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Chapter 1

The current climate change challenge

Primarily through burning of fossil fuels, humankind is adding carbon dioxide (CO2) to the 
atmosphere (IPCC, 2013). This rapidly disturbs many components of the so-called Earth system; 
the sum of the interacting lithosphere, hydrosphere, cryosphere, atmosphere and biosphere. CO2 as 
a greenhouse gas adds to the insulating capacity of Earth’s atmosphere by trapping and re-emitting 
outgoing heat from Earth’s surface. As a consequence of rising CO2 levels, Earth’s atmosphere, ocean 
and land surfaces are warming, which is expected to continue in the future (IPCC, 2013). Amplified 
warming is expected in the polar regions compared to the rest of the globe, a phenomenon known 
as polar amplification. Chemistry, physics and biology of the oceans will be impacted directly by 
warming and associated intensification of upper ocean stratification and expansion of oxygen-
deficit areas (Stramma et al., 2008; Gruber, 2011; Breitburg et al., 2018). Furthermore, dissolved 
CO2 reacts with water as an acid, causing ocean acidification (Caldeira and Wickett, 2003; Doney 
et al., 2009). Marine ecosystems, including phytoplankton components, show complex adaptation 
in response to these physico-chemical oceanic changes (Brierley and Kingsford, 2009), and are 
expected to change further in the future (Pörtner et al., 2014). This will likely include an increase 
in the global occurrence of harmful algal blooms due to warming in conjunction with increased 
nutrient-rich runoff and stratification (Fu et al., 2012).

Because of the all-encompassing impact of current climate change on Earth’s biosphere and 
functioning, it is a grand societal challenge to predict the trajectories that future climate could 
follow (e.g., Steffen et al., 2018), as well as the functioning of the Earth system under hotter-
than-modern boundary conditions. In order to make these predictions, a combination of field 
observations, laboratory experiments and application of a range of simple to complex (climate) 
model simulations is of critical importance. However, by their nature, field observations and 
laboratory experiments – performed on the timescale of human lifetimes – cannot reveal the 
response of important Earth system feedbacks that operate on time scales of 100’s to 100,000’s 
of years. Additionally – although this is part of their strength – experiments and models do not 
capture the full complexity of the real world. Furthermore, information on the functioning of warm 
climate states is necessary to improve the predictive capabilities of climate models.

Why consider the climate of the past?

The reconstruction of warm climate states and climatic changes that occurred in the distant 
geological past provides a way of holistically assessing the response of the Earth system, integrated 
over all relevant timescales (e.g., Burke et al., 2018). As the instrumental record of global climate 
change only dates back to about 1850, reconstructing climate states further back in time requires 
(in lieu of a time machine) indirect inferences that can still be measured today. For example, 
records of the chemical composition of gas bubbles trapped in ice cores have provided important 
information on atmospheric composition and Antarctic temperature for the past 800,000 years 
(Jouzel et al., 1987; Petit et al., 1999; Lüthi et al., 2008). To be able to look even further back into 
the past, sediments deposited on the ocean floor provide a (typically) high-quality continuous 
climate archive that can be accessed through deep sea drilling. Paleoclimatologists make use of 
chemical properties of minerals and fossilized remains of organisms preserved in sedimentary 
archives as so-called proxies. In this way, information stored in the geological record can be 
extracted by extrapolating established links between these measurable variables and environmental 



11

Introduction, synopsis and outlook

1

parameters in the modern system to the past. For example, proxies to reconstruct past sea surface 
temperature (SST) include the magnesium-to-calcium (Mg/Ca) ratio and relative amount of 
oxygen isotope 18O versus 16O (expressed as δ18O) in carbonate shells of microplanktic foraminifera 
(Elderfield and Ganssen, 2000; Erez and Luz, 1983). Other proxies for SST are based on fossilized 
biomolecules of haptophyte algae, where the degree of saturation of long-chain ketones relates to 
temperature, as expressed in the UK

37 index (Brassell et al., 1986), or the temperature-dependent 
molecular composition of archaeal membrane lipids as expressed in the TEX86 index (Schouten et 
al., 2002). Next to these chemical signals, another example is change in the assemblage composition 
of microfossils, which can be used as a proxy for climate-driven changes within microplankton 
communities (e.g., Schmidt, 2018). Especially the approach of using multiple proxies together 
is powerful in order to reconstruct a robust signal, as different proxies incorporate different 
independent uncertainties such as species-specific vital effects and diagenetic processes.

Since 1850, about the end of the Industrial Revolution, atmospheric CO2 concentrations have 
risen from 280 to 400 ppmv (parts per million by volume) in 2013 (IPCC, 2013). The present 
(2019) concentration of CO2 in Earth’s atmosphere is over 400 ppmv, and concentrations will likely 
approach 1000 ppmv by the end of the century, depending on which emission scenario will unfold 
(IPCC, 2013). Based on ice core data, the past 800,000 years have been characterized by atmospheric 
CO2 oscillations roughly between maxima of ~290 ppmv and minima of ~180 ppmv, with associated 
oscillations in temperature (Jouzel et al., 1987; Petit et al., 1999; Lüthi et al., 2008). The Earth has last 
experienced the present CO2 concentration of 400 ppmv more than 2 million years ago during the 
warm Pliocene, based on CO2 proxy data (Martínez-Botí et al., 2015). Going even further back in 
time, we pass the Eocene–Oligocene transition 34 million years ago, and move into an even warmer 
climate state often referred to as “greenhouse Earth” – as opposed to the present “icehouse Earth” 
with glaciated polar regions. This particular interval of Earth’s history may serve as a paradigm 
system for understanding how a warm Earth system state functions.

The warm Eocene greenhouse world

The Eocene epoch (56 to 34 million years ago) provides many clues to understand the functioning 
of a warm greenhouse Earth climate system without permanent ice caps at the poles. Temperature 
reconstructions of the deep ocean based on geochemical measurements (Mg/Ca and δ18O) of 
seafloor-dwelling foraminifera reveal that the warmest sustained interval of the Cenozoic era (past 
66 million years) happened during the Early Eocene Climatic Optimum (EECO; about 52 – 50 
million years ago) (Zachos et al., 1994; Lear et al., 2000; Cramer et al., 2009) (Figure 1.1). During 
this interval, deep ocean temperatures were likely in the range of 12–14 °C, about 10 °C higher than 
at present. These same records indicate subsequent cooling of the deep ocean, culminating in the 
establishment of ice caps on Antarctica around 34 million years ago (Lear et al., 2000; DeConto et 
al., 2007). This deep ocean temperature evolution is mimicked in SST reconstructions of the Eocene 
high-latitude oceans (Bijl et al., 2009; Hollis et al., 2009, 2012). These coherent temperature trends 
make sense, as Eocene deep waters derived from Southern polar oceans (Thomas et al., 2003).

Surface waters in both northern and southern high-latitude oceans were also especially warm 
during the early Eocene, as multi-proxy temperature reconstructions using TEX86 and δ18O and 
Mg/Ca of planktic foraminifera indicate SSTs (far) above 20 °C (Brinkhuis et al., 2006; Sluijs et al., 
2006; Hollis et al., 2009, 2012; Bijl et al., 2009; Evans et al., 2018). Strikingly high marine-based 
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Figure 1.1 | Eocene global climate evolution. a, Compiled CO2 record based on boron isotopes from the 
Tanzania Drilling Project (orange squares; error bars represent 68% confidence intervals) (Pearson et al., 2009; 
Anagnostou et al., 2016) and alkenones from ODP Sites 612 and 925 (yellow and orange circles; uncertainties 
from original studies) (Pagani et al., 2005; Zhang et al., 2013). b, Compilation of sea surface temperatures 
(degrees Celsius) from the tropical latitude band (30 °N – 30 °S) (pink) based on a multi-proxy compilation 
from published literature (Tripati et al., 2003; Pearson et al., 2007, 2008; Liu et al., 2009; Zhang et al., 2013; 
Aze et al., 2014; Inglis et al., 2015; Frieling et al., 2017, 2018; Evans et al., 2018). Southwest Pacific Ocean (Site 
1172) TEX86-based sea surface temperatures in green (Bijl et al., 2009, 2010; Sluijs et al., 2011). c, Benthic 
foraminiferal δ18O-based ice-free deep-ocean temperature with fitted LOESS model (black line) and 95% 
confidence interval (dark-blue shading). Adapted from (Zachos et al., 2008). Age follows the Geologic Time 
Scale 2012 (Gradstein et al., 2012). Abbreviations Pal. = Palaeocene; Olig. = Oligocene; EOT = Eocene – 
Oligocene transition. 
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temperatures in the Eocene high latitudes are supported by vegetation reconstructions based on 
plant fossils. These indicate temperate rainforests thrived on Antarctica (Francis and Poole, 2002; 
Pross et al., 2012; Contreras et al., 2013, 2014), southern Australia (Carpenter et al., 2012) and on 
the land masses fringing the Arctic Ocean (Francis, 1988; Sluijs et al., 2009b). Eocene warmth is 
further underscored by macrofossil evidence of large thermophilic animals roaming the Arctic 
regions (Eberle and Greenwood, 2012), including tapir-like and hippo-like mammals (Eberle, 2005; 
Dawson, 2012), and reptiles including crocodilians (Hutchison, 1982; Markwick, 1998). In the 
meantime at Earth’s other pole, giant penguins thrived on Antarctica (Clarke et al., 2007), while 
giant snakes slithered around the equator (Head et al., 2009). 

Mysteries of the tropics during the Eocene

While Eocene polar and deep ocean warmth is thus well-established based on multiple lines of 
evidence, reconstructions from the tropical band (broadly defined as 30 °N–30 °S) are much 
more ambiguous (Figure 1.1). This is crucial, as this latitudinal band encompasses 50% of Earth’s 
surface and absorbs 75% of incoming radiation. As such, the lack of reliable records from the 
tropics hampers our understanding of global average temperatures and latitudinal temperature 
gradients in the Eocene. The earliest estimates of Eocene tropical SST, based on δ18O of surface-
ocean foraminifera, suggested surprisingly low temperatures (Savin, 1977). These led to a very low 
estimated temperature contrast between tropical and polar regions, or meridional temperature 
gradient (MTG), of 0–20 °C for the Eocene greenhouse world, compared to a MTG of about 30 °C 
in the modern system (Shackleton and Boersma, 1981; Boersma et al., 1987; Crowley and Zachos, 
2000). Historically, such low temperature gradients have been impossible for climate models to 
realistically reproduce, leading to diagnosis of this as the “low gradient problem” (Barron, 1987; 
Huber and Sloan, 2001). Since then, it has been recognized that these early carbonate-based 
reconstructions of tropical temperatures were strongly underestimated due to post-depositional 
alteration of the original chemical signal (Killingley, 1983; Schrag, 1999; Pearson et al., 2001). More 
recent analyses on excellently preserved planktic foraminifera have estimated tropical Eocene SSTs 
in the range of 30–35 °C, or even higher during transient warming events (Pearson et al., 2001; Lear 
et al., 2008; Kozdon et al., 2011; Aze et al., 2014). In addition, advances in organic biomarker-based 
proxies, such as TEX86, have allowed for a multi-proxy evaluation of SST estimates (e.g., Pearson 
et al., 2007; Hollis et al., 2012; Frieling et al., 2017). However, despite these significant advances, 
the existing high-quality SST data for tropical regions remain sparse and equivocal (e.g., Tripati 
et al., 2003; Pearson et al., 2007; Inglis et al., 2015; Figure 1.1). Importantly, while these data do 
indicate high SSTs, they seem to suggest weak to no variability in tropical temperatures over the 
Eocene. Hence, reliable tropical temperature reconstructions would provide the crucial information 
to estimate not only global mean temperatures, but also latitudinal temperature gradients and thus 
determine polar amplification of temperature change during the Eocene. These would furthermore 
provide concrete and robust tests of the ability of climate models to reproduce past warm climates 
under increased greenhouse gas forcing.

Moreover, tropical records of SST are necessary to test the two competing hypotheses for Eocene 
deep-ocean and polar cooling: decreasing atmospheric CO2 concentrations versus changes in ocean 
circulation and meridional heat transport associated with opening of ocean gateways. Importantly, 
evidence exists for major ocean circulation change (e.g., Kennett, 1977; Bijl et al., 2013a) and a 
gradual CO2 decline (Beerling and Royer, 2011; Anagnostou et al., 2016) (Figure 1.1) during the 
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Eocene, but their effect on global average temperatures is different. In theory, gateway opening 
cools the Southern Ocean and deep ocean while warming the upper tropical ocean by a few degrees 
(Sijp et al., 2011), whereas CO2 decline leads to global cooling at both the Equator and the poles 
(Huber and Caballero, 2011) – albeit with predicted amplified polar temperature change relative 
to the tropics (Lunt et al., 2012). As such, the current state of tropical SST reconstruction (Figure 
1.1) suggests tropical temperatures remained stable and did not change together with the deep and 
polar oceans over the Eocene (Pearson et al., 2007), but more continuous high-resolution records 
are necessary to revisit this. Furthermore, improved estimates of global average temperatures 
through additional reconstructions of tropical SST would – together with available CO2 proxy 
data – considerably improve estimates of Eocene Earth system sensitivity, defined as the long-term 
amount of warming expected for a given CO2 increase after slow feedbacks have responded (Lunt 
et al., 2010; PALAEOSENS Project Members, 2012). Importantly, such estimates would provide 
constraints on the long-term climate impact of continued CO2 emissions.

Mysteries of ocean circulation during the Eocene

While greenhouse gas concentrations alter the amount of heat that is retained in Earth’s atmosphere, 
global ocean circulation patterns play an important role in redistribution of heat over the globe. An 
important factor in this is the location of deep water formation by downwelling of surface waters. 
In the present global overturning circulation, deep waters form primarily in the North Atlantic 
Ocean and in the Southern Ocean around the Antarctic continent, with North Atlantic Deep Water 
(NADW) overlying denser Antarctic Bottom Water (AABW) (Broecker, 1991). For the Eocene 
greenhouse world, geochemical tracers (Thomas et al., 2003; Huck et al., 2017) and modelling efforts 
(Huber and Caballero, 2011) indicate that the Southern Ocean, and the Southwest Pacific (SWP) 
in particular (Sijp et al., 2014; Baatsen et al., 2018b) was the main source of intermediate-deep 
water formation. It remains, however, poorly constrained when NADW formation approximately 
initiated. Some studies indicate that this might in fact have been during the Eocene (Borrelli et al., 
2014; Ferreira et al., 2018; Coxall et al., 2018), as seafloor spreading in the North Atlantic Ocean 
(Pitman and Talwani, 1972; Chalmers and Pulvertaft, 2001) generated the required geographic 
boundary conditions. Regardless, NADW formation is very sensitive to salinity and temperature – 
together driving density – of surface waters in the North Atlantic source regions. The Eocene was 
not only warmer than present-day climate, but a warmer climate by itself also results in increased 
hydrological cycling, increasing excess precipitation at mid-high latitudes (Pierrehumbert, 2002; 
Held and Soden, 2006). Together with the relatively narrow and restricted nature of the Nordic seas, 
this likely freshened the surface waters in these regions (Waddell and Moore, 2008; Speelman et al., 
2010; Roberts et al., 2011). Periodically the early middle Eocene Arctic Ocean and Nordic Seas were 
even fresh enough to support blooms of the floating fresh-water fern Azolla (Brinkhuis et al., 2006; 
Barke et al., 2012; Collinson et al., 2013). Both increased temperature and high freshwater fluxes 
into the North Atlantic would cause upper-ocean stratification, repressing deep-water formation 
(Roberts et al., 2009; Hutchinson et al., 2018). Yet, crucially, insufficient constraints on Eocene 
surface ocean conditions in source regions conducive to NADW formation hamper reconstructions 
of locations of deep water formation, and thus our understanding of the global ocean circulation 
state in the warm Eocene.
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Rapid Eocene climate perturbations

Superimposed on gradual multi-Myr trends in climate conditions, such as those from greenhouse 
to icehouse states, Earth’s climate experienced transient disturbances that drove it out of the 
background range of internal variability. Particularly striking are the so-called “hyperthermal” 
phases oscillating through the late Paleocene to early Eocene (Thomas and Zachos, 2000; Lourens 
et al., 2005; Sexton et al., 2011; Littler et al., 2014; Lauretano et al., 2015). These are transient phases 
(10,000–100,000 years) of widespread–global warming and carbon cycle disturbance (Cramer et al., 
2003; Galeotti et al., 2010; Littler et al., 2014), analogous to, but slower than, modern climate change 
(Zeebe et al., 2016; Foster et al., 2018). Most prominent and most extensively studied of these 
hyperthermals is the Paleocene-Eocene Thermal Maximum (PETM), which occurred 56 million 
years ago. The PETM was marked by about 4–5 °C of additional global warming (Dunkley Jones 
et al., 2013; Frieling et al., 2017) together with increased upper-ocean stratification (Carmichael et 
al., 2017) and increased ocean deoxygenation (Dickson et al., 2012; Zhou et al., 2016). Resulting 
ecological changes include poleward migration and widespread assemblage turnover in all major 
groups of oceanic plankton (Sluijs et al., 2007; Speijer et al., 2012). More critically, extinction 
occurred among deep sea benthic foraminifera during the PETM (Thomas, 2007) and very high 
SSTs (over 36 ºC) in the equatorial Atlantic ocean greatly affected eukaryotic plankton (Frieling et 
al., 2017, 2018). Reconstructions of the response to these transient perturbations of carbon cycle 
and climate can provide analogues to modern climate change, constraining possible scenarios for 
the future.

The Middle Eocene Climatic Optimum: knowns and unknowns

Occurring millions of years after the last hyperthermal event, the Middle Eocene Climatic 
Optimum (MECO) stands out as a 500,000 year phase of enhanced ocean warmth about 40 million 
years ago (Bohaty and Zachos, 2003; Bohaty et al., 2009), that interrupted the general Eocene 
cooling trend (Zachos et al., 2008; Bijl et al., 2009) (Figure 1.1). The MECO has been less extensively 
studied than the early Eocene hyperthermals, but warming during the MECO is evident in the 
global deep ocean on the basis of benthic foraminiferal δ18O (Bohaty et al., 2009) (Figure 1.2). SST 
reconstructions from the Southwest Pacific (Bijl et al., 2010) and South Atlantic (Boscolo-Galazzo 
et al., 2014) Ocean record a similar warming of 4–6 °C. Indications for MECO surface warming 
in the subtropics also exist (Spofforth et al., 2010; Edgar et al., 2010). However, reliable MECO 
temperature records from the tropical band and northern hemisphere are lacking, precluding 
assessment of the potential global nature of the MECO. The latter is important in distinguishing 
global greenhouse gas-driven temperature change from changing meridional heat fluxes and/or 
inter-hemispheric heat exchange – very similar to outstanding questions regarding Eocene climate 
outlined above. As it stands, indications for CO2 rise (Bijl et al., 2010) and deep ocean carbonate 
dissolution (Bohaty et al., 2009) during MECO exist and imply that climate change was forced by a 
perturbation of the exogenic carbon pool. However, these signals are contradictory with respect to 
the standard carbon cycle theory that predicts enhanced silicate weathering in response to warming 
and CO2 rise, which would result in enhanced preservation of carbonate in the deep ocean (Sluijs 
et al., 2013). A proposed solution to this conundrum is a MECO carbon-cycle scenario involving a 
shift of the locus of carbonate deposition from the deep ocean to the continental shelves, as could be 
mediated by eustatic sea level rise (Sluijs et al., 2013). Although speculative evidence for a MECO-
associated change in glacioeustasy has been put forward (Dawber et al., 2011), data from marginal 
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marine sites to assess this potential scenario are lacking. Uncertainties regarding MECO forcing 
extend to the recovery interval and the mechanisms responsible for subsequent MECO cooling. 
Notably, records from the central western Tethys Ocean contain meters-thick organic carbon-
rich layers deposited during MECO cooling, suggesting a role for organic carbon burial in CO2 
drawdown and climatic recovery in the aftermath of the MECO (Jovane et al., 2007; Spofforth et al., 
2010).

Evidence for oceanographic and environmental upheaval in response to MECO warming derives 
from several locations (Figure 1.2). Similar to the response to PETM warming, low-latitude 
plankton seems to have migrated poleward (Villa et al., 2008; Bijl et al., 2010). Furthermore, loss 
of symbionts occurred in planktic foraminifera (Edgar et al., 2013). Based on the available records, 
plankton community change in response to MECO warming seems spatially variable, and is mostly 
linked to increased or decreased nutrient availability. For example, peak MECO warmth was linked 
to decreased export productivity and starvation of seafloor-dwelling foraminifera in the south 
Atlantic Ocean (Boscolo-Galazzo et al., 2014, 2015). Dinocyst assemblages from the southwest 
Pacific Ocean also indicate more oligotrophic conditions during the MECO (Bijl et al., 2010). In 
contrast, records of planktic siliceous and carbonate microfossils from the Southern Ocean (Villa et 
al., 2008, 2014; Witkowski et al., 2012) and Tethys Ocean (Luciani et al., 2010; Toffanin et al., 2011; 
Boscolo-Galazzo et al., 2013) instead indicate increases in surface-ocean productivity, which in turn 
stimulated benthic communities. However, these inferences are based on sparse data, and little is 
known about the oceanographic and environmental impact of MECO warming outside the mid-
latitude and southern high-latitude regions. Especially the impact of the MECO on the tropical end-

Figure 1.2 | Overview of published records of climatic and environmental change during the Middle 
Eocene Climatic Optimum. Evidence for deep ocean warming as pink circles (Bohaty and Zachos, 2003; 
Tripati et al., 2005; Bohaty et al., 2009; Boscolo-Galazzo et al., 2014). Evidence for surface ocean warming as 
purple squares (Bijl et al., 2010; Boscolo-Galazzo et al., 2014). Evidence for deep sea carbonate dissolution as 
light blue diamonds (Bohaty et al., 2009; Pälike et al., 2012). Evidence for biotic change based on microfossils 
as green crosses (Villa et al., 2008, 2014; Luciani et al., 2010; Toffanin et al., 2011; Witkowski et al., 2012, 2014; 
Edgar et al., 2013; Boscolo-Galazzo et al., 2013, 2014, 2015; Bosboom et al., 2014). Base map produced using 
GPlates and 40 Ma settings, using the continental polygons and rotation frame of Matthews et al., 2016.
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member remains uncertain. Although the MECO possibly also affected the terrestrial biosphere 
(Bosboom et al., 2014), the response of terrestrial ecosystems to MECO warming is completely 
unknown. Especially the comparison of environmental response to the MECO compared to the 
more rapid hyperthermal events could shed light on the relationships between amplitude and 
rate of climate change on the one hand, and biotic response on the other hand. The present global 
climate perturbation is unprecedented in terms of rate and possibly in magnitude, in at least the 
past 66 million years (Zeebe et al., 2016). As such, constraining the scaling relationships between 
magnitude of ecosystem change and rate as well as magnitude of climate change is of the utmost 
importance, with the aim of careful extrapolation to the future.

This thesis: aims and tools of choice

With the studies presented in this thesis, I aim to provide further understanding of climate and 
ocean conditions during the Eocene greenhouse world. This includes both gradual trends in 
Eocene climate and superimposed transients of climate change and environmental response. Two 
aims of special focus are to gain reliable estimates of Eocene climates of the tropical band (Chapter 
2, 3) and to constrain the geographical range of environmental and oceanographic impact of the 
Middle Eocene Climatic Optimum (Chapter 3-6). The backbone of the methods employed in 
this thesis consists of the analysis of organic sedimentary components, primarily molecular fossils 
(biomarkers) (Chapter 2 – 6) and organic-walled dinoflagellate cysts (dinocysts) (Chapter 2, 
3; 5 – 7). In terms of lipid biomarkers, I here chiefly employ glycerol dialkyl glycerol tetraethers 
(GDGTs), which are membrane-spanning lipids produced by several groups of Archaea and 
Bacteria (e.g., Schouten et al., 2013 and references cited therein). The TEX86 paleothermometer 
is centered around the changing distribution of certain GDGTs in the membrane of marine 
Thaumarchaeota (Schouten et al., 2002), presumably as homeoviscous adaptation of the cell 
membrane. Next to lipid biomarkers, I employed marine microfossil assemblages which respond 
strongly to environmental change (e.g., Schmidt, 2018). Dinoflagellates specifically are a diverse 
group of eukaryotic microplankton that is sensitive to changing surface ocean parameters (Hackett 
et al., 2004; Zonneveld et al., 2013). They perform key ecosystem roles as both autotrophic 
producers and heterotrophic consumers (Fensome et al., 1996). Additionally, some dinoflagellates 
can produce toxins and form harmful algal blooms (Usup et al., 2012). High concentrations of 
toxins during such blooms can cause mass mortality of plankton, fish, crustacea and other animals. 
During dinoflagellate blooms, lobsters have been observed to escape from ocean to beach in 
massive “lobster walk-outs” (Cockcroft, 2001). Importantly for paleoceanographers, about 15% 
of dinoflagellate species produces fossilizable resting cysts as part of their life cycle (Head, 1996). 
These organic-walled dinoflagellate cysts (dinocysts) preserve well in certain ocean sediments, 
and fossil dinocyst assemblages have been successfully employed as sensitive indicators of surface 
ocean parameters such as nutrient levels, stratification, salinity and temperature in the Paleocene 
and Eocene (Brinkhuis, 1994; Pross, 2001; Sluijs et al., 2005; Pross and Brinkhuis, 2005; Sluijs 
and Brinkhuis, 2009; Harding et al., 2011; Frieling and Sluijs, 2018). As these parameters typically 
differ along an inshore-offshore transect, dinocysts can also be employed as indicators of coastal 
proximity. Next to the combination of dinocysts and biomarkers, additional geochemical techniques 
are employed in Chapter 3 – 5, in order to generate elaborate multi-proxy datasets of the MECO 
using a suite of palynological, sedimentological and organic and inorganic geochemical tools. This 
includes analysis of elemental chemistry of the sediment, focusing on concentrations of “redox-
sensitive” trace elements that can be used to reconstruct seafloor oxygen conditions (e.g., Brumsack, 
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1980; Algeo and Lyons, 2006; Tribovillard et al., 2006) (Chapter 3). Furthermore, reconstruction of 
SST using TEX86 is combined with stable isotope and trace element analysis of planktic foraminifera 
in Chapter 5. Additional approaches to extract information from the fossil record include statistical 
treatment of microfossil assemblage data, including ordination analysis (Chapter 6 and 7) and 
rolling window assessment of variability using the ΣCV method (Gibbs et al., 2012) (Chapter 7). 
Lastly, climate reconstruction data is contrasted with state-of-the-art climate model simulations in 
Chapter 2.

Synopsis

Opening with a broad view, Chapter 2 focuses on temperature change during the Eocene epoch (56 
– 34 million years ago) to ultimately enable quantification of key climate parameters such as Eocene 
global average temperature change and polar amplification thereof, as well as climate sensitivity. 
This chapter centers around a new reconstruction of SST by means of TEX86 paleothermometry 
from sediment sequences of Ocean Drilling Program (ODP) Site 959, drilled in the east equatorial 
Atlantic Ocean. Combined with existing data, a 26-million-year multi-proxy, multi-site stack of 
Eocene tropical climate evolution is constructed. Importantly, we find that temperatures of the 
tropical oceans move in lockstep with those of the abyssal ocean, both during long-term Eocene 
trends, as well as during superimposed transient swings away from this trend such as the MECO 
and PETM. This is consistent with the hypothesis that greenhouse gas forcing, rather than changes 
in ocean circulation, was the main driver of Eocene climate. Moreover, we observe a strong 
linear relationship between tropical and deep-ocean temperatures, which implies a constant 
polar amplification factor throughout the generally ice-free Eocene. Quantitative comparison 
with fully coupled climate model simulations reveals a surprisingly good match between proxy 
reconstructions and model simulations, suggesting the current generation of fully coupled climate 
models are likely to perform adequately in predicting future tropical SST change.

Environmental and oceanographic change during the MECO as recognized in the record 
from Site 959 is further explored in Chapter 3, to assess the response of a tropical location to 
MECO warming. Here, an elaborate multi-proxy dataset is constructed using palynological, 
sedimentological and organic and inorganic geochemical tools. Integrated results show that the 
MECO in the east equatorial Atlantic Ocean was associated with upper-ocean stratification, 
decreased export production, and oxygen minimum zone expansion. Remarkably, anomalously 
high abundances of the cyst of an extant dinoflagellate species that causes harmful algal blooms in 
modern oceans are found at the interval of highest MECO temperatures, suggestive of harmful algal 
blooms in the paleo-ocean. Combining these findings with published MECO records demonstrates 
that export production collapse and benthos starvation during the zenith of MECO warmth were 
widespread in the Atlantic. Furthermore, comparison to published records across the PETM at 
the same site suggests a similar system response to warming, but with different impact on benthic 
communities.

In Chapter 4, focus remains on the MECO, but is shifted to the epicontinental Tethys Ocean. 
Eocene outcrops of the organic-rich Kuma Formation along the Belaya River in the Caucasus 
Mountains provide an excellent test bed for studying the response of a more shallow marine setting 
to the MECO. A MECO warming of about 2 °C is reconstructed, to peak sea surface temperatures 
of about 34 °C in the Peri-Tethys based on TEX86 paleothermometry. Strikingly, a large increase in 
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organic matter content occurs during MECO cooling, similar to patterns observed in the central 
western Tethys Ocean, suggesting a possible role for enhanced organic carbon burial in the recovery 
of the MECO event.

For Chapter 5, we move to the Labrador Sea; an important source region for North Atlantic 
Deep Water (NADW) formation in the modern ocean. The lack of constraints on Eocene surface 
ocean conditions in source regions conducive to NADW formation hampers reconstructions of 
locations of deep water formation, and thus our understanding of the global ocean circulation state 
during the Eocene. Here, surface ocean conditions of the Labrador Sea in the middle Eocene are 
reconstructed using sediments from ODP Site 647 and a multidisciplinary approach combining 
(organic) geochemical and palynological techniques. A large range of TEX86-based SSTs of 24 to 
32 °C was reconstructed. Dinocyst assemblages together with planktic foraminiferal δ18O overall 
indicate low surface water salinities. First, these multi-proxy reconstructions depict a consistent 
picture of relatively warm and fresh, but also highly variable surface ocean conditions in the middle 
Eocene Labrador Sea. Importantly, conditions were unlikely conducive to deep-water formation. 
Superimposed on these relatively warm and fresh conditions is a pair of transient climate and 
environmental changes. Second, an increase in SST of about 2 °C associated with the MECO is 
found, which is the northernmost record of this climate event yet. Another, likely regional, sea 
surface warming occurs around 41.1 Ma, together with low-latitude planktic foraminifera and 
dinocyst incursions.

In Chapter 6, new and published records of the MECO in the Southwest Pacific Ocean are used as a 
case study to assess the interlinked regional changes in climate and oceanography. Published records 
from the East Tasman Plateau, east of the Tasman Gateway in the Southwest Pacific Ocean reveal an 
incursion of cosmopolitan dinoflagellate cysts during MECO sea-surface warming. To investigate 
the source of these taxa, as well as to assess the broader imprint of the MECO in this region, I 
reconstruct changes in surface-water circulation, temperature and palynological assemblages in 
and around the Tasman Gateway through new palynological and organic geochemical records 
from the Tasman Gateway (ODP Site 1170), the Otway Basin (southeastern Australia) and the 
Hampden Section (New Zealand). The results suggest that biogeographic dinocyst communities are 
established in response to tectonically driven circulation patterns, yet the variability within these 
communities is due to superimposed climate change. No evidence is found for eastward surface 
water throughflow through the Tasman Gateway during the peak of the MECO, implying the 
acme in cosmopolitan dinoflagellates at the East Tasman Plateau was likely sourced by a southward 
extension of the East Australian Current. Simultaneous with high sea surface temperatures 
in the Tasman Gateway area, warm temperate rainforests with paratropical elements grew on 
the southeastern margin of Australia. Finally, based on new age constraints it is suggested that a 
regional southeast Australian transgression might have been caused by a global sea level rise during 
MECO.

Chapters 3 – 6 add to the evidence of microfossil assemblage change during the MECO. In 
response to present-day climate change, marine ecosystems, including phytoplankton components, 
show complex adaptation and are expected to change further in the future. However, prediction 
of the integrated community response is hampered by spatial complexity of ecosystems and their 
temporal variability. The geological record contains ample case studies of environmental upheaval 
in response to climate change, importantly containing the integrated “real world” response of 



20

Chapter 1

biotic communities to all changing environmental factors. This includes warming phases with 
different rates and amplitudes, including the MECO and PETM. In order to assess the sensitivity of 
microfossil assemblages to climate change, Chapter 7 explores documented microfossil assemblage 
changes using a combination of established ordination techniques and novel variability analysis, 
with a focus on dinoflagellate assemblages during MECO and PETM.

Integration and outlook

In summary, this thesis provides additional constraints on Eocene temperature evolution, 
particularly for the tropics. The synchronous temperature evolution of the tropical, polar, and 
deep oceans provides crucial support for CO2 oscillations as the driver behind Eocene temperature 
trends, both for long-term trends as well as superimposed transients. There is a surprisingly good 
correspondence between our compilation of Eocene temperature reconstructions and fully coupled 
climate model simulations. This highlights that the current generation of climate models is likely 
to perform well in predicting future tropical SST change and meridional temperature gradients. 
Furthermore, warming and associated oceanographic and environmental impacts during the 
Middle Eocene Climatic Optimum are reconstructed at a wide range of locations (the equatorial 
Atlantic Ocean, southwest Pacific Ocean, north Atlantic Ocean and Tethys Ocean) (Chapter 3 – 6), 
filling large gaps in our global overview of this interval of warming. Even though MECO warming 
occurrred very gradually over 500,000 years, reconstructed oceanographic and environmental 
impacts of the MECO are large and widespread, suggesting similar, but possibly more extreme, 
responses to the present climate change, which is occuring at a much faster rate.

Future opportunities include contrasting different climate events for which a broad spatial coverage 
exists, of which a first stepping stone is provided for the MECO and PETM in Chapter 7. Another 
major future challenge is accurate determination of Eocene Earth system sensitivity, possibly by 
improving the resolution of temperature records such as those presented in Chapter 2. Importantly, 
this also necessitates more high-resolution constraints on CO2 evolution over the Eocene. 
Nevertheless, this thesis adds to our global understanding of the greenhouse Earth paradigm 
system, building towards a clearer image of Earth’s possibly warm future.
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Figure 1.3 | Simplified overview of the content presented in this thesis. a, TEX86
H-based SST record (red) for 

Site 959 and d18O-based ice-free deep-ocean temperature (blue; Zachos et al., 2008), as presented in Chapter 
2. b, Map showing all sites studied in this thesis, color-coded by chapter. Cartoons of some important studied 
plankton species are added as a simplified visualization of biotic change. Additional sites used in Chapter 7 
plotted as yellow dots. Base map produced using GPlates and 40 Ma settings, using the continental polygons 
and rotation frame of Matthews et al., 2016. c, TEX86

H-based MECO temperature records for the individual 
sites studied in Chapters 3-6. Note that not all of these sites have well-constrained age-depth models, so records 
may be shifted or stretched horizontally as better age constraints become available. 
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Abstract

Palaeoclimate reconstructions of periods with warm climates and high atmospheric CO2 
concentrations are crucial for developing better projections of future climate change. Deep-ocean 
(Lear et al., 2000; Zachos et al., 2008) and high-latitude (Bijl et al., 2009) palaeotemperature 
proxies demonstrate that the Eocene (56 to 34 million years ago) encompasses the warmest 
interval of the past 66 million years, followed by cooling towards the eventual establishment of ice 
caps in Antarctica. Eocene polar warmth is well established, so the main obstacle in quantifying 
evolution of key climate parameters, such as global average temperature change and its polar 
amplification, is the lack of continuous high-quality tropical temperature reconstructions. Here we 
present the first continuous Eocene equatorial sea surface temperature record, based on biomarker 
palaeothermometry applied on Atlantic Ocean sediments. We combine this record with the sparse 
existing data (Pearson et al., 2007; Inglis et al., 2015; Evans et al., 2018) to construct a 26-million-
year multi-proxy, multi-site stack of Eocene tropical climate evolution. We find that tropical and 
deep-ocean temperatures changed in parallel, under the influence of both long-term climate 
trends and short-lived events. This is consistent with the hypothesis that greenhouse gas forcing 
(Huber et al., 2004; Anagnostou et al., 2016), rather than changes in ocean circulation (Kennett, 
1977; Bijl et al., 2013a), was the main driver of Eocene climate. Moreover, we observe a strong 
linear relationship between tropical and deep-ocean temperatures, which implies a constant polar 
amplification factor throughout the generally ice-free Eocene. Quantitative comparison with fully 
coupled climate model simulations indicates that global average temperatures were about 29, 26, 
23 and 19 degrees Celsius in the early, early middle, late middle and late Eocene, respectively, 
compared to the preindustrial temperature of 14.4 degrees Celsius. Finally, combining proxy- and 
model-based temperature estimates with available CO2 reconstructions (Anagnostou et al., 2016) 
yields estimates of an Eocene Earth system sensitivity of 0.9 to 2.3 kelvin per watt per square metre 
at 68% probability, consistent with the high end of previous estimates (PALAEOSENS Project 
Members, 2012).
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Introduction

It is well established that deep-ocean temperatures peaked during the early-Eocene climatic 
optimum (EECO; about 52–50 million years (Myr) ago and had declined substantially by the latest 
Eocene (about 34 Myr ago) (Lear et al., 2000; Zachos et al., 2008). These trends are mimicked in 
reconstructions of the sea surface temperature (SST) in the southern high latitudes (Bijl et al., 
2009) because Eocene deep-ocean temperatures reflect Southern Ocean winter surface conditions 
that are relayed to the abyss through deep-water formation (Hollis et al., 2012). However, to unlock 
the unique promise of Eocene palaeoclimate records to answer fundamental questions about the 
relationship between atmospheric CO2 concentrations and global temperature, and to quantify 
the polar amplification of climate change, accurate reconstructions of tropical surface oceans are 
required. Moreover, tropical records are necessary to test the two competing hypotheses for Eocene 
deep-ocean and polar cooling: (1) decreasing greenhouse gas concentrations, predominantly CO2 
(Huber et al., 2004; Anagnostou et al., 2016), and (2) changes in ocean circulation and meridional 
heat transport associated with opening of ocean gateways (Kennett, 1977; Bijl et al., 2013a). Gateway 
opening cools the Southern Ocean and deep ocean while warming the upper tropical ocean by a 
few degrees (Sijp et al., 2011), whereas CO2 decline leads to global cooling at both the Equator and 
the poles (Huber and Caballero, 2011)–albeit with predicted amplified polar temperature change 
relative to the tropics (Lunt et al., 2012). Importantly, this amplification factor affects the volume 
and extent of ice sheets, and thus the global sea level, and is therefore critical to constrain, also for 
future projections. Yet, despite evidence of CO2 decline over the Eocene (Anagnostou et al., 2016), 
existing tropical records (Pearson et al., 2007; Inglis et al., 2015; Evans et al., 2018) are fragmentary 
and of low resolution, and therefore insufficient to address these crucial questions.

