that more equable climates during eccentricity minima favor carbon burial. During eccentricity maxima,
higher amplitude fluctuations in the hydrological cycle are thought to cause more intense wet and dry sea-
sons decreasing the net burial of carbon. Increased burial organic carbon during eccentricity minima would
lead to a more isotopically heavy exogenic carbon reservoir. Decreased burial during eccentricity maxima
would result in a more isotopically light exogenic carbon reservoir as suggested by Paleocene-Eocene bulk
and benthic stable carbon isotope records (Cramer et al., 2003; Lauretano et al., 2016; Littler et al., 2014;
Zachos et al., 2010). Assuming that this phase relationship between eccentricity (orbital forcing) and carbon
burial is valid, according to the Zeebe et al. (2017) model, with decreasing carbon burial approaching a
405-kyr minimum, pCO2 rises, increasing the weathering fluxes, leading to a more rapid rise in total alkalinity
that forces a carbonate ion minimum before the carbon burial (or the 405 kyr) minimum (Zeebe et al., 2017).
Our data corroborate the modeling results at least for the 48.0 to 45.0 Ma interval, whereas from 55.8 to
52.0 Ma stronger dissolution during hyperthermal events biases the estimation of the phase relationship.
From 52.0 to 48.0 Ma the CCD at Site 1209 was deeper than earlier and subsequent periods, thus dampening
the signal of dissolution during hyperthermal events. Additional coarse fraction records are required to test if
the lead of dissolution with respect to reduced carbon input is a characteristic feature in Earths’ carbon cycle
throughout the warm middle to late Eocene.

6. Conclusions

In this study we have assembled an unprecedented 5-kyr resolution benthic stable isotope record from
Pacific ODP Site 1209 covering Paleocene to early Eocene (66 to 44 Ma). In particular, the record provides
detailed insights into Eocene greenhouse climate dynamics. Numerous benthic stable isotope excursions
in the Site 1209 Ypresian record correspond in timing and magnitude to previously described hyperthermal
layers clearly validating their global significance. Increased carbonate dissolution as captured by XRF core
scanning Fe intensities and coarse fraction data is characteristic of all hyperthermal events. The observed
relationship between benthic oxygen and carbon isotope values of hyperthermal events supports the
hypothesis that the PETM, ETM2, ETM3, P, S, T, and C21nH1 events were associated with carbon emissions
from a more 13C-depleted dominant source (e.g., methane hydrates), than other hyperthermals. The new
data support the idea of a direct orbitally forced carbon cycle with infrequent additional carbon released from
slowly recharged reduced carbon reservoirs.

Synchronizing the Site 1209 age model with high-resolution benthic records from Atlantic ODP Sites 1258,
1262, and 1263 indicates possible minor deep-water exchange between the Atlantic and the Pacific from
52 to 47.25 Ma, long before the initial opening of Southern Ocean gateways at ~40 Ma, or an increase in bot-
tom water formation around Antarctica. With the addition of benthic δ13C records from other key regions as
well as other tracers (e.g., Nd), the new Pacific-Atlantic δ13C record can be used to test hypotheses and ocean
models on the evolution of deepwater circulation. Our data also define the accurate extent of the EECO
(53.260 to 49.140 Ma) as well as the beginning of global cooling after the EECO (49.140 Ma). A major shift
in the benthic carbon isotope record during magnetic polarity Chron C23n is shown to be of global extent,
yet the cause is unknown. But high-amplitude variations in benthic δ13C just before and right after this shift
may imply climate system instability and/or crossing of a critical threshold, shifting into a new steady state
afterward. The astronomically calibrated Site 1209 benthic stable isotope record will serve as another key
reference for future paleoclimatological and paleoceanographic investigations.
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