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Abstract

In view of the ongoing anthropogenic climate change and the resulting environmental changes,
investigations that provide insight from the geological past regarding rapid warming can help us
understand the potential consequences we may face in the near future. One such time interval is the
early Eocene (ca. 56 to 49 Ma), when the Earth experienced conditions of extreme global warmth and

elevated atmospheric carbon dioxide concentrations. These events are known as hyperthermals.

A common way to study the geological past is by investigating marine sediments, which serve as
archives storing environmental changes throughout history. In 2020, the International Ocean
Discovery Program Expedition 378 recovered Paleogene sediments at the Southern Campbell Plateau,
south of New Zealand. To learn from the Earth’s history, it is crucial to understand the duration and
timing of extreme events recorded in these sediments. In the first part, | constructed a high-resolution
age model that allows to track these warming events. By using a multi-proxy approach, | found a
diachroneity of calcareous nannofossil datums, which are commonly used for early Eocene
biostratigraphy. | emphasize the need to determine whether the diachroneity is a unique feature of

the study site or a characteristic of early Paleogene high-latitude sites.

Calcareous nannoplankton contribute to carbon sequestration and form the base of the food web,
making them a valuable component of the ecosystem. To determine if these organisms are affected
by drastic climate changes, the second part focused on the composition of the assemblage during
specific warming events. The investigation shows a response of the calcareous nannoplankton
community linked to transient warming events. Additionally, | observed that the major assemblage
change occurred around 120 kyr before the onset of the Early Eocene Climatic Optimum (EECO), a 4-

million-year interval during which Earth’s temperature was the highest in the Cenozoic.

Geochemical records prove that the climate recovered from the hyperthermals, pointing to a negative
feedback mechanism in response to global warming. Potential mechanisms include silicate weathering
and enhanced marine productivity, which are thought to consume CO; from the atmosphere and
transport it to the seafloor, resulting in a cooling effect. Enhanced silica content for such events, which
could be linked to hyperthermals, has so far only been found in the Atlantic Ocean. In the third part, |
present evidence of enhanced silica content in South Pacific sediments coinciding with hyperthermals,

pointing to a potentially global phenomenon.
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1. Introduction

1.1 Background and motivation

In recent decades, the Earth has experienced a significant increase in global temperatures, primarily
attributed to anthropogenic activities, particularly the emission of carbon dioxide (CO,). Before the
industrial revolution in 1750, CO;, concentration was around 270 ppm (Rubino et al., 2019) and has
been rising since then, exceeding a mean of 420 ppm in the year 2023 (Keeling et al., 2001). This rapid
increase is pushing the climate to warming conditions at a speed unprecedented in Earth’s history.
Under the “business as usual” scenario, the representative concentration pathway 8.5 (RCP8.5) model
simulations predict CO; concentrations between 795 and 1145 ppm by the end of the century
(Friedlingstein et al., 2014). Consequences of rising temperatures include sea level rise, intensification
of weather phenomena, and deoxygenation of the oceans. Although the current climate change might
be unique in its speed, the Earth’s climate holds lessons from the geological past that can inform us
about the potential consequences of rapid global warming. A time interval in the past when Earth
experienced similarly high atmospheric CO, concentrations, comparable to the predicted scenarios,

was the early Eocene (Burke et al., 2018; Tierney et al., 2020; Westerhold et al., 2020).

During the early Eocene (56—48 Ma), the Earth faced its warmest conditions of the entire Cenozoic (66-
0 Ma) with the absence of permanent ice sheets (Zachos et al., 2001). The climate of the early Eocene
was punctuated by several transient warming events, called hyperthermals. These hyperthermals were
caused by carbon perturbations, with an excess of light carbon (*2C) entering the oceanic-atmospheric
system, lasting less than 100 kyr. The most significant and well-known of these events is the Paleocene-
Eocene Thermal Maximum (PETM), first identified by a coupled decrease in &§3C and &0 in
foraminifera tests (Kennett and Stott, 1991). Many other hyperthermals have been identified in
sediments from outcrop sections and deep-sea drilled cores (e.g., Cramer et al., 2003; Agnini et al.,
2009; Galeotti et al., 2010; Kirtland Turner et al., 2014; Lauretano et al., 2015). Additionally, a long-
term warming of approximately 4 million years occurred during the early Eocene, known as the Early
Eocene Climate Optimum (EECO; 53.26 to 49.14 Ma; Westerhold et al., 2017). The climate of the early
Eocene was characterized by high atmospheric CO, concentrations (HOnisch et al., 2012; Anagnostou
et al., 2016, 2020). Model results indicate that mean surface temperatures during the EECO were
approximately 14° + 3°C warmer than pre-industrial times (Caballero & Huber, 2013), with the PETM at
31.6°C(27.2° to 34.5°C) and the EECO at 27.0°C (23.2° to 29.7°C), respectively (Inglis et al., 2020). Sea
surface temperatures and deep-sea temperatures increased in parallel during both short-term
hyperthermals and the long-term trend of the EECO, with greenhouse gas forcing thought to be the
main driver of the warming (Anagnostou et al., 2016; Cramwinckel et al., 2018). Therefore, the early

Eocene is one of the most promising time intervals to study concerning ongoing anthropogenic CO,



emissions and their potential consequences for the future climate. Studying the hyperthermals allows
us to understand how climate responds over timescales of 100-10,000 years following a massive
injection of carbon into the atmosphere (Zachos et al., 2008) and the EECO providing insights into long-

term climate change beyond orbital cycles.
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Figure 1.1. Benthic foraminifera §'3C showing late Paleocene and early Eocene hyperthermals, taken
from Westerhold et al. (2018). With hyperthermals labels from A-L (Cramer et al., 2003) and M-W
(Lauretano et al., 2016). The magnetostratigraphy from form Atlantic sites are from Westerhold et al.
(2008, 2017).

Recent satellite observations and paleoceanographic reconstructions show that high-latitude regions
are particularly sensitive to climate perturbations, exhibiting elevated temperature rises compared to
low- and mid-latitude areas (Holland & Bitz, 2003; Serreze et al., 2009; Taylor et al., 2013; Ito et al,
2020). With Site U1553, being even further south in the early Eocene, the sediment record provides a
unique opportunity to study past oceanographic and climatic changes in response to warming events

in high-latitude areas.

One key role in regulating the climate is hold by the marine phytoplankton. They are considered to
contribute to more than half of atmospheric oxygen via photosynthesis (Falkowski et al., 1998;
Sengupta et al., 2017). Equally important is their ability to sequester carbon from the atmosphere into
their organic, thereby acting as a net CO; sink. When the remains sink to the ocean floor, carbon is
transported out of the atmospheric-oceanic system which can act as a negative feedback to rising CO>
levels and global warming. Among the phytoplankton, calcareous nannoplankton are of particular
interest in paleoceanographic studies. Their fossils are commonly used for Paleogene biostratigraphy

on sediment records (e.g., Aubry, 1986; Raffi et al., 2005; Agnini et al., 2006; Toffanin et al., 2013),



mostly following established biozonations (Martini 1971; Bukry, 1973; Agnini et al.,, 2014). Their
organic and inorganic remains contain biogeochemical signals that allow the reconstruction of sea
surface temperature (Brassel et al., 1986; Prahl and Wakeham 1987; Miiller et al., 1998), that has been
applied for the Paleogene (Bijl et al., 2010; Guitan and Stoll, 2021), productivity (Dedert et al., 2012)

and atmospheric CO; concentration (Pagani, 2002; Zhang et al., 2013).

1.2 Study Site and oceanographic setting

Paleoceanographic and paleoclimatic conditions are stored in multiple ways in sedimentary archives
which can be found as outcrops on land, or sediment cores that are recovered from drilling into the
seafloor. In order to learn about the conditions of warming events from the early Eocene, | here make
use of such an archive in the form of sediment cores that were recovered during the International
Ocean Drilling Program (IODP) 378. Scientist set sail to the South Pacific on the research vessel JOIDES
Resolution in the early 2020 to decipher oceanographic and climatic changes during intervals of
chemical perturbations of the Paleogene. On the Southern Campbell Plateau, south of New Zealand,
Site U1553 (-52.2240°N, 166.1916°E) (Rohl et al., 2022) was drilled in multiple holes and recovered
Paleogene sediments, especially a nearly continuous record of the targeting interval for this thesis: the
late Paleocene to early Eocene. Site U1553 was drilled next to legacy Deep Sea Drilling Project (DSDP)
Site 277, where the first Cenozoic carbon and oxygen isotope composition were obtained by the work
of Shackleton and Kennet (1975). However, DSDP Site 277 was drilled in a single, spot-cored hole, and
does not provide a continuous archive of the Paleogene. The sedimentary archive of Site U1553 will

build up on this work, expands and complete the findings of previous works.