TDP

SQ/IB10

959

929865
925

Figure 2.1 | Palaeogeographic reconstruction of the studied sites 40 million years ago. The figure shows the 
approximate palaeoposition of the studied site (ODP Site 959) and the main sites that we used to produce a 
tropical SST compilation: ODP sites 865, 925 and 929; Tanzania Drilling Project (TDP); Sagamu Quarry (SQ) 
and IB10B Core, Nigeria. Continental plates are shown in dark grey. Light-grey gridlines represent latitudes 
and longitudes, with 30° spacing. The map was generated with GPlates, using the rotation frame and tectonic 
reconstruction of Matthews et al. (2016).
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Approach

We generated new temperature reconstructions using a clay-bearing, micritic porcellanite sequence 
recovered at Ocean Drilling Program (ODP) Site 959 in the eastern equatorial Atlantic Ocean 
(Figure 2.1). Site 959 was positioned at near-equatorial latitudes and deep-bathyal water depths 
throughout the Eocene (Mascle et al., 1996) (Supplementary Table 1a). We augment the existing 
age model (Mascle et al., 1996) with new biostratigraphic and chemostratigraphic constraints 
(Supplementary Table 1b, Supplementary Figure 2.1). Although carbonate preservation is poor 
(Mascle et al., 1996), well preserved, immature organic matter is present throughout (Wagner, 
2002). We therefore employ the organic TEX86 palaeothermometer, which utilizes the temperature-
dependent distribution of thaumarchaeotal membrane lipids to reconstruct SST. Fractional 
abundances of the various lipids at Site 959 indicate an upper water column (50–300 m) source 
(Methods), which allows confident SST interpretations from TEX86. Several calibrations exist to 
translate TEX86 data into SSTs on the basis of a modern core–top dataset (Kim et al., 2010). For 
biophysical and analytical reasons, we prefer conservative estimates of tropical temperature 
generated by the logarithmic TEX86

H calibration (Kim et al., 2010) (Methods, Supplementary Figure 
2.2). In addition, we use a linear Bayesian spatially varying regression (BAYSPAR) calibration 
(Tierney and Tingley, 2014) as complementary analysis (Supplementary Figure 2.3).

Methods

Palynology
Freeze-dried sediments (96 samples) were crushed and treated with 30% HCl and twice with 38%–
40% HF to remove carbonates and silicates, respectively, after a known amount of Lycopodium 
spores (batch number 1031, 20,848 spores per tablet) was added to enable absolute quantification 
of palynomorphs. A 15–250 mm fraction was isolated using nylon mesh sieves and an ultrasonic 
bath. No oxidation procedure was applied. An aliquot of homogenized residue was mounted on 
slides and analysed using light microscopy (400× magnification) to a minimum of 200 identified 
dinocysts.

Organic geochemistry
Lipids were extracted from freeze-dried and powdered sediments (5–25 g dry weight, 118 samples) 
with dichloromethane (DCM):methanol (MeOH) (9:1, v:v) using a Dionex accelerated solvent 
extractor (ASE 350) at a temperature of 100 °C and a pressure of 7.6 × 106 Pa. Lipid extracts 
were separated into an apolar, ketone and polar fraction by Al2O3 column chromatography using 
hexane:DCM (9:1), hexane:DCM (1:1) and DCM:MeOH (1:1) as respective eluents. 99 ng of a 
synthetic C46 (mass-to-charge ratio m/z 744) glycerol dialkyl glycerol tetraether (GDGT) standard 
was added to the polar fraction, which subsequently was dissolved in hexane:isopropanol (99:1, v:v) 
to a concentration of ~3 mg mL-1 and passed through a 0.45-mm polytetrafluoroethylene filter. This 
fraction was then analysed by high-performance liquid chromatography (HPLC) and atmospheric 
pressure chemical ionization mass spectrometry using an Agilent 1260 Infinity series HPLC system 
coupled to an Agilent 6130 single-quadrupole mass spectrometer at Utrecht University following 
Hopmans et al. (2016) to measure the abundance of GDGTs. The branched and isoprenoid 
tetraether (BIT) index and TEX86 values were calculated according to Hopmans et al. (2004) and 
Kim et al. (2010), respectively. Based on long-term observation of the in-house standard, the 
analytical precision for TEX86 is ± 0.3 °C.
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GDGT distributions
Of the 118 samples analysed for GDGTs, 5 early-Eocene samples did not yield sufficient 
concentrations of GDGTs to determine TEX86. Additionally, 4 samples were excluded because 
either GDGT-2 (2 samples) or crenarchaeol (2 samples) could not be reliably identified. For the 
remaining 109 samples we evaluated the sources of GDGTs and the reliability of TEX86. The BIT 
index (Hopmans et al., 2004), a means of quantifying the relative abundance of soil- and river-
derived GDGTs relative to marine GDGTs, is low throughout the entire Eocene (all <0.25, with 90% 
of values <0.07) and there is no significant correlation between BIT index and TEX86 (P > 0.3). Thus, 
our TEX86 values are probably not biased by terrestrial input. Both the methane index and GDGT-2/
Cren ratio show normal marine values (<0.20 and <0.12, respectively), so there is no indication for 
high abundance of methanotrophic archaea relative to Thaumarchaeota (Weijers et al., 2011; Zhang 
et al., 2011). Furthermore, GDGT-0/Cren is low (<0.31), so there are no indications for enhanced 
contributions of methanogenic archaea to the pool of isoprenoid GDGTs used in TEX86 (Blaga et 
al., 2009). Finally, GDGT-2/GDGT-3 ratios are <4.5, ruling out substantial impact of deep-water 
production of GDGTs (Taylor et al., 2013). Together, these ratios indicate that GDGT distributions 
were probably not considerably affected by either GDGT-producing soil bacteria, methanotrophic 
or methanogenic archaea, or deep-dwelling Thaumarchaeota, thereby designating upper-water-
column Thaumarchaeota as the main source and favouring the interpretation of TEX86

H as an SST 
proxy (Schouten et al., 2002). Another recently described ratio focuses on the different GDGT 
distributions produced by modern Thaumarchaeota in the Red Sea (Inglis et al., 2015). Based on 
core-top datasets, fractional abundances of Red Sea GDGTs are known to differ from other oceanic 
settings, notably in containing relatively more crenarchaeol regio-isomer (Cren’) (Trommer et al., 
2009). This causes a different relationship between TEX86 and SST. Inglis et al. (2015) proposed the 
%GDGTRS, [Cren’/(GDGT−0+Cren’)]*100%, as a means of evaluating whether a ‘Red Sea-type’ 
GDGT distribution was present in the geological record. In our tropical Eocene record, TEX86 is 
strongly driven by fractional abundance of Cren’, therefore there is also a strong correlation between 
TEX86 and %GDGTRS. However, as Inglis et al. (2015) noted, this Red Sea GDGT distribution 
cannot be distinguished from a high-temperature (>30 °C) distribution, so %GDGTRS cannot 
disentangle the effects of high-temperature versus Red Sea-type GDGT distributions at this site. 
However, we note that the several reasons that have been proposed for the aberrant Red Sea GDGT 
distribution are not likely to have played a role at Site 959. There is no environmental similarity 
between Eocene Site 959 and the modern Red Sea that could account for a similarly adapted 
population of endemic Thaumarchaeota, as the setting is not comparable oceanographically or 
geomorphologically. Furthermore, our dinocyst record shows no indication of high salinity or 
strong stratification throughout the record. On this basis, we conclude that there is no reason to 
assume a similar relationship between TEX86 and SST for Site 959 and the modern Red Sea. Finally, 
we note that our new equatorial record shows late-Palaeocene TEX86

H SST estimates of 31–33 °C, 
identical to time-equivalent SSTs derived from the d18O and Mg/Ca ratios and TEX86

H of glassy-
preserved Morozovella acuta from nearby sections in Nigeria (Frieling et al., 2017), confirming 
accurate proxy-estimated SSTs at the study site.

TEX86 calibrations
Calibrations
Different calibrations have been proposed to translate TEX86 into SST. Of note is also a recent paper 
by Ho and Laepple (2016), who propose that the sedimentary GDGTs derive from the deep ocean 
and TEX86 therefore reflects deep (>500 m) subsurface temperatures rather than SST. However, 
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their conclusions are controversial, as their assumptions are inconsistent with all modern-ocean 
and microbiological evidence and the statistical method used is questionable (Tierney et al., 2017). 
Within the TEX86-to-SST calibrations, a first division can be made between calibrations based on 
core-top samples and those based on mesocosm experiments. Here, we focus on applying different 
calibrations based on core-top datasets (Kim et al., 2010; Tierney and Tingley, 2015), as these 
implicitly include ecological, water-column and diagenetic effects that are not incorporated in 
mesocosm experiments. Several linear and nonlinear core-top calibrations have been developed. Of 
these, the global nonlinear (logarithmic) TEX86

H calibration of Kim et al. (2010) and the BAYSPAR 
TEX86 calibration of Tierney and Tingley (2014; 2015) are particularly applicable and most 
commonly chosen for higher-temperature settings, such as the Eocene. By treating TEX86 as the 
dependent variable, BAYSPAR is the only calibration that does not suffer from regression dilution 
bias. For these calibrations, the differences in absolute temperature and relative temperature change 
in studies reporting TEX86 values between 0.5 and 0.75 are mostly within the error of the proxy 
(Kim et al., 2010; Tierney and Tingley, 2014, 2015). Significant differences only appear with TEX86 
values above those occurring in modern oceans (that is, TEX86 > 0.73) for which the TEX86-to-SST 
calibration has to be extrapolated. This is illustrated in Supplementary Figure 2.2a, which shows that 
SST estimates based on the TEX86

H and BAYSPAR calibration for Site 959 are within error between 
TEX86 values of 0.67 and 0.80. However, the difference between the calibrations increases at higher 
TEX86 values. For assessing temperature change in a high temperature setting such as the equatorial 
Eocene, the choice of calibration therefore becomes an important factor.

Biophysical considerations
For the modern ocean, a linear calibration results in a better statistical correspondence between 
TEX86 and SST in the temperature range of 5–30 °C (Kim et al., 2008, 2010). However, the 
question remains as to whether a linear calibration is the best choice for much warmer Eocene 
oceans considering the biochemical mechanism underlying the TEX86–SST relationship. 
Hyperthermophilic archaea in culture synthesize an increasing proportion of GDGTs with an 
increasing number of cyclopentane moieties with increasing temperature (De Rosa et al., 1980; Lai 
et al., 2008; Boyd et al., 2011), probably as a homeoviscous adaptation of the cell membrane (Gliozzi 
et al., 1983). However, the GDGTs included in the TEX86 ratio (GDGT1-3 and the crenarchaeol 
isomer; see equation (1)) constitute a minor part of the membrane lipids of Thaumarchaeota. The 
dominant GDGTs are GDGT-0 and crenarchaeol (Schouten et al., 2008; Pitcher et al., 2011; Elling 
et al., 2015). Indeed, in the global core-top dataset, higher crenarchaeol and lower GDGT-0 are 
recorded with higher temperatures, although their response is less strong than that of the GDGT 
isomers included in TEX86 (Figure 4 in Kim et al. (2010)). Thus, TEX86 does not capture the full 
membrane adaptation of Thaumarchaeota to changing temperatures. Interestingly, the ratio of 
crenarchaeol/GDGT-0 versus TEX86 shows a strongly nonlinear relationship in the global core-
top data (Supplementary Figure 2.2c). This trend is similar to that observed between the TEX86 
and the ring index (RI; Supplementary Figure 2.2d), which is the average number of cyclopentane 
rings of GDGTs 0-3, crenarchaeol and its regio-isomer (see equation (2)) and also shows a strong 
relationship to temperature (Zhang et al., 2016).

In Supplementary Figure 2.2c, d the Eocene data from Site 959 overlap the core-top dataset, on 
both Red Sea and tropical latitude core-top data. This nonlinear relationship indicates that at high 
temperatures, TEX86 shows a relatively small response to temperature change relative to the amount 
of crenarchaeol versus GDGT-0 and RI. This suggests that with increasing temperatures, adaptation 
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of the thaumarchaeotal membrane is increasingly regulated through crenarchaeol and GDGT-0 
rather than the GDGTs included in TEX86. This should lead to a flattening of the slope between SST 
and TEX86 and therefore supports a logarithmic relationship. Additional support for this hypothesis 
comes from recent culturing experiments on three different Thaumarchaeota strains (Elling et al., 
2015). These show that for two strains, Nitrosopumilus maritimus and strain NAOA6, both TEX86 
and RI (mainly driven by GDGT-0 and crenarchaeol) correlate with the incubation temperature. 
However, in the third strain (NAOA2), RI–but not TEX86–changes with growth temperature. This 
third strain had the highest growth temperature optimum and the strongest change in RI from 28 
°C to 35 °C. This suggests that at temperatures >28 °C, membrane adaptation to temperature in 
certain (high-temperature) Thaumarchaeota may not be well reflected in the TEX86 ratio. It should 
be noted that no nonlinear response was found in mesocosm experiments at temperatures of up 
to 40 °C (Schouten et al., 2007a). However, this calibration is substantially different from that of 
the global core-top calibrations owing to the unusually low amounts of the crenarchaeol regio-
isomer (Wuchter et al., 2004). A similarly low abundance of the crenarchaeol regio-isomer was 
noted for Nitrosopumilus maritimus and strain NAOA6 (Elling et al., 2015). In strain NAOA2, 
abundances of crenarchaeol regio-isomer were higher and did increase with temperature (Elling et 
al., 2015), suggesting that it may be a better representation for high-temperature-adapted marine 
Thaumarchaeota. On the basis of the above biophysical evidence, we argue that the slope of the 
TEX86–to-temperature curve is likely to flatten at temperatures above the surface sediment dataset, 
such as the TEX86 values recorded in the Eocene of Site 959.

Implications
The use of the nonlinear TEX86

H calibration results in lower temperature estimates compared 
to the linear BAYSPAR calibration (Supplementary Figure 2.2b) for Site 959 in the early Eocene 
and late Palaeocene. Notably, for the Palaeocene, such estimates agree better with SSTs derived 
from glassy-preserved planktonic foraminiferal d18O and Mg/Ca records from nearby sections in 
Nigeria (Frieling et al., 2017). Additionally, the Site 959 TEX86

H estimates fit well with the other SST 
constraints that we use in our tropical Eocene compilation (Supplementary Figure 2.5). Finally, 
the similarly reduced sensitivity of TEX86 (that is, nonlinearity) at the low end of the temperature 
range is undisputed because it is apparent in both mesocosm experiments (Wuchter et al., 2004) 
and in the global core-top dataset (Ho et al., 2014; Kim et al., 2010). We therefore apply the TEX86

H 
calibration in our main analysis, which is presented in the main text. Nevertheless, the absolute 
temperature estimates and magnitude of change obtained from the extrapolated part of the TEX86 
calibration curve should always be interpreted with care. For completeness, we also present the 
results for the MTG and polar amplification analysis using BAYSPAR in Supplementary Figure 2.3. 
This confirms that the use of TEX86

H instead of BAYSPAR gives a conservative estimate of middle-
late-Eocene cooling and MECO warming at Site 959 and thus a low estimate of (early-Eocene) 
MTGs and a maximum estimate of polar amplification compared to BAYSPAR. Crucially, however, 
the choice of calibration does not affect the trends in tropical surface temperatures (Supplementary 
Figure 2.3a) or the fact that they parallel deep-ocean temperatures, and therefore does not affect 
our conclusion regarding the drivers of Eocene climate change. The larger Eocene range of tropical 
temperatures reconstructed using BAYSPAR does imply that SSTs at Site 959 varied more than deep-
sea temperatures during the Eocene, suggesting tropical rather than polar amplification. Regardless, 
the relation between tropical and deep-sea temperatures remains linear, reflecting a constant polar 
amplification factor (Supplementary Figure 2.3c).
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Age model Site 959
Eocene sediments from Site 959 were too weakly magnetized to yield reliable palaeomagnetic 
results (Mascle et al., 1996). Our age model is therefore based on a combination of bio- and 
chemostratigraphy and supported by cyclic variations in sediment coloration (Supplementary Figure 
2.1). Although dinoflagellate cyst assemblages support the Eocene age of the analysed material, 
they do not yield many biostratigraphic events with a well calibrated age in the tropics (Awad and 
Oboh-Ikuenobe, 2016). A total number of 76 additional standard smear slides (Supplementary 
Information) were analysed for calcareous nannofossils and enabled the improvement of the initial 
biostratigraphic framework (Shafik et al., 1998). Biochronological estimates from the low-latitude 
nannofossil biozonation (Agnini et al., 2014) were converted to GTS2012 (Gradstein et al., 2012) 
using the relative position of each biohorizon within the respective magnetochron. In total, 10 
robust nannofossil tie-points were used (Supplementary Table 1). The base and top of Chiasmolithus 
gigas could not be used at this site owing to the extremely low abundance of this species. Therefore, 
alternative biohorizons in the evolutionary lineage Sphenolithus furcatolithoides morph. A–
Sphenolithus cuniculus–S. furcatolithoides morph. B were used. On the basis of the co-occurrence 
of two non-synchronous bio-events (base Nannotetrina alata gr. and base Nannotetrina cristata) 
at the same depth (between 740.95 and 741.63 mbsf; mbsf, metres below sea floor) and supported 
by a sudden shift in the nannofossil assemblage, the presence of a hiatus was inferred in Core 35R 
at ~741 mbsf. The presence of Nannotetrina alata sensu strico in combination with Sphenolithus 
perpendicularis and transitional forms of sphenoliths at 740.95 mbsf suggests that the sediments 
just above the hiatus are very close in age to the actual base of the N. alata group. Therefore, we 
also include this biohorizon in our age model. The lower boundary of the hiatus is based on linear 
extrapolation of the underlying sedimentation rate of 1.27 cm kyr-1. This approach results in a hiatus 
of 1.5 Myr (48.0–46.5 Myr ago). To further constrain the age model, several chemostratigraphic 
tie-points were used. The onset of the carbon isotope excursion marking the Palaeocene–Eocene 
thermal maximum (~56 Myr ago) was recently identified at 804.09 mbsf (Frieling et al., 2018a). In 
addition, the previously identified late-Eocene minimum in osmium isotope ratios (187Os/188Os) at 
458.65 mbsf (Ravizza and Paquay, 2008) has an age of 34.4 Myr ago in GTS2012 on the basis of 
the correlation to the Os isotope record at the well dated ODP sites 1218 and 1219 (Dalai et al., 
2006). These age constraints indicate that our data span the entire Eocene. The age model is further 
supported by calculated sedimentation rates from selected intervals, where high-resolution colour 
logs showed more than four easily distinguishable cycles. Sedimentation rates were calculated by 
assuming that these smallest-scale alternations are precession-forced, and were thus assigned a 
duration of 21 kyr per cycle. These sedimentation rates (blue lines in Supplementary Figure 2.1) 
correspond closely to those based on chemostratigraphy and biostratigraphy. Our age model implies 
that the warming interval 590–565 mbsf reflects the MECO, which is further supported by a shift in 
osmium isotope ratios that was also identified within the MECO at sites 1263 and U1333 (van der 
Ploeg et al., 2018). Owing to a lack of nannofossils in the poorly recovered upper part of Hole 959D, 
linear extrapolation was used for the data points below 466 mbsf. This places the Eocene–Oligocene 
boundary at 447.5 mbsf, which is in good agreement with the placing of the Oi1 glacial event on the 
basis of osmium isotope recovery after the minimum of 34.4 Myr ago of Ravizza and Paquay (2008).

Age models other sites
ODP Site 1172
The TEX86-based SST record from Site 1172 (Bijl et al., 2009, 2010; Sluijs et al., 2011) is plotted 
(Figure 2.2) on an age model based on the magnetostratigraphy of Bijl et al. 2013a, which is in 
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turn largely grounded on the original interpretation by Fuller and Touchard (2004). This was 
supplemented with three well-calibrated dinocyst events from Dallanave et al. (2016) (top and base 
Charlesdowniea edwardsii and top Wilsonidium ornatum) instead of the uncertain magnetochron 
reversals for this interval (552–578 mbsf).

Dahomey Basin, Nigeria.
For the Sagamu Quarry and IB10B Core, Nigeria, published biostratigraphic and chemostratigraphic 
age constraints (Frieling et al., 2017) were used. Specifically, base Morozovella subbotinae and base 
Acarinina soldadoensis were used for the Sagamu Quarry (SQ) and base Acarinina soldadoensis, top 
Morozovella acuta, carbon isotope excursion (CIE) onset and top CIE recovery were used for IB10B 
as age–depth tie-points.

Tropical SST compilation
For the presented compilation, we integrate the new ODP Site 959 TEX86-based SST record 
with several existing SST proxy records, specifically d18O of photosymbiont-bearing planktonic 
foraminifera Morozovella spp. (upper mixed layer) and Acarinina spp. (mixed layer) from the 
SQ, Nigeria (Frieling et al., 2017) and TDP sections (Aze et al., 2014; Pearson et al., 2007) and 
near-surface dwelling Turborotalia ampliapertura from TDP (Pearson et al., 2008); Mg/Ca of 
Morozovella spp. from ODP Site 865 (Tripati et al., 2003) and SQ (Frieling et al., 2017), Acarinina 
spp. from SQ (Frieling et al., 2017) and T. ampliapertura from TDP (Lear et al., 2008); TEX86 from 
ODP Site 925 (Liu et al., 2009; Zhang et al., 2013), Site 929 (Liu et al., 2009; Inglis et al., 2015), 
TDP (Pearson et al., 2007), SQ and the IB10B Core, Nigeria (Frieling et al., 2017); and clumped 
isotope (∆47) thermometry of shallow-dwelling large benthic foraminifera from Evans et al. (2018) 
(Supplementary Information). We did not include data from South Dover Bridge (Inglis et al., 2015) 
and Walvis Ridge (Boscolo-Galazzo et al., 2014) because plate tectonic reconstructions place them 
outside the 30°N–30°S latitude band. Age models for all sites were converted to GTS2012 using 
published age–depth tie-points. For the Mg/Ca proxy, (normalized) Mg/Ca compositions were 
converted to SST using the calibration from Anand et al. (2003) and the Eocene seawater Mg/Ca 
reconstruction from Evans et al. (2018), and using H = 0.42 (Hasiuk and Lohmann, 2010) to correct 
for the power-law dependence of test Mg/Ca values on changing seawater Mg/Ca ratios (Evans 
and Müller, 2012). Conversion of d18O to temperature was done following Erez and Luz (1983), 
assuming a constant ice-free global d18Osw of -1.20 VPDB (Vienna Pee Dee belemnite) (Shackleton 
and Kennett, 1975) and (constant) latitudinal corrections for TDP and SQ of 0.83‰ and 0.61‰, 
respectively (Zachos et al., 1994). A +2 °C correction to convert reconstructed T. ampliapertura 
temperatures to SST (as used in the original publication (Lear et al., 2008)) was omitted here. It 
should be noted that different seawater chemistry assumptions for the d18O and Mg/Ca proxies 
may result in shifts in reconstructed temperatures, but do not qualitatively change trends or the 
correspondence between trends. Multiple measured specimens per sample in the original studies 
have been averaged into one value for this compilation. For the TEX86-based records, samples 
with aberrant GDGT ratios were removed following Inglis et al. (2015). The logarithmic TEX86

H 

calibration of Kim et al. (2010) is presented in the main text and a full supplementary analysis 
using the linear BAYSPAR calibration (Tierney and Tingley, 2014) is provided. For the BAYSPAR 
calibration, the default search tolerance (2 standard deviations of the raw TEX86 dataset) was used 
for Site 959, 925 and 929, which yields a representative set of low-latitude calibration localities. The 
search tolerance was stretched to 0.15 TEX units for the Dahomey Basin and TDP records, not only 
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to sample the possibly anomalous modern Red Sea (Trommer et al., 2009), but also to include a 
broad representative sample of low-latitude localities.

Global deep-ocean temperature compilation
We base our deep-ocean temperature compilation on the benthic isotope stack previously compiled 
by Zachos et al. (2008) and supplement this with several high-resolution benthic isotope records, 
specifically from ODP Site 690 (Kennett and Stott, 1991; Thomas et al., 2002), ODP Site 748 
(Bohaty et al., 2009), ODP sites 1218 (Coxall and Wilson, 2011), ODP Site 1209 (Westerhold et 
al., 2011), ODP Site 1258 (Sexton et al., 2011), ODP Site 1262 (Littler et al., 2014) and ODP Site 
1263 (Lauretano et al., 2016). After the respective species-specific corrections for disequilibrium 
vital effects (Shackleton and Hall, 1997) were applied, d18O-to-temperature conversion was 
done following Erez and Luz (1983), assuming a constant ice-free global d18Osw of -1.20 VPDB 
(Shackleton and Kennett, 1975). Age models for all sites were converted to GTS2012 using 
published age–depth tie-points.

CO2 compilation
The compiled CO2 record plotted in Figure 2.2 derives from boron isotopes from TDP (Pearson et 
al., 2009; Anagnostou et al., 2016), with 68% confidence intervals, as reported in Foster et al. (2017), 
and alkenones from ODP Site 612 (Pagani et al., 2005) and Site 925 (Zhang et al., 2013).

Meridional temperature gradients
As an approximation for the pole-to-Equator temperature difference or MTG, we calculate 
the difference between tropical mean SST and deep-ocean temperatures. The latter are better 
constrained than high-latitude SSTs and exclude potential summer temperature biases that might 
plague available high-latitude SST records. We use deep-ocean temperatures based on d18O, as these 
are better constrained than those based on Mg/Ca, particularly because of the large uncertainties 
regarding seawater Mg/Ca values as well as larger uncertainty between different calibrations and 
corrections used to convert Mg/Ca to temperature. We note that our approach of using the LOESS-
fitted data provides robust estimates of long-term changes in MTG, but is less appropriate for 
considering transient events, as fitted event MTGs (for example, for the PETM and MECO) are very 
dependent on the bandwidth of the fit and the specific records used (Supplementary Figure 2.8).

Sensitivity to late-Eocene ice volume
The Cenozoic benthic foraminiferal d18O signal reflects both deep-water temperature and global ice 
volume changes. Although it is unlikely that large Antarctic ice sheets were present in the warmest 
interval of the Cenozoic during the early Eocene, the extent of middle-late-Eocene Antarctic 
glaciation is more uncertain (e.g., Miller et al., 2005; Barker et al., 2007; Gasson et al., 2012). Recent 
work argues for possible early-middle-Eocene glaciation (Gulick et al., 2017) but the dating of these 
sediments is highly uncertain. Although there might be evidence for glacial activity, the interpreted 
presence of large East Antarctic ice sheets in the early middle Eocene is highly controversial, 
certainly in light of very warm temperatures on the East Antarctic margin (Pross et al., 2012). 
Nevertheless, initial small ice caps in the middle late Eocene would have had relatively enriched 
isotopic compositions of -200 to -350 VSMOW (Vienna Standard Mean Ocean Water) (DeConto 
et al., 2008) relative to mean modern Antarctic ice (-540 VSMOW). We assess the effect of a range 
of middle late Eocene ice volumes with different isotopic compositions on the mean d18O of Eocene 
seawater (Supplementary Figure 2.6d). This demonstrates that the effect of ice volume was probably 
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not more than ~0.25‰, or ~1 °C, in the latest Eocene. To further illustrate this, we present both the 
record of ice-free deep-ocean temperature evolution and a second line based on a linear build-up of 
late Eocene ice volume from 39.5 Myr ago (post-MECO) onwards to a latest-Eocene (34.0 Myr ago) 
maximum of 107 km3 (de Boer et al., 2010; Gasson et al., 2014) with an isotopic composition of -250 
VSMOW (DeConto et al., 2008) (Supplementary Figure 2.6a). This makes a maximum difference of 
about 0.8 °C (∆d18Osw of 0.18‰) in the latest Eocene. We further propagate this uncertainty into the 
analysis of MTGs and polar amplification factors (Supplementary Figure 2.6b, c).

CESM 1 model simulations
The CESM 1 simulations share the same generalized Eocene palaeogeography to assess the effect of 
changing CO2 by itself, and were all run for more than 3,000 yr to equilibrium. Simulations using an 
earlier, and generally similar, version of this model were found to produce the best match to early-
Eocene proxy temperatures within a multi-model ensemble (Lunt et al., 2012), and preliminary 
comparison reveals that these new simulations are slightly improved over the earlier version for 
the early Eocene (Frieling et al., 2017). Results from the lower-CO2 simulations (560 p.p.m. and 
1,120 p.p.m.) and further information on the model can be found in Goldner et al. (2014). This 
version of CESM has a modern ‘fast’ climate sensitivity of 2.9 °C for one pCO2 doubling (Shields 
et al., 2012) and a nearly constant ‘slow’ climate sensitivity (ESS) of 3.5 °C per doubling in the 
Eocene simulations used here. For comparison with the proxies in this study, the four simulations 
with varying CO2 were assigned specific ages by matching the simulated deep-ocean temperatures 
to the proxy-based deep-ocean temperature reconstruction curve. We then compared the resulting 
SSTs at the same localities as the main sites in our proxy compilation (ODP sites 865, 925/929 
and 959 and TDP) and surface-to-deep gradients to evaluate model performance (Supplementary 
Information). The temperature at the proxy data localities was sampled in a 4° radius. This approach 
avoids the circularity of adjusting the climate model radiative forcing to match surface temperature 
records and provides a target that circumvents the uncertainty introduced by the various errors and 
uncertainties in surface temperature records. In these simulations, bottom water temperatures in the 
4,480 p.p.m. scenario (simulation EO4) are representative of a hot early-Eocene climatic optimum 
extreme (deep-ocean temperature of 13–14 °C, following the conventions of Huber and Caballero 
(2011)) whereas the 560 p.p.m. scenario (simulation EO1) is comparable to the latest Eocene (deep-
ocean temperature of 4–5 °C), with intermediate simulations (EO2 and EO3) being in between and 
comparable to the middle Eocene.

Polar amplification factor calculations
First, to obtain an estimate of the factor by which polar temperature change is amplified relative 
to the tropics (that is, the polar amplification factor), we performed a Deming regression of the 
Site 959 record against the deep-sea stack of temperatures, accounting for errors in both variables. 
Data were binned into 1-Myr bins from 34 to 58 Myr ago. We did not include data from the EOT 
and earliest Oligocene, to exclude major effects of ice volume changes on seawater d18O. To assess 
the robustness of the single regression, we followed a probabilistic approach, using Monte Carlo 
resampling with full propagation of errors. First, we generated 1,000 iterations of both the tropical 
SST and deep-ocean temperature datasets. In these iterations, each data point was resampled 
within the 95% confidence limits of its propagated analytical plus calibration uncertainty, assuming 
Gaussian distribution of errors. Using these, we performed 1,000 iterations of a Deming regression 
of deep-ocean temperature against tropical SST, with data binned into 1-Myr bins from 34 to 58 Myr 
ago and propagated errors related to the binning used in the regression. We plotted the resulting 
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suite of 1,000 slopes as a probability density function of the polar amplification factor. This exercise 
was performed using the full tropical temperature compilation and the single Site 959 record. We 
additionally performed a Deming regression of the Site 959 record against the high-latitude Site 
1172 record as a supplementary analysis. The latter analysis generates a similar polar amplification 
factor, but with larger scatter and uncertainty. This is due to the smaller amount of data points in the 
Site 1172 SST record relative to the benthic d18O stack, as well as differences in the detailed pattern 
of Eocene cooling between Site 1172 compared to Site 959 and the deep-ocean temperature record.

ESS calculations
To provide estimates of Eocene ESS sensu Lunt et al. (2010), we combined our proxy and model 
reconstructions of temperature with the few available CO2 reconstructions based on boron 
isotopes (Anagnostou et al., 2016), involving 1 sample for the early (54–49 Myr ago), 2 samples 
for the middle (48–42 Myr ago) and 1 sample for the late (38–35 Myr ago) Eocene. We derived 
temperatures by sampling the proxy compilation within the designated age brackets. We use tropical 
and deep-ocean temperature change (dT) as minimum and maximum estimates of dT. Between 
these, a uniform ‘flat’ probability distribution was assumed. We converted changes in boron-
based CO2 estimates to radiative forcing in W m-2 using the radiative forcing fit from Byrne and 
Goldblatt (2014). With the above approach, we derived estimates of ESS in K W-1 m-2 for the early 
Eocene compared to the middle and late Eocene and to the preindustrial temperature. Uncertainties 
are based on propagated uncertainties of temperature change and radiative forcing derived by 
resampling these datasets 1,000 times within their 95% confidence limits (propagated analytical plus 
calibration uncertainty for temperature, reported 95% confidence limits from the original work for 
CO2) (Anagnostou et al., 2016). In this, we removed radiative forcings <0, that is, we assumed that 
there is no negative forcing associated with increasing CO2. Given the good match between proxies 
and the presented model simulations, we also calculated ESS using the model-derived global mean 
temperatures and CO2 proxy data.

Results and Discussion

Temperature trends
Our new equatorial record from Site 959 (Figure 2.2) shows latest-Palaeocene (~58–56 Myr ago) 
SSTs of 31–33 °C, mimicking time-equivalent SSTs derived from glassy preserved planktonic 
foraminiferal oxygen isotope (d18O) and Mg/Ca ratios, as well as TEX86

H data from a nearby section 
in Nigeria (Frieling et al., 2017) – supporting the notion that TEX86

H accurately reflects SST at Site 
959. The record further reveals warming by 2–3 °C from the latest Palaeocene to the earliest Eocene 
(58 to 53 Myr ago) to peak EECO temperatures of 34–35 °C. Superimposed transient warming 
of ~4 °C to ~37 °C occurred during the Palaeocene–Eocene thermal maximum (PETM), about 
56 Myr ago (Frieling et al., 2018b). A long-term SST drop of ~7 °C to ~28 °C characterizes the 
middle-to-late-Eocene interval, and an additional cooling by ~2 °C to ~26 °C marks the Eocene–
Oligocene transition (about 34 Myr ago). Superimposed on long-term cooling is the first tropical 
SST reconstruction of the Middle Eocene Climatic Optimum (MECO) (Bohaty et al., 2009), at ~40 
Myr ago, displaying warming by ~4 °C from background temperatures to a peak of ~33 °C. This 
provides compelling evidence that the MECO was associated with global warming; surface warming 
was previously only recognized in extratropical regions of the Southern Hemisphere. We also record 
pre-MECO temperature variability of similar duration but lower amplitude.
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Effect of regional upwelling on sea surface temperature
To assess whether regional upwelling at Site 959 (Wagner, 2002) influenced TEX86-based SST 
variability, we consider published sediment total organic carbon (TOC) contents (Wagner, 2002) 
and generate dinocyst assemblage data, as dinocysts are highly sensitive to upwelling in modern 
and Palaeogene oceans (Sluijs et al., 2005) (Supplementary Figure 2.4). The continuous presence 
of Protoperidiniaceae (derived from heterotrophic dinoflagellates) and elevated TOC within 
biosiliceous sediments (Mascle et al., 1996) indicate upwelling throughout the middle and late 
Eocene. The early Eocene is less well constrained, but presence of Protoperidiniaceae and abundant 
biosilica suggests upwelling. An upper-Eocene increase in TOC content (Wagner, 2002) might 
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Figure 2.2 | Eocene global climate evolution. a, CO2 record from boron isotopes from the TDP (squares; error 
bars represent 68% confidence intervals) and alkenones from ODP Sites 612 and 925 (circles; uncertainties 
from original studies); data sources are provided in Methods. b, TEX86

H -based SST record (red) and additional 
tropical compilation (pink; see Supplementary Figure 2.5) for Site 959. The dashed line represents a hiatus. 
Green diamonds (Site 1172) show a high-latitude TEX86

H -based SST record (Bijl et al., 2009, 2010; Sluijs et al., 
2011). c, d18O-based ice-free deep-ocean temperature (described in Methods), with fitted LOESS model (black 
line) and 95% confidence interval (dark-blue shading). Age follows the Geologic Time Scale 2012 (GTS2012). 
Pal., Palaeocene, Olig., Oligocene, EOT, Eocene–Oligocene transition.
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indicate upwelling intensification. Although this may exaggerate latest-Eocene cooling at Site 959, 
the recorded magnitude (~2 °C) is similar to previous work at tropical locations (Lear et al., 2008; 
Liu et al., 2009) (Figure 2.2). Apart from the late Eocene, however, variations in our SST record 
are not strongly correlated to changes in the abundance of upwelling-indicative dinocysts or 
TOC content. Regional upwelling may have muted SSTs by a few degrees. Indeed, our values are 
somewhat lower than the few time-equivalent data points from the warm pool sampled in Tanzania 
(Pearson et al., 2007), suggesting that we sampled the first Eocene analogue to the ‘cold tongue’ in 
the modern ocean. Importantly, this analysis indicates that variations in the strength of upwelling 
were not a major factor governing SST change at the study site.

Compilation of Eocene tropical SST
We combine our equatorial Site 959 SST record with the available low-resolution data from a suite 
of SST proxies from the Indian, Atlantic and Pacific tropical oceans (Figure 2.2; data sources in 
Supplementary Figure 2.5). Because each of these proxies is subject to different systematic sources 
of error, the close correspondence between various organic and carbonate proxies in both absolute 
temperatures and trends indicates a robust convergent temperature signal. A local regression 
(LOESS) model is applied to the resulting compilation to produce an estimate of Eocene mean 
tropical temperature (Figure 2.3a), yielding 4–7 °C of cooling through the Eocene. Remarkably, 
long-term trends and sub-million-year (MECO and PETM) tropical SST variations mimic those 
from the Southern Ocean and the deep ocean, on the basis of an updated compilation of benthic 
foraminifer d18O-derived temperatures (Figure 2.2). A sensitivity study indicates that potential late-
Eocene Antarctic ice caps did not appreciably affect this deep-ocean temperature proxy (Methods, 
Supplementary Figure 2.6). The close correspondence between tropical and deep-sea temperatures 
provides solid proof that greenhouse gas forcing, rather than ocean circulation change, caused 
Eocene cooling, as suggested elsewhere (Huber et al., 2004; Inglis et al., 2015; Anagnostou et al., 
2016).

Eocene meridional temperature gradients
As an approximation of the pole-to-Equator temperature difference, or meridional temperature 
gradient (MTG), we calculate the difference between tropical mean SST and deep-ocean 
temperatures (Methods, Figure 2.3b). Although different TEX86 calibrations result in slightly 
different early Eocene MTGs (Supplementary Figure 2.3), the gradient generally increases with 
cooling climate and vice versa, reflecting polar amplification of temperature variability. Remarkably, 
regression analysis indicates a strong linear relationship between deep-ocean and tropical 
temperatures (Figure 2.4a; also between high-latitude and tropical SSTs in Supplementary Figure 
2.7). Although uncertainty on the exact value is large owing to uncertainties in temperature proxies 
and calibrations (Figure 2.4b, Supplementary Figure 2.3), this signifies a stable polar amplification 
factor throughout the Eocene. Because the obtained values are consistent with polar amplification 
derived from an analysis of the PETM event (Frieling et al., 2017) with better spatial resolution, 
this seems true for both short (105 yr) and long (multi-million-year) timescales. In the absence of 
pronounced snow and ice albedo feedbacks, the polar amplification factor should be determined 
by atmospheric feedbacks (Caballero and Langen, 2005). Therefore, the stable amplification factor 
implies that the strength of these feedbacks scales linearly with temperature in an ice-free world.
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Proxy-model comparison
Our temperature proxy compilations provide a concrete and robust test of the ability of models 
to reproduce past warm climates under increased greenhouse gas forcing. We performed fully 
coupled general circulation model simulations using the NCAR Community Earth System Model, 
version 1 (CESM 1), by applying a range of radiative forcings equivalent to a range of Eocene 
CO2 concentrations – 560 parts per million (p.p.m.), 1,120 p.p.m., 2,240 p.p.m. and 4,480 p.p.m.; 
simulations EO1–EO4, respectively (see Methods) – run to full equilibrium. Because the close 
correspondence between tropical, high-latitude and deep-sea temperature trends (Figure 2.2) 
supports model-based inferences that Eocene global mean temperature was relatively insensitive to 
variations in palaeogeography (Huber et al., 2004; Sijp et al., 2011; Goldner et al., 2014), we did 
not vary the palaeogeographic boundary conditions. The modelled deep waters derive primarily 
from polar surface waters (Hollis et al., 2012), justifying our use of the modelled and proxy-
derived vertical gradient as an approximation for the MTG. The four simulations, EO1–EO4, 
were associated with specific age ranges by matching the simulated deep-ocean temperatures to 
the proxy-based deep-ocean temperatures, thus leaving SST as the predicted variable. Crucially, 
the simulations closely approximate the multi-proxy, multi-location tropical SST compilation 
for these four time slices (Figure 2.3a). Therefore, the Eocene temperature gradients of 19–26 °C, 
which are reconstructed from proxies, are also closely reproduced (Figure 2.3b). This implies that 
current-generation climate models are capable of resolving the low-temperature-gradient problem 
(Huber and Caballero, 2011) of Eocene greenhouse climates, provided sufficient greenhouse 
gas forcing, albeit with two important exceptions. First, regional proxy-model data mismatches 
for absolute temperatures in the South Pacific (Hollis et al., 2012) and Arctic (Sluijs et al., 2009b) 
oceans remain a conundrum, which this study does not resolve. Second, the model simulations do 
not fully reproduce the most reduced proxy-derived gradients of the early Eocene. On the basis of 
recent modelling experiments with tuned cloud parameters (Kiehl and Shields, 2013), one potential 
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Figure 2.3 | Proxy-model synthesis of Eocene temperatures. a, Top, tropical SST compilation (red) and LOESS 
model (black line) with 95% confidence interval (grey shading). Bottom, deep-ocean temperatures from Figure 
2.2c. Open squares are mean modelled tropical SSTs and deep-ocean temperatures of simulations EO1 (560 
p.p.m. CO2), EO2 (1,120 p.p.m. CO2), EO3 (2,240 p.p.m. CO2), EO4 (4,480 p.p.m. CO2) and EO_CP (Kiehl and 
Shields, 2013); errors represent seasonal range. Yellow shadings illustrate age ranges to which the simulations 
are matched. b, Calculated MTG based on LOESS fits of proxy data (line, propagated 95% confidence intervals) 
and model simulations EO1–EO4 and EO_CP (as in a). Age follows GTS2012.
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explanation could be that the early-Eocene hothouse experienced different cloud behaviour and 
shortwave radiative feedbacks (simulation EO_CP in Figure 2.3b). Although simulation with 
tuned clouds produces a more reduced early-Eocene MTG at lower CO2 concentrations, the same 
parameters lead to a poorer simulation of the MTG during the PETM (Kiehl and Shields, 2013) 
(Supplementary Figure 2.8), indicating that this remains an unresolved problem.

Earth system sensitivity
With the overall excellent matching between ocean temperature proxy reconstructions and model 
simulations, we can use the latter to estimate global mean temperatures, which are required to 
calculate climate sensitivity to CO2 forcing. Global mean temperatures were about 29 °C, 26 °C, 23 
°C and 19 °C during the early (54–49 Myr ago), early middle (48–46 Myr ago), late middle (42–41 
Myr ago) and late Eocene (38–35 Myr ago), respectively, compared to a preindustrial temperature 
of 14.4 °C. These may be slightly underestimated if South Pacific (Bijl et al., 2009; Hollis et al., 2012) 
and Arctic (Sluijs et al., 2009b) temperature reconstructions represent accurate estimates of annually 
averaged SST. However, our model requires much larger changes in CO2 to produce the large and 
dynamic range of Eocene tropical SST and deep-sea temperature than that reconstructed from 
proxy data (Anagnostou et al., 2016). This implies that the Earth system sensitivity (PALAEOSENS 
Project Members, 2012) to doubling of pCO2 derived from the model (3.5 °C) is too low to create 
sufficient warmth. We consider available Eocene CO2 reconstructions in combination with our 
proxy- and model-based temperatures (Methods) to estimate the Earth system sensitivity at various 
parts of the Eocene (Supplementary Figure 2.9). Our probabilistic analysis for the early-to-late-
Eocene cooling results in a calculated proxy-based Earth system sensitivity range of 0.9–2.3 K W-1 
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Figure 2.4 | Linear relationship between deep-ocean and tropical sea surface temperature. a, Proxy data 
(58–34 Myr ago, in 1-Myr bins; errors are 1 s.d. due to binning) and model results (open squares are model 
means for tropical compilation locations) of deep-ocean temperature against tropical SST. Slopes of Deming 
regressions (lines) represent the polar amplification factor (± 1 standard error). The bin 55–56 Myr for Site 959 
falls to the right of the regression line because it includes a large amount of PETM data for Site 959, but less for 
the deep ocean. b, Density function of polar amplification factor with full propagation of errors (Methods). The 
hatched regions show the 68% highest density intervals.
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m-2 (68% highest density interval, equivalent to 3.5–8.9 °C per CO2 doubling), consistent with the 
high end of previous estimates (PALAEOSENS Project Members, 2012).

Conclusions

The large range of Eocene tropical temperatures on both short and long timescales indicates that 
the tropics respond strongly to changes in greenhouse gases, even at high temperatures. In addition 
to high absolute temperatures of up to ~35 °C and ~37 °C during the EECO and PETM (Frieling et 
al., 2018b), respectively, this refutes the notion of stable tropical temperatures (Pearson et al., 2007), 
kept constant through a physical ‘thermostat’ mechanism (Pierrehumbert, 1995). Moreover, our 
results show that tropical SST varied in tandem with high-latitude and deep-ocean temperatures, 
with a stable Eocene polar amplification factor, consistent with a dominant role of CO2 forcing in 
both long-term Eocene climate evolution and superimposed aberrations including the PETM and 
MECO. Tropical temperatures are expected to rise in response to anthropogenic greenhouse gas 
emissions. Given the consistency between our climate simulations and reconstructions, current-
generation fully coupled climate models are likely to perform adequately in predicting future 
tropical SST change, although accurate determination of the sensitivity of global climate to CO2 
change remains a major challenge.
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Chapter 2 | Supplementary Material

Supplementary Figure 2.1 | Augmented age model of Hole 959D. Age–depth plot showing calcareous 
nannofossil and chemostratigraphic tie-points (diamonds with error bars plotted between the minimum and 
maximum depth of the tie-point), as presented in Supplementary Table 2 B, BC, and T stand for base, base 
common and top, respectively. Blue-shaded regions represent depth intervals for which sedimentation rates 
(blue lines) were calculated. The hiatus of ~1.5 Myr in Core 35 is indicated as a red curly line. Epochs and ages 
are expressed in million years ago (Myr ago) following GTS2012.
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Supplementary Figure 2.2 | Comparison between different TEX86-to-SST calibrations and different 
GDGT ratios. a, TEX86–SST calibration lines (trend lines for BAYSPAR) for one logarithmic and several linear 
calibrations. Plotted symbols are the Hole 959D TEX86 record, to illustrate which part of the calibration is 
relevant for this study. Compared calibrations are: BAYSPAR (Tierney and Tingley, 2014, 2015) with default 
settings (search tolerance for 2 TEX86 standard deviations, 0.13; dark-grey line, dark-grey diamonds), BAYSPAR 
with increased search tolerance (0.2) (dashed line, light-grey diamonds), Kim et al. (2010) logarithmic TEX86

H 
core-top calibration (red line, red diamonds), Kim et al. linear core-top calibration (light-blue line) and Kim 
et al. linear subset core-top calibration without Red Sea and polar ocean data (dark-blue line). It is of note that 
the logarithmic TEX86

H starts strongly diverging from the linear BAYSPAR and subset calibrations from TEX86 
values of >0.8. b, Hole 959D SST record using different TEX86 calibrations. Calibrations and line colours and 
types are as in panel a. c, Ratio of crenarchaeol to GDGT-0 against TEX86. Data are from a core-top compilation 
(Tierney and Tingley, 2015) (black circles; Red Sea subset, purple circles) and our Hole 959D record (red 
squares). d, Ring index sensu Zhang et al. (2016) against TEX86. Data are from a core-top compilation (black 
circles; Red Sea subset, purple circles) and our Hole 959D record (red squares). The exponential regression line 
of Zhang et al. through the core-top data is plotted as a black line.
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Supplementary Figure 2.3 | Sensitivity of main results to TEX86 calibration. a, Top, tropical SST compilation. 
Proxy data are compiled as described in Methods (red symbols), with all TEX86-based records converted 
to SST using the BAYSPAR calibration (default settings, search tolerance 2 standard deviations of the raw 
respective TEX86 datasets). The fitted LOESS model is plotted as a black line, with the 95% confidence interval 
as grey shading. Bottom, ice-free deep-ocean temperature compilation. d18O-based proxy data are compiled as 
described in Methods. The fitted LOESS model is plotted as a black line and the 95% confidence interval as 
dark blue shading. b, Calculated MTG based on LOESS fits of proxy data (lines, propagated 95% confidence 
intervals shown as shading). The black line with the grey silhouette shows the tropical compilation with TEX86

H 
calibration and the blue line with the blue silhouette shows the BAYSPAR calibration. c, Proxy (blue diamonds, 
tropical compilation; red diamonds, Site 959) deep-ocean temperatureagainst tropical SST using the BAYSPAR 
calibration for TEX86-based records. Lines represent Deming regression analysis through proxy data. The 
slope (polar amplification factor) is 1.42 ± 0.14 (± 1 standard error) for the tropical compilation and 0.75 ± 
0.04 for Site 959. Proxy data grouped into 1-Myr bins from 34–58 Myr ago, with error bars representing one 
standard deviation due to binning. This sensitivity analysis shows that calculated MTGs and the constant polar 
amplification factor are relatively robust to the specific TEX86 calibration used, although MTGs are less reduced 
in the early Eocene when using the BAYSPAR calibration. Polar amplification factors are lower, but reflect a 
linear relationship.
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Supplementary Figure 2.4 | Regression analysis between reconstructed SST and abundance of upwelling 
indicators. a, TEX86

H-based SST (red diamonds, upper left vertical axis), protoperidinioid abundance 
(percentage of total dinocyst assemblage; brown dots, right vertical axis) and TOC (percentage of sediment; 
black dots, lower left vertical axis) records of ODP Site 959. Dashed lines represent a hiatus in Site 959. Age is 
in GTS2012. b, Regression analysis between SST and percentage of protoperidinioid dinocysts of total dinocyst 
assemblage, showing a non-significant relationship with very low fit (brown line, 90% confidence interval 
shown as brown shading; R2 = 0.00, P = 0.75) and a better fit (R2 = 0.35) that is significant (P < 0.01) when 
only the late-Eocene (post-MECO) part of the record is considered (blue–grey line; 90% confidence interval is 
shown as blue–grey shading). c, Regression analysis between SST and percentage of TOC in sediment, showing 
a significant negative correlation for the whole record (R2 = 0.39, P < 0.001; dark-grey line, with the 90% 
confidence interval shown as dark-grey shading) and the late Eocene subset (R2 = 0.37, P < 0.01; blue–grey line, 
with the 90% confidence interval shown as blue–grey shading).
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GTS2012, ranging from the Palaeocene (Pal.) to the Oligocene (Olig.).
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Supplementary Figure 2.6 | Sensitivity of main results to late-Eocene ice volume. Top, tropical SST 
compilation; proxy data are compiled as described in Methods (red symbols). the fitted LOESS model is plotted 
as a black line and the 95% confidence interval as grey shading. Bottom, deep-ocean temperature compilation; 
d18O-based proxy data are compiled as described in Methods. Ice-free deep-ocean temperatures and fitted 
LOESS model are shown as grey dots and line, respectively, and the deep-ocean temperature compilation and 
fitted LOESS model including late-Eocene ice volume effect (Methods) as blue dots and line, correspondingly. 
95% LOESS confidence intervals are shown as shading. b, Calculated MTG based on LOESS fits of proxy data 
(lines; propagated 95% confidence intervals are shown as silhouettes). The black line with grey silhouette shows 
results obtained using ice-free deep-ocean temperatures, and the blue line with blue silhouette includes the 
late-Eocene ice volume effect on the deep-ocean temperature. c, Proxy (blue diamonds, tropical compilation; 
red diamonds, Site 959) deep-ocean temperature, including the late-Eocene ice volume effect, against tropical 
SST. Lines represent Deming regression analysis through proxy data. The slope (polar amplification factor) is 
2.07 ± 0.25 (± 1 standard error) for the tropical compilation and 1.19 ± 0.06 for Site 959). Proxy data grouped 
into 1-Myr bins from 34–58 Myr ago, with error bars representing one standard deviation due to binning. d, 
Sensitivity of d18O of Eocene seawater (‰ VSMOW) to the build-up of 0–107 km3 of ice with varying isotopic 
composition.
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between high-latitude and tropical SST. Site 1172 
TEX86-based SST (record plotted in Figure 2.2) 
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Supplementary Figure 2.8 | PETM 
temperature gradient proxy-
model comparison. a, top, tropical 
SST compilation; proxy data are 
compiled as described in Methods 
(red symbols). The fitted LOESS 
model is plotted as a red line, with 
the 95% confidence interval as pink 
shading. Bottom, ice-free deep-ocean 
temperature compilation; d18O-based 
proxy data are compiled as described 
in Methods. Generalized cross-
validation (GCV)-optimized fitted 
LOESS model (as in Figure 2.3) plotted 
as grey line, with the 95% confidence 
interval as grey shading. An alternative 
LOESS model with small bandwidth 
(0.25 * GCV-optimized span) that 
tracks deep-ocean PETM temperature 
more closely is shown as the blue 
line, with the 95% confidence interval 
as blue shading. Data are plotted 
together with the PETM simulation of Kiehl and Shields28 (black open squares, seasonal range error bars) with 
altered cloud parameters (CP_PETM). b, Calculated MTG based on LOESS fits of proxy data and of the model 
simulation CP_PETM. The gray line is obtained using a GCV-optimized fitted LOESS model and the blue 
line using a smaller-bandwidth deep-ocean LOESS model (propagated 95% confidence intervals are shown as 
shading). We note that the PETM MTG pattern is complex owing to its sensitivity to the specific records, age 
models and filtering used, and might have evolved over the course of the event. Nevertheless, peak PETM MTG 
is well constrained and matches the simulation CP_PETM poorly. The age is expressed in GTS2012.



47

Eocene temperature evolution in the tropics

2

0.5 1.0 1.5 2.0 2.5 3.0 3.5

ESS (K W-1 m-2)

0.5 1.0 1.5 2.0 2.5 3.0 3.5

ESS (K W-1 m-2)

0.0

0.5

1.0

1.5

2.0

2.5 a
Proxy temperatures
Proxy CO2

D
en

si
ty

0.0

0.5

1.0

1.5

2.0

2.5 b
Model temperatures
Proxy CO2

D
en

si
ty

EECO versus pre-industrial
EECO versus middle Eocene
EECO versus late Eocene
middle Eocene versus late Eocene

Supplementary Figure 2.9 | Probability distributions of Eocene Earth System Sensitivity. a, b, ESS estimates 
using proxy (a) and model (b) temperatures in combination with proxy-based CO2 concentrations derived as 
described in Methods. Eocene ESS is separated into late Eocene relative to the EECO (red), middle Eocene 
relative to the EECO (purple) and middle Eocene relative to late Eocene (blue). ESS estimates of the EECO 
relative to preindustrial temperature (black) have lower error owing to the high precision of preindustrial CO2 
concentration and temperature, but include additional long-term non-CO2 effects.
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Supplementary Table 2.1 | Palaeolatitude of Site 959 over the Eocene
Palaeolatitudes reconstructed with GPlates using the hotspot reference frame of Matthews et al. 
(2016) and the palaeomagnetic reference of Torsvik et al. (2012). Present latitude is 3.6276° N and 
longitude is 2.7352° W. 

Palaeolatitude at Matthews et al. 2016 Torsvik et al. 2012

60 Ma 0.982 ˚N 9.826 ˚S

55 Ma 0.779 ˚N 9.480 ˚S

50 Ma 0.581 ˚N 9.130 ˚S

45 Ma 0.587 ˚N 7.405 ˚S

40 Ma 0.600 ˚N 5.674 ˚S

35 Ma 0.942 ˚N 4.568 ˚S

30 Ma 1.291 ˚N 3.462 ˚S
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Supplementary Table 2.2 | Age constraints of the studied interval at Site 959
Bio- and chemostratigraphic age–depth tiepoints used in developing the age model for the Eocene 
of Site 959. B, BC and T stand for base range, base common range and top range, respectively.

Event Species /
Proxy

Minimum 
depth 
(mbsf)

Maximum 
depth 
(mbsf)

Mean 
depth 
(mbsf)

One-
sided 
error 
(m)

Age 
GTS2012

Reference

Latest 
Eocene 
Os 
isotope 
minimum

187Os/188Os 448.00 469.30 458.65 10.65 34.40 (Ravizza and Paquay, 2008)

MECO 
Os 
isotope 
minimum

187Os/188Os 576.05 581.51 578.78 2.73 40.02 (van der Ploeg et al., 2018)

Base Reticulofenestra 
umbilicus 652.12 655.34 653.73 1.61 42.84 (Shafik et al., 1998); this study

Base
Sphenolithus 
furcatolithoides 
morph. B

671.56 673.10 672.33 0.77 43.55 This study

Base 
common

Sphenolithus 
cuniculus 701.38 702.12 701.75 0.37 44.33 (Shafik et al., 1998); this study

Base
Sphenolithus 
furcatolithoides 
morph. A

731.73 732.49 732.11 0.38 45.63 This study

Base Nannotetrina 
alata group 740.95 741.63 741.29 0.34 46.55 (Shafik et al., 1998); this study

Bot hiatus - 740.95 741.63 741.29 0.34 48.03 This study

Top Discoaster 
lodoensis 746.73 747.45 747.09 0.36 48.36 This study

Base Discoaster 
sublodoensis 755.06 755.80 755.43 0.37 49.01 (Shafik et al., 1998); this study

Top Tribrachiatus 
orthostylus 774.49 775.86 775.18 0.69 51.05 This study

Top Tribrachiatus 
contortus 784.05 787.03 785.54 1.49 54.17 (Shafik et al., 1998)

Onset 
PETM 
isotope 
excursion

δ13C 804.08 804.10 804.09 0.01 56.00 (Frieling et al., 2018b)

Base Discoaster 
multiradiatus 821.92 823.26 822.59 0.67 57.10 (Shafik et al., 1998)
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Abstract

New palynological, sedimentological and geochemical records spanning the Middle Eocene 
Climatic Optimum (MECO; ca. 40 Ma) in the equatorial Atlantic Ocean indicate that peak warming 
was associated with upper-ocean stratification, decreased export production and possibly harmful 
algal blooms, followed by slight oxygen minimum zone expansion. Combining these findings with 
published MECO records suggests that export production collapse and benthos starvation during 
the zenith of MECO warmth were widespread in the Atlantic. Furthermore, comparison to records 
across the Paleocene-Eocene Thermal Maximum (ca. 56 Ma) at the same site suggests a similar 
system response to warming, but with different impact on benthic communities.
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Introduction

Rapidly rising atmospheric CO2 concentrations are currently driving upper-ocean warming 
and acidification (IPCC, 2013). Warming and associated intensification of the hydrological cycle 
contribute to stronger upper-ocean stratification and expansion of oxygen minimum zones 
(OMZs), particularly in already prone low-latitude regions (Stramma et al., 2008). Moreover, 
warming in conjunction with nutrient-rich runoff and stratification is increasing the global 
occurrence of harmful algal blooms (HABs), including toxic dinoflagellate blooms (Fu et al., 2012). 
Both OMZ expansion and HAB development have detrimental economical and ecological effects on 
coastal areas (Anderson et al., 2012) and prediction of their occurrence in a progressively warmer 
climate is an urgent challenge.

Past events of climate change allow assessment of marine environmental and ecological responses 
to warming. Records of Paleogene transient global warming events such as the Paleocene-Eocene 
Thermal Maximum (PETM; ca. 56 Ma), indicate stratification, OMZ expansion, increased 
phytoplankton productivity (Carmichael et al., 2017) and perhaps HABs (Sluijs et al., 2018). 
Comparatively little is known about the environmental effects of more gradual warming phases, 
such as the Middle Eocene Climatic Optimum (MECO; ca. 40 Ma). While the MECO reached to 
less extreme maximum temperatures than the PETM, the magnitude of deep- and surface ocean 
warming of 3 – 6 °C was comparable (Bohaty et al., 2009; Dunkley Jones et al., 2013). Warming, 
biotic turnover and OMZ expansion during the PETM have recently been documented at Ocean 
Drilling Program (ODP) Site 959 in the Eastern Equatorial Atlantic (Frieling et al., 2018b). We 
generated similar palynological, sedimentological and geochemical records of the MECO at the 
same site to assess the response to MECO warming.

Material

ODP Site 959 (3.6276° N, 2.7352° W) is located in the Deep Ivorian Basin offshore west Africa, near 
the crest of the subsided Cote d’Ivoire-Ghana Marginal Ridge (Mascle et al., 1996). In the modern 
ocean, this region is characterized by seasonal upwelling and phytoplankton blooms (Signorini 
et al., 1999) and an OMZ at 400 – 500 m water depth (Karstensen et al., 2008). Also during the 
MECO, the site was positioned at bathyal depths and equatorial latitudes (Figure 3.1). Middle – 
upper Eocene sediments at Site 959 consist of relatively organic-rich, carbonate-lean, porcellanites 
(diagenetically altered biogenic silica) and siliciclastics, suggesting a similar high productivity 
setting (Mascle et al., 1996; Wagner, 2002). The MECO at Site 959 was previously identified based 
on bio-/chemostratigraphy and paleothermometry (Chapter 2; van der Ploeg et al., 2018).

Methods

We used palynological materials from Chapter 2 for quantitative determination of dinocyst 
abundance. Bulk sediment elemental compositions were determined using Inductively Coupled 
Plasma-Optical Emission Spectrometry (ICP-OES; Perkin Elmer Optima 3000) in total acid 
digested solutions. Stable carbon (d13C) and oxygen (d18O) isotope ratios of bulk carbonate were 
measured using a Thermo Scientific Kiel IV carbonate device coupled to a Thermo Scientific 
MAT 253 isotope ratio mass spectrometer. Total organic carbon (TOC) and nitrogen contents 
were measured on decalcified bulk sediment using an elemental analyzer (Fisons) and stable 
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carbon isotope ratios of TOC (d13Corg) were subsequently determined using an isotope ratio mass 
spectrometer (IRMS; Finnigan DELTAplus). Polar fractions separated from the total lipid extracts 
of Chapter 2 were desulfurized for five samples across the MECO interval, and analyzed by gas 
chromatography-mass spectrometry to assess the presence of isorenieratene and derivatives. For 
characterization of bioturbation, high-resolution images were made using a GEOTEK Geoscan-III 
linescan camera. (See the Supplementary Material for detailed methods).

Results And Discussion

Surface Ocean Conditions
Background Middle Eocene Setting
A productive oceanographic setting at Site 959 during the middle Eocene is indicated by several 
lines of evidence, including relatively high abundances of heterotrophic protoperidinioid dinocysts 
and a biosiliceous lithology with relatively high TOC (Figure 3.2). Fairly low abundance of 
detrital components (Al, Ti, Fe, Zr and K), negligible amounts of terrestrial palynomorphs and 
lipid biomarkers and d13Corg values (-250 and -270) consistent with Eocene marine organic matter 
(Hayes et al., 1999) indicate that terrigenous input was limited (Supplementary Data). Dinocyst 
assemblages are dominated by the open marine taxa Spiniferites spp. and Operculodinium spp. Based 
on the above observations, productivity was dominantly fueled by upwelling rather than fluvial 
nutrient input, in agreement with the offshore position of the site. The long-term increase in Ba 
content (560 – 500 m below seafloor (mbsf)) suggests a long-term post-MECO increase in export 
production, which is mirrored in absolute protoperidinioid contents (Figure 3.2). In the same 
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Figure 3.1 | Paleogeographic map (40 Ma) of published (blue dots) and present (yellow star) MECO study 
sites. Inferred relative change in (export) productivity reconstructed at selected sites showing increases (+) 
or decreases (-) during MECO warming (column 1, yellow), MECO peak (column 2, orange), and MECO 
recovery (column 3, light blue). The slash symbol (“/”) indicates no clearly defined peak interval, whereas the 
dot symbol indicates no clear (export) productivity change. For Site 1218 and 711, constraints to subdivide the 
MECO into intervals are lacking. Based on literature compilation as in Supplementary Table .2. Map produced 
using GPlates.
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interval, a modest increase in terrigenous input is indicated by slightly lower hydrogen index values 
for organic matter (Wagner, 2002), increasing Branched and Isoprenoid Tetraether (BIT) index 
values and higher C/N ratios (Supplementary Figure 3.1).

Harmful Algae and Hyperstratification During Peak MECO
The MECO at Site 959 is recorded as a gradual warming from background temperatures of ~29 °C 
to a peak of ~33 °C, followed by gradual cooling (Chapter 2). Peak temperatures are associated 
with an acme of Polysphaeridium zoharyi (>70% of the total dinocyst assemblage; Figure 3.2, 
Supplementary Figure 3.2), which represents the cyst of the extant dinoflagellate Pyrodinium 
bahamense. This bloom-forming species can produce neurotoxins and high abundances are 
restricted to subtropical – tropical lagoonal habitats (Usup et al., 2012). Polysphaeridium zoharyi 
occurs in open ocean environments of the study area at present, although never in high abundance 
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Figure 3.2 | Geochemical and palynological records of oceanographic and environmental change during the 
MECO at ODP Site 959. Core recovery in black; mbsf = meters below seafloor. a, TEX86

H-based sea surface 
temperature (SST) reconstruction (Chapter 2). Based on this, yellow shading represents MECO warming, 
orange shading peak MECO, and light blue shading MECO recovery. b, Relative (% of total dinocysts, 
green shading) and absolute (dinocysts/gram, black line) abundances of Polysphaeridium spp. c, Relative (% 
of total dinocysts, green shading) and absolute (dinocysts/gram, black line) abundances of heterotrophs 
(Protoperidinioids). N.B. one absolute (~24,000) dinocysts/gram data point at 562.04 mbsf is off the scale. d, 
Barium (Ba) contents in ppm (solid lines) and normalized to Aluminium (Al) (dotted lines). e, Total organic 
carbon (TOC; weight %) (black dots – this study; white dots from (Wagner, 2002)) and molar Corg/Ptot ratio 
(blue line). f, Molybdenum (Mo; green) and Zinc (Zn; orange) contents in ppm (solid lines) and normalized 
to Al (dotted lines). g, Chromium (Cr; purple) and Vanadium (V; blue) contents in ppm (solid lines) and 
normalized to Al (dotted lines). h, Maximum burrow diameter (mm) per section of core, plotted against 
midpoint of core (brown) and benthic foraminiferal lining content (linings/gram) (pink).
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(< 10% of total dinocysts) (Marret, 1994). P. zoharyi and related taxa also preferred low–mid latitude 
coastal waters in the Paleogene, and carbon isotopic signatures of Eocene specimens suggest this 
group was bloom-forming (Sluijs et al., 2018). Given the lack of terrestrial input (Supplementary 
Figure 3.1), these lagoonal dinocysts were unlikely transported offshore to Site 959 from the shelf. 
We therefore surmise that P. zoharyi thrived in situ in the open ocean during the MECO, similar 
to recorded blooms of this species in the Arabian Sea during phases of hyperstratification in warm 
Pleistocene interstadials (Reichart et al., 2004). We suggest similarly strong thermally induced 
stratification facilitated the complete life cycle of P. zoharyi during the zenith of MECO warmth 
in the equatorial Atlantic (Reichart et al., 2004). Although we cannot assess if high P. zoharyi cyst 
abundance reflects true biological blooms, as abundances in cells per liter of paleoseawater cannot 
be determined, these harmful algae were certainly abundant in particulate matter exported to the 
seafloor.

Subsurface and Seafloor Conditions
Background Middle Eocene Setting
Our benthic reconstructions suggest that inferred high sea surface productivity throughout the 
middle Eocene study interval at Site 959 was linked to high organic matter export fluxes to the 
seafloor. Sediments are relatively rich in TOC (averaging ~1.6%), palynomorph preservation is 
good, and overall, trace element concentrations mirror the geochemical composition of sediments 
underlying upwelling sediments in the modern ocean (Brumsack, 2006) (Figure 3.2). Especially in 
the younger part of the record Corg/Ptot values rise markedly above those associated with the Redfield 
Ratio of algal matter (Corg/Ptot »106), indicating some regeneration of P resulting from low oxygen 
conditions at the seafloor. However, the trace fossil assemblage (Planolites, Chondrites, Zoophycos, 
Thalassinoides and Teichichnus; Figure 3.3 and Supplementary Table 3.1) and consistent presence 
of organic benthic foraminiferal linings and Mn (Figure 3.2 and Supplementary Figure 3.1) 
throughout the Site 959 study section, indicate at least occasional sea floor oxygenation. Combined, 
these lines of evidence indicate that an extensive mid-water OMZ was likely present, although the 
seafloor was not hypoxic.

In the post-MECO interval (560–500 mbsf), TOC contents increase progressively and redox 
sensitive trace elements including Zn, Ni, Cr, Cu, V and particularly Mo record slight enrichments 
(i.e., typically <100 ppm) (Figure 3.2). We interpret this as vertical expansion or intensification of 
the OMZ toward the seafloor. This is consistent with inferred increasing productivity due to long-
term strengthening of upwelling throughout the late post-MECO Eocene at Site 959 (Wagner, 2002; 
Chapter 2).

Export Production and Benthic Food Limitation during the MECO
Within the MECO interval at Site 959, redox tracers and TOC together indicate more reducing 
bottom water conditions compared to the pre-MECO interval. Isorenieratene or its derivatives 
were not detected, however, suggesting that photic zone euxinia did not develop during the MECO. 
Synchronous with peak MECO warming and the P. zoharyi acme, ichnofossils derived from 
burrowing organisms decrease in average diameter, and benthic foraminiferal linings decrease 
in abundance (Figure 3.2). This benthic community change was likely unrelated to seafloor 
deoxygenation, as peak OMZ expansion (based on Cr, Cu, V, and Zn increase) and also potential 
productivity increase (based on Ba and TOC increase) at 577 mbsf postdate peak MECO warmth 
(~580 mbsf). Organic carbon delivery to the sediments is a major factor governing the body size 



57

MECO in the equatorial Atlantic Ocean

3

of benthic organisms (Rex et al., 2006). We therefore interpret the decrease in size of bioturbating 
benthos as resulting from decreased organic carbon delivery to the sea floor during peak MECO 
warmth. Enhanced warmth likely added to seafloor food shortage by decreasing the efficiency of 
export productivity and by increasing organic carbon remineralization in warm subsurface waters 
(Laws et al., 2000). Combined, we interpret that intensified thermal stratification during peak 

MECO suppressed upwelling and thus sea surface (export) productivity, resulting in seafloor food 
shortage. These changes were immediately followed by increasing productivity and subsurface 
deoxygenation during the MECO recovery phase.
Combined with published results, these data reveal spatially variable environmental and ecological 
change across the MECO (Figure 3.1, references in Supplementary Table 3.2). Peak MECO warmth 
was also linked to decreased export productivity and benthos starvation at Site 1263 in the South 
Atlantic based on coupled planktonic-benthic records (Boscolo-Galazzo et al., 2014; 2015), 
suggesting this response was widespread in the Atlantic, possibly through stratification. Dinocyst 
assemblages from the southwest Pacific also indicate more oligotrophic conditions during the 
MECO (Bijl et al., 2010). In contrast, records of planktonic siliceous and carbonate microfossils 
from the Southern Ocean and Tethys indicate increased surface ocean productivity that in turn 
stimulated benthic communities (e.g., Witkowski et al., 2012; Luciani et al., 2010) (Supplementary 
Table 3.2). These regional differences testify to a pronounced change in global ocean nutrient 
distribution across the MECO.

System Response to MECO and PETM at Site 959 Compared
The record at Site 959 provides the unique opportunity to compare the system response to 
warming between the PETM (Frieling et al., 2018b) and the MECO. Warming by about 4 °C led 
to seawater deoxygenation during both events, although the middle Eocene high productivity 
background setting was possibly more susceptible to OMZ expansion compared to the late 
Paleocene (Wagner, 2002). Intriguingly, while the benthos was adversely affected during the MECO 
at Site 959, the PETM is instead marked by increased amounts of benthic foraminiferal linings 
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Figure 3.3 | Photos showing characteristic types of bioturbation encountered in middle Eocene cores from 
Hole 959D. a, Pre-MECO 959D-21R-5A, 39 – 48 cm, single Zoophycos (Zoo), large and small Planolites 
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Planolites, Chondrites, Teichichnus (Tc). Some example burrows have been highlighted in white. 
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and sustained bioturbation. Another difference is the sharp regional demise of eukaryotic primary 
producers during peak PETM warmth (Frieling et al., 2017, 2018), likely related to higher absolute 
temperatures than those reached during MECO.

Conclusions

We reconstruct short-lived stratified conditions and high abundance of harmful algae during peak 
MECO warmth at eastern equatorial Atlantic Site 959 that led to a drop in export production and 
food limitation of benthic communities. Compilation with available MECO records (Boscolo-
Galazzo et al., 2014; 2015) suggests export production collapse and benthos starvation during 
the zenith of MECO warmth might have been widespread in the Atlantic. At Site 959, these 
oceanographic and biological changes were immediately followed by subsurface deoxygenation as 
stratification decreased. Qualitatively, these changes are analogous to present-day trends (Breitburg 
et al., 2018; Fu et al., 2012), underlining that development of stratification and deoxygenation is 
an inherent Earth system response to warming. The occurrence of possible harmful dinoflagellate 
blooms during the MECO is qualitatively identical to modern trends and suggests that future 
warming and stratification are increasingly preconditioning oceans for HABs.
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Supplementary methods

Palynology
We use the palynological materials from Chapter 2. Tablets containing a known amount 
of Lycopodium clavatum spores were added prior to palynological processing to allow for 
quantification of the absolute number of dinocysts per sample. Samples were then treated with 30% 
HCl and ~38–40% HF and isolation of the 15–250 μm fraction was established using nylon mesh 
sieves and and ultrasonic bath to break up agglutinated particles of the residue. Palynomorphs were 
counted up to a minimum of 200 identified dinocysts. Dinocyst taxonomy as cited in (Williams et 
al., 2017) was followed. Functional ecological dinocyst grouping follows (Brinkhuis, 1994; Sluijs et 
al., 2005; Frieling and Sluijs, 2018). In particular, the Protoperidinioids, cysts of Protoperidiniaceae, 
are though to derive from heterotrophic dinoflagellates and proliferate under increased 
nutrient conditions (Sluijs et al., 2005). Goniodomids (cf. Sluijs and Brinkhuis, 2009), cysts of 
Goniodomaceae, including Polysphaeridium spp., are considered to be characteristic for restricted, 
typically lagoonal settings, and can tolerate large swings in salinity (Brinkhuis, 1994; Frieling and 
Sluijs, 2018). Organic linings of benthic foraminifera were also incorporated into the palynological 
counts, the presence of which indicate presence of benthic foraminifera.

Core images
For characterization of bioturbation and color changes throughout the MECO interval, high 
resolution images of Cores 13R–23R (archive halves) were made using a GEOTEK Geoscan-III 
linescan camera (aperture 6.7 and 8.0) at MARUM, Bremen University. Changes in sedimentary 
structures were assessed by scoring the types of bioturbation and by measuring the maximum 
burrow diameter in each section. Burrows were measured from the digital core photos. Presence 
of trace fossils in the sediment indicates presence of metazoa living at the seafloor. Food supply is a 
major factor governing body size of benthic organisms (Danovaro et al., 2014; Rex et al., 2006; Wei 
et al., 2010). Therefore, burrow size can be used as a qualitative indicator for downward organic 
carbon fluxes.

Bulk carbonate stable isotope ratios
Stable carbon (δ13C) and oxygen (δ18O) isotope ratios of bulk carbonate (40 samples; 0.3 – 2 mg 
of freeze-dried and powdered sample) were measured at the Royal Netherlands Institute for 
Sea Research (NIOZ), using a Thermo Scientific Kiel IV carbonate device coupled to a Thermo 
Scientific MAT 253 isotope ratio mass spectrometer. Values are reported relative to the Vienna Pee 
Dee Belemnite (VPDB) standard. Analytical (internal) precision is ± 0.07‰ for δ13C and ± 0.1‰ 
for δ18O, supported by NBS-19 and internal laboratory (VICS) standards.

Organic carbon and nitrogen content, organic carbon isotopes
Samples were analyzed for total organic carbon (TOC) and nitrogen contents, as well as the carbon 
isotopic composition of TOC (δ13Corg). About 0.3 g of freeze-dried bulk sediment was powdered 
and decalcified using 1 M HCl. Samples were dried in a stove at 50°C, and subsequently, TOC and 
N contents were measured on ~10 mg of powdered, homogenized residue using a CNS analyzer 
(Fisons). Stable carbon isotope ratios were determined using an isotope ratio mass spectrometer 
(IRMS; Finnigan DELTAplus) coupled online to the CNS analyzer. Absolute reproducibility, 
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based on international and in-house standards, for TOC and δ13Corg was better than 0.1% and 
0.05‰, respectively. TOC content of the sediment is primarily governed by organic matter flux 
to the sediment and bottom water oxygen conditions. Both molar C/N ratios and δ13Corg provide 
indications of organic matter sourcing (e.g., Meyers, 1994).

Bulk sediment elemental composition
Major and minor element composition of the sediment (37 samples) was measured. As the first 
step in acid digestion, ~125 mg of freeze-dried and powdered sample was dissolved in a mixture 
of 2.5 mL HClO4:HNO3 3:2 and 2.5 mL HF (40%) in closed polytetrafluoroethylene autoclaves at 
90 °C overnight. Acids were evaporated at 160 °C and the resulting residue was re-dissolved in 25 
mL 4.5% HNO3 at 90 °C overnight. Elemental compositions of these total acid digested solutions 
were measured at Utrecht University using Inductively Coupled Plasma-Optical Emission 
Spectrometry (ICP-OES; Perkin Elmer Optima 3000). Analytical uncertainty was better than 5% 
based on duplicates and in-house standards. Most of the measured Mo concentrations were below 
20 ppm and thus below the background emission line. The error on these measurements can be 
>10% and values should therefore be regarded as approximates. Under oxygen-depleted bottom-
water conditions, several elements are actively scavenged from the water column into the sediments. 
Elements such as V, Cr, Cu, Zn, Ni and in particular Mo get enriched in the sediment under such 
conditions, and their sedimentary contents thus provide a proxy for bottom-water paleo-redox 
conditions (Brumsack, 1980; Tribovillard et al., 2006; Scott and Lyons, 2012). Detrital elements 
such as Al, Ti, K and Fe can provide evidence for detrital sediment providence. Element abundances 
were assessed in absolute concentrations, but also normalized to Aluminium (Al), in order to 
correct authigenic enrichment for dilution by the biogenic components of the sediment – here 
predominantly biogenic silica. Following recommendations by Van der Weijden (2002), regression 
analysis for normalized elemental values was omitted.