Figure 1.2. Location of International Ocean Drilling Program Site U1553 at the southern Campbell
Plateau, south of New Zealand (orange star). The map was generated using software The Generic
Mapping Tools (Wessel et al., 2019).

In the modern setting, the area around the southern Campbell Plateau is characterized by several
constricted zones of three oceanic fronts between 40°S and 60°S: the Subtropical Front, the
Subantarctic Front, and the Antarctic Front, which separate different water masses in between (Figure
3). A very strong oceanic front is the Subtropical Front, which crosses the Southern Campbell Plateau
and separates the subtropical and subantarctic water masses with a sharp change in temperature of
4-5°C and salinity of 0.5 psu (Deacon, 1982; Carter et al., 2008). The Subantarctic Front separates the
subantarctic surface water from the circumpolar surface water, the latter being characterized by a
complex mixing with nearby water masses, typically with temperatures of 3-8°C and salinity of 34-34.4
psu (Carter et al., 2008). South of the Antarctic Polar Front, the Antarctic Surface Waters thrive

between 50°S and 60°S, with temperatures typically below 0°C (Carter et al., 2008).

During the early Eocene, the palaeoceanographic setting of the Southwest Pacific differed significantly
from today. The Tasmanian Gateway and Drake Passage were nearly closed, preventing the formation
of a circumpolar current. The nature of the existing currents at that time remains a subject of debate
(Huber et al., 2004). Characteristic oceanic fronts had not yet been established (Nelson and Cooke,

2001). There is no evidence of colder, northward-flowing Antarctic waters at the Southern Campbell



Plateau until the late Eocene, when a circumpolar current had become established (Nelson and Cooke,
2001). However, Jenkins (1993) suggested the presence of a transition zone from warm to cool

subtropical waters, supported by fossil evidence (Hornibrook, 1992).

During the EECO, sea surface temperatures in the Southwest Pacific are thought to have exceeded
25°C based on planktic foraminifera Mg/Ca (Hines et al., 2017), and may have reached up to 34°C based

on TEX86 data from the East Tasman Plateau (Bijl et al., 2009).
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Figure 1.3. Modern and paleoceanographic map of the study area taken from Nelson and Cooke
(2001). (a) The modern oceanic fronts adapted from Belkin & Gordon (1996). (b) Paleogeographic
reconstruction adapted from Lawver et al. (1992). Yellow area: Warm subtropical water masses.
Orange area: cool suptropical water masses. The numbers represent the Sites of the Deep Sea



Drilling Project, with DSDP Site 277 also marking the location of IODP Site U1553. Arrows indicate
ocean surface currents. No oceanic fronts were suspected.

This thesis aims to shed light on the response of calcareous nannoplankton to the rapid release of CO,
into the oceanic-atmospheric system and to examine how overall marine productivity and its potential
ability to sequester CO; plays a role in regulating the climate during extreme warming events. To
achieve these goals, the thesis will utilize the nearly continues late Paleocene to early Eocene sediment

record, which provides a new high-latitude archive of the Paleogene.

2. Overview of the manuscripts

Part I:

To evaluate any chemical and biotic responses to perturbations in the carbon cycle during the early
Eocene, it is crucial to first identify these events and place them in the correct chronological order.
Therefore, | refined the shipboard age model (R6hl et al., 2022) to achieve the temporal resolution
necessary to identify hyperthermals in Chapter 5. Here, | employ a correlation of carbon stable isotope
record from Site U1553 with astronomically tuned carbon stable isotope records from the Atlantic. The
change in atmospheric CO; represents a global signal, expected to be consistent across different ocean
basins and latitudes. Indeed, bulk sediment &'3C and benthic foraminifera §'3C records have been
correlated from sediment records across the oceans. Moreover, since hyperthermals are characterized
by a rapid increase in *2C, a §*3C-record allows not only for a high-resolution, globally applicable age
model but also for the direct identification of hyperthermals. Due to the exceptional good recovery of
rotary drilled sediments at Site U1553, | hypothesize that the record provides a valuable opportunity

to study perturbations in the carbon cycle through the latest Paleocene and early Eocene.

This chapter got published in April 2024:

Niederbockstruck, B., Jones, H. L., Yasukawa, K., Raffi, I., Tanaka, E., Westerhold, T., Ikehara, M., &
R6hl, U. (2024). Apparent Diachroneity of Calcareous Nannofossil Datums During the Early Eocene in
the High-Latitude South Pacific Ocean. Paleoceanography and Paleoclimatology, 39(4),
€2023PA004801. https://doi.org/https://doi.org/10.1029/2023PA004801

For the purpose of this dissertation, the paper is edited to follow the order of chapters.

Part Il:

The response of calcareous nannoplankton to hyperthermals events has been mainly focused on the
PETM (Bralower, 2002; Gibbs et al., 2006; Mutterlose et al., 2007; Raffi et al., 2008; Bown and Pearson,
2009; Jiang and Wise, 2009; Self-Trail et al., 2012; Schneider et al., 2013; Wang et al., 2022), and ETM2
(Dedert et al., 2012; Gibbs et al., 2012; D’Onofrio et al., 2016; Lei et al., 2016). However, the sensitivity
of calcareous nannoplankton to climate perturbation remains under debate (Gibbs et al., 2006;

Newsam et al., 2017). In order to better understand the response of calcareous nannoplankton



community to carbon perturbations, | investigated the assemblage in Chapter 6 during hyperthermals
of different magnitudes. | hypothesize that the nannoplankton community responded to
hyperthermals. However, due to the generally extreme warm climate of the Eocene the main driver

that causing changes in the nannoplankton community might not be temperature alone.

Part Ill:

Negative feedback mechanisms to rising atmospheric CO; include chemical weathering and marine
carbon burial. Evidence for these feedbacks has been found in Atlantic sediments, where siliceous
facies are attributed to hyperthermals, which have not been observed in other oceans (Penman et al.,
2019). Since increased CO; emissions and warming should affect the Earth globally, particularly at high
latitudes, | hypothesize that signals of chemical weathering and enhanced marine productivity are
likely preserved in the sediment archives at IODP Site U1553. In Chapter 7, | examine geochemical data
and line-scanned core images to identify silica-enriched sediments at Site U1553 and discuss the

possible association to hyperthermals.

3. Methods

3.1. Stable carbon and oxygen isotope records

For stable oxygen and carbon isotopes on bulk sediment, samples were dried and grounded by hand
with an agate mortar and pestle. The prepared samples were stored in labeled, transparent 1.5 mL
centrifuge tubes. Analyses were conducted at the MARUM - Center for Marine Environmental
Sciences, University of Bremen, utilizing a Finnigan 253plus gas isotope ratio mass spectrometer
equipped with a Kiel IV automated carbonate preparation device. The laboratory staff, led by Dr.
Henning Kuhnert, performed the stable isotope analyses. Data are presented in the conventional delta-
notation (8'3C and §*0). relative to Vienna Peedee Belemnite (V-PDB). The instrument calibration was
performed using the house standard (ground Solnhofen limestone), which was previously calibrated

against NBS 19 calcite. The data was calculated as:
6= (Rsample/Rstandard '1) * 1000, with:

- R=1c/*Cfor 6C
R= '80/*®0 for §20.

3.2. Calcareous nannofossil assemblage and biostratigraphy

Analyses were done using a light microscope with 1200x magnification under transmitted and crossed-
polarized light. Smear slides for microscopic analyses were prepared following the guidelines of
Marsaglia et al. (2015): Glass slides were labeled with the Sample-ID on one side and pre-heated on a

hotplate at moderate heat. A coverslip was moistened using a few drops of distilled water from a



pipette. Sediment of the sampling interval was picked on the top end of a wooden toothpick. In the
next step, the sediment on the toothpick was placed on the coverslip to dilute the sediment and spread
the slurry sediment on the coverslip. In the next step, the coverslip was placed with the slurry sediment
facing upwards on the hot plate to dry. Then a few drops of an adhesive oil were placed on the labeled
glass slide and the dried coverslip was carefully placed with the sediment on the oil of the glass slide.
The air will be removed within seconds between the glass slide and the coverslip. Once the air has

escaped the slides were placed for 10 min under UV light to cure the adhesive oil.

The calcareous nannofossil datums used for biostratigraphy, the species were identified using the
taxonomic concepts of the online database Nannotax3 (https://www.mikrotax.org/Nannotax3/), and
their occurrences were determined by counting the number of the respective specimens in a prefixed
area (N/mm?2) (Backman & Shackleton, 1983). For the calcareous nannofossil assemblage analysis, 400

specimens per sample were counted and identified to the species level.

3.3. Opal concentration

For the determination of opal content in sediment samples, the automated leaching method of Miiller
and Schneider (1993) was employed. This method involves the extraction of biogenic silica (opal) using
a 1 M NaOH solution at 85°C. The extraction is conducted in a stainless-steel vessel with constant
stirring to ensure uniform temperature and effective leaching. This method has been validated on
various biogenic silica sources including sponge spicules, radiolarian tests, and diatomaceous ooze,
ensuring comprehensive recovery of biogenic opal in sediments. The process compensates for silica
co-extracted from alumino-silicates using the applied extrapolation technique, maintaining a
measurement uncertainty within + 0.4 weight (wt) % SiO,, depending on the clay mineral composition

and content. The laboratory staff, led by Dr. Oscar Romero and Marco Klann, performed the analyses.

4. Author’s contribution

Part | (Chapter 5): For the first study, | wrote the drafts and created the figures. Isabella Raffi performed
the biostratigraphy. Ulla Rohl grounded the samples for stable isotope analyses by hand with an agate
mortar and pestle, before they were analyzed in the MARUM laboratories, led by Henning Kuhnert and
his team. A second, independent set of stable isotope data were prepared and analyzed by Erika
Tanaka, Kazutaka Yasukawa, Minoru lIkehara and the laboratory team of the Marine Core Research
Institute, Kochi University. Thomas Westerhold helped in developing the age model. All co-authors
contributed to the interpretation of the results, contributed to the discussions and reviewed the final
draft version. The review process throughout the draft versions were especially guided by Heather L.

Jones and Ulla Rohl.



Part Il (Chapter 6): For the second study, | counted at least 400 specimens of calcareous nannofossils
in 71 samples using an Olympus BX51 microscope. The smear slides were prepared by Heather L. Jones,
who also taught me to identify calcareous nannofossils under plane and polarized light at the beginning
of my doctoral studies. For the manuscript, | wrote the drafts, performed the calculations, and created
the figures. Heather L. Jones and Ulla R6hl contributed to the interpretations of the results and

reviewed the drafts.

Part Ill (Chapter 7): For the third study, opal measurements were conducted at the MARUM
laboratories, led by Oscar Romero and his team. | wrote the drafts, performed the calculations, and
created the figures. Heather L. Jones and Ulla R6hl contributed to the interpretation of the results and

reviewed the drafts.
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High-LatitudeSouth PacificOcean

B. Niederbockstruck! ©, H. L. Jones', K. Yasukawa®>
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Innovation, School of Engineering, The University of Tokyo, Tokyo, Japan, “International Research School of Planetary
Sciences (IRSPS), Universita degli Studi “G. d'Annunzio” diChieti-Pescara, Pescara, Italy, >Marine Core Research
Institute, Kochi University, Kochi, India, %0Ocean Resources Research Center for Next Generation, Chiba Institute of
Technology, Chiba, Japan

Abstract The late Paleocene to early Eocene interval is characterized by a series of carbon perturbations
that caused transient warming (hyperthermal) events, of which the Paleocene-Eocene Thermal Maximum
(PETM) was the largest. These hyperthermals can be recognized in the pelagic sedimentary record as paired
negative 8'3C and §'%0 excursions, in addition to decreased calcium carbonate and increased iron content
caused by carbonate dissolution. However, current data are predominantly sourced from the equatorial-to
subequatorial regions. Here we present a new high-latitude late Paleocene—early Eocene record, recovered
during International Ocean Discovery Program (IODP) Expedition 378 on the Campbell Plateau off New
Zealand, in the southwest Pacific Ocean. To construct an age model, we correlated our chemostratigraphic and
biostratigraphic data to existing astronomically-tuned age models from Walvis Ridge (South Atlantic Ocean)
and Demerara Rise (equatorial Atlantic Ocean). Our results indicate that the Site U1553 composite section spans
~7 million years of the latest Paleocene to early Eocene (50.5-57.5 Ma), and preserves many of the early
Eocene hyperthermals; including a PETM interval that is more expanded than elsewhere in this region.
However, construction of the age model also revealed discrepancies between the chemostratigraphic and
biostratigraphic tie points used for correlation. This is likely due to latitudinal diachroneity in the calcareous
nannofossil biostratigraphic datums, which are primarily based on low-to mid-latitude assemblages. Therefore,
our study highlights the need to establish a revised calcareous nannofossil biozonation that is more appropriate
for high-latitude age models.

5.1. Introduction

The early Eocene hothouse (ca. 47 to 56 Ma; Westerhold et al., 2020) was the warmest interval in the Cenozoic,
with atmospheric carbon dioxide (CO,) concentrations >800 ppmv providing highly valuable information about
climate sensitivity (i.e., the extent to which CO, emissions have an impact on temperature change; e.g., Ana-
gnostou et al., 2020, 2016; Burke et al., 2018; Honisch et al., 2012). Numerous temperature proxy records and
modeling approaches (Cramwinckel et al., 2018; Farnsworth et al., 2019; Inglis et al., 2020; Lunt et al., 2021;
Sluijs et al., 2020) indicate that a general global warming trend during the early Eocene and the preceding latest
Paleocene was punctuated by a series of transient warming episodes known as hyperthermals (Thomas
etal., 2000; Zachos et al., 2010). The most pronounced and best-studied of these warming events—the Paleocene-
Eocene Thermal Maximum (PETM); ca. 56 Ma—was first identified by a coupled ~2%o decrease in the 8'*C and
5'80 values of planktonic foraminifera tests at Ocean Drilling Program (ODP) Site 690 in the Southern Ocean
(Kennett & Stott, 1991), and has since been recognized in hundreds of outcrop sections and deep-sea sediment
cores worldwide (e.g., Arenillas et al., 1999; Bains et al., 1999; Bralower et al., 1997; Hancock et al., 2003; Kaiho
et al.,, 1996; Koch et al., 1992; Schmitz et al., 1996; Westerhold, Rohl, Wilkens, et al., 2018; Yasukawa
et al., 2017; Zachos et al., 2005). The characteristic negative shift in 813¢C during the PETM indicates a massive
release of isotopically light carbon into the ocean-atmosphere system, causing enhanced warming that lasted
approximately 170-200 kyrs (Murphy et al., 2010; Rohl et al., 2007; Westerhold, Rohl, Wilkens, et al., 2018;
Zeebe & Lourens, 2019), as well as possible surface ocean acidification (Babila et al., 2018; Gutjahr et al., 2017;
Harper et al., 2020; Penman et al., 2014). The exact source of this isotopically light carbon has been heavily
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debated, with methane from destabilized gas hydrates (e.g., Bowen, 2013; DeConto et al., 2012; Dickens
et al., 1995) and carbon dioxide from North Atlantic volcanism (Gutjahr et al., 2017; Svensen et al., 2004) both
being suggested as viable possibilities. Due to its similarities with modern climate change, the PETM is
considered an adequate (if imperfect) analog for future climate states, with the caveat that anthropogenic carbon
emission rates are 10 times higher than during the onset of the PETM (Bowen et al., 2015; Frieling et al., 2016;
Gingerich, 2019; Zeebe et al., 2009).

Since the discovery of the PETM, numerous studies have reported similar but less pronounced paired negative
shifts in 8'°C and 8'®0 during the late Paleocene and early Eocene in both outcrop sections (e.g., Agnini
et al., 2009; Coccioni et al., 2012; Galeotti et al., 2010; Slotnick et al., 2015) and within deep sea sediment cores
(e.g., Cramer et al., 2003; Kirtland Turner et al., 2014; Lauretano et al., 2015; Littler et al., 2014; Stap et al., 2010;
Westerhold et al., 2007; Westerhold et al., 2017; Zachos et al., 2010). These hyperthermals have been labeled
from A to L (Cramer et al., 2003) and M to W (Lauretano et al., 2016), and can also be recognized as peaks in X-
Ray fluorescence (XRF)-derived iron intensity data caused by carbonate dissolution (e.g., Rohl et al., 2000, 2007,
Westerhold, Rohl, Donner, & Zachos, 2018; Zachos et al., 2010). More recently, labels based on the position of
these events relative to magnetostratigraphy have also been assigned (Kirtland Turner et al., 2014; Westerhold
et al., 2017). Although these smaller hyperthermals are relatively understudied compared to the PETM, previous
research indicates that significant paleoceanographic and paleoecological changes also occurred during these
warming events (e.g., Agnini et al., 2016; D'Onofrio et al., 2016; Gibbs et al., 2012; Harper et al., 2020; Jennions
et al., 2015; Luciani et al., 2016; Thomas et al., 2018), and therefore can provide valuable information as to how
the earth-ocean system responds to different magnitudes of carbon perturbation. However, before such analyses
can be conducted, it is essential to have a robust age model that can be reliably used to constrain the pacing and
timing of such changes.