Organic geochemistry
As fully decribed in Chapter 2, organic compounds were extracted from Site 959 sediments using 
an Accelerated Solvent Extractor (ASE) and separated into apolar, polar and neutral fractions using 
column chromatography. Here, we desulphurized five of the polar fractions across the MECO 
interval using Raney nickel. These were analysed by gas chromatography-mass spectrometry 
(GC-MS) at the Royal Netherlands Institute for Sea Research (NIOZ) to assess the presence of 
isorenieratene and its derivatives. The compound isorenieratene is a photosynthetic pigment that 
derives solely from green sulphur bacteria (Overmann et al., 1992). Presence of this biomarker or 
its derivatives thus indicates development of photic zone euxinia (Sinninghe Damsté et al., 1993), 
although absence of preserved isorenieratene in the sediment is not evidence of absence of photic 
zone euxinia.

Stratigraphy
Core recovery in the middle part of the MECO is poor (Figure 3.2). Peak MECO temperatures were 
recorded in Sections 959D-19R-1 and 959D-18R-5. Recovery of Core 959D-19R is poor (7.6%) and 
the position of Core 959D-19R relative to -18R and -20R is uncertain, as we were unable to precisely 
correlate core data from this interval to downhole logging data (Mascle et al., 1996). This raises the 
question whether the recorded MECO warming in available core material underestimates the total 
warming that occurred at Site 959. Based on the following lines of evidence, we argue that, while 
the 3.5°C temperature change remains a minimum estimate, it is unlikely a gross underestimate. 
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First, based on the evolution of MECO temperatures as recorded in other sites (Bohaty et al., 2009; 
Bohaty and Zachos, 2003), peak temperatures are typically reached at the end of the event. As we 
record similar temperatures in the top of Core 959D-19R and bottom of 959D-18R, it is likely that 
both of these core intervals represent the interval of peak MECO warming. Our complementary 
δ18O record (Supplementary Figure 3.1) also shows minimum values at the end of the MECO 
(upper Core 959D-18R), supporting interpreted peak warmth. Secondly, the rapid warming within 
Core 959D-19R itself also suggests this core interval sampled the peak of the event. Therefore, we 
argue that our record most likely captures close to the full extent of the SST change, and we can thus 
make inferences about peak MECO relative to MECO warming and cooling. In this, we refer to the 
phase of warming based on TEX86 SST as “MECO warming”, the phase of peak MECO SST as “peak 
MECO”, and the SST decrease back to pre-MECO SSTs as “MECO recovery”. 
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Supplementary Figure 3.1 | Additional geochemical and palynological records of oceanographic and 
environmental change during the MECO at ODP Site 959. All against depth in meters below seafloor (mbsf). 
Plotted with recovery of cores in black. a, Oxygen isotopic composition (δ18O) of bulk carbonate. b, TEX86

H-
based sea surface temperature (SST) reconstruction (Chapter 2). Yellow shading represents elevated MECO 
temperatures, with peak MECO temperatures in orange shading. c, Branched and Isoprenoid Tetraether (BIT) 
index. d, Absolute quantitative abundances of terrestrial palynomorphs (grains/gram). e, Absolute quantitative 
abundances of dinocysts (cysts/gram). f, Absolute quantitative abundances of organic linings of benthic 
foraminifera (linings/gram). g, Molar Corg/Nbulk ratio. h, Carbon isotopic composition (δ13C) of bulk organic 
material (per mille; ‰). i, Manganese (Mn) contents in ppm (solid lines) and normalized to Al (dotted lines).
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Chapter 3 – Supplementary Tables

A B

25 µm

25 µm

C D

Supplementary Figure 3.2 | Light microscope images of the dinocyst Polysphaeridium zoharyi. a, b, 
Specimen from 959D-18R-4W, 15-17 cm. c, Specimen from 959D-18R-5W, 85-87 cm. d, Multiple specimens 
from 959D-18R-5W, 85-87 cm. Scale bars represent 25 um. a – c share the same scale.

Supplementary Table 3.1 | Presence (black infill) and absence (white infill) of bioturbation types and 
maximum burrow diameter (mm) present in ODP Hole 959D, core 13R-23R, for all sections longer than 70 
cm. The two sections in which the highest MECO SSTs and lowest average burrow diameter (Figure 3.2) were 
found are outlined in red.
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Supplementary Table 3.2 | Summary of inferred palaeoceanographic and -environmental change during 
the MECO.
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Abstract

The Middle Eocene Climatic Optimum (MECO) was a widespread warming event around 40 
million years ago (Ma) that interrupted long-term Eocene cooling. Although there is evidence for 
elevated atmospheric CO2 concentrations during the MECO, the exact mechanisms of gradual 
(~400 kyr) MECO warming and subsequent abrupt (~40-100 kyr) cooling remain unconstrained. 
Evidence for a reduced silicate weathering feedback, in combination with the relatively short 
timescale of MECO termination, suggests another process must have played a role in CO2 
sequestration and climatic recovery in the aftermath of the MECO. Here, we assess the signature 
of the MECO in the Peri-Tethys in relation to climate and carbon cycle change and present a suite 
of middle Eocene paleoclimate proxy records from the organic-rich Kuma Formation of the Belaya 
River section, located on the edge of the Scythian Platform in the North Caucasus, Russia. We 
document MECO warming of about ~2ºC to peak sea surface temperatures of ~34ºC in the Peri-
Tethys based on paleothermometry. Strikingly, a large increase in organic matter content occurs 
during MECO cooling, similar to patterns observed in the central western Tethys Ocean, suggesting 
a possible role for enhanced organic carbon burial in the recovery of the MECO event.
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4

Introduction

The Middle Eocene Climatic Optimum (MECO) around 40 Ma stands out as a ~400 kyr phase 
of widespread warming (Bohaty et al., 2009), that interrupts the general Eocene cooling trend 
(Zachos et al., 2008; Bijl et al., 2009; Chapter 2). Over the past decade, MECO warming has been 
recorded at an increasing number of localities, including the Atlantic and Indian deep ocean 
(Bohaty and Zachos, 2003; Bohaty et al., 2009) and surface waters of the Atlantic (Edgar et al., 2010; 
Boscolo Galazzo et al., 2014; Chapter 2) and southwest Pacific Ocean (Bijl et al., 2010). Increasing 
atmospheric CO2 (Bijl et al., 2010) and a weakened silicate weathering feedback (van der Ploeg et 
al., 2018) seem to have played a role in the development and prolongation of MECO warmth and 
associated dissolution of deep-sea carbonates (Bohaty et al., 2009). Although volcanic outgassing 
likely played a role (van der Ploeg et al., 2018), the exact cause of MECO warming remains elusive. 
One of the possible sources is intensified volcanism related to Arabia-Eurasia collision, where peak 
magmatism is recorded around 40 Ma (Allen and Armstrong, 2008). In addition, a lack of MECO 
records from continental shelves precludes assessment of a potential shift in the locus of carbonate 
burial from deep-ocean to shelf environments as a driver of deep-sea carbonate dissolution, as 
proposed by Sluijs et al. (2013) based on carbon cycle modeling.

In addition, the mechanisms responsible for subsequent MECO cooling and atmospheric CO2 
decline represent a second outstanding question. If the strength of the silicate weathering feedback 
was indeed reduced in the Middle Eocene (Caves et al., 2016; van der Ploeg et al., 2018), another 
negative carbon cycle feedback process may have played a role in rapid CO2 drawdown and 
climatic recovery in the aftermath of the MECO. In the central western Tethys, MECO cooling is 
concurrent with deposition of two organic carbon-rich layers with a thickness of several meters 
and total organic carbon (TOC) content of ~2% (Spofforth et al., 2010). Simultaneously, planktic 
and benthic foraminiferal assemblages suggest eutrophic sea surface conditions, high export 
productivity and oxygen-depleted bottom waters (Luciani et al., 2010; Boscolo Galazzo et al., 2013). 
Although a stable carbon isotope signature is not apparent from most marine carbonate records, 
the increased productivity and subsequent enhanced organic carbon burial in the Tethys may have 
led to substantial carbon drawdown from the exogenic carbon pool, following the MECO. Indeed, 
Beniamovski et al. (2003) postulated a link between the deposition of the regionally widespread 
and organic-rich Kuma Formation and global cooling during the middle-late Eocene. Even before 
severe restriction and associated oxygen depletion of the northern Tethys margin around the 
Eocene-Oligocene Transition (~34 Ma), the (Peri-)Tethys region has been relatively sensitive 
to deoxygenation (Popov et al., 1993; Schulz et al., 2005). For example, the Paleocene-Eocene 
Thermal Maximum (PETM; ~56 Ma), a ~200 kyr episode associated with rapid carbon injection 
and warming at its onset, was associated with marine anoxia along Tethyan margins (Dickson et al., 
2014; Shcherbinina et al., 2016) and epi-continental seas (Frieling et al., 2014).

Here, we present a suite of middle Eocene paleoclimate proxy records from the Kuma Formation 
of the Belaya River section, located on the edge of the Scythian Platform in the North Caucasus 
and explore its potential relation to the MECO. To this end, we identify the MECO based on 
biostratigraphy and chemostratigraphy, perform paleoecological analyses based on palynology and 
biomarker paleothermometry at the study site, and generate sedimentary Hg abundance data to 
investigate a relation between the MECO and regional volcanism.
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Material

Geological setting
The study area is located along the Belaya River in the North Caucasus region of Russia (44.3665 
°N, 40.1970 °E, paleolatitude ~42°N at 40 Ma (van Hinsbergen et al., 2015)), ~25 km south of the 
town of Maikop (Figure 4.1). This section contains an apparently continuous succession of middle-
late Eocene sediments divided into the Cherkessk, Keresta, Kuma and Belaya Glina formations 
(Zakrevskaya et al., 2011; Benyamovskiy, 2012), thought to be deposited in a continental shelf 
setting (van der Boon, 2017). Here, we define the base of the section (0 m) by the sharp transition 
from the green clays of the Cherkessk formation to the white marls of the Keresta formation. 
The overlying Kuma formation (~6.8 – 52 m) is represented by brown organic-rich, laminated 
marls, while the Belaya Glina formation (~52 – 112.5 m) is again characterized by white marls. 
Further upwards, the succession continues into the Maikop series (Figure 4.2). An age range that 
encompasses the Bartonian has been inferred for the Kuma formation in this region (~44 – 36.5 Ma; 
Beniamovski et al., 2003), which implies the MECO should be expressed within this formation.

Methods

Sample collection
Approximately 250 sediment samples were collected from the Kuma formation using a gasoline-
powered hand drill during fieldwork in 2017. The average sampling resolution is ~10 cm for the 
interval between 26 – 37 m and ~30 cm for the rest of the succession.

Belaya section

Alano section

Turgay
Strait

Tethys Ocean

Northern Peri-Tethys

Figure 4.1 | Map of paleolocalities of the study site (Belaya section) and Alano di Piave section. Late Eocene 
paleogeographic map adapted from Popov et al., 2004 and Van der Boon, 2017. Grey shaded areas represent 
presumed subaerial topography during the middle Eocene, light grey lines represent present-day shorelines.
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Organic geochemistry
Lipids were extracted from ~10 g of powdered freeze-dried sediment (47 samples) with a Dionex 
accelerated solvent extractor (ASE 350), using (DCM):methanol (MeOH) (9:1, v/v) as solvent. The 
extracts were separated by small column chromatography into apolar, ketone and polar fractions 
using hexane:DCM (9:1), hexane:DCM (1:1) and DCM:MeOH (1:1), respectively. A known 
amount of synthetic C46 glycerol dialkyl glycerol tetraether (GDGT) standard was added to the 
polar fraction, which was subsequently dried, re-dissolved in hexane:isopropanol (99:1) and filtered 
using a filter syringe and 0.45-μm polytetrafluoroethylene filter to a concentration of ~3 mg ml-1. 
The GDGT-containing filtrate was analyzed using ultra-high performance liquid chromatography-
mass spectrometry (UHPLC-MS) using an Agilent 1260 Infinity series HPLC system coupled to 
an Agilent 6130 single-quadrupole mass spectrometer in selected ion monitoring mode at Utrecht 
University. Separation was achieved on two Waters BEH HILIC silica columns (2.1 x 150mm, 1.7 
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um) preceded by a guard column (2.1 x 5 mm, Waters) packed with the same material. Solvents, 
elution scheme, and instrument settings were according to Hopmans et al. (2016). TEX86 values 
were calculated following Schouten et al. (2002) and converted to sea surface temperature (SST) 
using the Kim et al. (2010) calibration. Based on long-term observation of the in-house standard, 
the analytical precision for TEX86 is ± 0.3 °C.

Bulk carbonate stable isotopic composition
For measurements of the bulk carbonate oxygen and stable carbon isotope composition (δ18Ocarb 
and δ13Ccarb), powdered freeze-dried sediment (~150 samples) was analyzed using a Thermo 
Finnigan GasBench-II carbonate preparation device coupled to a Thermo Finnigan Delta-V isotope 
ratio mass spectrometer (IRMS) at Utrecht University, aiming for 50-100 μg of carbonate per 
measurement. Analytical errors are estimated to be ± 0.1‰ for δ13C and δ18O based on long-term 
reproducibility of in-house carbonate standards. Values are reported relative to the Vienna Pee Dee 
Belemnite (VPDB) standard.

Organic carbon, carbonate, nitrogen contents and organic carbon isotopes
Approximately 150 samples were analyzed for elemental composition and carbon isotopes of 
organic matter (δ13Corg). For this purpose, 0.2–0.3 g of powdered freeze-dried sediment was 
decalcified using 1 M HCl. Residues were oven-dried at 60°C and weighed again to obtain 
approximate CaCO3 weight percentages. Total organic carbon (TOC) and nitrogen (N) contents, 
as well as stable carbon isotopic composition of TOC (δ13Corg) were determined using a Thermo 
Scientific Flask 2000 elemental analyzer coupled to a Thermo Scientific Delta V Advantage via a 
Conflo IV Elemental Analyser-Isotope Ratio Mass Spectrometer (EA-IRMS). Analytical errors are 
estimated to be <0.1 wt% for TOC, <0.02 wt% for N and ~0.1‰ for δ13Corg based on long-term 
reproducibility of in-house standards. Values are reported relative to the VPDB standard.

Mercury contents
For analysis of Hg contents, 20 samples were prepared following the protocol described in Percival 
et al., (2017). Hg contents were measured using a Lumex RA-915 Portable Mercury Analyzer with 
PYRO-915 pyrolyzer at the University of Oxford, and normalized to TOC to account for increasing 
Hg enrichment with increasing TOC (Sanei et al., 2012).

Palynology
For palynological analysis, 40 samples from the interval 18.0–46.9 m were processed. Scaled to 
organic carbon content, between 3 and 10 g of freeze-dried lightly crushed sediment was treated 
with 30% HCl and ~38–40% HF to dissolve carbonates and silicates, respectively. The residue was 
sieved using 15 and 250 μm nylon mesh sieves, with ultrasonic bath steps to break up agglutinated 
organic matter. The resulting 15–250 μm palynomorph fraction was mounted on glass microscope 
slides. A general characterization of palynofacies, as well as a scan for stratigraphic marker species 
of dinoflagellate cysts (dinocysts), was performed using light microscopy, using the taxonomical 
classification of Williams et al. (2017).

Calcareous nannofossil biostratigraphy
A set of 7 standard smear slides was examined for presence of stratigraphically relevant calcareous 
nannofossil species at the University of Padova.
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Results

Biostratigraphy
The inferred Bartonian age of the Kuma formation is confirmed by preliminary biostratigraphy 
of excellently preserved and abundant calcareous nannofossils. A sequence of nannofossil datums 
consisting of base Dictyococcites bisectus at 29.55 m ± 0.33 m (40.34 Ma, Agnini et al., 2014) and 
base Spenolithus obtusus and top Spenolithus spiniger both at 31.84 m ± 0.47 m (both 39.70 Ma, 
Fornaciari et al., 2010) designates these depths to an age encompassing the MECO. Dinocysts 
present in our palynological slides support the nannofossil-based Bartonian age constraints for this 
interval, with occasional presence of Phthanoperidinium distinctum up to 33.73 m (top 37.94 Ma, 
Heilmann-Clausen and van Simaeys, 2005).

GDGTs
Studied GDGT fractions of the Kuma Formation are dominated by isoprenoid GDGTs (iGDGTs). 
Ratios between the different iGDGTs, including the Methane Index (MI; Zhang et al., 2011), 
GDGT-2/crenarchaeol (Weijers et al., 2011), GDGT-0/crenarchaeol (Blaga et al., 2009), GDGT-2/
GDGT-3 (Taylor et al., 2013), and %GDGTRS (Inglis et al., 2015) are within the ordinary range for 
production by marine Thaumarchaeota (Supplementary Data), supporting the use of TEX86 as SST 
proxy. Notably, brGDGTs are entirely below detection limit, with resulting BIT values of 0. -based 
SST estimates are 31–32°C for the middle Eocene background. We attribute the ~2 °C warming 
to maximum values of 34°C between 26.5 and 31 m to the MECO, which is consistent with the 
available biostratigraphic constraints (Figure 4.3). Peak MECO temperatures at ~31 m are followed 
by a prolonged cooling phase up to ~41 m. The variability in values increases towards the top of the 
record.

Palynofacies and palynological assemblages
The palynofacies of all samples is dominated by poorly-preserved mature, i.e. dark-colored, 
amorphous organic matter (AOM) and plant-derived debris. Sparse palynomorphs include 
prasinophytes, e.g. Tasmanites and Cymatiosphaera, dinocysts and sporomorphs but suboptimal 
preservation generally hampers determination to the species-level. Dinocyst taxa comprising 
a large part of the assemblage are Enneadocysta spp., Spiniferites spp., Cordosphaeridium spp., 
Cleistosphaeridium spp., Batiacasphaera spp., Hystrichokolpoma spp., and some Protoperidinioids 
and Wetzellioids. Such high-diversity dinocyst assemblages are characteristic for a mid-shelf setting 
(Sluijs et al., 2005).

Geochemistry
We document relatively stable, high TOC contents (~3%) for most of the studied interval, but 
observe a major TOC increase to ~6% between 33 and 37 m, corresponding approximately to 
the darkest sedimentary facies (Figure 4.3). C/N ratios show a modest decrease from ~20 to ~15 
between 20 and 30 m and a subsequent gradual increase to values ranging between ~20 and ~25 
towards the top of the succession. Such values suggest a relatively large supply of terrestrial organic 
matter (Meyers, 1994).

δ13Corg values vary around – 27.0‰ in the lower part of the record between 20 and 33 m. 
Interestingly, we observe a minor δ13Corg decrease to -27.5‰ between 33 and 35 m followed by a 
rapid increase to values of -26.5‰ between 35 and 37 m. Further upwards, δ13Corg values gradually 
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return to -27.5‰ between 37 m and 50 m. Finally, we find low and variable Hg/TOC ratios between 
30 and 50 m, and no relation to any other record is apparent. Notably, the TOC increase and 
concomitant δ13Corg shift occur in the interval of post-MECO cooling.

We find high carbonate contents (50–80%) across the studied interval, with the exception of a major 
CaCO3 decrease to ~30% between 33 and 37 m (Figure 4.4) that coincides with the aforementioned 
TOC increase. δ18Ocarb values are close to those of meteoric water (e.g., Gat, 1996), suggesting a 
diagenetic overprint, although trends might still reflect a primary signal. δ18Ocarb displays a slight 
decrease from -3.3‰ to -4.0‰ between 20 and 33 m, followed by a transient shift to very depleted 
values of ~ -5.5‰ at ~35m. δ18Ocarb subsequently returns to -4.0‰ at 37 m and gradually increases 
to -3.2‰ towards the top of the studied interval. By comparison, δ13Ccarb varies from ~1.0‰ to 
~1.5‰ between 20 to 33 m, followed by a transient shift to ~2.5‰ at ~35 m and a final increase 
from ~1.5‰ to ~2.0‰ from 37 m towards the top of the succession. Importantly, these prominent 
shifts in both δ18Ocarb and δ13Ccarb are synchronous with the CaCO3 decrease and occur in the 
cooling phase after peak MECO warmth.

Discussion

Depositional setting
Sediments of the Kuma formation at the Belaya River are characterized by relatively high TOC 
contents (background ~3%), similar to other studied localities on the Russian Platform and Scythian 
Platform (e.g., Gavrilov et al., 2000; Beniamovski et al., 2003), suggesting high productivity and/or 
preservation. A conundrum is posed by the composition of the organic matter, which consists of 
large amounts of plant-derived debris in the palynological residues, with C/N ratios also suggesting 
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Figure 4.3 | Organic carbon-based proxy records across the MECO interval. a, Schematic sedimentary log 
and color of the succession. b, Total organic carbon content (TOC, in wt%). c, C/N ratios (in % TOC/% N). 
d, Organic carbon δ13C (δ13Corg, in ‰ VPDB). e, Hg/TOC ratios (in ng/g Hg/% TOC). f, TEX86
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surface temperature estimates (SST, in °C). g, Height ranges of relevant calcareous nannofossil datum events. 
Lines represent moving averages and all records are plotted against stratigraphic height (in meters). The base 
of the succession (0 m; not shown) is defined at the base of the Keresta formation and the Kuma formation 
starts at ~6.8 m. Gray horizontal shading represents the interval of elevated SST. Within this, dark gray shading 
corresponds to the interval of transient TOC increase.
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pronounced contributions of terrestrial organic matter (Meyers, 1994). However, the lipid fractions 
are completely devoid of brGDGTs produced by soil-dwelling bacteria. Importantly, the dark 
coloration of the plant-derived debris suggests a high degree of maturation. The combined evidence 
therefore suggests that the majority of the terrestrial organic matter was reworked from matured 
exposed strata. Weathering of TOC-rich sediments could potentially explain the abundances 
of relatively mature terrestrial palynodebris as well as the absence of brGDGTs, which would be 
decomposed during maturation. Potentially, a large influx of organic material could have stimulated 
surface ocean productivity, contributing to more oxygen-depleted conditions in the basin through 
increased organic matter export fluxes towards the seafloor.

MECO warming
The middle Eocene Peri-Tethys surface ocean was very warm, with SSTs around 32°C. This is 
higher than coeval TEX86-based temperatures from the equatorial and subtropical Atlantic (Boscolo 
Galazzo et al., 2014; Chapter 2). These estimates are in line with high SSTs for the Peri-Tethys 
region, as simulated with a fully-coupled climate model with high resolution paleogeography 
(Baatsen et al., 2018a). Although sedimentation rates might have changed across the studied 
interval, MECO warming and cooling appear remarkably symmetrical in the depth domain. 
Furthermore, there are other available MECO SST records that indicate a more prolonged cooling 
phase in the surface ocean (Bijl et al., 2010; Boscolo Galazzo et al., 2014; Chapter 2). This is in sharp 
contrast to the widespread deep-ocean foraminiferal and bulk carbonate δ18O-based temperature 
pattern, which is characterized by a gradual ~400 kyrs of warming and much more abrupt (~40-100 
kyr) cooling (Bohaty et al., 2009).
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Figure 4.4 | Carbonate-based proxy records across the MECO interval. a, Schematic sedimentary log and 
color of the succession. b, Total organic carbon content (TOC, in %). c, Carbonate content (in %). d, Bulk 
carbonate δ18O (δ18Ocarb, in ‰ VPDB). e, Bulk carbonate δ13C (δ13Ccarb, in ‰ VPDB). f, TEX86

H-based sea 
surface temperature estimates (SST, in °C). Lines represent moving averages and all records are plotted against 
stratigraphic height (in meters). The base of the succession (0 m; not shown) is defined at the base of the Keresta 
formation and the Kuma formation starts at ~6.8 m. Gray horizontal shading represents the interval of elevated 
SST. Within this, dark gray shading corresponds to the interval of transient TOC increase.
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Post-MECO organic-rich deposition
Strikingly, the major changes in sediment composition (CaCO3 decrease and TOC increase) and 
the concomitant shifts in δ18Ocarb and δ13Ccarb do not occur during the MECO warming, but rather 
during MECO cooling. This essentially implies that δ18Ocarb and δ13Ccarb are decoupled from SST and 
instead represent changes in lithology. Furthermore, the balance between carbonate and organic 
carbon burial at this site did not appreciably change during MECO warming, which does not 
support nor disprove a potential redistribution of carbonate burial towards the continental shelves 
during the MECO (Sluijs et al., 2013).

The sharp increase in TOC and δ13Ccarb between 33 and 37 m suggests enhanced organic carbon 
burial during the MECO cooling phase. In fact, a similar pattern of MECO warming followed by 
organic carbon burial has been observed in sediments from the Alano di Piave section in Italy 
(Figure 4.1). There, two distinct organic-rich intervals are recognized during and after MECO 
cooling, and are characterized by similar shifts towards heavier δ13Ccarb values (Spofforth et al., 
2010). Although our age constraints are currently insufficient to provide evidence that these 
depositional events at Alano di Piave and Belaya River are indeed synchronous, enhanced organic 
carbon burial may have been a regional phenomenon across the western Tethys and Peri-Tethys. 
Consequently, large-scale organic carbon deposition in the Tethys realm may have indeed 
contributed to CO2 drawdown and climatic recovery following the MECO. Importantly, however, 
much of the organic matter deposited in this interval at Belaya might represent reworked kerogen 
(see above). Moreover, it is difficult to assess whether the timing and duration of this organic carbon 
burial episode are consistent with the timing of MECO climate change and δ13C signature of the 
global exogenic carbon pool, as best constrained by the available open ocean records (Bohaty and 
Zachos, 2003; Bohaty et al., 2009). Collectively, to test if organic carbon burial in the Tethyan 
realm contributed to the recovery from the MECO, additional datasets with well-constrained 
accumulation rate estimates from the region as well as simulations with carbon cycle models are 
necessary.

Conclusion

The middle Eocene Peri-Tethys is characterized by very high SSTs of 31°C–32°C, on which MECO 
warming stands out as an additional rise to 34°C. Intriguingly, the most striking changes in 
sediment properties do not occur during MECO warming or peak warmth, but are concomitant 
with subsequent cooling. Increased burial of organic carbon during MECO recovery might have 
been a regional phenomenon in the western Tethys Ocean, suggestive of a causal link.
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Abstract

In the modern ocean, the Labrador Sea (LS) is an important source region for North Atlantic Deep 
Water (NADW) formation, which in turn is a driver of the global thermohaline ocean circulation. 
NADW formation is highly sensitive to surface-water salinity and temperature changes in its source 
regions. Intriguingly, several studies indicate that NADW formation might have initiated during the 
globally warm Eocene (56 – 34 million years ago; Ma), under conditions of intensified hydrological 
cycling. Yet, constraints on Eocene surface ocean conditions in source regions conducive to NADW 
formation are lacking. This hampers reconstructions of locations of deep water formation, and 
thus our understanding of the global ocean circulation state during the Eocene. To investigate 
surface ocean conditions of the Labrador Sea in the middle Eocene, here we report on the 
analysis of sediments from Ocean Drilling Program (ODP) Site 647 using a multidisciplinary 
approach combining (organic) geochemical and palynological techniques. We reconstruct a large 
range of TEX86-based sea surface temperatures (SSTs) (24 – 32 °C). Dinoflagellate cyst (dinocyst) 
assemblages together with planktic foraminiferal stable oxygen isotopes overall indicate low surface 
water salinities. Superimposed on these relatively warm and fresh conditions is a pair of transient 
climate and environmental changes. First, we recognize a ~2 °C warming in SST associated with 
the Middle Eocene Climatic Optimum (MECO; ~40 Ma), which is the northernmost record of this 
climate event yet. Another, likely regional, sea surface warming occurs around 41.1 Ma, together 
with low-latitude planktic foraminifera and dinocyst incursions. Our multiproxy reconstructions 
depict a consistent picture of relatively warm and fresh, but also highly variable, surface ocean 
conditions in the middle Eocene Labrador Sea. Conditions were unlikely conducive to deep-water 
formation.
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Introduction

In the modern ocean, deep water formation in the North Atlantic Ocean is an important feature 
of the global thermohaline circulation (e.g., Wüst and Defant, 1936; Dickson and Brown, 1994; 
Buckley and Marshall, 2015). Global ocean overturning is powered by the combination of wind-
driven surface circulation, and pull exerted by density-driven sinking of North Atlantic Deep Water 
(NADW) (e.g., de Boer et al., 2008). Since NADW formation is highly sensitive to surface ocean 
conditions in its source regions, the process has been recognized as an important tipping element of 
Earth’s climate system (Lenton et al., 2008; Drijfhout et al., 2015). Reorganizations of global ocean 
circulation as a consequence of NADW formation shutdown due to meltwater-related freshwater 
input likely played a role in transient climate events during the last glacial period (Rahmstorf, 2002; 
McManus et al., 2004). As anthropogenic addition of carbon dioxide (CO2) to the atmosphere 
warms the planet, NADW might similarly diminish or shut down, with important consequences 
for global ocean circulation and ocean heat transport to northwestern Europe (IPCC, 2013). Some 
observational evidence indicates the Atlantic meridional overturning circulation (AMOC) is 
currently weakening (Srokosz and Bryden, 2015), as the North Atlantic is freshening (Curry et al., 
2003), which might be related to anthropogenic-induced greenhouse forcing.

The two main source regions of NADW formation are the Nordic Seas (Greenland Sea, Norwegian 
Sea and Iceland Sea) and Labrador Sea (Dickson and Brown, 1994). The densest, thus deepest, 
components of NADW are formed in the Norwegian-Greenland Sea, and enter the North Atlantic 
through overflow over the Greenland-Scotland Ridge (GSR) (Quadfasel and Käse, 2007). These 
water masses are overlain by intermediate deep water formed in the Labrador Sea. In terms 
of surface ocean circulation, the modern Labrador Sea lies in the Atlantic subpolar gyre (Figure 
5.1a), which is a counterclockwise gyre consisting of the warm northward flowing North Atlantic 
Current and cold southward flowing Arctic waters from the Baffin Current – Labrador Current and 
east Greenland Current (e.g., Rossby, 1999). Through the Baffin Bay, the Labrador Sea is connected 
to the Arctic via the fairly restricted and fully continental Nares Strait, whereas the Norwegian-
Greenland Sea surface waters are connected to the Arctic through the Fram Strait (west of Svalbard) 
and Barents Sea (east of Svalbard) (Figure 5.1a) (Aagaard and Carmack, 1989). As density-driven 
sinking is primarily governed by salinity, temperature and depth of surface and deep water masses, 
NADW formation is very sensitive to sea surface temperature (SST) and sea surface salinity (SSS) 
changes in the Labrador Sea and Norwegian-Greenland Sea.

Although it remains poorly constrained when NADW formation initiated, some studies indicate 
that this might have began during the Eocene hothouse world (56-34 million years ago; Ma) 
(Borrelli et al., 2014; Ferreira et al., 2018; Coxall et al., 2018), after a progressive phase of widening of 
the Atlantic Ocean in the Cretaceous-Paleocene (Pitman and Talwani, 1972; Pérez-Díaz and Eagles, 
2017). In the Eocene, spreading occurred in the Labrador Sea and Nordic Sea basin (Chalmers and 
Pulvertaft, 2001) (Figure 5.1b), and elevation of the GSR was modulated by Icelandic mantle plume 
activity (Parnell-Turner et al., 2014; Steinberger et al., 2019). Importantly, global temperatures 
were high and variable during the Eocene (Zachos et al., 2008; Evans et al., 2018; Chapter 2) and 
a warmer climate by itself results in increased hydrological cycling, with an enhanced contrast 
between regions of excess evaporation in the subtropics and excess precipitation at high latitudes 
(Pierrehumbert, 2002; Held and Soden, 2006). Together with the relatively narrow and restricted 
nature of the Nordic seas, this likely made surface waters in these regions fresher (Waddell and 
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Moore, 2008; Speelman et al., 2010; Roberts et al., 2011), periodically extremely so (Brinkhuis et al., 
2006; Barke et al., 2012), which would have repressed deep-water formation (Roberts et al., 2009; 
Hutchinson et al., 2018).

Based on dating of the onset of contourite drift deposition offshore Newfoundland (Boyle et al., 
2017), deep north-to-south flow in the North Atlantic – suggestive of a precursor to the modern 
Deep Western Boundary Current – seems to have initiated at the early-middle Eocene boundary. 
However, geochemical records indicate southward export of NADW did not occur until the latest 
Eocene (~36 Ma) (Coxall et al., 2018) or earliest Oligocene (~33 Ma) (Via and Thomas, 2006). 
Geochemical records from the Bay of Biscay seem to indicate a transient switch to North Atlantic 
deep-water formation during an early Eocene warming event (D’haenens et al., 2014), although 
this inference is based on the assumption that Eocene Atlantic north-south δ13C gradients were 
similar to the modern, which may not have been the case (Coxall et al., 2018). The depth of the GSR 
comprises a major factor controlling overflow of dense waters from the Nordic seas into the deep 
Atlantic Ocean (Stärz et al., 2017). Drift deposits in the Faeroe-Shetland Basin indicate deep water 
overflow over the GSR from the earliest Oligocene (~35 Ma) (Southeast Faeroes Drift; Davies et al., 
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Figure 5.1 | Modern and middle Eocene North Atlantic (paleo)geographic setting. a, Modern-day 
geography. (Simplified) surface ocean currents marked in light-blue (cold) and pink (warm): EGC = East 
Greenland Current; LC = Labrador Current; NAC = North Atlantic Current; SPG = subpolar gyre; STG = 
subtropical gyre. Ocean basins and seaways marked in white: BB = Baffin Bay; BS = Barents Sea; FS = Fram 
Strait; LS = Labrador Sea; NGS = Norwegian-Greenland Sea; NS = Nares Strait. Dark blue fill represents 
ocean crust and black lines represent outlines of continental plates. Gray fills indicate modern coastlines. b, 
Approximate paleogeographic reconstruction for 40 million years ago, together with the paleolocation of ODP 
Site 647 and IODP Site U1408. Map produced using GPlates. Selected oceanographic features from panel 
a annotated for visual clarity. Additional features in panel b: TS = Turgay Strait; GSR = Greenland-Scotland 
Ridge. Dark blue fill represents ocean crust and black lines represent outlines of continental plates. Gray fills 
indicate coastlines, rotated together with the continental plates to a 40 Ma position. Light blue represents 
interpreted flooded continental shelf in the middle Eocene.
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2001) (Wold, 1994) or possibly even the early Eocene (~50-49 Ma) (Judd Falls Drift; Hohbein et al., 
2012), but results remain conflicting (Uenzelmann-Neben and Gruetzner, 2018).

Model simulations support a high sensitivity of (Eocene) NADW formation to geographic 
boundary conditions, through effects on surface ocean parameters in the North Atlantic and Nordic 
Seas (Roberts et al., 2009; Hutchinson et al., 2018; Vahlenkamp et al., 2018). With open pan-Arctic 
gateways, high freshwater fluxes into the North Atlantic would cause salinity stratification (Baatsen 
et al., 2018b; Hutchinson et al., 2018), preventing strong AMOC-type overturning. This seems 
consistent with low sea surface salinities in the early middle Eocene Arctic Ocean that supported 
blooms of the floating fresh-water fern Azolla (Brinkhuis et al., 2006; Waddell and Moore, 2008; 
Barke et al., 2012). Yet, crucially, insufficient constraints on Eocene surface ocean conditions in 
source regions conducive to NADW formation hamper reconstructions of locations of deep water 
formation, and thus our understanding of the global ocean circulation state in the warm Eocene.

Here, we aim to assess surface ocean conditions in the North Atlantic, specifically the southern 
Labrador Sea, during the warm middle Eocene between 41.5 and 38.5 Ma. In global reconstructions 
of ocean temperature (Zachos et al., 2008; Evans et al., 2018; Chapter 2), this was a period of global 
gradual cooling in between the hot Early Eocene Climatic Optimum (EECO; ~52 – 50 Ma) and 
the Eocene-Oligocene Transition (EOT; ~34 Ma). Superimposed on this global cooling, the 
studied time period also includes the Middle Eocene Climatic Optimum (MECO) event at ~40 
Ma, a 500,000-year episode of enhanced warmth (Bohaty and Zachos, 2003; Bohaty et al., 2009). 
The MECO was likely driven by a volcanic-induced imbalance in the carbon cycle and (lack of) 
associated feedbacks (Bijl et al., 2010; Sluijs et al., 2013; van der Ploeg et al., 2018). Climatic and 
environmental change during the MECO is known from widespread locations (Bohaty et al., 2009; 
Bijl et al., 2010; Boscolo-Galazzo et al., 2014; Jovane et al., 2007; Chapter 3). However, a lack of 
northern hemisphere MECO temperature records precludes assessment of its global nature versus a 
possible role of changing meridional heat fluxes and/or inter-hemispheric heat exchange.

We use sediments from Ocean Drilling Program (ODP) Site 647 in the Labrador Sea (Figure 
5.1b), which is ideally located to address the above questions. Geochemical reconstructions at 
this site indicate the presence of poorly-ventilated, high-nutrient bottom waters at the end of the 
Eocene greenhouse epoch (Coxall et al., 2018). It is therefore extremely relevant to assess prior 
conditions during the middle Eocene. In this, the MECO warming represents an important end-
member scenario to test the sensitivity of North Atlantic surface water conditions to climate forcing. 
Eocene sediments at Site 647 contain both well-preserved, “glassy”, carbonate microfossils (Arthur 
et al., 1989; Pearson and Burgess, 2008) and abundant, well-preserved organic microfossils (Head 
and Norris, 1989; Firth et al., 2012) and are thus highly suitable for multi-proxy reconstruction 
of marine conditions. Here, we try to illuminate the surface ocean and seafloor conditions 
in the middle Eocene Labrador Sea, particularly in terms of SST and SSS. This will yield critical 
information on northwest Atlantic circulation regimes, both during the middle Eocene and in 
response to superimposed warming. For this purpose, we produce reconstructions of sea surface 
temperature and salinity based on organic (TEX86) and inorganic (δ18O, Mg/Ca) geochemical 
proxies in conjunction with analysis of microfossil assemblages, specifically planktic foraminifera 
and dinoflagellate cysts (dinocysts).
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Material

Ocean Drilling Program Site 647 (53°19.876’N, 45°15.717’W, middle Eocene paleolatitude of 
~45°N) is located in the southern Labrador Sea (Figure 5.1b), on the southern flank of the (late 
Neogene) Gloria Drift at a present-day water depth of 3862 meters. The site was likely located at 
similar bathyal water depths of ~3000 m in the middle Eocene (Srivastava et al., 1987; updated 
analysis in Coxall et al., 2018). Middle Eocene claystones (roughly 400–500 meters below seafloor; 
mbsf), with calcium carbonate contents of 35 ± 12%, and TOC contents of 0.2 ± 0.05% were 
deposited under an average sedimentation rate of 3.6 cm kyr-1 (Srivastava et al., 1987). While 
overlying lower Oligocene sediments also contain abundant biogenic silica, this has been converted 
to opal-CT (40 ± 9 % total SiO2 over the studied interval) in the middle–upper Eocene sediments 
(Arthur et al., 1989). For age control, we follow the integrated biomagnetostratigraphic age model of 
(Firth et al., 2012). Based on this age model, the presence of a largely complete MECO section was 
identified around 460 mbsf in Hole 647A (Firth et al., 2012). An age-depth plot is presented in Firth 
et al. (2012; figure 7) and indicates no large changes in sedimentation rate over this interval.

Methods

Palynology
A total of 37 samples from ODP Hole 647A were processed for palynology. A known amount of a 
Lycopodium clavatum spore standard was added to crushed, oven-dried (60 °C) and weighted (10 
– 20 g dry weight) sediment samples, in order to be able to quantify dinocyst content in terms of 
dinocysts per gram. Samples were treated with 30% HCl and ~38–40% HF to dissolve carbonate 
and silicate minerals, respectively. After each acid step, samples were washed with water, settled, 
and decanted. The remaining residue was sieved over nylon mesh sieves of 250 μm and 10 μm. The 
resulting 10–250 μm fraction was subjected to an ultrasonic bath to break up agglutinated particles. 
A drop of homogenized residue was mounted on a glass microscope slide with glycerin jelly and 
sealed. All slides are stored in the collection of the Laboratory of Palaeobotany and Palynology, 
Utrecht University. Palynomorphs were counted up to a minimum of 200 identified dinocysts. 
Dinocyst taxonomy as cited in (Williams et al., 2017) was generally followed, with the exception of 
the Wetzellioid family, for which the suggestions made in Bijl et al. (2016) were followed (i.e., using 
the taxonomy of Fensome and Williams (2004)). Dinocyst paleoecological interpretations follow 
Brinkhuis (1994); Pross and Brinkhuis (2005); Sluijs and Brinkhuis (2009) and Frieling and Sluijs 
(2018).

Organic geochemistry
A total of 59 samples from ODP Hole 647A were processed for TEX86 palaeothermometry. 
Organic compounds were extracted from freeze-dried, powdered samples (~10 – 14 g dry weight) 
with dichloromethane (DCM):methanol (MeOH) (9:1, v:v) using a Dionex accelerated solvent 
extractor. Lipid extracts were subsequently separated by Al2O3 column chromatography into 
apolar, ketone and polar fractions, using hexane:dichloromethane (DCM) (9:1, v/v), hexane:DCM 
(1:1, v/v) and DCM:MeOH (1:1, v/v), respectively. The polar fraction, including glycerol dialkyl 
glycerol tetraethers (GDGTs), was subsequently dissolved in hexane:isopropanol (99:1, v/v) and 
filtered using a 0.45 μm polytetrafluoroethylene (PTFE) filter. While lipid extraction and column 
chromatography occurred in three distinct batches in different years (one batch at the Netherlands 
Institute for Sea Research in 2012, two batches at Utrecht University in 2011 and 2018), the filtered 
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polar fractions were analyzed as one set using ultra-high performance liquid chromatography/mass 
spectrometry (UHPLC/MS) following (Hopmans et al., 2016) at Utrecht University. Samples with 
very low concentrations (i.e., peak area < 3000 mV and/or peak height < 3x background signal) 
of any GDGT included in TEX86 were excluded from analysis. Based on relative abundances of 
GDGTs, the TetraEther indeX of tetraethers consisting of 86 carbon atoms (TEX86) and Branched 
versus Isoprenoid Tetraether (BIT) index values were calculated following Schouten et al. (2002) 
and (Hopmans et al., 2004), respectively. The BIT index was used to assess the contribution of 
terrestrially-derived GDGTs. Several other ratios were calculated to evaluate GDGT sourcing. 
These include the methane index (MI) (Zhang et al., 2011), GDGT-2/crenarchaeol (Weijers et al., 
2011), GDGT-0/crenarchaeol (Blaga et al., 2009), and GDGT-2/GDGT-3 (Taylor et al., 2013) ratios, 
chosen to investigate potential contributions by methanotrophic, methanogenic, and deep-dwelling 
GDGT producers to the measured GDGT pool, respectively. Analytical precision for TEX86 is ± 
0.3°C (± 1 sd), based on long-term observation of an in-house standard at Utrecht University.

Several calibrations exist to translate TEX86 to SST, based on core-top datasets and mesocosm 
experiments. Core-top based calibrations have the advantage of implicitly integrating ecological 
complexity and other real-world noise. Since some of our data is above the range of TEX86 values 
included in the modern core-top dataset (Kim et al., 2008; Tierney and Tingley, 2015) – which 
ranges to about 0.72 when excluding the anomalous data from the Red Sea (Trommer et al., 2009) – 
the choice between linear and exponential calibration models is relevant (see discussion in Chapter 
2). We therefore present our results using the exponential calibration of Kim et al. (2010) and the 
linear calibration of O’Brien et al. (2017).

100 μm

Hantkenina australis
Sample: 647A-50R-6W, 59–61 cm 

a b

Chiloguembelina ototara
Sample: 647A-50R-6W, 59–61 cm 

c

Pseudohastigerina micra
Sample: 647A-47R-4W, 33–36 cm 

Figure 5.2 | Light microscope images of representative Site 647 planktic foraminifera analyzed in this 
study. a, Hantkenina australis (Sample 647A-50R-6, 59-61 cm); b, Chiloguembelina ototara (Sample 647A-
50R-6, 59-61 cm); c, Pseudohastigerina micra (Sample 647A-47R-4, 33-36). Images were taken at Stockholm 
University with a Leica M205C binocular light microscope equipped with a Leica camera system. Scale bars all 
100 μm. Note the small size of P. micra and C. ototara relative to H. australis. The shiny transparent appearance 
of the test calcite, revealing original fine surface details, signals excellent shell calcite preservation.
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Figure 5.3 | Scanning electron microscope (SEM) images of representative Site 647 microfossils. Taxon 
and sample names annotated in figure. Images a–d and f–h were taken with a Thermo Scientific Apreo SEM 
(uncoated, 10 kV, working distance 10 mm) at the University of California Santa Cruz. Images e, j–l and 
o–p were taken with a Philips XL30 FEG ESEM (gold coated, 10 kV, spot size -3, working distance 9mm) 
at Stockholm University. Images i and m–n were taken with a Philips XL30 FEG ESEM (gold coated) at the 
School of Earth and Ocean Science at Cardiff University.
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Foraminifera: species selection and preservation
Middle Eocene foraminifera from Site 647 are, except for the MECO interval, excellently preserved 
(e.g., Pearson and Burgess, 2008), likely related to high clay content. Planktic foraminifera are 
present in only low absolute abundances and assemblages are of low diversity compared to lower 
latitude equivalents, including the Newfoundland margin (van der Ploeg 2019; Expedition 
342 Scientists, 2012), and characterized mostly by small species and individuals. Species 
belonging to the genus Morozovella for example are absent. The primary planktic signal carriers 
picked for analysis therefore are also small (63–150 μm fraction) Chiloguembelina ototara and 
Pseudohastigerina micra (Figure 5.2). Of Eocene taxa that were previously inferred to be surface-
dwelling (Pearson et al., 2006), these were the most consistently present. Supplementary planktic 
species were picked where available and include several acarininids, Globoturborotalia index, 
Turborotalia pomeroli and Hantkenina australis. Although the assemblages have been evaluated 
qualitatively, we did not perform full planktic foraminifera assemblage counts. The primary benthic 
signal carrier is (the shallow infaunal) Oridorsalis umbonatus. Good to excellent preservation of 
the foraminifera is demonstrated in Figure 5.2 and 5.3 with light microscope (LM) and scanning 
electron microscope (SEM) photos. For chemical analyses, samples with larger foraminifera were 
lightly crushed; samples with smaller foraminifera (<150 μm) were not. Where enough foraminifera 
could be picked, samples were split into a fraction for stable isotope analysis and a fraction for trace 
element analysis. Samples with low numbers of individuals were measured only for stable isotopes.

Foraminifera: stable isotope analyses
For stable isotope analysis, planktic foraminifera (at least 20 μg) were analyzed at the University of 
California, Santa Cruz (USA) on a Thermo MAT 253 IR-MS coupled to a Kiel IV carbonate device. 
Foraminifera were not cleaned using oxidative or reductive steps. Based on long-term replicate 
measurements of consistency standards, analytical precision is ± 0.05 ‰ for δ13C and ± 0.08 ‰ for 
δ18O (± 1 sd). Some of the smallest samples encountered pressure balancing issues, which caused an 
estimated additional ± 0.1 ‰ uncertainty. Benthic foraminifera were measured using a Europa Geo 
20 – 20 mass spectrometer equipped with an automatic carbonate preparation system (CAPS) at the 
National Oceanography Centre, Southampton, UK. Analytical precision for these is ± 0.03 ‰ for 
δ13C and ± 0.07 0 for δ18O (± 1 sd).

Foraminifera: trace element analyses (whole specimen solution based)
For determining foraminifera test trace element contents, we used 15-20 μg and the method 
developed specifically for small sample sizes by Rongstad et al. (2017). In short, this method uses 
an oxidative cleaning step and heat rinse, but omits a reductive cleaning step, which can incur 
considerable loss of valuable shell material. The cleaned planktic foraminiferal samples were 
dissolved in 400 μL 0.075N HNO3 and measured for elemental composition at the University of 
California, Santa Cruz (USA) using ICP-MS on a Thermo Element XR. Contamination by adhering 
clays and/or carbonates was assessed using Fe/Ca and Mn/Ca ratios. Notably, while foraminiferal 
shells looked pristine under LM and SEM (Figure 5.2 and 5.3), concentrations of contaminants Mn 
(2–4 mmol/mol) and Fe (0.6–1.6 mmol/mol) are quite high (Supplementary Figure 5.1) compared 
to typical limit values of 0.1 mmol/mol for foraminiferal calcite.
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Results

Palynology: assemblages
The recovered palynological associations are dominated by well-preserved, rich and diverse 
dinocyst assemblages (average 63 ± 13 % of total palynomorphs; Figure 5.4 and 5.5), with 
significant contributions by marine acritarchs (average 12 ± 10 % of total palynomorphs), 
and presumably wind-transported bisaccate (gymnosperm) pollen (average 21 ± 11 % of total 
palynomorphs). Other components, such as remains of green algae, angiosperm pollen and 
spores are only minor components of the palynological assemblage. Overall, these are thus 
predominantly marine palynological assemblages, with quite some influence of wind-transported 
gymnosperm tree pollen, but without much river-transported pollen. Dinocysts derived from the 
obligate heterotrophic Protoperidinium group are not extremely dominant (~5%), but consistently 
present, indicating a somewhat elevated nutrient availability (Figure 5.4). The outer shelf taxon 
Spiniferites cpx. (following Frieling and Sluijs, 2018) is present in fairly high abundance (21 ± 9.5 
%). Mid-shelf genera such as Cerebrocysta–Corrudinium (6.3 ± 5.0 %), Elytrocysta–Histiocysta 
(5.8 ± 9.8 %), Cleistosphaeridium (4.9 ± 6.8 %) and Enneadocysta (2.7 ± 4.2 %), and inner shelf 
epicystal Goniodimidae (6.2 ± 5.0 %) thus likely indicate offshore transport. The oceanic dinocysts 
Impagidinium spp. and Nematosphaeropsis labyrinthus (Dale and Dale, 1992), which were likely 
produced in situ, are consistently present (together 16 ± 12 %). Importantly, there is a transition 
from a more inshore assemblage to a more offshore assemblage over the studied interval, with the 
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Figure 5.4 | Dinocyst assemblages across the middle Eocene at Site 647. Relative abundance of representative 
groups plotted as percentage of total dinocysts. Dinocyst content in cysts per gram of dry sediment. MECO 
warming interval as indicated by TEX86 SST highlighted in yellow.
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largest shift occurring broadly around 40 Ma (Figure 5.4). Notably, the increase in oceanic species 
is less apparent when considering absolute dinocyst content per gram, as this decreases upward, 
and therefore mostly indicates decreasing offshore transport of inner shelf components. Dinocysts 
of the genus Phthanoperidinium, considered adapted to lower than normal marine salinities (Sluijs 
and Brinkhuis, 2009; Barke et al., 2011; Frieling and Sluijs, 2018), are particularly abundant in 
the older part (> 39.7 Ma) of the studied record, consistent with existing middle Eocene records 
from the Nordic seas (Eldrett et al., 2004). Next to this general background assemblage, several 
acmes are apparent, most prominently a Cleistosphaeridium spp. incursion around 40 Ma, and a 
Cordosphaeridium gracile incursion around 41.1 Ma (Figure 5.4 and 5.5). These taxa are typically 
considered to indicate a low- to mid-latitude habitat that might be rooted in temperature preference 
(e.g., Bijl et al., 2011).
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Figure 5.5 | Light microscope (LM) and scanning electron microscope (SEM) images of representative Site 
647 dinocysts. Taxon and sample names in figure. LM images (a–k) taken at Utrecht University with a light 
microscope equipped with a Leica camera system. Scale bars for LM images all 25 μm. SEM images (l–t) taken 
at Utrecht University with with a Philips XL30 FEG ESEM (platinum coated)
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Organic geochemistry: GDGT assemblages
The glycerol dialkyl glycerol tetraethers (GDGTs) consist predominantly of isoprenoid GDGTs 
(isoGDGTs; 76 ± 10 % of total GDGTs), with additional branched GDGTs (brGDGTs; 24 ± 10 
% of total GDGTs) of which some are branched H-shaped GDGTs or H-brGDGTS (also called 
branched glycerol monoalkyl glycerol tetraethers (brGMGTs), 13 ± 5 % of total GDGTs). Taken 
together, the isoGDGT distributions indicate these components were primarily produced by surface 
ocean-dwelling Thaumarchaeota, without elevated concentrations of specific isoGDGTs pointing 
to enhanced GDGT contributions by methanotrophic or methanogenic non-Thaumarchaeota 
(Blaga et al., 2009; Zhang et al., 2011; Weijers et al., 2011), deep ocean-dwelling archaea (Taylor et 
al., 2013) or modern Red Sea-like archaeal populations (Trommer et al., 2009; Inglis et al., 2015) 
(Supplementary data). Branched and isoprenoid tetraether (BIT) index values, a measure for the 
abundance of river-transported continental-derived GDGTs relative to marine GDGTs (Hopmans et 
al., 2004) are higher than 0.4 for only 5 out of 59 samples. Although this indicates a predominantly 
marine signal for most of the samples, there is a significant (p < 0.0001) correlation between 
TEX86 and BIT values (Supplementary Figure 2). Because the correlation even exists at BIT index 
values <0.3 and even <0.2, this might indicate that this correlation reflects a true environmental 
connection between terrestrial biomarker contributions and climate rather than merely a terrestrial 
contamination of the isoGDGT population. To be conservative, we nevertheless excluded TEX86 
data points for which BIT is above a threshold value of 0.4 (5 samples in total) for SST analysis. 
Branched GDGT-Ia is present in high abundance relative to brGDGT-Ib and Ic (Supplementary 
data), suggesting a soil source of brGDGTs (Sinninghe Damsté, 2016). However, brGDGT contents 
were too low for reconstruction of MBT/CBT-based continental temperature estimates (Weijers et 
al., 2007), with brGDGT-Ib and Ic mostly below detection limit. In terms of H-brGDGTs, several 
isomers of H-1020 (sensu Naafs et al., 2018) were present (Supplementary Figure 3), including those 
recognized as H1020a – c in modern lake sediments (Baxter et al., In review).

Organic geochemistry: trends
Calculated SSTs based on the non-linear calibration (Kim et al., 2010) and linear calibration of 
O’Brien et al. (2017) cover quite a large range of temperatures (24 – 31 °C) for the studied middle 
Eocene interval (Supplementary Figure 4a). Two warming phases are apparent in our record. 
The younger of these is a small warming of about 2°C in upper C18r, peaking in lowest C18n.2n 
to TEX86-based SSTs of 30 – 31 °C (Supplementary Figure 4a). This timing of this warming is 
consistent with the MECO. The warming is followed by extended and strong cooling until ~39.3 
Ma. The older warming event occurs in the lower part of magnetochron C19r, at ~41.1 Ma, and 
reaches peak SSTs of 31 – 32 °C, which is slightly higher than those during the MECO. The youngest 
part of the record suggests warming between ~39.3 Ma and ~38.8 Ma. Although BIT indices are 
generally below 0.3, there is an increasing trend in the younger, post-MECO part of the record 
(Supplementary Figure 4a). Furthermore, BIT values increase slightly during the TEX86-based 
warming around 40 Ma. The ratio between the different H-1020 isomers is fairly constant over 
the whole record, except for a transient shift to higher abundance of H-1020c that coincides with 
MECO warming (Supplementary Figure 4b). This may well be an expression of warming (Baxter 
et al., In review) but it may also indicate different sourcing of brGDGTs. Interestingly, there is no 
concomitant increase in relative abundance of H-brGDGTs relative to brGDGTs or isoGDGTs 
(Supplementary Figure 4c), which has been recognized to represent a temperature signal in peats 
(Naafs et al., 2017).
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Planktic foraminifera: assemblages
The small size of the planktic foraminifera and low diversity of the assemblages imply that despite 
the apparent warmth, growing conditions were not optimal for this group during the studied 
interval. The absence of typical surface-dwelling taxa (such as morozovellids) is particularly 
striking. This contrasts strongly with Holocene sediments at the location of Site 647, which 
contain considerably richer and more diverse planktic foraminifera assemblages compared to the 
middle Eocene, despite cooler mean annual temperatures (Srivastava et al., 1987). This could be 
a consequence of several factors, including closer proximity to land and high terrigenous inputs 
during the Eocene, low salinity and food limitation, or instead high nutrients together with high 
algal concentrations, all conditions for which planktic foraminifera are not specialized. The range 
of species, including taxa previously identified as surface mixed layer, thermocline and sub-
thermocline specialists does imply at least seasonal stratification.

Planktic foraminifera assemblages are generally very well-preserved, however, they show signs of 
dissolution coincident with the MECO. In two samples dated at 40.09 and 40.13 Ma, which coincide 
with peak MECO TEX86 values, planktic foraminifera even completely disappear, leaving only 
calcareous and agglutinated benthic foraminifera. A broader interval around this (40.06 – 40.25 Ma) 
is characterized by lack of surface-dwelling planktic species such as Acarinina spp., P. micra and 
C. ototara. Foraminifera do not show signs of dissolution during the lower peak in TEX86 values 
around 41.1 Ma. Instead, this interval coincides with an incursion of several low latitude taxa 
including more diverse acarininids and Hantkenina (as observed previously by Srivastava et al., 
1987). These hantkeninids were later assigned to the species Hantkenina australis Finlay, based on 
the slightly backward curving tubulospines (Figure 5.2a, 5.3a and 5.3e) (Pearson and Burgess, 2008, 
after Coxall and Pearson, 2006)

Planktic foraminifera: stable isotope chemistry
δ18O values of all analysed planktic foraminifera species are very low (Supplementary Figure 5.5a). 
Values for P. micra are most depleted in 18O (between -4 ‰ and -3 ‰ VPDB), while C. ototara and 
H. australis values are mostly between -3 ‰ and -1 ‰ VPDB. δ18O values for Acarinina spp. are 
intermediate between P. micra and C. ototara.

In terms of δ13C, C. ototara, P. micra and H. australis record similar values of about -1 ‰ to 1 ‰, 
with values for C. ototara overall a bit lower than P. micra (Supplementary Figure 5.5b). Acarinina 
spp. δ13C values are more enriched in 13C, and exhibit a large range of 0.5 ‰ to 3 ‰. The different 
species show large variability but no clear common trends or transient changes in δ18O or δ13C over 
the studied interval, suggesting dynamic environmental conditions on a timescale shorter than 
that of the sampling resolution (mean sampling resolution 70 kyr). The strong negative δ18O and 
positive δ13C peaks in Acarinina spp. around 40.5 – 40.9 Ma are enigmatic, as they seem unrelated 
to different morphospecies or different size fractions. Values for the MECO interval are lacking, as 
the studied species were not present in those samples.

Foraminiferal shells appear pristine under both LM and SEM (Figure 5.2 and 5.3). Furthermore, 
isotope ordering between the different planktic species, as evident from cross plotting of δ13C and 
δ18O (Supplementary Figure 5.6), is similar to that recorded globally for the Eocene (Pearson et 
al., 2001; Sexton et al., 2006). This supports the idea that, although δ18O values are very low, they 
do reflect sea surface conditions and are not biased by diagenesis. The isotope ordering includes P. 
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micra as a mixed layer non-symbiont bearing calcifier with a δ18O signature similar to the mixed 
layer-dwelling genus Acarinina (Sexton et al., 2006), but with a large vital effect leading to lower 
δ13C values, consistent with time-equivalent records at tropical latitudes (Pearson et al., 2001; 
Wade and Pearson, 2008). The non-symbiont bearing genus Chiloguembelina might also have 
been surface-calcifiers (Pearson et al., 2007), but here C. ototara records somewhat higher δ18O 
values, similar to H. australis. This is consistent with Eocene stable isotope values of C. ototara in 
the northwest Atlantic (Sexton et al., 2006), indicating that the species C. ototara specifically might 
have been deeper-dwelling than other species of this genus. On the other hand, this species has 
previously been linked to opportunistic habits and high food availability (Pearson et al., 2006) and 
therefore might track spring or autumn algal blooms, which would be consistent with the positive 
δ18O offset from P. micra and implied cooler SSTs.

Benthic foraminifera: stable isotope chemistry
Both δ18O and δ13C of the benthic species Oridorsalis umbonatus are very low (Supplementary 
Figure 5.5c – d). Carbon isotope ratios are between -0.5 ‰ and -2 ‰. Very high variability 
(between 0 ‰ and -5 ‰) is recorded in δ18O values, much more than in carbon isotope ratios or in 
planktic δ18O (Supplementary Figure 5.5, also evident from Supplementary Figure 5.6). As benthic 
foraminifera shells, similar to the planktics, appeared pristine under both LM and SEM (Figure 5.3i, 
m – n), this is unlikely to reflect diagenesis. Our benthic foraminifera isotope records do not show 
clear trends, although two increases in δ13C are recorded around ~41.6 – 41.5 Ma and ~40.3 – 40 
Ma.

Planktic foraminifera: trace elements
In the samples that yielded enough material for planktic foraminiferal shell trace element analysis, 
we record high values of contaminants, particularly Fe and Mn (Supplementary Figure 5.1). High 
values of Fe and Mn were also found in bulk sediment in middle Eocene sediments at Site 647, 
and are associated with authigenic carbonate concretions such as siderite (FeCO3), rhodochrosite 
(MnCO3) and intermediates between these (Arthur et al., 1989). Although these concretions do 
not necessarily contain aberrant Mg or Ca, these results indicate the foraminifera shell cleaning 
procedure likely did not remove all surface contaminants, which could include adhering clays 
minerals and small amounts of authigenic carbonates. We therefore consider the measured Mg/Ca 
values unsuitable for deriving temperature at this site.

Discussion

Warm, low salinity surface waters in the middle Eocene Labrador Sea
Middle Eocene TEX86-based SSTs from the Labrador Sea are higher than 24°C throughout the 
record, with maxima around ~41.1 and ~40.1 Ma exceeding 30°C (Figure 5.6a). Pre-MECO TEX86-
based SSTs at Site 647 are similar to those from the equatorial Atlantic Ocean and a few degrees 
lower than those from the subtropical South Atlantic Ocean (Boscolo-Galazzo et al., 2014; Chapter 
2) (Figure 5.7). Although the TEX86 proxy might be biased towards temperatures of the main season 
of primary productivity when export of molecular tracers to the sea floor through fecal pelleting is 
highest (e.g., Sluijs et al., 2006; Wuchter et al., 2006), in the modern North Atlantic this is the spring 
(and secondarily autumn) bloom, not the summer season (e.g., Yoder et al., 1993). These Middle 
Eocene SSTs are much higher than modern (1982-2010) annual average SSTs in this region, which 
are about 4 – 8 °C (Singh et al., 2013).
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Even if quite a large part of the low foraminiferal δ18O values (Figure 5.6b) represents a SST 
signal (as demonstrated by subtracting our TEX86-based SST signal using two established δ18O-
temperature relationships (Erez and Luz, 1983; Kim and O’Neil, 1997)), the sea surface would 
have recorded very low δ18Osw values of -1.5 to -0.5 ‰ based on mixed-layer dwelling P. micra 
(Supplementary Figure 5.7). If TEX86-based SSTs represent overestimates, the reconstructed 
δ18Osw values would be even lower. Therefore, the low δ18O values indicate relatively low SSS. 
This is consistent with dinocyst assemblages, which contain a very high proportion of the extinct 
Eocene genus Phthanoperidinium spp. (Figure 5.6c), the resting cyst of a dinoflagellate taxon 
that was adapted to lower than normal marine salinities (Sluijs and Brinkhuis, 2009; Barke et al., 
2011; Frieling and Sluijs, 2018). Similarly, Eocene dinocyst assemblages from the Arctic Ocean are 
characterized by high abundance of Phthanoperidinium spp. and the ecologically similar genus 
Senegalinium spp. (Sangiorgi et al., 2008), particularly during the Azolla phase (Brinkhuis et al., 
2006), during which abundances of Azolla and Phthanoperidinium co-vary cyclically (Barke et al., 
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Figure 5.6 | Middle Eocene surface ocean conditions at ODP Site 647. a, TEX86-based sea surface temperature 
(degrees Celsius) (exponential calibration of Kim et al. 2010 in red; linear calibration of O’Brien et al. 2017 in 
blue). 3-point moving average as thick line. b, Planktic foraminiferal δ18O (‰ VPDB) for several species. Error 
bars denote ± 1 sd. Error is slightly higher for some samples that had very small mass. Full foraminifera names 
are: Pseudohastigerina micra; Chiloguembelina ototara; Acarinina spp., Hantkenina australis; Globoturborotalita 
cf. ouachitaensis; Globorotaloides quadrocameratus; Turborotalia pomeroli; Globigerinatheka index; Oridorsalis 
umbonatus. c, Relative abundance (% of total dinocyst assemblage) of selected dinocyst species. Low-salinity 
tolerant Phthanoperidinium spp. in green, relative abundance plotted from left to right. Low-/mid-latitude 
Cleistosphaeridium spp. (red) and Cordosphaeridium gracile (purple) relative abundance plotted from right 
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Hantkenina australis incursion. All plotted against age in millions of years ago, on the GTS2012 timescale. 
Biomagnetostratigraphic age-model follows the interpretation of Firth et al. (2012).



94

Chapter 5

2011). Reduced surface salinity is consistent with the rather impoverished planktic foraminifera 
assemblages, implying variable or sub-optimal conditions and short growth periods before reaching 
gametogenesis.

A first order explanation is that low SSS in the middle Eocene Labrador Sea was related to 
intensified hydrological cycling under warmer global temperatures (Pierrehumbert, 2002; Held and 
Soden, 2006; Speelman et al., 2010). Excess precipitation would have freshened the Labrador Sea 
directly, and through fluvial run-off from the surrounding land masses. Additional freshening could 
have occurred through surficial southward Arctic Ocean outflow through shallow open Arctic-
Atlantic gateways, potentially via the Nordic Seas or through the Nares Strait, as the Bering Strait 
likely had not opened yet (O’Regan et al., 2011; Hegewald and Jokat, 2013). However, SSTs at Site 
647 (>24°C) are much higher than those from the middle (~46 Ma) and early middle (~48 Ma) 
Eocene Arctic (~8–14°C), based on the same proxy (Brinkhuis et al., 2006; Sangiorgi et al., 2008).

Notably, our calculated local δ18Osw values of -1.5 to -0.5 ‰ are consistent with Eocene model 
simulations with freshwater outpourings from the Arctic through the Norwegian-Greenland 
Sea (Roberts et al., 2009; Tindall et al., 2010). The fact that our reconstructed TEX86-based SSTs 
are much higher than modeled SSTs in the South Labrador Sea likely relates to radiative forcing 
boundary conditions.

Restricted bottom waters in the middle Eocene Labrador Sea
In order to put our records in a broader context, we compare our benthic foraminiferal δ13C and 
δ18O data from the Labrador Sea to a compilation of data from previously studied sites from the 
middle Eocene Atlantic and Southern Ocean (Supplementary Figure 5.8). This reveals the isotopic 
signature of bottom waters at Site 647 to be very different from the global Eocene deep ocean, with 
δ18O about 2–4 ‰ lower and δ13C 1–2 ‰ lower. This is in sharp contrast to the modern north 
Atlantic, where deep waters are characterized instead by a young, high δ13C signature, caused by 
sinking of nutrient-poor surface waters (Kroopnick, 1985). This indicates the middle Eocene 
Labrador Sea was likely a restricted basin, possibly as part of a poorly-ventilated North Atlantic 
Ocean. Low δ13C values of O. umbonatus point to a relatively large input of organic-derived carbon 
to Labrador Sea bottom waters. This could relate either to the presence of relatively old waters, or to 
local organic carbon trapping. Given the extremely deviant Labrador Sea isotopic values, the latter 
option seems more likely. High variability in benthic δ18O suggests high variability in temperature 
and/or δ18O of deep water, without similar high variability in carbon isotopes. This could be driven 
by localized winter sinking, or by having two sources of deep water with very different δ18O. High 
clay contents (Arthur et al., 1989) in combination with benthic foraminifera assemblages dominated 
by agglutinated foraminifera (Kaminski et al., 1989) indicate a high supply of clastic sediment. 
Together, these bottom waters conditions indicate a high similarity to the late Eocene setting at the 
same site (Coxall et al., 2018).

It is not straightforward to estimate δ13CDIC of surface waters, and thus δ13C gradients throughout 
the water column from our data. Pseudohastigerina micra values are ~0–0.5 ‰, but this likely 
includes a vital effect towards lower δ13C (Pearson et al., 2006), related to the small shell size 
(large surface to volume ratio), and potentially rapid growth, a phenomenon seen in small surface 
dwelling species in the Holocene (Birch et al., 2013). The δ13C values of Acarinina spp. are higher, 
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and highly variable between 0.5 and 3 ‰, but is itself likely associated with a positive δ13C vital 
effect reflecting an ecology involving algal photosymbionts (Pearson et al., 2006).

Implications for middle Eocene North Atlantic circulation
The high similarity between the middle Eocene dinocyst assemblages at Site 647 and those from 
the Norwegian-Greenland Sea (Eldrett et al., 2004) suggests surface water connections over the 
GSR were open. Microfossil evidence suggests northward surface flow, as Nordic sea dinoflagellate 
assemblages (Eldrett et al., 2004), as well as Arctic silicoflagellate assemblages (Onodera et al., 2008), 
contain Atlantic elements. Southward surface flow occurred too during the Azolla event (Barke 
et al., 2012), and would have been needed to compensate for inflow if other Arctic seaways to the 
Pacific and the Turgay Strait were indeed closed.

The high SSTs in the Labrador Sea, much higher than in the Arctic Ocean (Sangiorgi et al., 2008), 
suggest an additional influence of a south-to-north flowing warm proto-North Atlantic Current, 
transporting and sustaining dinoflagellates and planktic foraminifera with low- and mid-latitude 
affinities to the Labrador Sea. Comparison of our surface δ18O and δ13C records to time-equivalent 
data from the Newfoundland Margin (Supplementary Figure 5.5a-b) suggests a contrast between 
influence of the more warm and saline subtropical gyre at Site U1408 (Figure 5.1), and a more 
brackish, nutrient-rich subpolar gyre at Site 647, although especially the latter would have been 
smaller than modern in the narrow middle Eocene North Atlantic.

Importantly, low salinities and high temperatures of the surface ocean likely precluded any 
significant, globally-contributing year-round deep water formation in the middle Eocene southern 
Labrador Sea, although locally, cold and dense plumes might have cascaded down the continental 
slopes during winter, to produce the distinctive benthic isotopic signatures recorded.

The signature of the MECO in the Labrador Sea
Especially given expected high-latitude amplification of global temperature changes, the recorded 
TEX86-based sea surface MECO warming of 2°C is very subdued relative to that at low latitudes and 
in the southern hemisphere based on the same proxy (Bijl et al., 2010; Boscolo-Galazzo et al., 2014; 
Chapter 2) (Figure 5.7). Interestingly, TEX86-based SSTs from the Newfoundland margin (IODP 
Site U1408) also indicate muted MECO warming of ~2°C (van der Ploeg 2019). Furthermore, while 
during the recovery of the MECO, SSTs return to pre-event values at the other studied locations, 
including Site U1408, the Site 647 record indicates much stronger and more prolonged cooling over 
the interval 40–39.3 Ma (Figure 5.6). Although our data coverage is sparse in this interval, fresher 
conditions during this cooling seem implied by lower planktic foraminifera δ18O (Supplementary 
Figure 5.7), but low-salinity tolerant dinocyst Phthanoperidinium decreases in abundance (Figure 
5.6). A striking feature in the dinocyst assemblages, however, is an increase in abundance of oceanic 
taxa, especially relative to restricted near-shore taxa (Figure 5.4), approximately during this strong 
post-MECO cooling.

The MECO event at Site 647 is associated with signs of dissolution in planktic foraminifera. Peak 
MECO SSTs are even concomitant with full absence of all mixed layer planktic foraminifera species 
(yellow horizontal bands in Figure 5.6). Indications exist for deep ocean carbonate dissolution 
(Bohaty et al., 2009) during the MECO. However, as calcareous benthic foraminifera are present 
throughout the MECO at Site 647, and sediments retain CaCO3 (Arthur et al., 1989), planktic 
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foraminifera dissolution does not seem related to full carbonate dissolution at the seafloor due to a 
rise in carbonate compensation depth (CCD). Alternatively, as the planktic foraminifera assemblage 
consists mostly of small species with delicate shells, their disappearance might indicate selective 
dissolution at the seafloor, driven by lysocline shoaling and modest bottom water acidification in 
the Labrador Sea.

Additionally, there is an incursion of the cosmopolitan dinocyst genus Cleistosphaeridium during 
peak MECO (Figure 5.6), although we note that high abundance of Cleistosphaeridium spp. is not 
unique to only the MECO interval at Site 647. Similar poleward range expansion of low-latitude 
plankton species has been recorded in southern Indian Ocean calcareous nannofossils (Villa et al., 
2008) and in Southwest Pacific dinocyst assemblages (Bijl et al., 2010) during the MECO.

A second middle Eocene warming event associated with low-latitude plankton incursions
Surprisingly, peak TEX86 values in our Labrador Sea record were not reached during the MECO, but 
during a transient warming interval of 2–3°C before the MECO, around 41.1 Ma calibrated against 
C18r (Figure 5.6), which has not been described from other localities. This warming event coincides 
with an incursion of the unusual and rather striking planktic foraminifera Hantkenina australis 
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(purple horizontal band in Figure 5.6) (H. alabamensis of Srivastava et al. (1987). The genus 
Hantkenina has a low-latitude affinity (Boersma et al., 1987). H. australis, according to our few 
new data points, appears to be a lower mixed layer dweller, having a δ18O that is consistently higher 
than our surface tracers P. micra and Acarinina spp. This is consistent with previous perspectives on 
hantkeninid depth ecology for the middle Eocene (Coxall et al., 2000). It has been suggested that H. 
australis was somewhat more cold-tolerant, having been described from the Hampden formation 
in southern New-Zealand (Coxall and Pearson, 2006; Morgans, 2009), although multiproxy 
reconstructions indicate that this region was very warm at this time (SSTs >20°C) (Burgess et al., 
2008; Hollis et al., 2012).

Biotic change during this “41.1 Ma event” is also evident in the dinocyst assemblages. Simultaneous 
with H. australis, there is an incursion of the mid-/low-latitude dinocyst species Cordophaeridium 
gracile (Figure 5.6), in such high abundances that they physically stick to foraminifera in the sieved 
foraminifer (>63 um) fraction (Figure 5.3g-h). The genus Cordosphaeridium is an open marine 
taxon that has an affinity with high temperatures (e.g., Frieling and Sluijs, 2018). Together, these 
records provide a strong signal and robust evidence for poleward plankton migration associated 
with this transient warming. While higher SSTs are reached during the 41.1 Ma event, planktic 
foraminifera do not seem affected by dissolution. Possibly, this 41.1 Ma event represents a 
redistribution of heat rather than a global, CO2-driven event. For example, northward extension of 
the (proto-) North Atlantic Current of shifting of the subpolar gyre with respect to Site 647 could 
cause regional warming. Closer assessment of multiple sites across this time interval is necessary to 
reveal the spatial extent of this newly recognized event.

Conclusions

Based on these reconstructions from ODP Site 647, the middle Eocene Labrador Sea was 
characterized by warm, low salinity surface waters. Associated upper ocean stratification most 
likely precluded formation of deep waters in sufficient volume to be exported, although local winter 
sinking might have occurred. Comparable dinocyst assemblages in the Labrador Sea and Nordic 
Seas indicate surface flow over the Greenland-Scotland Ridge. Superimposed on these background 
conditions, the Middle Eocene Climatic Optimum stands out as 2°C of warming, which is 
muted compared to other regions, followed by strong cooling. Furthermore, we record another, 
previously undescribed and therefore probably regional warming event of ~2 – 3°C around 41.1 
Ma. This warming was associated with low-latitude plankton incursions, likely representing regional 
oceanographic changes.
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Chapter 5 | Supplementary Material

Supplementary Figure 5.1 | Relationships between Mg/Ca and several trace element ratios in planktic 
foraminiferal shells (different species) from Site 647. a, Mg/Ca versus Mn/Ca. b, Mg/Ca versus Fe/Ca. c, Mg/
Ca versus Sr/Ca. All ratios in mmol/mol. 
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Supplementary Figure 5.2 | Relationship between TEX86 and BIT at Site 647, showing a significant 
relationship for the full dataset (p < 0.0001), but also for subsets of the data with BIT < 0.3 (p < 0.0001) and 
BIT < 0.2 (p < 0.001). Although cross-plotting suggests the presence of two distinct populations, the smaller 
population highlighted in orange seems unrelated to either sample batch (Supplementary Data) or a specific 
stratigraphic level (see inset, as in Figure 6a). This subset is composed of samples with either relatively high 
TEX86 (the two temperature maxima in the record) or relatively high BIT (youngest samples of the record).
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chromatogram in gray and m/z 1020 chromatogram containing H-brGDGTs H1020a – c in green.

Supplementary Figure 5.4 | GDGT distributions at Site 647. a, TEX86-based sea surface temperature (degrees 
Celsius) (exponential calibration of Kim et al. (2010) in red; linear calibration of O’Brien et al. (2017) in blue) 
and BIT (green) against age in millions of years ago (Ma). b, Area diagram of relative abundance of different 
H-brGDGTs. c, Area diagram of relative abundance of different main groups of GDGTs. Age follows the 
Geologic Time Scale 2012 (GTS2012) (Gradstein et al., 2012).
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Supplementary Figure 5.5 | Foraminiferal δ18O and δ13C for Site 647 (this study) and Site U1408 (van 
der Ploeg 2019). a and b, Planktic δ18O (‰ VPDB) (a) and δ13C (‰ VPDB) (b) for Site 647 and Site U1408. 
Error bars denote ± 1 sd. Symbols as in legend. c and d, Planktic and benthic δ18O (‰ VPDB) (c) and δ13C 
(‰ VPDB) (d) for Site 647. Error bars denote ± 1 sd. Symbols as in legend. Full planktic foraminifera names 
are: Pseudohastigerina micra; Chiloguembelina ototara; Acarinina spp., Acarinina (prae-)topilensis; Hantkenina 
australis; Globoturborotalita cf. ouachitaensis; Globorotaloides quadrocameratus; Turborotalia pomeroli; 
Globigerinatheka index. These are largely mixed layer dwellers, except for T. pomeroli and G. quadrocameratus, 
which were likely thermocline and subthermocline dwellers, respectively. Full benthic foraminifera name is 
Oridorsalis umbonatus. Age follows GTS2012.
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Supplementary Figure 5.8 | Compilation of middle Eocene benthic foraminiferal stable carbon (left) and 
oxygen (right) isotope records. Site 647 (black) data together with published data from the Southern Ocean 
(Site 738 and 748; blue; (Bohaty and Zachos, 2003; Bohaty et al., 2009) and Atlantic Ocean (Site 1051 pink/
purple and 1260 orange; (Edgar et al., 2010)) (Site 1263; green; (Boscolo-Galazzo et al., 2014)). Isotope values 
for Oridorsalis umbonatus (Ori.; Site 647 and 1051) and Nuttalides truempyi (Nut.; Site 1263) have been 
converted to Cibicidoides spp. (Cib.)-equivalent values following the isotope correction factors from (Katz et al., 
2003). Age models for all sites have been converted to GTS2012.
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Abstract

Global climate cooled from the early Eocene hothouse (~52–50 Ma) to the latest Eocene (~34 
Ma). At the same time, the tectonic evolution of the Southern Ocean was characterized by the 
opening and deepening of circum-Antarctic gateways, which affected both surface- and deep-
ocean circulation. The Tasman Gateway played a key role in regulating ocean throughflow 
between Australia and Antarctica. Southern Ocean surface currents through and around the 
Tasman Gateway have left recognizable tracers in the spatiotemporal distribution of plankton 
fossils, including organic-walled dinoflagellate cysts. This spatiotemporal distribution depends on 
physico-chemical properties of the water masses in which these organisms thrived. The degree to 
which the geographic path of surface currents (primarily controlled by tectonism) or their physico-
chemical properties (significantly impacted by climate) have controlled the composition of the 
fossil assemblages has, however, remained unclear. In fact, it is yet poorly understood to what 
extent oceanographic response as a whole was dictated by climate change, independent of tectonics-
induced oceanographic changes that operate on longer time scales.