Currently, our best astronomically-calibrated Paleogene age models are restricted to low- and mid-latitude sites
such as Demerara Rise (ODP Leg 207; equatorial Atlantic Ocean), Walvis Ridge (ODP Leg 208; mid-latitude
South Atlantic Ocean), and Shatsky Rise (ODP Leg 198; subtropical Pacific Ocean) (e.g., Barnet et al., 2019;
Littler et al., 2014; Rohl et al., 2007; Westerhold et al., 2017; Westerhold, Rohl, Donner, & Zachos, 2018;
Westerhold et al., 2020; Zachos et al., 2010). In comparison, higher latitude early Paleogene age models are scarce,
although do exist for Maud Rise in the Atlantic sector of the Southern Ocean (ODP Sites 689 and 690; Bains
etal., 1999; Cramer et al., 2003; Kennett & Stott, 1991; Rohl et al., 2007; Thomas et al., 1990), for the Kerguelen
Plateau (ODP Sites 738 and 1135; Jiang & Wise, 2009) and the Mantelle Basin (International Ocean Discovery
Program (IODP) Site U1514; Vahlenkamp et al., 2020) in the southern Indian Ocean, and for the Campbell Plateau
in the South Pacific Ocean (Deep Sea Drilling Program (DSDP) 277; Hollis, 1997; Hollis et al., 2015; Shepherd
et al., 2021). However, almost all of these age models are based on 8'°C data combined with low-resolution,
shipboard biostratigraphic datums that may be unreliable. Furthermore, sediment cores from ODP Site 1135 and
DSDP Site 277 were both spot-cored and do not provide a continuous record of the late Paleocene and early Eocene.
IODP Site U1514 is the only high-latitude site with an astronomically tuned age model; however, this is based only
on high-resolution XRF data as the carbon isotope data is of a very low-resolution (Vahlenkamp et al., 2020). In
addition, some of the shipboard biostratigraphic datums from this site are inconsistent with the chemostrati-
graphically based age model interpretation. This highlights the need to use a combination of geochemical and
biostratigraphic data to construct more reliable age models at the high-latitudes, so that the pacing and timing of
paleoceanographic and paleoecological changes during the early Eocene hyperthermals can be better constrained.

For this reason, herein, we present a new chemostratigraphic and biostratigraphic record from the high-latitude
southwest Pacific Ocean, spanning ~7 million years of the late Paleocene to early Eocene (50.5-57.5 Ma).
The resultant age model allows us to evaluate the reliability of calcareous nannofossil biohorizons on a global
scale. Furthermore, the new stable isotope record combined with our age model have the potential to provide new
insights into high-latitude climate responses during carbon cycle perturbations, which will further our knowledge
of early Paleogene paleoceanographic conditions.

5.2. Materials and Methods
5.2.1. Site Location

During IODP Expedition 378, Pleistocene to early Paleocene sediments were recovered from five holes at Site
U1553, located on the Campbell Plateau off the south coast of New Zealand at 52°13.4’S, 166°11.5'E (Rohl
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Figure 5.1. 56 Ma paleogeographic reconstruction in Robinson projection showing the position of IODP Site U1553
(black star—this study) and the reference low-to mid-latitude Ocean Drilling Program Sites 1258 (blue star) and 1262
(orange star) used for chemostratigraphic correlation. The reconstruction highlights the high-latitude position of Site
U1553 at ~60°S during the early Eocene. Paleomap was generated with free software tool GPlates (Miiller et al., 2018) by
using the integrated combined rotation file (Cao et al., 2020; Miiller et al., 2019; Torsvik et al., 2019; Young et al., 2019).

etal., 2022a). This new site was drilled very close to legacy DSDP Site 277, which consists of only one spot-cored
hole with relatively low core recovery (Kennett et al., 1975; Shackleton & Kennett, 1975).

The late Paleocene to early Eocene sediments at Site U1553 were recovered from rotary-drilled Holes C and
D between 409.21 and 461.7 m below sea-floor (mbsf), consisting of the lithological Subunit IIIb and
lithological Unit IV (Ro6hl et al., 2022b). Lithological Subunit IIIb represents the top ~10 m of the study
interval and consists of white, homogenous nannofossil chalk with foraminifera. The rest of the study in-
terval is represented by lithological Unit IV, which is predominantly composed of limestones and is
distinguished from Subunit IIIb by the increased lithification and variable degree of bioturbation (Rohl
et al., 2022b). These sediments were deposited at high paleolatitudes (~59-61°S; Figure 5.1) in lower
tomiddle bathyal water depths based on the benthic foraminiferal assemblages (~1,000 m; Hollis, 1997).
The PETM interval at Site U1553 was first identified offshore within lithological Unit IV based on the
nan-noplankton assemblages (Rohl et al., 2022b). At the onset of the PETM, there is an abrupt switch
fromwhite, non-bioturbated limestones to darker green, bioturbated limestones (Rohl et al., 2022b). Unlike
atmany other PETM sites there is no obvious dissolution horizon (e.g., Bralower et al., 2014; Zachoset
al., 2005) indicating that sedimentation occurred above the calcite compensation depth (CCD) during the
entire study interval.

High-resolution shipboard XRF core scanning data generated at the Gulf Coast Core Repository (GCR) was
previously used to make a composite section (splice) of Holes U1553C and -D (Drury et al., 2022; Wilkens
et al., 2022). The splice shows that the record from 440 to 496 m core composite depth below seafloor (CCSF) is
relatively continuous, with minimal core recovery gaps (Figure 5.2a). This is particularly true of the interval
be-tween 450 and 491 m CCSF, where core recovery is generally >83%: exceptional for a rotary-drilled
hole. Incomparison, the lowest and highest parts of the splice (below 491 m CCSF and above 450 m CCSF
respectively)have poorer core recovery (35%—45%), due to the presence of more lithified limestones and/or
cherts (Rohlet al., 2022b). Despite these challenges, our composite section still provides one of the most
complete records of the early Paleogene from the high-latitude South Pacific to date.

5.2.2. Core-Images and XRF Data

Line-scanned core images and XRF shipboard data (R6hl et al., 2022b) can be used to identify hyperthermal
events, which are reported to contain darker, carbonate-depleted sediment with higher XRF-Fe values (Rohl
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et al., 2000; Westerhold et al., 2017; Zachos et al., 2005). To generate the core splice images of Holes C and D, we
used the software tool Code for Ocean Drilling Data (Wilkens et al., 2017). XRF-Fe counts consist of 2025 data
points, with an average spacing of 2.3 cm (Figure 5.2a).

2.3. Stable Isotope Analyses

Paired negative 8'°C and &'0 excursions are arguably the best way to identify the early Eocene hyperthermal
events. For this reason, we measured the bulk stable carbon and oxygen isotopes of 454 sediment samples from
Holes U1553C and -D. Each sediment sample was dried, finely ground by hand with an agate mortar and pestle,
and analyzed in the Stable Isotope Laboratory at MARUM-Center for Marine Environmental Sciences, Uni-
versity of Bremen on a Finnigan 253plus gas isotope ratio mass spectrometer with a Kiel IV automated carbonate
preparation device. Data are reported in delta-notation versus Vienna Peedee Belemnite (V-PDB). The instrument
was calibrated against the house standard (ground Solnhofen limestone), which in turn was calibrated against the
NBS 19 calcite. Over the measurement period, the standard deviation of the house standard was 0.03%o for 8'*C
and 0.06%o for &'%0.

Bulk stable carbon and oxygen isotope ratios for the same interval were independently analyzed at the Marine
Core Research Institute, Kochi University. We analyzed 354 bulk sediment samples from Holes U1553C and -
D, which is a different sample set from that analyzed at MARUM. The samples were freeze-dried and finely
ground by hand with an agate mortar and pestle. The bulk carbon and oxygen isotopes of the powdered samples
were measured using a GV Instruments IsoPrime with a Multicarb preparation system (Wythenshave, Man-
chester, United Kingdom). The calibration standard material was IAEA-603 (calcite, a reference material
certified by International Atomic Energy Agency). The measured isotopic ratios were converted to delta-
notation versus V-PDB. Repeated measurements (n = 70) of the IAEA-603 showed that the standard de-
viations of carbon and oxygen isotope ratios were 0.03 and 0.10%o, respectively. The total of 808 samples
across a ~7 Ma long time interval represents an average sampling resolution of 15,000 to 20,000 years,
respectively.

5.2.4. Calcareous Nannofossil Biostratigraphy

For the nannofossil biostratigraphy, we used the biohorizons of Agnini et al. (2007, 2014), which are based on
the abundance patterns of several biostratigraphically-useful taxa. The stratigraphic positions of biohorizons in
Holes U1553C and -D were obtained through analyses of the nannofossil assemblages observed in smear slide
samples, which were processed using the standard procedures outlined in Bown and Young (1998). 80 Samples
(52 in Hole U1553C, 28 in Hole U1553D) were analyzed at a ~30 cm sampling resolution in the intervals
straddling the biohorizons, and another 25 samples were checked in the stratigraphic intervals between the
biohorizons. Analyses were carried out using a light microscope at 1200X magnification under cross-polarized
and transmitted light. The biostratigraphic markers were identified using the taxonomic concepts compiled in
the online database Nannotax3 (https://www.mikrotax.org/Nannotax3/), and their occurrences were determined
by counting the number of the respective specimens in a prefixed area (N/mm?) (Backman & Shackle-
ton, 1983). We added the taxonomic note “cf.” (="“confer,” in Latin) to Fasciculithus tympaniformis, as some
specimens exhibit an anomalous morphology likely caused by overgrowth. Therefore, we are confident about
their genus-level—but not their species-level—designations. This is unlikely to affect our interpretations, as the
Fasciculithus involutus group (which includes F. tympaniformis) is the last Fasciculithus group to become
extinct (e.g., Agnini et al., 2014).

5.2.5. Age Model

In order to construct a high-resolution age model using the full potential of the sediment records from both Holes
C and D, we combined data from outside the splice with the in-splice data by applying the revised splice
adjustment (Drury et al., 2022; Wilkens et al., 2022). To improve the reliability of the existing shipboard U1553
age model (Rohl et al., 2022b), we combined our new bulk sediment stable isotope data (8'3C) with the updated
calcareous nannofossil datums. We then correlated our chemostratigraphic record to published astronomically
tuned sections from ODP Site 1262 on the Walvis Ridge (Zachos et al., 2010) and Site 1258 on the Demerara Rise
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(Kirtland Turner et al., 2014). The high-resolution records from both sites allow intuitive correlation with Site
U1553 using the amplitude and shape of several carbon isotope excursions (CIEs). Calcareous nannofossil
biostratigraphic events were also correlated to those at Site 1262 (Agnini et al., 2007) using the revised age model
of Westerhold et al. (2017).

5.3. Results
5.3.1. Core Images and Geochemical Results

Core images from Site U1553 (Rohl et al., 2022b) generally show alternations of darker and lighter sediment
layers, with thicknesses ranging from centimeters to decimeters (Figure 5.2a). Darker-colored sediments are
more abundant in the lower part of the U1553 composite (late Paleocene to early Eocene section; 462-496 m
CCSF), whilst lighter-colored sediments dominate the upper part (440-462 m CCSF). Concurrent with the
change insediment color, XRF-derived Fe content shows increased values in darker sediment layers and
lower values inlighter sediment layers.

Bulk sediment 8'*C values during the late Paleocene to early Eocene interval range between —0.2 and 3.2%o
(Figure 5.2b). Overall, a long-term, gradual decrease in 8'°C is punctuated by several negative CIEs.
The lower part of the record between 482 and 496 m CCSF is characterized by relatively high 8'°C
valuesranging from 2.2 to 3.2%o, followed by the most prominent decrease of ~2.5%0 between 481 and
483 mCCSF (i.e., during the onset of the PETM). Between 450 and 481 m CCSF, average 5'°C values are
1.13%o, but show several negative excursions, with a decrease of up to 0.76%. at 451, 454, 461, 464, 468
and 472 m CCSF. The negative excursions at 468 and 472 m CCSF are both followed by a second
smaller 8'°C decrease of less than 0.4%.. The uppermost section (440-443.5 m CCSF) of the record is
characterized byan overall increase in 8'°C.

5.3.2. Biostratigraphy

The upper Paleocene to lower Eocene nannofossil biohorizons delineated at Site U1553 are summarized in
Table 1, and comprise most of those considered by Agnini et al. (2007, 2014). However, it was not
possible to confidently assign some of the biohorizons due to the poor preservation of the nannofossil
assemblages, this being inconsistent between different depth intervals and showing variability from diffuse
overgrowth to etching. For example, dissolution-resistant taxa (e.g., Discoaster and Tribrachiatus) are
often heavily overgrown, and interspersed among the well-preserved coccoliths of dominant taxa (e.g.,
Toweius and Chiasmolithus). For this reason, preservation problems hampered the recognition of the
lowest occurrence biohorizons related to Tribrachiatus, that is, base (B) Tribrachiatus bramlettei and B
Tribrachiatus contortus.

Additional challenges in the designation of biohorizons stemmed from the rarity or inconsistent occurrence of
many of the biostratigraphic marker species at the start and/or end of their stratigraphic ranges, as well as the
occurrence of some taxa above their previously published last occurrences. For example, the stratigraphic
range of Fasciculithus is well documented as becoming extinct shortly after the PETM at many early Eocene
sites (e.g., Bralower, 2002; Raffi et al., 2005; Self-Trail et al., 2012; Westerhold et al., 2017). However, it
extends to at least ~20 m above the PETM at Site U1553 (Figure 5.2c), causing the top (T) of the
Fasciculithus tympaniformis biohorizon to appear significantly delayed with respect to its observed
position at mid- and low-latitude sites (Agnini et al., 2014). This is largely due to the presence of
Fasciculithus specimens with a non-typical morphology (i.e., F. cf. tympaniformis; Figure 5.3: 13-15),
especially in the upper part of its extended range. These anomalous forms are unlikely to be a product of
reworking, as reworked specimens of other late Paleocene taxa were not observed. Instead, the prolonged
occurrence of Fasciculithus appears to bea primary paleobiological signal, which decreases the reliability
of the top Fasciculithus biohorizon at Site U1553.

By comparing the biohorizons between Holes U1553C and -D, we observe that only a few of the events (the
base of Discoaster multiradiatus, the top of Tribrachiatus contortus, the tentative top of Fasciculithus cf.
tympaniformis and the top of Tribrachiatus orthostylus) are found at the same depth within uncertainty
(Figure 5.2c). However, it is important to note that the oldest (B D. multiradiatus) and youngest (T T.
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Figure 5.2. The late Paleocene—early Eocene record from IODP Site U1553: (a) Core images and XRF-Fe (Rohl et al.,
2022b) of the splice from Holes U1553 Holes C and -D (Drury et al., 2022; Wilkens et al., 2022) (b) Bulk sediment 8¢ (@)
Position of calcareous nannofossil biostratigraphic events. (T = Top occurrence, Tc = Top common occurrence, B=
Bottom occurrence, ¢f. = confer). Genus names abbreviations are D.: Discoaster, F.: Fasciculithus, T.: Tribrachiatus,
and S.: Sphenolithus. The highest observed occurrence (HO) of F. cf. tympaniformis is also shown (the true top of F. cf.
tympaniformis expected to be even higher up but is not well constrained herein).

orthostylus) of these events have a higher range of uncertainty than the other biostratigraphic datums. The
<2 m inter-hole depth discrepancies in the base of Tribrachiatus orthostylus, top common Discoaster
multiradiatus, the base of Sphenolithus radians and the base of Discoaster lodoensis, may simply be a result
of variable nannofossil preservation, the rarity of marker species at the beginning of their stratigraphic
ranges and/or differences in core recovery and sampling intensity between holes during certain depth
intervals.
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Figure 5.3. Images of selected calcareous nannofossil taxa used for biostratigraphy of the late Paleocene and early Eocene
atSite U1553 under Parallel light (PL) and Cross-polarized light (XPL). Scale bar = 10 pm. 1-4: Sphenolithus radians,
XPL (U1553C-27R-1, 80 cm); 5-8: Discoaster lodoensis, PL (U1553D-3R-CC); 9: Tribrachiatus orthostylus, PL
(U1553C-28R-4, 122 cm); 10: Tribrachiatus orthostylus, PL (U1553C-27R-2, 37 cm); 11: Tribrachiatus orthostylus, PL
(U1553C-28R-5, 78 cm); 12: Overgrown specimen of Tribrachiatus contortus, PL (U1553C-28R-5, 61 cm); 13:
Fasciculithus cf. tympaniformis side view, XPL (U1553C-29R-2, 89 cm); 14—-15: Fasciculithus cf. tympaniformis basal view,
XPL (U1553C- 29R-2, 89 cm); 16-17: Fasciculithus tympaniformis side view, XPL (U1553C-31R-2, 34 cm); 18:
Fasciculithus tympaniformis basal view, XPL (U1553C-31R-2, 30 cm); 19-20: Discoaster multiradiatus, PL (U1553D-6R-6,
132 cm). ¢f. (="“confer,” in Latin).