To disentangle the effects of tectonism and climate in the southwest Pacific Ocean, we target a 
climatic deviation from the long-term Eocene cooling trend, a 500 thousand year long global 
warming phase termed the Middle Eocene Climatic Optimum (MECO; ~40 Ma). The MECO 
warming is unrelated to regional tectonism, and thus provides a test case to investigate the 
oceans physiochemical response to climate change only. We reconstruct changes in surface-water 
circulation and temperature in and around the Tasman Gateway during the MECO through new 
palynological and organic geochemical records from the central Tasman Gateway (Ocean Drilling 
Program Site 1170), the Otway Basin (southeastern Australia) and the Hampden Section (New 
Zealand). Our results confirm that dinocyst communities track tectonically driven circulation 
patterns, yet the variability within these communities can be driven by superimposed temperature 
change. Together with published results from the east of the Tasman Gateway, our results suggest 
that as surface-ocean temperatures rose, the East Australian Current extended further southward 
during the peak of MECO warmth. Simultaneous with high sea-surface temperatures in the Tasman 
Gateway area, pollen assemblages indicate warm temperate rainforests with paratropical elements 
along the southeastern margin of Australia. Finally, based on new age constraints we suggest that a 
regional southeast Australian transgression might have been caused by sea-level rise during MECO.
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Introduction

The Eocene epoch (~56–34 millions of years ago; Ma) was characterised by gradual ocean 
cooling from the early Eocene hothouse (~52–50 Ma) into the early Oligocene icehouse (33 Ma), 
accompanied by decreasing atmospheric CO2 concentrations (Zachos et al., 2008; Inglis et al., 2015; 
Anagnostou et al., 2016; Chapter 2). In the framework of Eocene climate evolution, the Southern 
Ocean (SO) and its circulation are of particular interest. Geochemical tracers (Thomas et al., 2003; 
Huck et al., 2017) and model simulations using specific Eocene boundary conditions (Huber and 
Caballero, 2011) indicate that the SO, and the Southwest Pacific (SWP) in particular (Sijp et al., 
2014; Baatsen et al., 2018b), was the main source of intermediate-deep water formation during the 
early Paleogene. This effectively relays SO surface conditions to the global deep ocean. However, 
several sites from the SWP sector of the SO have yielded proxy-based sea-surface temperatures 
(SSTs) (Bijl et al., 2009; Hollis et al., 2009, 2012) that are 5–10°C higher than the temperatures 
derived from the current generation of fully coupled climate models (Huber and Caballero, 2011; 
Lunt et al., 2012; Chapter 2). These high marine-based temperatures are supported by vegetation-
based temperature estimates on the surrounding continents that indicate paratropical conditions 
(Carpenter et al., 2012; Pross et al., 2012; Contreras et al., 2013, 2014). This proxy-model mismatch 
has remained a conundrum.

As a result of tectonic processes the bathymetry and geography of the Southern Ocean experienced 
major reorganizations in the Eocene (Cande and Stock, 2004; Kennett et al., 1974) that strongly 
affected (global) ocean circulation (Huber et al., 2004; Sijp et al., 2014) (Figure 6.1). In the earliest 

Figure 6.1 | Generalised Eocene surface ocean 
circulation patterns in the southwest Pacific 
Ocean. a, Generalised early Eocene (~52 Ma) 
circulation. b, Generalised middle Eocene circulation 
pre-MECO (~41 Ma) and post-MECO (~39 Ma).  
c, Generalised peak MECO (~40 Ma) circulation. 
Maps constructed with GPlates, using Torsvik et al. 
(2012) paleomagnetic rotation frame and Matthews et 
al. (2016) continental polygons and coastlines for 52 
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Eocene, the Australian and South American continents were much closer to Antarctica (e.g., Cande 
and Stock, 2004) and obstructed circum-Antarctic ocean circulation. Instead, sub-polar gyres 
dominated circulation patterns in the southern sectors of the Indian and Pacific Ocean, transporting 
relatively warm surface waters to the Antarctic coast (Huber et al., 2004; Sijp et al., 2011; Baatsen 
et al., 2018a) (Figure 6.1a). Tectonic activity in the Eocene led to the opening and subsequent 
deepening of the Tasman Gateway (Bijl et al., 2013a; Stickley et al., 2004b) and Drake Passage 
(Lagabrielle et al., 2009; Scher and Martin, 2004), a transition from northwesterly to accelerated 
northerly displacement of the Australian continent (Cande and Stock, 2004; Hill and Exon, 2004; 
Williams et al., 2019), post-rift collapse of the outer continental shelf on both the Australian and 
Antarctic margins (Close et al., 2009; Totterdell et al., 2000), and complex paleobathymetric change 
of the partially submerged continent Zealandia and the Lord Howe Rise in the Tasman Sea related 
to the initiation of subduction (Sutherland et al., 2017, 2018). This complex tectonic evolution 
should have reoriented oceanographic and possibly also atmospheric circulation, and redistributed 
heat and salinity, regions of deep-water formation, and moisture.

Along with the indirect inferences of modelling and heat distribution based on SST reconstructions, 
biogeographic patterns of surface-water plankton may be used as a tool to reconstruct surface-
ocean circulation. In the Paleogene Southern Ocean, high levels of endemism to the circum-
Antarctic region characterise a diverse suite of fossil assemblages, including molluscs (Zinsmeister, 
1979), radiolarians and diatoms (Harwood, 1991; Lazarus et al., 2008; Pascher et al., 2015; Stickley 
et al., 2004b), calcareous nannoplankton and planktonic foraminifera (Nelson and Cooke, 2001; 
Villa et al., 2008), and organic dinoflagellate cysts (dinocysts) (Wrenn and Beckman, 1982; Wrenn 
and Hart, 1988; Bijl et al., 2011, 2013a). The endemic dinocyst assemblage from the Southern 
Ocean is traditionally referred to as “Transantarctic Flora” (Wrenn and Beckman, 1982) (here: 
Antarctic endemic dinocysts) and has been shown to track Antarctica-derived surface currents, 
while cosmopolitan assemblages track currents sourced from the low latitudes (Huber et al., 2004; 
Warnaar et al., 2009; Bijl et al., 2011, 2013b). Throughout the Eocene, the Australian margin of the 
Australo-Antarctic Gulf (AAG) as well as New Zealand in the Tasman Sea were characterised by 
high percentages of cosmopolitan dinocysts, implying an influence of the low-latitude-sourced 
Proto-Leeuwin Current (PLC) and the East Australian Current (EAC), respectively (Figure 6.1). In 
contrast, coeval assemblages on the eastern side of the Tasman gateway were Antarctic-endemic, 
showing influence of the Antarctica-derived northward-flowing Tasman Current (TC) (Bijl et al., 
2011, 2013b; Huber et al., 2004). From about ~50 Ma onwards, endemic dinocysts assemblages were 
established on both the Antarctic margin in the Australo-Antarctic Gulf and the eastern boundaries 
of the Tasman Gateway and Drake Passage (Bijl et al., 2011, 2013b). This indicates surficial westward 
flow through the Tasman Gateway of a proto-Antarctic Counter Current (proto-ACC), which 
is supported by simulations using an intermediate-complexity coupled model (Sijp et al., 2016). 
Pronounced widening and deepening of the gateway did not start until the late Eocene (Stickley 
et al., 2004b), although some subsidence already took place during the middle Eocene (Röhl et al., 
2004).

These biogeographical patterns broadly confirm the Paleogene ocean circulation patterns as 
simulated by numerical climate models (Huber et al., 2004). Thus, on tectonic timescales (i.e., 
tens of Myrs), plankton biogeographical patterns predominantly follow changes in surface-ocean 
circulation (cf. Bijl et al., 2011). During periods with a relatively stable ocean-current configuration, 
such as the middle Eocene, SO dinocyst assemblage variability was instead driven by (orbital-scale; 
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Warnaar et al., 2009) climatic factors such as SST (cf. Bijl et al., 2011). Superimposed changes in 
SWP dinocyst assemblages also occur during transient climate change events such as the Paleocene-
Eocene Thermal Maximum (PETM, ~56 Ma, (Sluijs et al., 2011)) and the Middle Eocene Climatic 
Optimum (MECO, ~40 Ma, (Bijl et al., 2010)). The MECO was a 500 thousand year (kyr) period 
of transient deep-ocean (Bohaty et al., 2009; Bohaty and Zachos, 2003) and widespread surface-
water (Boscolo-Galazzo et al., 2014; Chapter 2) warming of approximately 4–6 ºC, and global 
perturbations in ocean environments (e.g., Spofforth et al., 2010; Sluijs et al., 2013; Boscolo-Galazzo 
et al., 2015; Chapter 3). At the East Tasman Plateau, the MECO is characterised by an incursion 
of low-latitude dinocyst taxa that temporarily replaced the largely endemic Antarctic community 
(Bijl et al., 2010). The origin of these cosmopolitan dinocysts remains an outstanding question. 
Potentially, cosmopolitan dinoflagellates outcompeted the Antarctic-endemic taxa in the warming 
TC. Alternatively, a southward extension of the EAC from the north or leakage of the PLC from 
the west through the Tasmanian Gateway supplied cosmopolitan assemblages to the region east 
of Tasmania. In addition, the mechanism that caused MECO warming remains enigmatic. Deep-
ocean carbonate dissolution (Bohaty et al., 2009), indications for pCO2 rise (Bijl et al., 2010) and a 
diminished weathering feedback (van der Ploeg et al., 2018) during the MECO imply that climate 
change was forced by an accumulation of volcanic carbon in the exogenic carbon pool. One of the 
proposed MECO carbon-cycle scenarios suggests a global sea-level rise in order to shift the locus of 
carbonate deposition from the deep ocean to the continental shelves (Sluijs et al., 2013). Although 
speculative isotopic evidence for a MECO-associated change in glacioeustasy exists (Dawber et 
al., 2011), data from marginal marine sites to assess global sea level change during the MECO are 
lacking.

To disentangle the effects of tectonism and climate change in the southwest Pacific Ocean, we 
here assess the biotic and oceanographic response in that region to MECO warming. The MECO 
allows us to assess oceanographic response to climate change, independent of tectonic-induced 
change. We reconstruct surface-ocean circulation and temperature by generating new dinocyst and 
organic geochemical records from Ocean Drilling Program (ODP) Site 1170 on the South Tasman 
Rise in the central Tasman Gateway. We place these records into their broader regional context by 
comparing them to newly generated middle Eocene palynological records, including pollen from 
terrestrial plants, from the Otway Basin (SE Australia) and the Hampden Section (New Zealand) 
(Figure 6.2a).

Material

South Tasman Rise (ODP Site 1170) and East Tasman Plateau (ODP Site 1172)
Ocean Drilling Program Site 1170 is located at a water depth of ~2704 m, 400 km south of Tasmania 
at 47.1507° S and 146.0498° E (Exon et al., 2001) (Figure 6.2a). It was drilled on the western side of 
the South Tasman Rise (STR), a continental block to the south of present-day Tasmania. The site is 
located in a 2–3 km deep and 50 km wide graben of the Ninene Basin (Figure 6.2b). A ~300 m thick 
package of shallow marine silty claystones of middle Eocene age overlies an erosional unconformity. 
Northwest-southeast rifting between Australia and Antarctica accelerated after 51 Ma, resulting 
in prominent NW-SE structural trends in seabed seismic topography associated with seafloor 
spreading between Tasmania-STR on the one side and Antarctica on the other (Bijl et al., 2013a; 
Exon et al., 2004; Williams et al., 2019) (Figure 6.2a). This coincided with renewed subsidence of 
both conjugate continental margins (Totterdell et al., 2000) and the STR (Hill and Exon, 2004). 
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Marked lateral thinning of middle Eocene deposits at Site 1170 is apparent in the seismic profile, 
suggesting synsedimentary growth faulting caused local subsidence (Figure 6.2c). Middle Eocene 
sediments are present in Hole 1170D as a thick sequence from ~500 metre below sea floor (mbsf) 
to the total depth at 780 mbsf (Exon et al., 2001). The precise age of the middle Eocene strata at 
Site 1170 has thus far not been well constrained (Stickley et al., 2004a). Nevertheless, the thickness 
of the middle Eocene sequence implies high sedimentation rates (≥10 cm/kyr), together with the 
seismic evidence suggesting that the surrounding graben was a depocenter that formed as rifting 
developed. Middle Eocene sediments are overlain by latest Eocene-earliest Oligocene glauconite-
rich clayey siltstones (Exon et al., 2001; Sluijs et al., 2003; Stickley et al., 2004a). Here, we target the 
middle Eocene claystones from the interval ~500–780 mbsf for dinocyst biogeography and organic 
geochemistry, to gain a central Tasman Gateway perspective on regional effects of the MECO.

Ocean Drilling Program Site 1172 is located at a water depth of ~2620 m on thinned continental 
crust on the western side of the East Tasman Plateau (ETP), ~170 km southeast of Tasmania at 
43.9598° S and 149.9283° E (Exon et al., 2001). While the ETP has a similar tectonic history to the 
STR, Site 1172 was not was not affected by growth faulting and subsidence like Site 1170 during 
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Figure 6.2 | Tectonic setting of ODP Site 1170 and other studied sites a, Present-day bathymetry of the 
Australo-Antarctic sector of the Southern Ocean, with present-day locations of sites and sections used in 
this study as yellow circles (ODP Site 1170; ODP Site 1172; OB, Otway Basin; HB, Hampden Beach). NW-SE 
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profile line AGSO125-14 not drawn due to its small scale. Adapted from Bijl et al. (2013b) and Cande and 
Stock (2004). b, Interpreted SW-NE seismic profile (line SO36-58) across the South Tasman Rise, illustrating 
the Site 1170 location in a graben structure. Profile and interpretation adapted from Hill and Moore (2001).  
c, Interpreted NNW-SSE seismic profile (line AGSO125-14) across the South Tasman Rise, including Site 1170, 
illustrating laterally thinning seismic layers of interpreted middle Eocene age. Profile and interpretation adapted 
from Exon et al. (2001).
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the middle Eocene (Hill and Moore, 2001). Palynological and organic geochemical results for the 
middle Eocene of the East Tasman Plateau are presented in Bijl et al. (2009, 2010, 2011, 2013a), and 
are compared to our results from the South Tasman Rise in this study.

Latrobe-1 borehole, Otway Basin (Australo-Antarctic Gulf, Southeast Australia)
Sediment cores from the Otway Basin, on the Australian margin of the AAG (Figure 6.2a), were 
analysed as a location under influence of the PLC during the MECO interval. The Otway Basin 
contains a regionally thick sequence of shallow-marine Paleogene deposits (Gallagher et al., 
1999; Gallagher and Holdgate, 2000). These deposits developed due to Paleocene-Eocene post-
rift extension on the edge of the continental margin, causing subsidence of extensive troughs that 
served as depocentres of terrigenous sediment in deltaic and shallow marine environments (Krassay 
et al., 2004; Stacey et al., 2013; Frieling et al., 2018a). In southeast Australia, the middle Eocene 
to early Oligocene Nirranda Group uncomformably overlies the early Eocene Dilwyn Formation 
(Wangerrip Group) (Abele, 1994; Krassay et al., 2004; Tickell et al., 1993). This unconformity 
can be traced throughout southeast Australia (Holdgate et al., 2003). The overlying Wilson Bluff 
transgression has an age between 44 and 40 Ma (Holdgate et al., 2003; McGowran et al., 2004). 
In the Portland Trough and Port Campbell Embayment of the Otway Basin, the basal part of the 
Nirranda Group consists mainly of the Burrungule and Sturgess Point members. Outside of these 
main depocentres and on the ridges in between, the basal part of the Nirranda Group is represented 
by the Narrawaturk formation. Planktonic foraminiferal biostratigraphy indicates a Bartonian age 
for the Sturgess Point Member (Abele, 1994; Gallagher and Holdgate, 2000).

We have studied the Latrobe-1 borehole, which covers the top-Wanggerip unconformity and 
overlies the basal Nirranda group near the Port Campbell Embayment depocenter. The Latrobe-1 
core (38.693009° S, 143.149995° E) was drilled in 1963–1964 and reached a total depth of 620 
metres. It spans Cretaceous to Eocene sediments, with initial biostratigraphic age constraints 
(Archer, 1977; Taylor, 1964; Tickell et al., 1993) and well log data (White, 1963) placing the middle 
Eocene Narrawaturk Fm at a depth of 60–76 metres below surface (mbs), overlying the Dilwyn 
Fm (76–289 mbs). The Dilwyn Fm in the Latrobe-1 core consists largely of light- to dark-brown 
sandstones with some contributions of mud- and siltstone, while the Narrawaturk Fm is a dark 
brown muddy sandstone (Frieling et al., 2018a). Based on the occurrence of the stratigraphic 
marker dinocysts Achilleodinium biformoides and Dracodinium rhomboideum, and in accordance 
with the regional dinocyst zonation (Bijl et al., 2013b) sediments around a depth of 67.35 metres 
below surface (mbs) in the Narrawaturk formation (Nirranda Group) of the Latrobe-1 borehole 
have an age near the MECO (Frieling et al., 2018a). Here, we target the Latrobe-1 core Narrawaturk 
Fm and top Dilwyn Fm (interval ~60-90 mbs) for palynology and organic geochemistry.

Hampden Beach section (South Island, New Zealand)
The Hampden section at Hampden Beach, New Zealand (Figure 6.2a) (45.30° S, 170.83° E) was 
analysed as a pre-MECO New Zealand end-member, which could have recorded influences of both 
TC and/or EAC (Hines et al., 2017). Middle Eocene sediments of the Hampden section consist of 
calcareous clay-rich siltstone to very fine sandstone. Benthic foraminiferal assemblages suggest a 
depositional environment near the shelf-slope transition. An interval of 4 m was previously selected 
for high-resolution investigation (Burgess et al., 2008). This interval spans 70 kyr around 41.7 Ma, 
based on biostratigraphy and orbital interpretation of lithological cycles. Sea-surface temperature 
(SST) reconstructions based on Mg/Ca and δ18O of excellently preserved foraminifera and TEX86 
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indicate values of 23–25 °C (Burgess et al., 2008). We have analysed the same 4 m interval for 
dinocyst biogeography.

Methods

Palynology
Processing and analysis
A total of 43 samples from ODP Site 1170 (Hole 1170D), eight samples from the Latrobe-1 core, 
and 39 samples from the Hampden section were processed for palynology following standard 
procedures. A known amount of Lycopodium clavatum spores was added for quantification of the 
dinocyst content. Sediment samples were crushed and oven dried (60 °C), followed by treatment 
with 30% HCl and ~40% HF to dissolve carbonate and silicate minerals, respectively. After each acid 
step, samples were washed with water, centrifuged or settled for 24 h, and decanted. The residue was 
sieved over nylon mesh sieves of 250 μm and 10 μm (Site 1170) or 15 μm (Otway Basin, Hampden 
Section) and subjected to an ultrasonic bath to break up agglutinated particles of the residue. A 
drop of the homogenised residue was mounted on a glass microscope slide with glycerine jelly and 
sealed. All slides are stored in the collection of the Laboratory of Palaeobotany and Palynology, 
Utrecht University. Palynomorphs were counted up to a minimum of 200 identified dinocysts for 
ODP Site 1170. Because the dinocyst yield was relatively low for the other localities, palynomorphs 
were counted up to a minimum of 90 (Hampden Section) or 50 (Otway Basin) identified dinocysts. 
Terrestrial palynomorphs were counted in broad categories of gymnosperm pollen, angiosperm 
pollen and spores for Site 1170 and the Hampden Section. As the Otway Basin samples yielded 
diverse and abundant sporomorph assemblages, a minimum of 300 sporomorphs was counted 
per sample. Dinocyst taxonomy as cited in Williams et al. (2017) was generally followed, with 
the exception of the Wetzellioid family, for which the suggestions made in Bijl et al. (2016) were 
followed (i.e., this group follows the taxonomy of Fensome and Williams (2004). Sporomorph 
taxonomy follows Stover and Partridge (1973); Macphail et al. (1994); Raine et al. (2011).

Dinocyst biostratigraphy and palaeogeographic affinity
Regional dinocyst biostratigraphy for the middle Eocene is based on Bijl et al. (2013a). Dinocyst-
based environmental interpretation follows Sluijs et al. (2005); Sluijs and Brinkhuis (2009); 
Frieling and Sluijs (2018). For biogeographic analysis, dinocyst taxa were binned into Antarctic 
endemics (including bipolar taxa, Southern Ocean endemics and so-called Transantarctic Flora 
(TF) cf. Wrenn and Beckman (1982)), and non-endemics (including cosmopolitan and mid-/
low-latitude taxa). We here consider the distinction between these ecogroups as primarily one of 
temperature affinity, following Bijl et al. (2011). We label taxa without a clear temperature affinity as 
cosmopolitan, such as those taxa with a distribution that is primarily controlled by other parameters 
like salinity (e.g., Senegalinium cpx.) or nutrient availability (e.g., protoperidinioids). We therefore 
supplement and update the biogeographical groupings of Bijl et al. (2011) and (2013b) with recent 
empirical information on ecological affinities of Paleogene dinocysts (Frieling and Sluijs, 2018). 
The mid-/low-latitude ecogroup is composed of taxa that prevail at lower latitudes and higher 
temperatures, either empirically based (e.g., Frieling and Sluijs, 2018), or with expanded mid-/low-
latitude stratigraphic ranges relative to their high-latitude range. Specifically, all wetzellioids and 
goniodomids are grouped into the mid-/low-latitude ecogroup based on their empirically derived 
affinity with high temperatures (Frieling and Sluijs, 2018). Southern Ocean endemic taxa are those 
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that are only known from the Southern Ocean, whereas bipolar taxa are those that occur in both the 
northern and southern high latitudes.

Taxa with unknown biogeographic affinities were excluded from biogeographical analysis. For 
instance, a large fraction of Deflandrea specimens that lost their outer bodies could not be identified 
to the species level. As some Deflandrea species are endemic to the Southern ocean, while others 
are cosmopolitan, we have excluded these specimens (and other taxa with unknown affinity) 
from biogeographic analysis. We note that a different choice was made for the middle Eocene 
dinocyst assemblages from Site 1172, where only the Deflandrea species D. antarctica is present; 
consequently, Deflandrea inner bodies were counted as D. antarctica (Bijl et al., 2011). Notably, 
endemic and cosmopolitan dinocysts during the MECO at Sites 1170 and 1172 largely consist of 
two species belonging to the genus Enneadocysta, i.e., the cosmopolitan species Enneadocysta 
multicornuta and the Southern Ocean endemic Enneadocysta dictyostila. While both species are 
morphologically similar, they can be distinguished by their tabulation patterns and the morphology 
of the distal ends of the processes (Fensome et al., 2006). The species morphology has been 
crosschecked with the original Site 1172 material and dinocyst counts to validate consistency in 
species determination. The above biogeographical affinity of dinocysts, in particular the relative 
abundance of endemic vs. non-endemic dinocyst taxa, is used here to distinguish the relative 
influence of the Antarctic-derived TC vs. the lower-latitude-derived EAC and PLC.

Organic geochemistry
To quantify SST changes, 52 samples from ODP Hole 1170D and one sample from the Latrobe-1 
core were processed for TEX86 palaeothermometry based on isoprenoid glycerol dialkyl glycerol 
tetraether (GDGT) membrane lipids of marine archaea (Schouten et al., 2002). The GDGTs were 
extracted from freeze-dried, powdered samples (~8–10 g dry weight) with dichloromethane 
(DCM):methanol (MeOH) (9:1, v:v) using a Dionex accelerated solvent extractor (ASE) 350, 
at a temperature of 100°C and a pressure of 7.6 × 106 Pa. Lipid extracts were subsequently 
separated by Al2O3 column chromatography into 4 fractions, using hexane:dichloromethane 
(DCM) (9:1, v/v), ethyl acetate (100%), DCM:MeOH (95:5, v/v) and DCM:MeOH (1:1, v/v). 
For quantification purposes, 9.9 ng of a C46 GDGT internal standard (m/z 744) was added to the 
DCM:MeOH (95:5, v/v) fraction after this. This fraction, containing the GDGTs, was subsequently 
dissolved in hexane:isopropanol (99:1, v/v) to a concentration of ~3 mg/mL, passed through a 
0.45 μm polytetrafluoroethylene (PTFE) filter and analysed using ultra-high performance liquid 
chromatography-mass spectrometry (UHPLC-MS) following (Hopmans et al., 2016). We note 
that the published TEX86 records from Site 1172 and the Hampden Section were generated using 
high performance liquid chromatography-mass spectrometry (HPLC-MS) after (Schouten et al., 
2007b), but differences in TEX86 values between the two methods have been shown to be negligible 
(Hopmans et al., 2016). Samples with very low concentrations (i.e., peak area < 3000 mV and/or 
peak height < 3x background signal) of any GDGT included in TEX86 were excluded from analysis. 
Based on relative abundances of GDGTs, the TEX86 and Branched versus Isoprenoid Tetraether 
(BIT) index values were calculated following Schouten et al. (2002) and Hopmans et al. (2004), 
respectively. The BIT index is used as an indicator for the relative contribution of terrestrially-
derived organic material to the marine realm, where a high BIT indicates a relatively large 
contribution of terrestrial GDGTs, whereas a low BIT indicates dominance of marine-produced 
GDGTs. BIT index values >0.3 imply TEX86 might not correctly reflect SST due to contamination 
by a terrestrial-derived signal (Weijers et al., 2006). Next to this, several other ratios were calculated 
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to evaluate GDGT sourcing and thus the reliability of TEX86-based SST estimates. In short, the 
Methane Index (MI) (Zhang et al., 2011) and GDGT-2/crenarchaeol (Weijers et al., 2011), GDGT-0/
crenarchaeol (Blaga et al., 2009), and GDGT-2/GDGT-3 (Taylor et al., 2013) indices are calculated 
to investigate potential contributions by methanotrophic, methanogenic, and deep-dwelling GDGT 
producers to the GDGT pool in the sediments. The analytical precision for TEX86 is ± 0.3°C based 
on long-term analysis of in-house standards. TEX86-to-SST calibrations include those based on 
mesocosm experiments and core-top datasets. We prefer the latter for paleoreconstructions, as these 
integrate ecological, water-column and diagenetic effects that are not incorporated in mesocosm 
experiments. Since our measured TEX86 values are within the range of the modern core-top dataset 
(≤ 0.73), no extrapolation of the modern TEX86-to-SST relationship is necessary, and differences 
between linearly and exponentially fitted calibrations are small (see for example Supplementary 
Figure 2.2 in Chapter 2). Here we calculate SST from TEX86 values using both the exponential 
calibration of Kim et al. (2010) and the linear calibration of O’Brien et al. (2017) (Supplementary 
Data). Since the resulting values are highly similar, we present only the values from a single 
calibration, the calibration, in our figures. We note that however, the interest of this study primarily 
lies in comparing spatial differences in SST and not absolute temperature values.
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Statistical analyses
To assess the main patterns within the changing dinocyst assemblages at the studied sites, 
unconstrained ordination was applied. Both Nonmetric MultiDimensional Scaling (NMDS) 
and Detrended Correspondence Analysis (DCA) were performed, using the R Package Vegan 
(Oksanen et al., 2015). Whereas DCA assumes a unimodal species response to the environment, 
NMDS is a distance-based method that does not assume any relationship, which can be considered 
more neutral because it introduces less assumptions (Prentice, 1977). For NMDS, the Bray-Curtis 
measure was used as an appropriate dissimilarity index for (paleo-) ecological community data 
(e.g., Faith et al., 1987), and recommendations by Clarke (1993) were followed to set the number 
(two or three) of dimensions used in the ordination. Unconstrained ordination was performed on 
the full dinocyst assemblages from Site 1170 and Hampden Beach (this study) and Site 1172 (Bijl 
et al., 2010, 2011, 2013a). The number of Latrobe-1 samples is too small for ordination purposes. 
Furthermore, unconstrained ordination was applied to the combined dinocyst assemblages of Site 
1170, Site 1172, Otway Basin and Hampden Beach.

To investigate whether dinocyst assemblage change at Site 1170 correlates with environmental 
change, constrained ordination using Canonical Correspondence Analysis (CCA) was performed 
with the R Package Vegan. We assess different sets of environmental proxy data, including SST 
(based on TEX86; this study), input of terrestrial material (BIT; this study), shipboard-generated 
clay contents from smear slide analysis, uranium contents (instead of very sparsely sampled total 
organic carbon (TOC)), magnetic susceptibility, and colour reflectance data (Mascle et al., 1996). 
Higher-resolution environmental data were interpolated to the sampling resolution used here for 
palynology. Like DCA, CCA assumes a unimodal species response to the input environmental 
variables.

Results

Site 1170
Palynology
Middle Eocene palynomorphs at Site 1170 are generally well preserved and assemblages are 
dominated (>95%) by marine forms, mainly dinocysts. Terrestrial palynomorphs occur consistently, 
but in low relative abundances (<2% of palynomorphs). The presence of Impagidinium spp. in all 
samples indicates an open marine setting (Dale, 1996), suggesting that palynomorphs characteristic 
for inshore environments have been transported off-shelf, possibly from the north. Absolute 
concentrations of dinocysts are extremely high, averaging ~175,000 dinocysts per gram of dry 
sediment over the studied section, with maxima of over 400,000 cysts per gram. The dinocyst 
assemblages are generally of low diversity and consist of three dominant groups that typically 
comprise over 90% of the total dinocysts. These groups are: Enneadocysta dictyostila, Deflandrea 
spp. and spiny peridinioids sensu Sluijs et al. (2009). High abundances of Enneadocysta spp. and 
peridinioid dinocysts in combination with low diversity indicate a somewhat restricted, eutrophic 
assemblage with possible low-salinity influences. Endemic taxa dominate the record, typically 
accounting for more than half of the assemblage (Figure 6.3). The most dominant endemic species 
is E. dictyostila, particularly from 570–690 mbsf. Endemic Vozzhennikovia apertura also has a high 
average relative abundance (~20%). Other, rarer endemics include Arachnodinium antarcticum, 
Deflandrea antarctica, Enneadocysta brevistila, Octodinium askiniae, Spinidinium macmurdoense, 
S. schellenbergii, and Vozzhennikovia netrona. Cosmopolitan and mid-/low-latitude dinocyst 
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species on average make up about 10% of the assemblage, consisting a.o. of Cerebrocysta spp., 
Cordosphaeridium spp., Enneadocysta multicornuta, Eocladopyxis peniculata, Operculodinium 
centrocarpum, and Thalassiphora pelagica.

Organic geochemistry and sea-surface temperatures
Out of 52 samples from Hole 1170D, five were disregarded for TEX86 analysis due to low GDGT 
concentrations, particularly in the lower part of the section. The remaining 47 samples have 
isoprenoid GDGT concentrations of on average 18 ± 10 ng per g sediment. BIT index values 
(Hopmans et al., 2004) are consistently below 0.25, indicating a dominant marine source of the 
isoprenoid GDGTs at this site (Weijers et al., 2006). Furthermore, MI values (Zhang et al., 2011) 
and GDGT-2/Cren ratios (Weijers et al., 2011) are below 0.3 and 0.2, respectively, indicating 
no substantial GDGT contributions by methanotrophic archaea. Finally, GDGT-0/Cren ratios 
(Blaga et al., 2009) are never above 1.2, indicating normal marine conditions, without substantial 
contributions by methanogenic archaea. Based on the calibration, TEX86-derived SSTs are mostly 
between 20–28°C, similar to time-equivalent temperatures at the East Tasman Plateau (Bijl et 
al., 2010) (Figure 6.3). Maximum temperatures of ~28°C are reached around 670 mbsf, and 
temperatures decline gradually towards the top of the studied section. Large temperature variability 
of several degrees between consecutive samples is recorded particularly in the interval from 600 to 
550 mbsf (Figure 6.3).

Biochronostratigraphic framework
Selenopemphix spp. and Impagidinium parvireticulatum are present throughout the investigated 
samples from Site 1170. Their regional first occurrences are at 48.6 Ma and 44.0 Ma, respectively 
(Bijl et al., 2013b), implying that all studied sediments are younger than 44 Ma. The single 
occurrence of Lophocysta spp. at 569 mbsf provides a narrow age range around the MECO for 
this part of the investigated core, from 41.39 to 39.66 Ma. We consider the recorded TEX86-based 
temperature maximum at ~670 mbsf to reflect the peak of the MECO and the following cooling 
trend to represent subsequent surface ocean cooling. This interpretation implies (very) high 
sedimentation rates in the order of 10s of centimetres per thousand years, consistent with the 
middle Eocene locality of Site 1170 in a depocenter on the northeast-southwest rifting South 
Tasman Rise (Figure 6.2b-c). More tentatively, MECO cooling seems to have occurred in two 
distinct steps in upper ocean temperature records from the Southern Ocean (Bijl et al., 2010; Bohaty 
et al., 2009) and the equatorial Atlantic ocean (Chapter 2). The short warming feature in between 
these cooling steps might be recorded and expanded at 570–600 mbsf at Site 1170 (Figure 6.3). 
While these constraints are valuable in delimiting our study interval to the MECO, stratigraphic 
correlation based on temperature proxies is precarious and the lack of precise and consistent age-
depth tie-points impedes the construction of a solid age–depth model. We therefore conservatively 
report our results in the depth domain.

Otway Basin
Marine palynology
The palynomorph assemblages from the Latrobe-1 borehole consist predominantly of sporomorphs. 
Absolute concentrations of dinocysts are in the order of 100–1,000 cysts per gram of dry sediment, 
while sporomorphs total 2,000–5,000 grains per gram of dry sediment. Although the relative 
abundance of marine palynomorphs is low, counts of ~50–100 identified dinocysts were possible 
and some additional prasinophytes and acritarchs were encountered. The Spiniferites complex 
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is dominant (averaging ~40 %), and Enneadocysta spp. (mostly consisting of E. multicornuta) 
are common (averaging ~20 %). Other minor constituents include Cleistosphaeridium spp., 
Cordosphaeridium spp., Deflandrea spp., Elytrocysta spp., Hystrichosphaeridium spp., and 
Phthanoperidinium spp. Notably, the dinocyst assemblages do not contain Antarctic endemic taxa; 
instead, they are composed solely of cosmopolitan and low-/mid-latitude taxa. Combined, the 
marine palynology indicates a proximal marine setting.

Terrestrial palynology
The middle Eocene sporomorph assemblage from the Latrobe-1 borehole consists of abundant 
gymnosperm (30–50 %) and angiosperm (30–50 %) pollen, with pteridophyte spores as a minor 
component of the assemblage (10–15 %). Saccate pollen are mainly represented by Podocarpidites 
spp. (Podocarpus), Lygistepollenites (Dacrydium) and Phyllocladites spp. (Lagarostrobus); other 
gymnosperms are Araucariaceae (10–20 %), which consist mainly of Dilwynites spp. (Agathis/
Wollemia) and, to a lesser extent, of Araucariacites spp. (Araucaria). Angiosperm pollen are 
dominated by Myricipites spp. (Casuarinaceae; Gymnostoma), Nothofagidites (including Nothofagus 
sg. Brassospora) and Malvacipollis spp. (Austrobuxus/Dissilaria), with Proteacidites spp. and 
Rhoipites spp. as minor elements. Pteridophyte spores are mainly represented by Cyathidites spp. 
and Laevigatisporites spp. Furthermore, minor occurrences of Cycadopites spp. (Cycadophyta), 
Arecipites spp. (Arecaeae), and Santalumidites spp. (Santalum) are recorded. Within the sporomorph 
assemblages, there is a slight dominance shift between the major pollen groups towards the top of 
the interval: the percentages of saccate pollen increase from ~15–20 % to ~40 % upsection, while 
angiosperms decrease from ~40–60 % to ~25 %. Simultaneously, the percentages of Dilwynites spp. 
decrease, and Proteacidites spp. and Rhoipites spp. become relatively less abundant towards the top. 
In contrast, the percentages of Pteridophytes remain largely constant.

Organic geochemistry
The analysed sample from the Latrobe-1 borehole contains predominantly terrestrial-derived 
branched GDGTs, resulting in a BIT index of 0.79, making the sample unsuitable for TEX86 analysis.

Stratigraphy
Our new palynological data further constrain the position of the early-middle Eocene hiatus that 
was recognised in the Latrobe-1 borehole between 67.35 and 97.84 mbs (Frieling et al., 2018a) to 
a depth between 78.98 and 70.32 mbs. The hiatus therefore likely corresponds to the transition 
between the Dilwyn Formation (Wangerrip Group) and the Narrawaturk Marl (Nirranda Group) 
at ~70.5 mbs. Dinocyst species with biostratigraphic value in strata above the unconformity include 
Phthanoperidinium comatum (FO 45.70 ± 0.20 Ma) and Phthanoperidinium stockmansii (FO 
57.20 ± 0.20 Ma), Achilleodinium biformoides (recorded as single sample in ODP Site 1171 South 
Pacific Dinocyst Zone (SPDZ) 13), and Dracodinium rhomboideum (FO 40.00 ± 0.10 Ma) (Bijl et 
al., 2013b). The interval from 61.46 to 70.32 mbs in the Latrobe-1 borehole is therefore assigned to 
SPDZ13 (40.0–35.95 Ma), close to the MECO, based on the regional dinocyst zonation of Bijl et al. 
(2013a). Moreover, the findings of Dracodinium rhomboideum in samples at 63.82 and 67.35 mbs 
designate these depths (the middle two of the four studied middle Eocene samples) to the MECO 
interval.
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Hampden Beach
Palynology
Middle Eocene palynological assemblages at Hampden Beach are dominated by dinocysts (~65 
%), with abundant sporomorphs (~30 %) and some acritarchs and prasinophytes. Sediments yield 
several thousand dinocysts per gram of dry sediment. The consistent presence of Impagidinium spp. 
(mean: ~7 %) indicates an open-ocean setting. The dinocyst assemblages comprise predominantly 
cosmopolitan and low-/mid-latitude taxa. Similar to the assemblages from the Latrobe-1 borehole, 
the outer neritic Spiniferites cpx. is dominant (averaging ~40 %). Other common cosmopolitan and 
low-/mid-latitude taxa include Cordosphaeridium fibrospinosum, Dapsilidinium spp., Elytrocysta 
brevis, Hystrichokolpoma rigaudiae, Hystrichosphaeridium tubiferum, and Senegalinium spp. 
(together averaging ~35 %). Antarctic endemic species occur sparsely (averaging ~6 %) and consist 
of Deflandrea antarctica, Enneadocysta dictyostila and Pyxidinopsis delicata. The presence of these 
dinocyst taxa is in agreement with the age of c. 41.7 Ma as previously assigned to the section 
(Burgess et al., 2008).

Discussion

Surface-ocean circulation in the Southwest Pacific during the MECO
Together, our new dinocyst biogeographic data are consistent with previous interpretations of 
Tasman Gateway surface-ocean circulation based on plankton biogeography and model simulations 
(Bijl et al., 2011; Huber et al., 2004; Sijp et al., 2016) (Figure 6.1b). By the middle Eocene, the 
Antarctic endemic dinocyst assemblage associated with the proto-ACC and TC had become firmly 
established, while the AAG was primarily influenced by the low-latitude-derived PLC. Records 
from southern New Zealand yield a predominantly warm EAC signal, with a minor, yet constant 
influx of Antarctic endemics indicating limited TC influence. Throughout the studied middle 
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environmental variables is 34%. For visual clarity, only the most abundant taxa (taxa that occur in >10% of the 
samples, have a mean relative abundance >1%, and have a maximum relative abundance of >5%) are shown in 
these plots. Ordination plots showing all taxa are provided as Supplementary Figure 6.1.
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Eocene interval, dinocyst assemblages at Site 1170 are dominated by Antarctic-endemic taxa. This 
implies that the Tasman Gateway was influenced by westward atmospheric and surface-oceanic 
circulation (i.e., the polar easterlies) around 40 Ma, with the 60º S front thus located to the north 
of the gateway and the proto-ACC flowing through the Tasman Gateway (Figure 6.1b). This is 
supported by the similar range of TEX86 SSTs of 20–24ºC within (Site 1170) and east of (Site 1172) 
the Tasman Gateway (Figure 6.3). In terms of paleolatitude reconstructions, placing Site 1170 within 
the Tasman Gateway south of 60ºS at this time is within the uncertainty limits of both commonly 
used mantle (e.g., Matthews et al., 2016) and paleomagnetic reference frames (e.g., Torsvik et al., 
2012). Notably, however, the incursion of cosmopolitan dinocysts that occurs at the zenith of 
MECO warmth on the East Tasman Plateau (Site 1172) has no equivalent on the South Tasman 
Rise (Site 1170) (Figure 6.3). These taxa were thus not transported eastward through the Tasman 
Gateway from a PLC source. Neither can the presence of cosmopolitan dinocysts at Site 1172 be 
explained by transport from a warming TC and Ross Sea gyre, as this would have transported a 
similar dinocyst assemblage to Site 1170. Instead, the source of cosmopolitan species may have been 
southward extension and/or intensification of the EAC (Figure 6.1c). We suggest that transported 
cosmopolitan species only became dominant at Site 1172 under conditions of peak MECO warmth. 
Increased southward reach of transported warmth by the EAC has been suggested before as a 
mechanism to warm the SWP in the early Eocene (Hines et al., 2017; Hollis et al., 2012), as was 
recently shown to be plausible based on simulations with the Community Earth System Model 1 
using 38 Ma geographic boundary conditions (Baatsen et al., 2018a). Additionally, uplift of shallow 
rises in the Tasman Sea during the Eocene may have reoriented the EAC (Sutherland et al., 2018), 
which could be a promising scenario for modelling studies to investigate.

Drivers of dinocyst assemblage change in the Tasman Gateway
Unconstrained ordination using a unimodal (DCA) or non-metric (NMDS) model shows that 
the primary variability in the dinocyst assemblage at Site 1170 is governed by E. dictyostila and 
mimics SST quite closely (Figure 6.4a, Supplementary Figure 6.1), suggesting abundance of E. 
dictyostila responds to temperature. The first NMDS and DCA axes are virtually identical, with 
DCA1 accounting for 33 % of the variance in the dataset. Both DCA2 (accounting for 17 %) and 
MDS2 contrast D. antarctica and T. pelagica at one end of the axis with Vozzhennikovia spp. at 
the other end. Interestingly, ordination results of the MECO and the surrounding interval at Site 
1172 are closely comparable with those of Site 1170 (Figure 6.4b, Supplementary Figure 6.1). At 
Site 1172, the abundance of E. dictyostila also controls the first axis (DCA1 accounting for 42 % 
of the variance), and the second axis (accounting for 17 %) places D. antarctica and T. pelagica 
vs. Vozzhennikovia spp. No clear patterns in biogeographic or coastal proximity grouping emerge 
from the ordination results of Site 1170 and Site 1172. However, unconstrained ordination of the 
combined dinocyst assemblages from Site 1170, Site 1172, the Otway Basin, and Hampden Beach 
results in a biogeographic separation on the first axis (DCA1 accounting for 77 % of the variance, 
DCA2 accounting for 38 %) (Figure 6.5). DCA1 and MDS1 separate the Site 1170 and Site 1172 
assemblages from the Otway Basin and Hampden Beach assemblages, as these axes separate 
endemic (and some cosmopolitan) taxa on the left vs. mid-/low-latitude (and some cosmopolitan) 
taxa on the right. The second axis further separates Site 1170 from Site 1172.

The role of temperature in determining assemblage variability at Site 1170 is further supported 
by constrained ordination (CCA), in which the first axis has high explanatory power (~67 % of 
the total accounted variance by the environmental variables), and has TEX86 as the dominant 
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component (Figure 6.4c; environmental variables as time series in Supplementary Figure 6.2). 
Therefore, although no peak of low-latitude species characterizes the MECO at Site 1170, the 
ordination analyses suggest that the dinocyst assemblage as a whole, and in particular E. dictyostila, 
responded to temperature change during MECO.

Taken together, these results confirm previous evidence that once a surface-oceanography-tracking 
plankton community has been established, relative abundance changes within the community 
correspond closely with changes in SST (cf. Bijl et al., 2011). In the modern ocean, phytoplankton 
distribution patterns are driven by the interplay of passive transport by surface currents and 
temperature selection (Hellweger et al., 2016; Thomas et al., 2012). A similar dual selection 
mechanism seems to have affected the middle Eocene dinocyst assemblages in the region. Regional 
surface-ocean circulation determined which assemblage was established and where. This spatial 
pattern (Figure 6.5) could change over tectonic timescales as paleogeography changed (Bijl et al. 
2011). Dominance shifts and variability within these assemblages were then driven by superimposed 
surface-ocean changes (such as in temperature), which typically occur on shorter timescales.
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Figure 6.5 | Nonmetric multidimensional scaling ordination diagram for the combined dinoyst assemblage 
data of Site 1170, Site 1172, Hampden Beach and Otway Basin. Species scores as circles, colour-coded by 
biogeographic affinity (red, mid-/low-latitude; purple, cosmopolitan; blue, endemic; grey, not assigned). 
Samples scores as squares, colour-coded by location (light blue, Site 1170; dark blue, Site 1172; orange, 
Hampden Beach; yellow, Otway Basin), with shading connecting same-location samples. Abbreviations are as 
follows: C.spp, Corrudinium spp. (pars); C.ten, Cribroperidinium tenuitabulatum; Da.spp, Dapsilidinium spp.; 
D.ant, Deflandrea antarctica; De.spp, Deflandrea spp.; E.bre, Elytrocysta brevis; E.dic, Enneadocysta dictyostila; 
E.mul, Enneadocysta multicornuta; Enn-Oli, Enneadocysta-Oligosphaeridium intermediate; E. spp, Enneadocysta 
spp. (pars); H.rig, Hystrichokolpoma rigaudiae; H.tub, Hystrichosphaeridium tubiferum; I.dis, Impagidinium 
dispertitum; P.com, Phthanoperidinium comatum; P.sto, Phthanoperidinium stockmansii; Se.spp, Senegalinium 
spp. (pars); Sp.spp, Spiniferites spp. (pars); T.pel, Thalassiphora pelagica; V.ape, Vozzhennikovia apertura; V.spp, 
Vozzhennikovia spp. (pars); W.spp, Wetzellioids.
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Massive middle Eocene dinocyst productivity on the South Tasman Rise
At the South Tasman Rise, MECO sediments are not only characterised by rapid sedimentation rates 
(in the order of 10s of cms per kyr according to our age models), but also by high concentrations of 
dinocysts (Figure 6.6). High sedimentation rates are readily explained by the location of Site 1170 
as a middle Eocene depocenter affected by rifting between Australia and Antarctica and associated 
subsidence (Exon et al., 2004). However, the extraordinarily high dinocyst concentrations are more 
difficult to explain. They are 100–1,000 times higher than in the studied strata from the Otway 
Basin and Hampden Beach. They also stand out when compared to other time intervals and settings 
where high dinocyst concentrations are expected and found. Specifically, they are about an order of 
magnitude higher than those typically found in Mediterranean sapropels (e.g., Sangiorgi et al., 2006; 
van Helmond et al., 2015; Zwiep et al., 2018), Cretaceous Oceanic Anoxic Event 2 shelf sediments 
(van Helmond et al., 2014) and the Holocene Adélie drift underlying a highly productive polynya 
system (Hartman et al., 2018). The average dinocyst concentrations at Site 1170 may be converted to 
average accumulation rates in the order of 10,000–80,000 cysts per cm2 per yr. This range of fluxes 
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122

Chapter 6

was derived using shipboard measured sediment densities (Exon et al., 2001) and by assuming our 
SST record represents peak MECO and (partially) subsequent cooling, and assigning this a duration 
between 50 and 300 kyr, as there is large uncertainty on the duration of MECO recovery (e.g., 
Bohaty et al., 2009; Bijl et al., 2010).

The high sedimentation rates and silty claystone facies make it unlikely that high dinocyst content 
was the result of sediment starvation and/or winnowing, respectively. Furthermore, such conditions 
would also have facilitated oxidation and degradation of organic-walled palynomorphs, while they 
are instead well-preserved and abundant. Therefore, these high concentrations seem to represent 
extreme dinocyst productivity and/or preservation. Enhanced sediment accumulation rate by itself 
facilitates burial of organic matter, in particular through adsorption of organics to clay minerals 
(Berner, 2006; Hedges and Keil, 1995), so preservation likely played a role. However, total organic 
carbon (TOC) contents are not extremely high (mean: ~1 % over the studied interval), the sediment 
is well bioturbated, and there is no significant correlation between dinocysts/gram and shipboard 
TOC contents, uranium contents or magnetic susceptibility (Supplementary Figure 6.3), which 
suggests preservation was not the driving factor leading to high dinocyst concentrations. Rather, 
surface ocean productivity might have been elevated. The relatively low diversity of the dinocyst 
assemblages in combination with the high dominance of a single taxon (Enneadocysta dictyostila 
in the MECO interval) suggests a generally eutrophic setting that could have been characterised 
by seasonal plankton blooms. Notably, in several records from the Paleocene-Eocene Thermal 
Maximum (Harding et al., 2011; Sluijs et al., 2011; Frieling et al., 2018b), and a record from Oceanic 
Anoxic Event 2 at Bass River (van Helmond et al., 2014), highest concentrations of dinocysts 
reach into the 10,000–100,000 cysts per gram sediment, and also correspond to low diversity–
high dominance assemblages, suggestive of dinoflagellate blooms. Dinocysts deriving from 
heterotrophic dinoflagellates are present at Site 1170, but not in high abundance. This suggests that 
primary production based on dinoflagellate prey species such as diatoms (Jeong, 1999) was not 
necessarily high during the studied interval. Combined, the above suggests that high surface-ocean 
dinoflagellate-based productivity in combination with increased production of resting cysts, was 
the most likely cause of rapid accumulation of dinocysts at Site 1170, with possible secondary roles 
for sediment transport and organic matter preservation. Indications why conditions in the middle 
Eocene Tasman Gateway would have been extremely favourable for dinoflagellate or dinocyst 
production are, however, yet lacking.

Southeast Australian vegetation during the MECO
The middle Eocene sporomorph assemblages from the Latrobe-1 borehole are generally similar 
to those identified in previous studies (Macphail et al., 1994; Greenwood et al., 2003; Hill, 2017), 
but seem to include a larger proportion of meso- and megathermal components. The sporomorph 
record at Latrobe-1 reveals that the middle Eocene (~MECO) vegetation of coastal southeast 
Australia consisted of a mosaic of mesothermal rainforest flora. These forests were dominated 
by warm temperate angiosperms Casuarinaceae (Gymnostoma), Austrobuxus/Dissilaria and 
Proteaceae as shrubs and trees, with rare presence of (paratropical) tree palms (Arecaceae) and 
cycads (Cycadophyta). Overstorey elements included Nothofagus sg. Brassospora and gymnosperms 
of the Araucariaceae and Podocarpaceae (Podocarpus, Dacrydium and Lagarostrobos). The low 
abundance of saccate Podocarpaceae pollen, i.e., pollen with high transport capability that are often 
overrepresented in pollen assemblages, suggests that these taxa were not a major part of the coastal 
vegetation in the lower interval. Together with small trees and shrubs, ground ferns (Gleicheniaceae 
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and Osmundaceae) and tree ferns (Cyatheaceae) occupied the understorey in these rainforests. 
A decrease in mesothermal rainforest elements together with the absence of Arecaceae pollen in 
the topmost sample suggests a slight cooling towards the top of the interval. Although the MECO 
marker dinocyst species Dracodinium rhomboideum was recorded in two of four studied samples, 
further stratigraphic constraints are lacking. Future regional pollen studies focussing on the 
Nirranda group might therefore elucidate whether the relatively warm-loving flora described here 
was restricted to the MECO interval, or to a broader interval of middle-late Eocene “background” 
conditions.

Sea-level rise during the MECO?
In the Otway Basin, basal Nirranda group sediments of middle Eocene age overlie a large 
unconformity at the top of the Wangerrip group (e.g., Krassay et al., 2004). This Wilson Bluff 
transgression overlying the top Latrobe unconformity or Lutetian gap (Holdgate et al., 2003) is 
recognised throughout southeast Australia (McGowran et al., 2004). It has also been correlated 
to the Khirthar transgression (Jauhri and Agarwal, 2001; McGowran et al., 2004), a major 
transgression phase recognised in the Indo-Pacific. While there is seismostratigraphic evidence 
for regional tectonic rifting, normal faulting and subsidence during the Paleocene and early 
Eocene in southeast Australia (Krassay et al., 2004; Close et al., 2009), it is unknown when 
exactly the subsidence terminated and renewed. The long duration of the hiatus separating the 
Wangerrip group from the Nirranda group suggests at least a cessation of subsidence by the end 
of the early Eocene (51 Ma). The Wilson Bluff transgression indicates that at some point during 
the middle Eocene accommodation space was created again, which could have been caused by 
renewed subsidence or a climate-induced eustatic sea-level rise. The resumption of sedimentation 
accumulation above the top Latrobe unconformity has been previously dated to between 44 and 
40 Ma (Holdgate et al., 2003; McGowran et al., 2004). Based on our new dinocyst-based age 
constraints, it is likely that the sediments overlying the Wangerrip group are close to the MECO 
in age, suggestive of a causal link between the Wilson Bluff transgression and MECO warming. 
Indeed, a global sea-level rise during the MECO (Dawber et al., 2011) could have facilitated the shift 
from an erosional to a depositional sedimentary regime. A similar timing of renewed sedimentation 
occurred in the Schöningen section in the North German Basin, where the transgressive, fully 
marine Annenberg formation unconformably overlies the Lutetian coal-bearing Helmstedt 
formation (Riegel et al., 2012). The Annenberg formation has been assigned an age around the 
MECO (Gürs, 2005), possibly ~41 Ma (Brandes et al., 2012). Based on a compilation of New Jersey 
coastal plain sections, a highstand (sequence E8) is also interpreted at ~41–40 Ma (Browning et al., 
2008).

Sea-level rise during the MECO could have accommodated increased burial of biogenic carbonate 
on continental shelves, explaining a reduction in carbonate burial in the deep sea (Sluijs et al., 
2013), along with a diminished silicate weathering feedback (van der Ploeg et al., 2018). However, it 
should be noted that the above inferences regarding global sea-level rise during the MECO are very 
tentative. A dating accuracy of ≤100,000 years would be required for these transgressive surfaces to 
indicate their relationship to MECO warming, which is presently not available. It is therefore crucial 
to improve these constraints in order to assess the potential influence of sea-level change on the 
carbon cycle during the MECO.
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Conclusions

Comparison of plankton and sea-surface temperature patterns during the MECO at the South 
Tasman Rise indicate that while dinocyst assemblages responded to surface-water warming, they do 
not yield evidence for increased eastward surface-water throughflow through the Tasman Gateway 
during peak MECO. This implies that the acme in cosmopolitan taxa at the East Tasman Plateau 
was likely the result of a southward extension of the EAC during the zenith of MECO warmth, and 
shows how profoundly surface-ocean currents can respond to external climate forcing in these 
regions of the Southern Ocean. This conclusion however, is difficult to reconcile with the strong 
similarities in paleotemperatures between the STR and ETP. The distinctive middle Eocene setting 
of Site 1170 is characterized by extremely high sedimentation rates of 10s of cms per kyr and a 
massive production (and/or transport and preservation) of dinocysts. While high sedimentation 
rates can be reconciled with the graben-like setting of the locality, the large amounts of dinocysts 
remain enigmatic. Terrestrial palynomorph assemblages suggest a warm temperate rainforest with 
some paratropical elements that grew along the southeast Australian margin during the MECO. 
Finally, we suggest that the southeast Australian Wilson Bluff Transgression may be related to global 
sea-level rise during the MECO, but improvement of the available age constraints is necessary to 
establish a possible causal link.
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Chapter 6 | Supplementary Material

Supplementary Figure 6.1 | Additional ordination results. Nonmetric multidimensional scaling (NMDS) 
ordination diagram for the dinocyst assemblage data of Site 1170 a, and Site 1172 b, Detrended correspondence 
analysis (DCA) ordination diagram for the dinocyst assemblage data of Site 1170 (c) and Site 1172 (d). Species 
scores in a-d as circles, colour-coded by biogeographic affinity (red, mid-low latitude; purple, cosmopolitan; 
blue, endemic; grey, not assigned). Full names for dinocyst abbreviations can be found in the Supplementary 
Datafile. First axis of DCA (blue) and NMDS (green) analysis of Site 1170 (e) and Site 1172 (f), together with 
the respective TEX86 records (black).
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Supplementary Figure 6.2 | Environmental proxy records over the MECO interval of Site 1170, as used in 
CCA analysis (b-g). Original data plotted as line, data interpolated to depth of dinocyst samples plotted as dots. 
Plotted against depth in metres below sea level. a, Relative abundance of Enneadocysta dictyostila (percentage 
of total dinocyst assemblage; dark blue dots and line). b, TEX86 (pink dots and line), with three-point moving 
average (purple lines). c, BIT (green dots and line). d, Sedimentary uranium content (ppm; blue dots and line). 
e, Spectrophotometric lightness (CIELAB L*; purple dots and line). f, Core-measured magnetic susceptibility  
(x 10-6 SI). g, Clay content (% of smear slide). Data in panels d-g from Exon et al. (2001).

Supplementary Figure 6.3 | 
Scatter plots and regression 
analysis of sedimentary 
dinocyst content as a function 
of selected proxy records of Site 
1170, indicating no significant 
correlation. a, Dinoflagellate 
cyst content (cysts per gram of 
dry sediment) against uranium 
content (ppm). b, Dinoflagellate 
cyst content (cysts per gram 
of dry sediment) against total 
organic carbon content (weight 
percentage). c, Dinoflagellate 
cyst content (cysts per gram of 
dry sediment) against magnetic 
susceptibility (x 10-6 SI). U, TOC 
and ms data from Exon et al. 
(2001).
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Exploring the sensitivity of Paleogene 
marine microfossil communities to 
climate change 
Margot J. Cramwinckel | Bregje van der Bolt | Samantha J. Gibbs | Appy Sluijs |

Abstract

In response to present-day climate change, marine ecosystems, including phytoplankton 
components, are showing complex adaptation and are expected to change further in the future. 
However, prediction of the integrated community response is hampered by spatial complexity 
of ecosystems and their temporal variability. The geological record contains ample case studies 
of environmental upheaval in response to climate change. In order to assess the sensitivity of 
microfossil assemblages to climatic changes of different amplitude, we explore documented 
microfossil assemblage changes using a combination of established ordination techniques and novel 
variability analysis, with a focus on dinoflagellate cyst assemblages during MECO and PETM for a 
wide range of locations. We demonstrate that a combination of established ordination techniques 
and the ΣCV method is a powerful approach to studying integrated microfossil assemblage 
changes, as ΣCV records peaks at levels of assemblage turnover that are indicated by ordination. 
Moreover, preliminary results indicate that changes in assemblage variability, as recorded in 
ΣCV, seem to increase linearly with increasing amplitude of climate change. Constraining this 
relationship further is important with respect to extrapolation to the present climate perturbation. 
Furthermore, generating long high-resolution microfossil datasets focused on intervals of relative 
stable “background” climate conditions in addition to “event” datasets, would provide useful end-
members to get a better sense of background variability.
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Introduction

While the total biomass of marine photosynthesizers is a hundred times smaller than that of land 
plants, phytoplankton are responsible for more than 45% of total annual net primary productivity of 
the Earth (Field et al., 1998). In this way, they form the base of the marine food chain and provide 
all higher marine trophic levels with energy. Additionally, export of phytoplankton biomass – 
including organic and inorganic carbon – from the surface to deep ocean plays an important role 
in the global biogeochemical cycling of carbon (Berner, 1982; Volk and Hoffert, 1985; Walker and 
Kasting, 1992).

At present, rising CO2 levels and associated global warming (IPCC, 2013) are affecting the marine 
biosphere in a myriad of ways, including warming, acidification and increased stratification of 
surface ocean habitats (Gruber, 2011) and expansion of oxygen minimum zones (Breitburg et al., 
2018). Marine ecosystems, including phytoplankton components, are showing complex adaptation 
in response (e.g, Brierley and Kingsford, 2009) and are expected to change further in the future 
(Pörtner et al., 2014). Possibly, this will include changing latitudinal patterns in biomass and body 
size (Lefort et al., 2015) and changes in elemental stoichiometry (Finkel et al., 2009). Both laboratory 
experiments and model simulations provide essential projections of the response of microplankton 
to climate change (Pörtner et al., 2014). These however also possess limitations. Laboratory 
experiments are ideal for constraining monospecific responses to single, or multiple environmental 
factors, such as nutrients, light regime and CO2 levels (e.g., Hoins et al., 2016 PLoS ONE). Due to 
the complex network of interactions between species, and between species and environment, it 
is hard to scale these experiments up to an integrated community response. Effectively, this same 
complexity limits model projections (Lefort et al., 2015). Although in situ mesocosm experiments 
partially alleviate these problems by measuring in situ community responses (Taucher et al., 2017), 
these cannot be used to assess slow feedback processes on time scales of >100 years. In short, the 
spatial complexity of ecosystems and their temporal variability, in part through adaptive evolution, 
hampers prediction of the integrated community response.

Fortunately, the geological past provides ample case studies of environmental upheaval in response 
to climate change (Norris et al., 2013; Schmidt, 2018). Importantly, these geological case studies, as 
they occurred in the real world, integrate all of the aforementioned environmental effects on biota, 
and by default include interactions between species and eco-evolutionary dynamics of species. 
Furthermore, as past climate change events cover a wide range of warming and cooling events, 
occurring on different time scales and with varying amplitude and magnitude, the collective record 
affords a way to evaluate how severity of biotic change scales with rate and magnitude of climate 
change (Rothman, 2017). Next to rate and magnitude, a third conjoined factor might be peak 
temperatures that are reached at the zenith of transient warming events, which is especially relevant 
in tropical regions where temperatures are already high (e.g., Frieling et al., 2017; Huber, 2008; 
Tewksbury et al., 2008). The present global climate perturbation is unprecedented in terms of rate 
(Zeebe et al., 2016) and possibly in magnitude (IPCC, 2013), in at least the past 66 million years. As 
such, it is crucial to constrain the scaling relationships between magnitude of ecosystem change and 
rate as well as magnitude of climate change, with the aim of careful extrapolation to the future.

A division within the Cenozoic (past 66 million years) can be made between the Paleogene (66 
– 34 million years ago; Ma) greenhouse world and the Neogene and Quaternary icehouse world 
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(34 Ma – present), separated by the Eocene – Oligocene Transition (EOT), when icecaps became 
established on Antarctica. Plankton systems in the warm Paleogene oceans likely differed from the 
modern by having higher metabolic rates, possibly a less efficient biological carbon pump (Hilting 
et al., 2008; John et al., 2013, 2014) and different cell size – biomass patterns (Wilson et al., 2018). 
Nevertheless, the main groups of modern (phyto)plankton were already firmly established in the 
Paleogene oceans (Falkowski et al., 2004). Superimposed on the warm Paleogene “background 
state”, transient events of geologically abrupt additional warming occurred, mostly associated with 
perturbations of the carbon cycle (Zachos et al., 2001; Cramer et al., 2003; Lourens et al., 2005). The 
fossil record reveals that these events had large effects on macrobiota (D’Ambrosia et al., 2017) but 
are also marked by strong changes in microfossil assemblages (Hönisch et al., 2012; Schmidt, 2018). 
Several studies have shown a relation between the magnitude of change during such events and the 
strength of ecological response (Gibbs et al., 2012; Jennions et al., 2015; D’Ambrosia et al., 2017). 
Particularly interesting phases include the Middle Eocene Climatic Optimum (MECO; ~40 Ma; 
warming of ~400 kyr) and the Paleocene-Eocene Thermal Maximum (PETM; ~56 Ma; warming 
of ~10 – 100 kyr). Over the past decades, a large body of literature has emerged describing climate 
and biotic change during the PETM. Poleward migration and assemblage turnover have been 
documented in dinoflagellates, planktonic foraminifera and calcareous nannofossils (as reviewed in 
Sluijs et al., 2007; Speijer et al., 2012). Of marine biota, severe extinction only occurred among deep 
sea benthic foraminifera during the PETM (Thomas, 2007). The MECO has been less extensively 
studied, but biotic change is evident from poleward migrations of plankton (Villa et al., 2008; Bijl et 
al., 2010; Chapter 5) and microfossil assemblage changes are apparent at several sites in the Atlantic 
Ocean (Witkowski et al., 2014; Boscolo-Galazzo et al., 2014; Chapter 3) and in the Southern Ocean 
(Witkowski et al., 2012; Villa et al., 2014; Chapter 6).

Diatoms, coccolithophorids and dinoflagellates, the main Cenozoic marine eukaryotic primary 
producers (Falkowski et al., 2004) are expected to show a variety of responses to current and future 
marine climate change (comprising warming, acidification and increased stratification), so it is 
important to assess their response in the fossil record. In contrast to diatoms and coccolithophores, 
organic-walled dinoflagellate cyst (dinocyst) fossils represent the fossilized hypnozygotic (or 
resting) stage of a dinoflagellate, not the body fossil of the motile dinoflagellate itself. The motile 
stage is almost exclusively composed of labile organic matter so that only molecular traces are 
preserved in sediments (Robinson et al., 1984). Furthermore, resting cyst diversity and taxonomy 
is not a simple reflection of that of motile dinoflagellates, for several reasons. First, as part of 
their life cycle, about 15% of described extant free-living dinoflagellates are known to produce 
fossilizable resting cysts (Head, 1996). Furthermore, one dinoflagellate species can produce 
multiple cysts morphotypes in response to different environmental conditions (e.g., Rochon et al., 
2009). Dinoflagellates play important ecological roles as both phytoplankton (i.e. producers) and 
zooplankton (i.e. consumers), as about half of dinoflagellate species is photosynthetic (Hackett et al., 
2004) whereas the other half comprises obligate heterotrophs. Obligate autotrophic species are rare 
(Schnepf and Elbrächter, 1999); photosynthetic dinoflagellates are in general mixotrophic; being 
able to both photosynthesize and ingest and digest food particles.

Various measures of assemblage change can be applied to the fossil record, including resilience, 
variability and ordination-type analyses (Alroy, 2000). Here, we focus on assemblage variability 
and reduced dimensionality from ordination. Using multiple methods that each target a different 
facet of assemblage change together could be a powerful approach to studying integrated microfossil 
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assemblage change. As we require a statistical measure of assemblage variability that is applicable 
to different fossil groups and different timescales, we here employ and expand upon the “ΣCV 
method” (as developed and introduced by Gibbs et al. (2012)) to objectively and quantitatively 
assess biotic response to perturbation. This method has been successfully applied to datasets from 
different microfossil groups during transients warming events in the early Paleogene, including 
the PETM (Gibbs et al., 2012; Deprez et al., 2017) and a similar method has been applied to post-
glacial terrestrial ecosystems (Clark and McLachlan, 2003). Here, our approach is two-fold. First, 
we explore the applicability of the ΣCV method to dinoflagellate cyst (dinocyst) data from a range of 
Paleogene climate events, and a Pleistocene-Holocene record as a “modern” end-member. Secondly, 
we compare variability response of dinocysts to the MECO and PETM at a widespread range of 
locations, and compare variability response of several microfossil groups to MECO climate change 
from a single sedimentary sequence.

Material and data

We apply the “ΣCV method” (developed and introduced in Gibbs et al., 2012) to compare microfossil 
assemblage change variability over different climate change events. We focus on a group of surface 
ocean plankton called dinoflagellates, which produce fossilizable resting cysts named dinoflagellate 
cysts (dinocysts).

Dinocyst datasets
The datasets analysed in this study are summarized in Table 7.1 and Figure 7.1. Specifically, we 
consider dinocyst abundance records over the MECO and PETM intervals from ODP Site 959 in 
the east equatorial Atlantic Ocean (Chapter 2; Chapter 3; Frieling et al. 2018) and ODP Site 1172 in 
the southwest Pacific Ocean (Bijl et al., 2010; Sluijs et al., 2011). Furthermore, we consider MECO 
dinocyst assemblages from ODP Site 647 in the Labrador Sea, North Atlantic Ocean (Chapter 5) 
and ODP Site 748 on the Kerguelen Plateau in the south Indian Ocean (A.J.P. Houben, pers comm, 
2015) and PETM dinocyst assemblages from the IB10B borehole, taken on the paleo-Nigerian shelf 
in the east equatorial Atlantic Ocean (Frieling et al., 2017); the Bass River and Wilson Lake cores 
drilled on the New Jersey shelf (Sluijs and Brinkhuis, 2009) and IODP Hole 4a on the Lomonosov 
Ridge, drilled during the Arctic Coring Expedition (Sluijs et al., 2008). We also include Pleistocene 
dinocyst abundance data covering the Eemian to the Holocene (last 150 kyr) from Integrated Ocean 
Drilling Program Site U1385 (the “Shackleton site”) along the west Iberian margin (Datema et al., 
2017, in revision). This record has been correlated to high-resolution temperature and CO2 records 
from the Vostok ice core (Jouzel et al., 1987; Petit et al., 1999).

Other microfossil datasets
For comparison between different plankton groups, we consider the MECO interval at Site 748, 
drilled on the Kerguelen Plateau in the southern Indian Ocean, as a case study. We compare 
assemblage data based on organic-walled dinocysts to published records of siliceous microfossils 
(diatoms, ebridians, silicoflagellates) (Witkowski et al., 2012) and calcareous nannofossils (Villa et 
al., 2008, 2014), together comprising multiple important plankton groups. A summary of the main 
assemblage changes in those groups during the MECO at Site 748 is presented in Figure 7.2.
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ODP 959

Bass River / 
Wilson Lake

ODP 647

ODP 748
ODP 1172

IODP U1385

IB10B

ACEX

Figure 7.1 | Map with site locations of the datasets studied here, as listed in Table 7.1.

time interval microfossils site/location reference

Pleistocene dinocysts IODP U1385 Datema et al. (2017); 
Datema et al. (in review)

MECO dinocysts ODP Site 1172 Bijl et al. (2010) Science

MECO dinocysts ODP Site 647 Chapter 5

MECO dinocysts ODP Site 748 A.J.P. Houben, personal communication 

MECO calcareous nannofossils ODP Site 748 Villa et al. (2008) 

MECO siliceous microfossils ODP Site 748 Witkowski et al. (2012) 

MECO dinocysts ODP Site 959 Chapter 3

PETM dinocysts Bass River Sluijs and Brinkhuis (2009)

PETM dinocysts IB10B, Nigeria Frieling et al. (2017) 

PETM dinocysts Lomonosov Ridge Sluijs et al. (2008) 

PETM dinocysts ODP Site 1172 Sluijs et al. (2011) 

PETM dinocysts ODP Site 959 Frieling et al. (2018) 

PETM dinocysts Wilson Lake Sluijs and Brinkhuis (2009) 

Table 7.1 | Datasets analysed in this study, locations mapped in Figure 7.1.
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Methodology and sensitivity tests

Summed coefficients of variation (ΣCV) method
As a versatile measure of, or proxy for, assemblage variability, suitable for use on relative abundance 
data of various microfossil groups, we apply the ΣCV method developed and introduced by Gibbs et 
al. (2012). In short, this method summates the coefficients of variation (CV) for a selection of taxa 
from a relative abundance dataset, as in the equation below:

In this, n is the total number of taxa in the considered dataset, and t1 and t2 bracket the window 
over which the CVs are summed in the age or depth domain. Using the CV (standard deviation 
(SD) divided by mean abundance of a taxon) instead of SD provides a measure of relative variability 
that, in part, reduces the bias towards dominant taxa by weighting abundant and less abundant taxa 
equally. By moving the window t1 – t2 in a stepwise manner over the dataset, a rolling window result 
of ΣCV as a time series is generated. In addition, we compare ΣCV for two single discrete windows; 
one event window and one background window (pre- or post-event depending on data availability). 
Since this approach is very sensitive to taxa with very low abundance (as standard deviation divided 
by low yields inflated CV), we here only include taxa with mean abundance >2% in both (all three) 
windows. All analyses were implemented in R (R project for Statistical Computing) (R Core Team, 
2015).

Ordination analyses
While ΣCV is a measure for assemblage variability, ordination-type methods can be used to infer 
the main patterns in assemblage change, and is routinely applied to microfossil relative abundance 
data (e.g., Sluijs and Brinkhuis, 2009; Bijl et al., 2011; Alegret et al., 2018). We present ordination 
results along with our primary ΣCV results, as these methods together could be a powerful approach 
to studying integrated microfossil assemblage changes (e.g., Deprez et al., 2017). For this purpose 
we performed both Nonmetric MultiDimensional Scaling (NMDS) and Detrended Correspondence 
Analysis (DCA) on the same selection of taxa that was used to calculate ΣCV, using the R Package 
Vegan (Oksanen et al., 2015).

Data preparation: taxa grouping and selection
Relative abundance data are susceptible to the closed sum effect, whereby absolute increases/
decreases in one taxon by definition relate to relative decreases/increases in others despite their 
constant absolute abundance. Alternatives such as accumulation rates introduce additional 
uncertainty by requiring assumptions on sedimentation rates. As these will always be at a lower 
resolution due to sparse age – depth model tie-points, we prefer relative abundance data. Here, 
we mostly assess biotic response at the level of genera or higher, in order to represent robust 
morphological groupings of similar species that often have a similar ecology. For our dinocyst-
based datasets, we group Paleogene dinocysts into functional groups sensu Sluijs et al. (2005); Sluijs 
and Brinkhuis (2009) and Frieling and Sluijs (2018).
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ΣCV method: sensitivity tests
Gibbs et al. (2012) described several sensitivity aspects of this method in detail, and we partially 
reiterate these here.

Smoothing using SiZer
As noise is inherently introduced when assemblage counts are performed by different researchers, 
we try to increase to signal-to-noise ratio of the assemblage data by using smoothed versions of the 
individual taxa time series. As a neutral statistical method of choosing the best-smoothed fit, we 
produce a set of smoothed curves using the significant zero crossings of derivatives method (SiZer, 
as defined in Chaudhuri and Marron, 1999), which has been successfully applied to paleodata 
previously (Rohling and Pälike, 2005; Gibbs et al., 2012; Beddow et al., 2016). In short, this method 
was developed to extract the features from a time series that represent important underlying 
structure, while neglecting sampling artifacts (Chaudhuri and Marron, 1999). It accomplishes 
this by producing “SiZer maps” displaying visually where the time series significantly increases 
or decreases, at which bandwidth. This allows for the visual selection of a sensible smoothing 
bandwidth. Here we integrate the R Package SiZer (Sonderegger, 2018) into our ΣCV script, and 
compare results with and without smoothing. We present an example of SiZer-based smoothing for 
one of the analysed datasets in Supplementary Figure 7.1.

Number of included taxa and patterns of single taxa
For taxa selection, we exclude taxa with mean abundance <2% and manually select a number of taxa 
that together make up >90% of the assemblage for >95% of the samples. It has appeared impossible 
to reach >90% of the assemblage for 100% of the samples for dinocyst data, as in many records 
taxa may dominate assemblages in one sample while absent in all others. The chosen number of 
taxa differs per dataset, as the dominant information in the assemblage is harbored in different taxa 
between datasets. This inflates the absolute ΣCV values when a higher number of taxa is included 
in the analysis. This can be corrected for by dividing by the number of included taxa (n), but is 
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Figure 7.2 | Summarized fossil plankton assemblage data from the MECO at Site 748 (southern Indian 
Ocean) based on dinocysts (Houben, personal communication), calcareous nannofossils (Villa et al., 2008, 
2014), siliceous microfossils (Witkowski et al., 2012). Plotted together with stable isotope data (δ13C and δ18O 
in ‰ VPDB) from benthic foraminifera (genus Cibicidoides) (Bohaty et al., 2009), and fine-fraction carbonate 
(Bohaty and Zachos, 2003; Villa et al., 2008).
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also automatically corrected for when considering the quotient between event and pre-/post-event 
values. To assess the effect of single taxa on the total ΣCV of the assemblage, we perform a sensitivity 
analysis similar to the one presented in Gibbs et al. (2012), in which we calculate several instances of 
ΣCV, each iteration removing one different taxon from the sum.

Window size
As summating CV over a larger window will inflate ΣCV values, we assess sensitivity of our results to 
a range of different window sizes, using windows between 5 – 30% of the length of the total dataset.

Results

Results are presented per dataset, to illustrate whether or not the ΣCV method is applicable to that 
particular dataset. Several of the datasets are used to illustrate potential pitfalls, but also potential 
solutions to problems. An example of smoothing using SiZer is presented in Supplementary Figure 
7.1, and three examples of the investigated sensitivity to window size and individual taxa patterns 
are provided in Supplementary Figure 7.2 – 4. Selected ΣCV and ordination results are illustrated in 
Figure 7.3 – 6.