5.4. Discussion
5.4.1. Correlation of Chemostratigraphic Data

The late Paleocene to early Eocene hyperthermal events have been identified worldwide as negative CIEs, which
are often coincident with darker sediment layers containing increased XRF-derived Fe intensities due to the
dissolution of carbonate (e.g., Lourens et al., 2005; Rohl et al., 2007; Westerhold, Rohl, Donner, & Zachos, 2018;
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Zachos et al., 2010). Although this relationship is observed at Walvis Ridge (Rohl et al., 2007; Westerhold
et al., 2007; Zachos et al., 2005), Shatsky Rise and Demerara Rise (Westerhold et al., 2017), the correlation of
higher Fe intensities with lower 8'C values is not observed for the hyperthermal events at Site U1553. This
decoupling between Fe and 8'>C is due to the shallower depositional water depth of Site U1553 (~1,221 m; Rohl
et al., 2022a) compared to other pelagic sites of the early Eocene (2,387—4,755 m). For this reason, it is very likely
that sediment deposition occurred above the CCD at Site U1553 and was not affected by the dissolution of
calcium carbonate, even during the hyperthermals. Therefore, unlike in other studies (e.g., Rohl et al., 2007;
Westerhold et al., 2007; Westerhold, Rohl, Donner, & Zachos, 2018; Zachos et al., 2005; Zachos et al., 2010), our
XRF-derived Fe record cannot be reliably used to construct an age model.

Stable carbon isotope records have also previously been utilized to establish reliably calibrated orbital chro-
nologies during the late Paleocene to early Eocene (Kirtland Turner et al., 2014; Zachos et al., 2010). For this
reason, we correlated our bulk sediment stable carbon isotope data with those from two astronomically tuned sites
in the Atlantic Ocean: ODP Site 1262 on the Walvis Ridge (Zachos et al., 2010) and ODP Site 1258 on the
Demerara Rise (Kirtland Turner et al., 2014). In addition to their orbitally constrained age models (Westerhold
etal., 2017), these sites have high-resolution bulk sediment 8'C records that allow for the unique recognition and
correlation of hyperthermal events.

For the detailed correlation, we compared the amplitude and shape of the different CIEs as well as the overall
pattern of the stable isotope record (Figure 5.4). The PETM is widely known as the largest CIE in the late
Paleocene to early Eocene interval. At Site 1262, it is characterized by an abrupt 2.25%. decrease in
8!3C (Zachos et al., 2010). In the Site U1553 record, a comparable abrupt 8'°C decrease occurs at 482 m
CCSF (Figure 5.4), marking our first tie point. The paired hyperthermal events H1, H2 and I1, I2 show the
typical double minima (Lauretano et al., 2015) with the first CIE (i.e., H1 and I1) being slightly larger in both
cases. We identified these paired excursions at 470-472 m CCSF and 466—468 m CCSF. The J event marks the
onset of the Early Eocene Climate Optimum (Westerhold, Rohl, Donner, & Zachos, 2018). In the bulk
sediment record of Site 1262, the J event has a similar amplitude to 12, but has a more gradual recovery. We
correlate this to the decrease in 8'>C at464 m CCSF at Site U1553. The K-event (Thomas et al., 2018) has an
amplitude similar to H1, and was found inour record at 461 m CCSF (Figure 5.4). The L event has a lower
amplitude signal compared to the K event. However, the onset of this event appears to be missing in the
U1553 record due to a coring gap at around 459 m CCSF. The hyperthermals M and N are characterized by an
asymmetric shape at Site 1258 with sharp onsets and gradual recovery, making them recognizable. We correlate
these events to the negative carbon excursion at 454 m CCSF (M) and 451 m CCSF (N), respectively. By
comparing the amplitudes, the alternation of more positive and negative 8'°C values and the relative position of
the hyperthermal events O, P, Q, R and S in relation to the N event at Site 1258 (Figure 5.4), we correlate the
CIE above the coring gap at 441 m CCSF to the S event. Besides the individual hyperthermal events, there are two
prominent shifts in our 8'3C record: (a) a negative shift before H1 at~476 m CCSF and (b) a positive shift of
~1%o after the N-event at ~450 m CCSF. Both of these shifts are observed in the benthic foraminiferal &'*C
record of Site 1209 (Westerhold, Rohl, Donner, & Zachos, 2018), with the latter also being reported in the
benthic Nuttallides truempyi 8'>C record from Site 1263 (Lauretanoet al., 2016). This further strengthens the
correlation of the hyperthermal events between sites. The less pro- nounced CIEs immediately before and
after the PETM (D1, D2, E1, E2 and F) could not be identified, most likely because of their low amplitudes
(Figure 5.4).

5.4.2. Age Model Construction

We compared our 8'°C record to the calcareous nannofossil datums in Table 5.2. However, doing so
revealed multiple discrepancies between the chemo- and biostratigraphic tie points, especially above the PETM
recovery (ca. 55.5 Ma). The most striking discrepancy is the top occurrence of Fasciculithus cf. tympaniformis,
the highest observed occurrence of which is recorded shortly below the K event (~53 Ma; Figure 5.3; Figure S1
in Supporting Information S1) at Site U1553 and not during the recovery of the PETM as expected (55.531
Ma; Westerhold et al., 2017). Another major discrepancy is observed in the first occurrence of Discoaster
lodoensis (53.68 Ma), which should occur prior to the K event (52.85 Ma), but occurs 10 m above it according to
our chemostratigraphic correlation (Figure 5.4). We also observe a delay in the base of Tribrachiatus orthostylus
(54.321 Ma), Sphenolithus radians (54.169 Ma) and the top of Tribrachiatus contortus (54.117 Ma). These
three events are expected to be found prior to HI/ETM-2 (Agnini et al., 2007) but appear 9 m above HI/ETM-2 in
the sediment records of U1553. The base of Discoaster multiradiatus prior to the PETM (57.32 Ma) agrees with
the chemostratigraphic age model.

NIEDERBOCKSTRUCK ET AL.

19 9 of 20

8519017 SUOWIWOD dANER.D (ed1 dde ay) Ag pousenof ae Saile YO 8sn Jo'Sajni o} Aeiq 1 auljuQ AB]IA UO (SUONIPLOD-pUR-SLLLBIWD" AB| 1M AReiq1puT|UO//SdNL) SUONIPUOD PUe SWS | 81 39S *[¥202/90/0T] U0 Afeiqi auljuo 3|1 ‘Uswisig SRUIolIgSTENS BAIUN pun -SEeIS Ag T08Y00VAEZ0Z/620T OT/I0p/wod A& 1M Afe.q putjuo'sgndnBey/sdny woij pepeojumoq ‘v ‘20z ‘SZsveLSe



AN |
M\I Paleoceanography and Paleoclimatology 10.1029/2023PA004801
AND SPACE SCIENCES
T lus BS. radians
BD. lodoensis BT. orthostylus
TT. contortus O HOF. cf. tympaniformis
[= TF. tympaniformis
BD. multiradiatus
Q Hole C 841258 - Demerara Rise
1 <> Hole D Y¢1262 - Walvis Ridge — 50
440 — L
] s - 50.5
] g R— X % N
| ol [ Q—> I
445 - B X
] - 51
: o—> r
450 — L 515
e * g -
] M C
— 52
455 N >
] L - 52,5
460 ] K E
1o = - 53
IES d r
465 12 = -535 ®
= Je i * [ 2
T 4 L 5]
d} e H2 - &
O 470 - H1 —— ** 54 <
] ¥ ™
] \ - 54.5
475 — [
] F—s. 23
480 C
80 7 B2~ H e 555
i E1— B
i PETM L
485 - 56
1 D2—s L
] D1—> - 56.5
490 — _ r
1® 1258 - Demerara Rise C
4 Kirtland Turner et al. 2014 - 57
] 1262 - Walvis Ridge L
495 i F Zachos et al. 2010 C
S T T T T T T T T 1 T T T T T T T 57.5
050 051152253354 050051152 25 3 35 4
S13C (%o) 613C (%o0)
Figure 5.4. Correlation of the bulk sediment 8'>C record from IODP Site U1553 (green line—this study) to Ocean
Drilling Program (ODP) Sites 1258 (blue line—Kirtland Turner et al., 2014) and 1262 (orange line—Zachos et al., 2010).
Positions of the hyperthermals are highlighted in gray, after Cramer et al. (2003). The position of calcareous nannofossil
biostratigraphic datums and their uncertainty are also shown as circle (U1553C), diamond (U1553D). Ages of calcareous
nannofossil datums at ODP Site 1258 and 1262 from Westerhold et al. (2017). Abbreviations for the biohorizons are T =
Top occurrence, Tc = Top common occurrence, cf. = confer, B= Bottom occurrence, HO= Highest observed
occurrence. Genus names abbreviations are D.: Discoaster, F.: Fasciculithus, T.: Tribrachiatus, and S.: Sphenolithus.
Due to these discrepancies, we evaluated the validity of two alternative age models (Figure 5.5a): one based
on chemostratigraphic tie points (option 1; Table 5.2) and the other based only on the biostratigraphic tie points
(option 2; Table 5.2). To represent the biostratigraphic age model for option 2, we applied the biohorizons from
Hole C, as these datums generally have smaller uncertainties and are in slightly closer agreement to the 5'*C tie
points than the datums from Hole D (Figure 5.5a). We also removed the T F. tympaniformis datum as a tie point,
as the presence of non-typical morphotypes (i.e., F. c¢f. tympaniformis) for tens of meters above the PETM
means that precisedelineation of this biostratigraphic event at Site U1553 is highly unreliable.
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Figure 5.5. (a) Age-depth plot with tie points for the age model. Green: correlation of bulk sediment 613C—hyperthermal
events, black: biostratigraphy of calcareous nannofossil events in U1553C and gray: U1553D. The circle shows the highest
observed occurrence of F. cf. tympaniformis (b) Age model option 1: correlation of the bulk sediment 8'°C record from
IODP Site U1553 (black line—this study), with Ocean Drilling Program (ODP) Site 1258 (blue line) and ODP Site 1262
(orange line). (c) Age model option 2: constructed using the calcareous nannofossil biozone datums from Site U1553 Hole C
compared to the same datums from ODP Sites 1258 and 1262 against the bulk sediment 8'>C records for each site. The
dashed linesindicate the substantial time offset between the two alternative age models.

In order to match our age models with those of ODP Sites 1258 and 1262, we offset all three vertical axes of 8'°C
with a range of 3.5%o, but changed the absolute values in order to provide an overlap between all records
(Figures 5.5b and 5.5c). Comparison of both options indicates that the CIE coinciding with option 1's K
event, isshifted back by 1.2 Ma to the onset of H1 in age model option 2 (Figures 5.5b and 5.5c—dashed lines).
Similarly, the negative excursion that coincides with H1 in option one is shifted back by 0.6 Ma in option 2. The
large offsets forthe K and the H1 event are a result of the delayed biostratigraphic events at Site U1553 (Figure
5.4) compared to ODP Sites 1258 and 1262 (Westerhold et al., 2017).

Overall, option 1 shows a very good correlation in the amplitude and shape of hyperthermal events before and
after the PETM. Furthermore, the relatively stable 8'C values after the PETM and the negative shift around
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Figure 5.6. Earth eccentricity variability in comparison with Site U1553 data. (a) Earth eccentricity (La2010b) and its 405 kyr bandpass filter generated with Acycle
(Liet al., 2019). The numbers reflect the long eccentricity cycles counted backwards from today. (b) Combined bulk sediment 8'3C. (¢) Combined bulk sediment §'%0,
onwhich a five-point running average was applied to provide better visibility. (d) XRF Ca/Fe ratio.

54.8 Ma toward H1, are consistent with the Site 1262 record. In contrast, the isotope data from Site U1553 and
ODP Site 1262 are anti-correlated between 54 and 55.5 Ma in option 2. For these reasons, our results indicate that
the chemostratigraphic age model (option 1) is more reliable than the biostratigraphic age model (option 2).

Previous biostratigraphic work conducted on sediments from nearby DSDP Site 277, suggests the presence of a
>1 Myr hiatus after the PETM. This is based on the short depth interval (approx. 40 cm) between the top of
Fasciculithus spp. (55.64 Ma) and the base of Tribrachiatus orthostylus (54.37 Ma). In addition, the presence of a
shorter (~200 kyr) hiatus was proposed, based on the joint first occurrences of Tribrachiatus orthostylus
(54.37 Ma) and Sphenolithus radians (53.17 Ma) within the same sample (Hollis et al., 2015; Shepherd
et al., 2021). However, our biostratigraphic work at Site U1553 does not support the presence of either one of
these hiatuses. Therefore, the hypothesized hiatuses at DSDP Site 277, are likely a result of single-hole, spot
coring and are not a true stratigraphic signal.

As described for many other late Paleocene to early Eocene sections worldwide, the U1553 record exhibits a
pronounced cyclicity (e.g., Kirtland Turner et al., 2014; Littler et al., 2014; Vahlenkamp et al., 2020; Westerhold
et al., 2017; Zachos et al., 2010). Therefore, we plotted the eccentricity according to Laskar et al. (2011) and
added a bandpass filter to highlight the long eccentricity cycle of 405 kyr (Figure 5.6a). We also plotted
bulksediment 5'®0 (as a rudimentary temperature proxy) and in-splice XRF-derived Ca/Fe data on our new
che- mostratigraphic age model to determine if paleoenvironmental trends were astronomically paced. As our
5'%0
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record has a low signal-to-noise ratio, likely due to diagenetic overprinting (Hollis et al., 2015; Schrag, 1999;
Schrag et al., 1995; Sexton et al., 2006), we applied a five-point running average (Figure 6c). Overall, the
8'>Cand 8'®0 isotopic signatures of the hyperthermal events closely follow the short and long eccentricity cycle
withthe exception of the PETM (Figures 6a— 6c), which is consistent with previous studies. The §'%0
signal reveals negative values during all of the hyperthermals and therefore demonstrates the expected
warming during theseevents. In addition, the smaller hyperthermal events E1, E2 and F, which cannot be
identified within our 8'3C record, show clear negative excursions in the 8'%0 record, which coincides with the
long eccentricity cycles 137and 138 (Figure 6c¢). XRF-derived Fe on its own exhibits the dilution of
carbonate (represented by Ca). Tominimize the dilution effect, we applied the Ca/Fe ratio as shown in Figure

6d. The high positive Ca/Fe valuesduring all hyperthermal events suggests either higher carbonate
productivity and/or confirms that the sediments atSite U1553 were deposited above the CCD during the late
Paleocene and early Eocene. Overall, our new age model and its comparability to stable isotope records of ODP
Sites 1258 and 1262, highlights its applicability, anddemonstrates the value of Site U1553 for future
paleoceanographic research.

5.4.3. Diachroneity of Early Eocene Calcareous Nannofossil Events in the High Latitude

Southern Hemisphere

Our Site U1553 age model provides strong evidence for the diachroneity of calcareous nannofossil bioevents
between Site 1262 (Agnini et al., 2007; Westerhold et al., 2017) and Site U1553. A possible explanation for this
diachroneity is the latitudinal difference between sites with well-defined biostratigraphic tie points (Agnini
et al., 2007, 2014) and Site U1553. Indeed, the traditionally used Paleogene calcareous nannofossil biozones are
predominantly based on low- to mid-latitude assemblages (Agnini et al., 2014; Martini, 1971; Okada &
Bukry, 1980) and therefore include many warm-water taxa (e.g., Discoaster spp.) that only have rare or spotty
occurrences at high latitude sites such as U1553. Despite the apparent latitudinal diachroneity of nannofossil
datums, it is striking that the sequence of biostratigraphic events at Site U1553 is identical to those at low- and
mid-latitude sites. This suggests that the first and last occurrences of biostratigraphically important nannofossil
taxa relative to one another were the same on a global scale, but that this evolutionary sequence occurred
geologically later at Site U1553 compared to lower latitude sites. One of the most surprising results of our study is
the >2.5 Myr delay in the highest observed occurrence of Fasciculithus at Site U1553 compared to ODP Site 1262
(Table 3). Although not explicitly stated in the literature, data from Maud Rise (ODP 690) in the
high-latitude South Atlantic Ocean, also show that Fasciculithus is present until ~20 m above the PETM
interval (within nannofossil biozone NP10), and for this reason, this marker taxon could not be used to
delineate the Paleocene/ Eocene boundary (Cramer et al., 2003; Pospichal & Wise, 1990). Rare
Fasciculithus specimens were also consistently observed above this reported last occurrence, although these
specimens were described as reworked. The reasons why these Fasciculithus specimens were considered
reworked are unclear, and may simply be a result of the authors deciding that this taxon had already extended
too far above its previously reported stratigraphic range. For this reason, it is possible that the delayed
extinction of Fasciculithus at Site U1553 is a primary ecological signal, which might also be a feature of
other high-latitude sites.

As Fasciculithus is commonly interpreted to have preferred warmer surface waters (e.g., Bralower, 2002; Gibbs
et al., 2006; Mutterlose et al., 2007), it is particularly unusual that it persists for longer than its previously
documented stratigraphic range at a high-latitude site such as Site U1553. Although our study is the first to
observe possible diachroneity in the top occurrence of Fasciculithus, its bottom occurrence during the Paleocene
was shown to have a <1 Myr discrepancy between four different basins sampling a range of paleolatitudes (Fuqua
et al., 2008). This previous study found that temperature only had a secondary control on the origination of this
genus, with its first occurrence observed earlier at a higher-latitude site on the Exmouth Plateau, Indian Ocean
(ODP Site 761, paleolatitude of ~40°S) compared to a low-latitude site on the Shatsky Rise, Pacific Ocean (ODP
Site 1209; paleolatitude of ~15°N). It was therefore hypothesized that the first occurrence of Fasciculithus was
primarily controlled by a decrease in surface ocean nutrient levels, which in turn was driven by increased bio-
logical pump efficiency. The complex interplay of processes that govern the efficiency of the biological pump are
known to vary greatly over various spatial and temporal scales (see review in Honjo et al., 2014), therefore, it is
reasonable to expect this mechanism to drive diachroneity in the occurrences of nannofossil taxa (in this case
Fasciculithus) that had an ecological preference for specific surface ocean nutrient conditions. As it is likely that
surface water nutrient availability was the primary control on the first occurrence of Fasciculithus, it is plausible
that it also had a greater influence than temperature on the last occurrence of this taxon during the early Eocene.
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Table 5.3

Calculated Ages After the Chemostratigraphic Age Model (Option 1) for Biostratigraphic Events and Their Time Difference Compared to Ages of Westerhold

et al. (2017)

U1553C and -D Age (Ma) Westerhold et al. (2017)

Datum Top Bottom Top Bottom  Midpoint Age (Ma) At (Myr)
T Tribrachiatus orthostylus 378-U1553C-25R-CC* 378-U1553C-26R-CC* 49.582 50.768 50.175 50.571 = 0.135 —0.396
B Discoaster lodoensis 378-U1553C-27R-2, 37 378-U1553C-27R-2, 67  51.550 51.590 51.570 53.678 = 0.010 —2.108
T Tribrachiatus contortus 378-U1553C-28R-2, 120  378-U1553C-28R-3, 3 53.005 53.065 53.035 54.117 = 0.006 —1.082
B Sphenolithus radians 378-U1553C-28R-3, 123 378-U1553C-28R-4, 2 53.206 53.242 53.224 54.169 = 0.011 —0.945
Tc Discoaster multiradiatus 378-U1553C-28R-6, 9 378-U1553C-28R-6, 39  53.583 53.610 53.597 54.226 + 0.008 —0.629
B Tribrachiatus orthostylus 378-U1553C-29R-1, 30 378-U1553C-29R-1, 60  53.748 53.782 53.765 54.321 + 0.008 —0.556
HO Fasciculithus cf. tympaniformis 378-U1553C-28R-2, 120 - = = 53.005 55.531 £+ 0.008 —2.526
B Discoaster multiradiatus 378-U1553C-32R-4, 86 378-U1553C-33R-1,30  57.380 57.514 57.447  “57.32 0.127
T Tribrachiatus orthostylus 378-U1553D-2R-CC* 378-U1553D-3R-CC* 49.685 50.860 50.273 50.571 = 0.135 —0.298
B Discoaster lodoensis 378-U1553D-4R-1, 30 378-U1553D-4R-1, 60 51.466 51.497 51.481 53.678 = 0.010 —2.197
T Tribrachiatus contortus 378-U1553D-5R-3, 62 378-U1553D-5R-3, 92 53.025 53.061 53.043 54.117 = 0.006 —1.074
B Sphenolithus radians 378-U1553D-5R-4, 40 378-U1553D-5R-4, 70 53.169 53.205 53.187 54.169 = 0.011 —0.982
Tc Discoaster multiradiatus 378-U1553D-5R-5, 114 378-U1553D-5R-6, 23 53.404 53.437 53.421 54.226 + 0.008 —0.805
B Tribrachiatus orthostylus 378-U1553D-5R-6, 53 378-U1553D-5R-6, 84 53.469 53.502 53.486 54.321 + 0.008 —0.835
HO Fasciculithus cf. tympaniformis 378-U1553D-5R-3-92 = = = 53.061 55.531 £+ 0.008 —2.470
B Discoaster multiradiatus 378-U1553D-7R-CC, 35 378-U1553D-8R-1, 1 56.690 57.572 57.131 “57.32 —0.189

Note. T, Top occurrence; Tc, Top common occurrence; cf, Confer; B, Bottom occurrence; HO, Highest observed occurrence. “Age for B Discoaster multiradiatus from
Gradstein et al. (2012). *Shipboard data (Ro6hl et al., 2022b).

This is supported by data indicating that the latitudinal temperature gradient was almost non-existent during the
early Eocene (Bijl et al., 2009), suggesting that alternative environmental variables (other than temperature) had a
larger control on nannofossil distribution patterns at this time. Unfortunately, independent temperature and/or
nutrient availability proxy data do not currently exist for the early Eocene interval at Site U1553, so we are unable
to properly test this hypothesis. However, it is an interesting possibility that should be explored more fully in the
future, both at Site U1553 and at other early Eocene sites.

Other nannofossil biozones were also shown to be diachronous at Site U1553, with the most extreme example
being the base of Discoaster lodoensis. At ODP Sites 1258 and 1262—Ilow to mid-latitude sites with orbital age
control—this datum is placed before the 12 event (Westerhold et al., 2017), but occurs >2 Myr later at Site U1553
(Table 3). Some of this apparent diachroneity could be explained by the relatively low core recovery of
U1553C- 27R (about 30%, Rohl et al., 2022b), but this alone cannot explain the entire discrepancy. Like
Fasciculithus, the genus Discoaster is interpreted as a warm-water taxon (e.g., Aubry, 1998; Bralower, 2002;
Tremolada & Bra-lower, 2004); therefore, the delay in the first occurrence of D. lodoensis at high versus low-to
mid-latitude sites is not unexpected. However, detailed scrutiny of the literature revealed that the first
occurrence of Discoaster lodoensis is globally hetereogenous, even for sites that sample similarly high
paleolatitudes. For example, the FO of Discoaster lodoensis at IODP Site U1514 and ODP Site 752 (Huber et al.,
2019; Millen, 2012) is also delayed when compared to ODP Sites 1258 and 1262, but is observed much earlier
(below ETM-2; ~54.05 Ma) at ODP Site 690 (Pospichal & Wise, 1990). This heterogeneity could partially be
explained by: (a) the low samplingresolution of the biostratigraphic analyses that have been conducted at Sites
U1513, 752 and 690, (b) the rare and “spotty” occurrence of Discoaster at high-latitude sites, and/or (c) the
common poor-preservation of Discoaster specimens (generally due to overgrowth) that makes taxonomic
identification to species-level challenging. Future research should therefore establish the extent to which the
diachroneity of the Discoaster lodoensis datum is aprimary signal.
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In addition to these more extreme examples, the base of Tribrachiatus orthostylus, the top common of Discoaster
multiradiatus, the base of Sphenolithus radians and the top of Tribrachiatus contortus, all occur shortly before the
onset of the H1 event (54.05) at ODP Site 1262 (Westerhold et al., 2017), but occur 0.5 to 1 Ma later at Site U1553
(Table 3). As reported in the IODP Expedition 378 Proceedings volume (R6hl et al., 2022b), the preservation
of calcareous nannofossils is generally moderate to good. However, during a few restricted (cm-scale) intervals,
the preservation of nannofossils decreased, perhaps due to the presence of thin layers that are enriched in silica
(e.g., cherts) or were more affected by post-depositional processes such as cementation and recrystallization.
Although this made it challenging to confidently identify taxa that are more susceptible to overgrowth (e.g.,
Tribrachiatus contortus and Discoaster lodoensis), these poorly-preserved intervals are too short and sporadic
to explain the multiple >0.5 Myr-long diachroneities that we observe in the nannofossil datums. Therefore,
despite ruling out various potential causes of the apparent diachroneity in calcareous nannofossil
biostratigraphic events at Site U1553, the lack of comparable data from nearby high-latitude sites means that
it is not currently possible to determine the exact drivers of this phenomenon. For this reason, future work
should focus on developing further high-latitude age models to determine whether the apparent latitudinal
diachroneity in nannofossil bioevents is characteristic of all early Paleogene high-latitude sites, or whether it is
a specific feature of Site U1553.

5.5. Conclusions

Here, we present a new late Paleocene to early Eocene age model (50.5-57.5 Ma), reconstructed using sediments
recovered from two holes at IODP Site U1553 in the high-latitude southwest Pacific Ocean. Our chemostrati-
graphic correlation reveals several characteristic paired negative carbon and oxygen isotope excursions, indic-
ative of the early Eocene hyperthermals, underlining the global impact of carbon perturbations. In addition, the
Site U1553 age model represents one of the most stratigraphically complete late Paleocene—early Eocene
sections from this region to date. Therefore, our new record will be critical for future research on paleoenvir-
onmental and paleoecological changes during warmer worlds at understudied high-latitude sites. Our study
highlights that the traditionally used calcareous nannofossil biostratigraphic datums—calibrated to low- and mid-
latitude assemblages—cannot be reliably utilized at the high southern latitudes. Future biostratigraphic work
should focus on devising a high-latitude biozonation scheme that can be calibrated to astronomically tuned re-
cords from lower latitude sites. Critically, the results of our study underline the necessity to check other high-
latitude records, to determine whether the latitudinal diachroneity of calcareous nannofossils is the rule rather
than the exception.

Data Availability Statement

Data sets for this research are available online in Niederbockstruck et al. (2024). Shipboard data used in the study
is available in Rohl et al. (2022b).
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