IODP Site U1385 Pleistocene-Holocene (150-0 kyr ago)
The dinocyst assemblage variability recorded in ΣCV shows a similar pattern to the concurrent CO2 
and temperature as reconstructed from ice cores (Jouzel et al., 1987; Petit et al., 1999) (Figure 7.3). 
Especially the last glacial-interglacial transition (~ 11 ka) stands out as a large increase in variability. 
Next to this large shift, less extreme changes in climate within the Eemian glacial stage, as reflected 
in temperature and CO2, also seem amplified in dinocyst ΣCV. As ordination analysis approaches 
the problem of simplification of assemblage data into quantitative components in a different and 
independent manner from ΣCV, it is noteworthy that the first component axis shows a similar 
pattern (Figure 7.3). The ΣCV result is insensitive to changes in window size (Supplementary Figure 
7.2). One taxon, Bitectatodinium tepikiense, is shown to have a somewhat larger influence than other 
taxa in the top part of the record, likely because of its relatively low abundance, which will work to 
amplifying CV, as CV = sd/mean. While this indicates caution should be exerted when including 
taxa that have strong presence-absence patterns in abundance, the main ΣCV trends are still present 
when excluding this taxon, particularly in the smoothed records (Supplementary Figure 7.2).

Middle Eocene Climatic Optimum (~40 Ma) records
Since the MECO was a gradual warming that lasted about ~500 kyrs and occurred 40 Ma, records 
from this warming are typically of lower resolution than the Pleistocene-Holocene, but also 
compared to the PETM. Dinocyst assemblages from four different, widespread locations during 
the MECO are studied here, specifically 1. ODP Site 647 in the Labrador Sea, North Atlantic 
Ocean (Chapter 5); 2. ODP Site 748 on the Kerguelen Plateau in the south Indian Ocean; 3. ODP 
Site 959 in the east equatorial Atlantic Ocean (Chapter 2, 3) and 4. ODP Site 1172 on the East 
Tasman Plateau, southwest Pacific Ocean (Bijl et al., 2010). In particular the records from Site 
959 and 1172 suffer from resolution issues and/or core gaps in critical intervals, which precludes 
reliable determination of a continuous ΣCV record, but also hampers determination of event versus 
background ΣCV in discrete windows.
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ODP Site 647
The ΣCV record of the dinocyst assemblage from the Labrador Sea clearly shows changes across 
the MECO interval, but there is no major change in ΣCV during MECO warming. Instead, a clear 
peak is observed during the cooling phase following the MECO (Figure 7.4). This result is robust 
to SiZer smoothing, varying window size and exclusion of single taxa (Supplementary Figure 7.3). 
Intriguingly, the MECO recovery phase at Site 647 is indeed characterized by a larger (~5 – 6 ºC) 
SST drop compared to warming (~2 ºC) at its onset based on TEX86 (Chapter 5; Figure 7.4). This 
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Figure 7.3 | Dinocyst assemblage 
change during the past 150 kyrs 
at IODP Site U1385. From left to 
right: climate trends as reflected 
by temperature (green) (degrees 
Celsius) and atmospheric CO2 
(blue) (ppm) reconstructed from 
the Vostok ice core (Jouzel et al., 
1987; Petit et al., 1999). Ordination 
results of dinocyst assemblage, 
first axis of ordination using 
DCA (purple) and NMDS (red). 
Summed coefficient of variation 
(ΣCV) of dinocyst assemblages for 
smoothed dataset; rolling window 
of 15 kyrs.

Figure 7.4 | Dinocyst assemblage 
change during the Middle Eocene 
Climatic Optimum at ODP Site 
647. From left to right: local climate 
trends as reflected by TEX86-based 
sea surface temperature (degrees 
Celsius) (Chapter 5). Ordination 
results of dinocyst assemblage, 
first axis of ordination using 
DCA (purple) and NMDS (red). 
Summed coefficient of variation 
(ΣCV) of dinocyst assemblages for 
smoothed dataset; rolling window 
of 12 meters.
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suggests increased variability might be related to stronger environmental change during MECO 
recovery at this location. The peak in ΣCV is also apparent as a shift in the first axis of assemblage 
ordination, indicating assemblage turnover, mostly driven by an increase in open ocean taxa relative 
to more inshore taxa (Chapter 5).

Paleocene-Eocene Thermal Maximum (~56 Ma) records
Dinocyst assemblages from six different locations, covering four regions, during the PETM are 
studied here, specifically: 1. ODP Site 959 in the east equatorial Atlantic Ocean (Frieling et al., 
2018b); 2. IB10B borehole, Nigeria in the east equatorial Atlantic Ocean (Frieling et al., 2017); 3. 
ODP Site 1172 on the East Tasman Plateau, southwest Pacific Ocean (Sluijs et al., 2011); 4. Bass 
River core drilled on the New Jersey shelf (Sluijs and Brinkhuis, 2009); 5. Wilson Lake core drilled 
on the New Jersey shelf (Sluijs and Brinkhuis, 2009); 6. IODP Hole 4a on the Lomonosov Ridge, 
drilled during the Arctic Coring Expedition (Sluijs et al., 2008). Unfortunately, the ACEX record is 
unsuitable for ΣCV analysis due to poor core recovery. The Wilson Lake record starts just below the 
onset of the PETM, which inhibits analysis of background variability.

ODP Site 959
Dinocyst assemblage variability during the PETM at Site 959 records a clear peak in ΣCV, 
simultaneous with a shift in ordination axes indicating assemblage turnover, and an increase in 
TEX86-based SST (Figure 7.5). This result is very robust to SiZer smoothing, varying window 
size and exclusion of single taxa (Supplementary Figure 7.3). An example of choosing smoothing 
bandwidth using SiZer for ODP Site 959 PETM is presented in Supplementary Figure 7.1. One 
important aspect of this particular data set is the general absence of dinocysts during peak SST 
values, attributed to heat stress (Frieling et al., 2018b).

IB10B borehole
Dinocyst assemblages from this borehole are similar to those from ODP Site 959 (Frieling et al., 
2017, 2018), and a highly similar, although a bit more noisy, result is obtained, with assemblage 
turnover and a peak in assemblage ΣCV during PETM warming. Also this data set is marked by the 
general absence of dinocysts during peak SST values, attributed to heat stress (Frieling et al., 2017).

ODP Site 1172
This assemblage record is confounded by strong presence-absence patterns, and resolution is 
somewhat lower in the post-PETM interval. Nevertheless, ΣCV of the relative abundance data 
records an increase associated with the PETM. Interestingly, this increase occurs during PETM 
recovery instead of onset, which is reminiscent of the Site 647 MECO result. Also for this dataset, 
ΣCV increase is concomitant with assemblage turnover as indicated by ordination. We note however, 
that for this dataset, our sensitivity studies indicate a sensitivity of ΣCV to smoothing of the dataset.

Bass River
This dinocyst assemblage was also analyzed in the framework of Gibbs et al. (2012). As expected, 
we obtain a similar ΣCV result, which is also similar to that from the east equatorial Atlantic (Figure 
7.5).
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Discussion

The MECO in the southern Indian Ocean: ΣCV for different microfossil groups compared
The multiproxy record at Site 748 affords the opportunity of studying the response to MECO 
warming of different microfossil groups at the same location, specifically organic-walled dinocysts, 
calcareous nannofossils (Villa et al., 2008, 2014) and siliceous microfossils (Witkowski et al., 
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Figure 7.5 | Dinocyst assemblage change during the Paleocene-Eocene Thermal Maximum at ODP Site 
959 (A) and Bass River (B). From left to right: local climate trends as reflected by TEX86-based sea surface 
temperature (degrees Celsius) (Frieling et al., 2018b; Sluijs and Brinkhuis, 2009). Ordination results of dinocyst 
assemblage, first axis of ordination using DCA (purple) and NMDS (red). Summed coefficient of variation 
(ΣCV) of dinocyst assemblages for smoothed dataset; rolling window of 0.42 meters (959) and 2.4 meters (BR).
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2012). Additionally, based on planktic foraminifera geochemistry, symbiont bleaching in those 
species might have occurred during peak MECO at Site 748 (Edgar et al., 2013). Biotic change also 
occurred at the seafloor, as benthic foraminifera assemblages changed simultaneously, potentially 
linked through export productivity change (Moebius et al., 2014). These combined changes might 
be indicative of a full ecosystem turnover, at least at the level of microbiota. The lower bound of the 
MECO record at Site 748 is marked by a hiatus (Bohaty et al., 2009). ΣCV and ordination results, 
along with TEX86-based SST and stable oxygen isotopes (δ18O) of benthic foraminifera, for all three 
groups are presented in Figure 7.6. Although it should be noted that a measure for pre-MECO 
background variability is lacking here due to a hiatus, peaks in ΣCV can be observed. For dinocysts 
and nannofossils, these occur associated with turnover as indicated by ordination in the respective 
assemblages. Interestingly, turnover and increased ΣCV in the dinocyst assemblages occurs shortly 
before that in the nannofossil assemblages. This might indicate these groups are responding to 
different environmental stressors. The siliceous microfossil record is characterized by more gradual 
changes that do not appear clearly in ordination or ΣCV. We note that absolute abundances of 
siliceous microfossils are low outside of the MECO interval, which might affect the result.

Contrasting dinoflagellate assemblage responses to warming events
In general, the method works particularly well when sampling resolution is high both during 
the studied climate event, but also during the surrounding “background” state, such as in the 
studied Pleistocene-Holocene dataset (Datema et al., 2017, Datema et al. in revision), and the 
PETM datasets from ODP Site 959 (Frieling et al., 2018b) and Bass River (Sluijs and Brinkhuis, 
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Figure 7.6 | Microfossil assemblage change during the Middle Eocene Climatic Optimum at ODP Site 748. 
From left to right: local climate trends as reflected by TEX86-based sea surface temperature (degrees Celsius) and 
stable oxygen isotopes (δ18O in ‰ VPDB) from benthic foraminifera genus Cibicidoides (Bohaty et al., 2009). 
Ordination (DCA1 in purple, NMDS1 in red) and ΣCV results of dinocyst assemblages, nannofossil assemblages 
(Villa et al., 2008, 2014) and siliceous microfossil assemblages (Witkowski et al., 2012).
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2009). In most studied cases, peaks in ΣCV and shifts in reduced-dimensionality ordination axes 
co-occur, indicating increased assemblage variability at times of assemblage turnover. The results 
presented above indicate that this combined approach using ordination and ΣCV analysis can 
provide a powerful tool in assessing microfossil assemblage turnover and variability. A potential 
pitfall that seems more specific to dinocyst assemblages than to other microfossil groups, is the 
fact that dinocyst assemblages often record distinct “acmes” in abundance patterns, i.e. strong 
shifts between presence and absence, which would cause higher CV values. Acme-type abundance 
patterns occur for instance strongly during the PETM (Sluijs and Brinkhuis, 2009; Frieling et al., 
2018b), but this might be biased by more extensive sampling and analysis of climate events. Ideally, 
more high-resolution records of “background” assemblages would help to resolve whether acme-
type abundance patterns are characteristic to events. Nevertheless, this pattern influences the ΣCV 
analysis, as very low means in combination with high standard deviations inflate CV. Although 
this and other pitfalls were encountered in applying the ΣCV method to the above datasets, some 
of these problems can be circumvented by instead calculating ΣCV for carefully selected fixed 
windows. Importantly, this alternative approach also allows for comparison between background 
and event ΣCV values. A comparison of the peak-versus-background ΣCV for the here studied glacial-
interglacial, MECO and PETM dinocyst records is shown in Figure 7.7. Across all studied datasets 
that were found suitable, ΣCV is shown to increase at times of temperature change. Notably, for two 
of the records (MECO Site 647 and PETM Site 1172), the peak in ΣCV occurs during cooling, not 
warming. In Figure 7.7b, we present the quotient (i.e., ΣCV,event/ΣCV,background), which automatically 
corrects for differences in window size and number of taxa between records. Although the number 
of studied datasets is small, this plot implies an increasing relationship between the factor by which 
ΣCV increases over an event, and the amplitude of climate change. This suggests an increase in the 
variability response of plankton assemblage with larger magnitude of warming. Given appropriate 
age constraints, a similar analysis could be performed for rates of SST change.

Conclusions and outlook

Our results confirm that the ΣCV method, as introduced by Gibbs et al. (2012), is applicable to high-
resolution Pleistocene and Paleogene dinocyst assemblage records. Furthermore, we demonstrate 
that a combination between established ordination techniques and the ΣCV method is a powerful 
approach to studying integrated microfossil assemblage changes, as the ΣCV metric records peaks 
at levels of assemblage turnover that are indicated by ordination. Preliminary results indicate that 
changes in assemblage variability, as recorded in ΣCV, seem to increase with increasing amplitude of 
climate change. These preliminary results could be further constrained and expanded upon using 
additional datasets covering a wider range of locations, events and microfossil groups. Furthermore, 
constraining the relationship between assemblage variability and rate of change is an important 
future step, particularly with regard to present-day climate change. Regarding data generation, 
the ΣCV method is not applicable when the resolution of the data is (much) lower than that of the 
expected climate background variability. Therefore, generating long high-resolution microfossil 
datasets focused on intervals of relative stable “background” climate conditions in addition to 
“event” datasets, would provide useful end-members to get a better sense of background variability.



143

Microfossil assemblage change

7

0 1 2 3 4 5 6 7 8 9

0

1

2

3

4

5

6

7

8

9

10

ΔSST

A. 

Σ CV

ba
ck

gr
ou

nd

ev
en

t

0 1 2 3 4 5 6 7 8 9

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

B. 

ΔSST

Σ CV
,e

ve
nt

 / Σ
CV

,b
ac

kg
ro

un
d

IODP Site U1385

ODP Site 748

ODP Site 647

ODP Site 959

ODP Site 1172

IB10B, Nigeria

Bass River, NJ

Holocene

MECO

MECO

PETM

PETM

PETM

PETM

Dinocyst assemblages

Figure 7.7 | Summed coefficients of variation (ΣCV) of dinocyst assemblages compared for different events 
and different locations. a, Scatter plots of ΣCV before (label “background”) and during (label “event”) different 
climate events (Holocene warming; MECO; PETM). Closed arrows denote an increase in ΣCV during climate 
warming, while open arrows denote increase in ΣCV during recovery of temperature. All plotted against 
increases/decreases in TEX86

H-based SST measured from the same or a nearby location. Note all arrows indicate 
an increase. b, Scatter plots of the quotient of ΣCV,event divided by ΣCV,background, as shown in panel a, against 
increases/decreases in TEX86

H-based SST. Data references given in main text and Table 7.1. Importantly, the 
quotient between event and background ΣCV, which essentially normalizes variation between datasets in 
number of taxa and in window size, increases with increasing amplitude of temperature change. 



144

Chapter 7

Chapter 7 | Supplementary Material

chosen bandwidth

signi�cant increase

non-signi�cant

signi�cant decrease

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

epicystal Goniodomidae

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

Spiniferites cpx.

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

Areoligera cpx.

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

Florentinia spp.

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

Cordosphaeridium cpx. Hafniasphaera spp.

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

Operculodinium spp.

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

other G-cysts

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

Apectodinium cpx. Senegalinium cpx.

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

Protoperidinioids

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

1

2

803 804 805
depth (mbsf )

10
lo

g(
ba

nd
w

id
th

) 1.0

0.6

0.2

-0.2

Supplementary Figure 7.1 | SiZer maps example for ODP Site 959 PETM dinocyst taxa. First (upper plots 
“1”) and second (lower plots “2”) derivative SiZer maps for all 11 included taxa. Significant increases (red) and 
decreases (blue) are plotted as color maps for a range of bandwidths (y-axis) over the depth range of the dataset 
(x-axis). Purple is used when the curve does not significantly increase or decrease. Based on the maps, the 
chosen bandwidth is plotted as a yellow line.
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Supplementary Figure 7.2 | Sensitivity studies for Site U1385 Pleistocene-Holocene dinocyst assemblage 
record. a, Relative abundances of the most common dinocyst taxa for this studied dataset. Original data as black 
dots and SiZer-derived smoothed line in red. b, Sensivity of calculated ΣCV values to window size used, using 
raw (left) and smoothed (right) relative abundance data. c, Sensitivity of calculated ΣCV values to individual 
taxa for a window size of 15 kyr using raw (left) and smoothed (right) relative abundance data. Only the ΣCV 
record without Bitectatodinium tepikiense shows a somewhat different pattern, likely because of the very low 
abundance of this taxon in the top part of the record. (As CV is SD divided by mean, low means can cause 
inflated CV number). Importantly however, especially in the smoothed record, the increase in ΣCV in the top 
part of the record is featured even without B. tepikiense. All plotted against age in kyr ago.
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Supplementary Figure 7.3 | Sensitivity studies for ODP Site 647 MECO dinocyst assemblage record. a, 
Relative abundances of the most common dinocyst taxa for this studied dataset. Original data as black dots and 
SiZer-derived smoothed line in red. b, Sensivity of calculated ΣCV values to window size used, using raw (left) 
and smoothed (right) relative abundance data. c, Sensitivity of calculated ΣCV values to individual taxa for a 
window size of 15 kyr using raw (left) and smoothed (right) relative abundance data. All plotted against depth 
in meters below seafloor (mbsf).
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Supplementary Figure 7.4 | Sensitivity studies for ODP Site 959 PETM dinocyst assemblage record. a, 
Relative abundances of the most common dinocyst taxa for this studied dataset. Original data as black dots and 
SiZer-derived smoothed line in red. b, Sensivity of calculated ΣCV values to window size used, using raw (left) 
and smoothed (right) relative abundance data. c, Sensitivity of calculated ΣCV values to individual taxa for a 
window size of 15 kyr using raw (left) and smoothed (right) relative abundance data. All plotted against depth 
in meters below seafloor (mbsf).

window size 42 cm
excluded taxon

Apectodinium cpx.

Areoligera cpx.

protoperidinioids

Cordosphaeridium cpx.

epicystal Goniodomideae

Florentinia spp.

Hafniasphaera spp.

Operculodinium spp.

other G-cysts

Senegalinium cpx.

Spiniferites cpx.

window size

14 cm (5% of record)

28 cm (10% of record)

42 cm (15% of record)

56 cm (20% of record)

73 cm (25% of record)

87 cm (30% of record)

803.0

803.5

804.0

804.5

805.0

803.0

803.5

804.0

804.5

805.0

0 50 0 50 0 50 0 50 0 50 0 50 0 50 0 50 0 50 0 50 0 50 100

803.0

803.5

804.0

804.5

805.0

805.5

803.0

803.5

804.0

804.5

805.0

0 10 20

803.0

803.5

804.0

804.5

805.0

0 2 4

0 10 20 0 2

Apectodinium
cpx.

Areoligera
cpx.

Protoperidinioids Cordosphaeridium
cpx.

epicystal
Goniodomideae

Florentinia
spp.

Hafniasphaera
spp.

Operculodinium
spp.

other
G-cysts

Senegalinium
cpx.

Spiniferites
cpx.

% of total dinocyst assemblage

Σcv (raw data)

de
pt

h 
(m

bs
f)

Σcv (smoothed data)

Σcv (raw data) Σcv (smoothed data)

de
pt

h 
(m

bs
f)

de
pt

h 
(m

bs
f)

de
pt

h 
(m

bs
f)

de
pt

h 
(m

bs
f)

A

B

C

Dataset: ODP Site 959 PETM dinocysts (Frieling et al. 2018)





Appendix



150

Appendix

References
Aagaard, K., and Carmack, E.C., 1989, The role of sea ice and other fresh water in the Arctic circulation: Journal 

of Geophysical Research: Oceans, v. 94, p. 14485–14498, doi:10.1029/JC094iC10p14485.
Abele, C., 1994, Early Eocene Burrungule Member (Wangerrip Group, Gambier Embayment) and middle 

Eocene Sturgess Point Member (Nirranda Group, Port Campbell Embayment) in the Otway Basin, 
southeastern Australia: Geological Survey of Victoria Unpublished Report.

Agnini, C., Fornaciari, E., Raffi, I., Catanzariti, R., Pälike, H., Backman, J., and Rio, D., 2014, Biozonation 
and biochronology of Paleogene calcareous nannofossils from low and middle latitudes: Newsletters on 
Stratigraphy, v. 47, p. 131–181, doi:10.1127/0078-0421/2014/0042.

Alegret, L., Reolid, M., and Vega Pérez, M., 2018, Environmental instability during the latest Paleocene 
at Zumaia (Basque-Cantabric Basin): The bellwether of the Paleocene-Eocene Thermal Maximum: 
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 497, p. 186–200, doi:10.1016/j.palaeo.2018.02.018.

Algeo, T.J., and Lyons, T.W., 2006, Mo–total organic carbon covariation in modern anoxic marine environments: 
Implications for analysis of paleoredox and paleohydrographic conditions: Paleoceanography, v. 21, p. 
PA1016, doi:10.1029/2004PA001112.

Allen, M.B., and Armstrong, H.A., 2008, Arabia–Eurasia collision and the forcing of mid-Cenozoic 
global cooling: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 265, p. 52–58, doi:10.1016/j.
palaeo.2008.04.021.

Alroy, J., 2000, New methods for quantifying macroevolutionary patterns and processes: Paleobiology, v. 26, p. 
707–733, doi:10.1666/0094-8373(2000)026<0707:NMFQMP>2.0.CO;2.

Anagnostou, E., John, E.H., Edgar, K.M., Foster, G.L., Ridgwell, A., Inglis, G.N., Pancost, R.D., Lunt, D.J., and 
Pearson, P.N., 2016, Changing atmospheric CO2 concentration was the primary driver of early Cenozoic 
climate: Nature, v. 533, p. 380–384, doi:10.1038/nature17423.

Anderson, D.M., Cembella, A.D., and Hallegraeff, G.M., 2012, Progress in Understanding Harmful Algal 
Blooms: Paradigm Shifts and New Technologies for Research, Monitoring, and Management: Annual 
Review of Marine Science, v. 4, p. 143–176, doi:10.1146/annurev-marine-120308-081121.

Archer, V., 1977, Palynology of the Victorian Mines Department Latrobe 1 Bore, Otway Basin, Victoria.
Arthur, M.A., Dean, W.E., Zachos, J.C., Kaminski, M., Hagerty Reig, S., and Elmstrom, K., 1989, Geochemical 

expression of early diagenesis in middle Eocene – lower Oligocene pelagic sediments in the southern 
Labrador Sea, Site 647, ODP Leg 105: Proceedings of the Ocean Drilling Program, Scientific Results, v. 105, 
p. 111–136.

Awad, W.K., and Oboh-Ikuenobe, F.E., 2016, Early Paleogene dinoflagellate cysts from ODP Hole 959D, Côte 
d’Ivoire-Ghana Transform Margin, West Africa: New species, biostratigraphy and paleoenvironmental 
implications: Journal of African Earth Sciences, v. 123, p. 123–144, doi:10.1016/j.jafrearsci.2016.07.014.

Aze, T. et al., 2014, Extreme warming of tropical waters during the Paleocene–Eocene Thermal Maximum: 
Geology, v. 42, p. 739–742, doi:10.1130/G35637.1.

Baatsen, M., Heydt, A.S. von der, Huber, M., Kliphuis, M.A., Bijl, P.K., Sluijs, A., and Dijkstra, H.A., 2018a, 
Equilibrium state and sensitivity of the simulated middle-to-late Eocene climate: Climate of the Past 
Discussions, p. 1–49, doi:https://doi.org/10.5194/cp-2018-43.

Baatsen, M.L.J., von der Heydt, A.S., Kliphuis, M., Viebahn, J., and Dijkstra, H.A., 2018b, Multiple states 
in the late Eocene ocean circulation: Global and Planetary Change, v. 163, p. 18–28, doi:10.1016/j.
gloplacha.2018.02.009.



151

References

Barke, J. et al., 2012, Coeval Eocene blooms of the freshwater fern Azolla in and around Arctic and Nordic 
seas: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 337–338, p. 108–119, doi:10.1016/j.
palaeo.2012.04.002.

Barke, J., Abels, H.A., Sangiorgi, F., Greenwood, D.R., Sweet, A.R., Donders, T., Reichart, G.-J., Lotter, A.F., and 
Brinkhuis, H., 2011, Orbitally forced Azolla blooms and Middle Eocene Arctic hydrology: Clues from 
palynology: Geology, v. 39, p. 427–430, doi:10.1130/G31640.1.

Barker, P.F., Diekmann, B., and Escutia, C., 2007, Onset of Cenozoic Antarctic glaciation: Deep Sea Research 
Part II: Topical Studies in Oceanography, v. 54, p. 2293–2307, doi:10.1016/j.dsr2.2007.07.027.

Barron, E.J., 1987, Eocene equator-to-pole surface ocean temperatures: A significant climate problem? 
Paleoceanography, v. 2, p. 729–739, doi:10.1029/PA002i006p00729.

Baxter, A.J., Hopmans, E.C., Russell, J.M., and Sinninghe Damsté, J.S., In review, Bacterial GMGTs in East 
African lake sediments: Their potential as palaeotemperature indicators: Geochimica et Cosmochimica 
Acta.

Beddow, H.M., Liebrand, D., Sluijs, A., Wade, B.S., and Lourens, L.J., 2016, Global change across the Oligocene-
Miocene transition: High-resolution stable isotope records from IODP Site U1334 (equatorial Pacific 
Ocean): Paleoceanography, v. 31, p. 81–97, doi:10.1002/2015PA002820.

Beerling, D.J., and Royer, D.L., 2011, Convergent Cenozoic CO2 history: Nature Geoscience, v. 4, p. 418–420, 
doi:10.1038/ngeo1186.

Beniamovski, V.N., Alekseev, A.S., Ovechkina, M.N., and Oberhaensli, H., 2003, Middle to upper Eocene 
dysoxic-anoxic Kuma Formation (Northeast Peri-Tethys): Biostratigraphy and paleoenvironments, in 
Special Paper 369: Causes and consequences of globally warm climates in the early Paleogene, Geological 
Society of America, v. 369, p. 95–112, doi:10.1130/0-8137-2369-8.95.

Benyamovskiy, V.N., 2012, A High Resolution Lutetian-Bartonian Planktonic Foraminiferal Zonation in the 
Crimean-Caucasus Region of the Northeastern Peri-Tethys: Austrian Journal of Earth Sciences, v. 105, p. 
117–128.

Berner, R.A., 1982, Burial of organic carbon and pyrite sulfur in the modern ocean: its geochemical and 
environmental significance: Am. J. Sci.; (United States), v. 282, doi:10.2475/ajs.282.4.451.

Berner, R.A., 2006, Comment: Mesozoic Atmospheric Oxygen (Comment on “MAGic: A phanerozoic model for 
the geochemical cycling of major rock-forming components” by Rolf S. Arvidson, Fred T. Mackenzie and 
Michael Guidry, American Journal of Science, v. 306, p. 135–190.): American Journal of Science, v. 306, p. 
769–771.

Bijl, P.K. et al., 2013a, Eocene cooling linked to early flow across the Tasmanian Gateway: Proceedings of the 
National Academy of Sciences, v. 110, p. 9645–9650, doi:10.1073/pnas.1220872110.

Bijl, P.K., Brinkhuis, H., Egger, L.M., Eldrett, J.S., Frieling, J., Grothe, A., Houben, A.J.P., Pross, J., Śliwińska, 
K.K., and Sluijs, A., 2016, Comment on ‘Wetzeliella and its allies – the “hole” story: a taxonomic revision 
of the Paleogene dinoflagellate subfamily Wetzelielloideae’ by Williams et al. (2015): Palynology, v. 6122 
(January 2017), p. 1–7, doi:10.1080/01916122.2016.1235056.

Bijl, P.K., Houben, A.J.P., Schouten, S., Bohaty, S.M., Sluijs, A., Reichart, G.-J., Damsté, J.S.S., and Brinkhuis, H., 
2010, Transient Middle Eocene Atmospheric CO2 and Temperature Variations: Science, v. 330, p. 819–821, 
doi:10.1126/science.1193654.

Bijl, P.K., Pross, J., Warnaar, J., Stickley, C.E., Huber, M., Guerstein, R., Houben, A.J.P., Sluijs, A., Visscher, 
H., and Brinkhuis, H., 2011, Environmental forcings of Paleogene Southern Ocean dinoflagellate 
biogeography: Paleoceanography, v. 26, p. PA1202, doi:10.1029/2009PA001905.

Bijl, P.K., Schouten, S., Sluijs, A., Reichart, G.-J., Zachos, J.C., and Brinkhuis, H., 2009, Early Palaeogene 
temperature evolution of the southwest Pacific Ocean: Nature, v. 461, p. 776–779, doi:10.1038/nature08399.



152

Appendix

Bijl, P.K., Sluijs, A., and Brinkhuis, H., 2013b, A magneto- and chemostratigraphically calibrated dinoflagellate 
cyst zonation of the early Palaeogene South Pacific Ocean: Earth-Science Reviews, v. 124, p. 1–31, 
doi:10.1016/j.earscirev.2013.04.010.

Birch, H., Coxall, H.K., Pearson, P.N., Kroon, D., and O’Regan, M., 2013, Planktonic foraminifera stable isotopes 
and water column structure: Disentangling ecological signals: Marine Micropaleontology, v. 101, p. 127–
145, doi:10.1016/j.marmicro.2013.02.002.

Blaga, C.I., Reichart, G.-J., Heiri, O., and Damsté, J.S.S., 2009, Tetraether membrane lipid distributions in water-
column particulate matter and sediments: a study of 47 European lakes along a north–south transect: 
Journal of Paleolimnology, v. 41, p. 523–540, doi:10.1007/s10933-008-9242-2.

de Boer, A.M., Toggweiler, J.R., and Sigman, D.M., 2008, Atlantic Dominance of the Meridional Overturning 
Circulation: Journal of Physical Oceanography, v. 38, p. 435–450, doi:10.1175/2007JPO3731.1.

de Boer, B., Wal, R.S.W. van de, Bintanja, R., Lourens, L.J., and Tuenter, E., 2010, Cenozoic global ice-volume 
and temperature simulations with 1-D ice-sheet models forced by benthic δ18O records: Annals of 
Glaciology, v. 51, p. 23–33, doi:10.3189/172756410791392736.

Boersma, A., Silva, I.P., and Shackleton, N.J., 1987, Atlantic Eocene planktonic foraminiferal paleohydrographic 
indicators and stable isotope paleoceanography: Paleoceanography, v. 2, p. 287–331, doi:10.1029/
PA002i003p00287.

Bohaty, S.M., and Zachos, J.C., 2003, Significant Southern Ocean warming event in the late middle Eocene: 
Geology, v. 31, p. 1017–1020, doi:10.1130/G19800.1.

Bohaty, S.M., Zachos, J.C., Florindo, F., and Delaney, M.L., 2009, Coupled greenhouse warming and deep-sea 
acidification in the middle Eocene: Paleoceanography, v. 24, p. PA2207, doi:10.1029/2008PA001676.

van der Boon, A., 2017, From Peri-Tethys to Paratethys: Basin restriction and anoxia in central Eurasia linked to 
volcanic belts in Iran [PhD Thesis]: Utrecht University.

Borrelli, C., Cramer, B.S., and Katz, M.E., 2014, Bipolar Atlantic deepwater circulation in the middle-
late Eocene: Effects of Southern Ocean gateway openings: Paleoceanography, v. 29, p. 308–327, 
doi:10.1002/2012PA002444.

Bosboom, R.E., Abels, H.A., Hoorn, C., van den Berg, B.C.J., Guo, Z., and Dupont-Nivet, G., 2014, Aridification 
in continental Asia after the Middle Eocene Climatic Optimum (MECO): Earth and Planetary Science 
Letters, v. 389, p. 34–42, doi:10.1016/j.epsl.2013.12.014.

Boscolo-Galazzo, F., Giusberti, L., Luciani, V., and Thomas, E., 2013, Paleoenvironmental changes during 
the Middle Eocene Climatic Optimum (MECO) and its aftermath: The benthic foraminiferal record 
from the Alano section (NE Italy): Palaeogeography, Palaeoclimatology, Palaeoecology, v. 378, p. 22–35, 
doi:10.1016/j.palaeo.2013.03.018.

Boscolo-Galazzo, F., Thomas, E., and Giusberti, L., 2015, Benthic foraminiferal response to the Middle 
Eocene Climatic Optimum (MECO) in the South-Eastern Atlantic (ODP Site 1263): Palaeogeography, 
Palaeoclimatology, Palaeoecology, v. 417, p. 432–444, doi:10.1016/j.palaeo.2014.10.004.

Boscolo-Galazzo, F., Thomas, E., Pagani, M., Warren, C., Luciani, V., and Giusberti, L., 2014, The middle Eocene 
climatic optimum (MECO): A multiproxy record of paleoceanographic changes in the southeast Atlantic 
(ODP Site 1263, Walvis Ridge): Paleoceanography, v. 29, p. 2014PA002670, doi:10.1002/2014PA002670.

Boyd, E.S., Pearson, A., Pi, Y., Li, W.-J., Zhang, Y.G., He, L., Zhang, C.L., and Geesey, G.G., 2011, Temperature 
and pH controls on glycerol dibiphytanyl glycerol tetraether lipid composition in the hyperthermophilic 
crenarchaeon Acidilobus sulfurireducens: Extremophiles, v. 15, p. 59–65, doi:10.1007/s00792-010-0339-y.

Boyle, P.R., Romans, B.W., Tucholke, B.E., Norris, R.D., Swift, S.A., and Sexton, P.F., 2017, Cenozoic North 
Atlantic deep circulation history recorded in contourite drifts, offshore Newfoundland, Canada: Marine 
Geology, v. 385, p. 185–203, doi:10.1016/j.margeo.2016.12.014.



153

References

Brandes, C., Pollok, L., Schmidt, C., Wilde, V., and Winsemann, J., 2012, Basin modelling of a lignite-bearing 
salt rim syncline: insights into rim syncline evolution and salt diapirism in NW Germany: Basin Research, 
v. 24, p. 699–716, doi:10.1111/j.1365-2117.2012.00544.x.

Brassell, S.C., Eglinton, G., Marlowe, I.T., Pflaumann, U., and Sarnthein, M., 1986, Molecular stratigraphy: a new 
tool for climatic assessment: Nature, v. 320, p. 129, doi:10.1038/320129a0.

Breitburg, D. et al., 2018, Declining oxygen in the global ocean and coastal waters: Science, v. 359, p. eaam7240, 
doi:10.1126/science.aam7240.

Brierley, A.S., and Kingsford, M.J., 2009, Impacts of Climate Change on Marine Organisms and Ecosystems: 
Current Biology, v. 19, p. R602–R614, doi:10.1016/j.cub.2009.05.046.

Brinkhuis, H. et al., 2006, Episodic fresh surface waters in the Eocene Arctic Ocean: Nature, v. 441, p. 606–609, 
doi:10.1038/nature04692.

Brinkhuis, H., 1994, Late Eocene to Early Oligocene dinoflagellate cysts from the Priabonian type-
area (Northeast Italy): biostratigraphy and paleoenvironmental interpretation: Palaeogeography, 
Palaeoclimatology, Palaeoecology, v. 107, p. 121–163, doi:10.1016/0031-0182(94)90168-6.

Broecker, W.S., 1991, The Great Ocean Conveyor: Oceanography, v. 4, p. 79–89.
Browning, J.V., Miller, K.G., Sugarman, P.J., Kominz, M.A., McLaughlin, P.P., Kulpecz, A.A., and Feigenson, 

M.D., 2008, 100 Myr record of sequences, sedimentary facies and sea level change from Ocean Drilling 
Program onshore coreholes, US Mid-Atlantic coastal plain: Basin Research, v. 20, p. 227–248, doi:10.1111/
j.1365-2117.2008.00360.x.

Brumsack, H.-J., 1980, Geochemistry of Cretaceous black shales from the Atlantic Ocean (DSDP Legs 11, 14, 36 
and 41): Chemical Geology, v. 31, p. 1–25, doi:10.1016/0009-2541(80)90064-9.

Brumsack, H.-J., 2006, The trace metal content of recent organic carbon-rich sediments: Implications for 
Cretaceous black shale formation: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 232, p. 344–361, 
doi:10.1016/j.palaeo.2005.05.011.

Buckley, M.W., and Marshall, J., 2015, Observations, inferences, and mechanisms of the Atlantic Meridional 
Overturning Circulation: A review: Reviews of Geophysics, v. 54, p. 5–63, doi:10.1002/2015RG000493.

Burgess, C.E., Pearson, P.N., Lear, C.H., Morgans, H.E.G., Handley, L., Pancost, R.D., and Schouten, S., 2008, 
Middle Eocene climate cyclicity in the southern Pacific: Implications for global ice volume: Geology, v. 36, 
p. 651–654, doi:10.1130/G24762A.1.

Burke, K.D., Williams, J.W., Chandler, M.A., Haywood, A.M., Lunt, D.J., and Otto-Bliesner, B.L., 2018, Pliocene 
and Eocene provide best analogs for near-future climates: Proceedings of the National Academy of 
Sciences, p. 201809600, doi:10.1073/pnas.1809600115.

Caballero, R., and Langen, P.L., 2005, The dynamic range of poleward energy transport in an atmospheric 
general circulation model: Geophysical Research Letters, v. 32, p. L02705, doi:10.1029/2004GL021581.

Caldeira, K., and Wickett, M.E., 2003, Oceanography: Anthropogenic carbon and ocean pH: Nature, v. 425, p. 
365, doi:10.1038/425365a.

Cande, S.C., and Stock, J.M., 2004, Cenozoic Reconstructions of the Australia-New Zealand-South Pacific Sector 
of Antarctica, in Exon, N.F., Kennett, J.P., and Malone, M.J. eds., The Cenozoic Southern Ocean: tectonics, 
sedimentation, and climate change between Australia and Antarctica, Washington, DC, American 
Geophysical Union, p. 5–17.

Carmichael, M.J. et al., 2017, Hydrological and associated biogeochemical consequences of rapid global warming 
during the Paleocene-Eocene Thermal Maximum: Global and Planetary Change, v. 157, p. 114–138, 
doi:10.1016/j.gloplacha.2017.07.014.

Carpenter, R.J., Jordan, G.J., Macphail, M.K., and Hill, R.S., 2012, Near-tropical Early Eocene terrestrial 
temperatures at the Australo-Antarctic margin, western Tasmania: Geology, v. 40, p. 267–270, doi:10.1130/
G32584.1.



154

Appendix

Caves, J.K., Jost, A.B., Lau, K.V., and Maher, K., 2016, Cenozoic carbon cycle imbalances and a variable 
weathering feedback: Earth and Planetary Science Letters, v. 450, p. 152–163.

Chalmers, J.A., and Pulvertaft, T.C.R., 2001, Development of the continental margins of the Labrador 
Sea: a review: Geological Society, London, Special Publications, v. 187, p. 77–105, doi:10.1144/GSL.
SP.2001.187.01.05.

Chaudhuri, P., and Marron, J.S., 1999, SiZer for Exploration of Structures in Curves: Journal of the American 
Statistical Association, v. 94, p. 807–823, doi:10.1080/01621459.1999.10474186.

Clark, J.S., and McLachlan, J.S., 2003, Stability of forest biodiversity: Nature, v. 423, p. 635–638, doi:10.1038/
nature01632.

Clarke, K.R., 1993, Non-parametric multivariate analyses of changes in community structure: Australian Journal 
of Ecology, v. 18, p. 117–143, doi:10.1111/j.1442-9993.1993.tb00438.x.

Clarke, J.A., Ksepka, D.T., Stucchi, M., Urbina, M., Giannini, N., Bertelli, S., Narváez, Y., and Boyd, C.A., 2007, 
Paleogene equatorial penguins challenge the proposed relationship between biogeography, diversity, 
and Cenozoic climate change: Proceedings of the National Academy of Sciences, v. 104, p. 11545–11550, 
doi:10.1073/pnas.0611099104.

Close, D.I., Watts, A.B., and Stagg, H.M.J., 2009, A marine geophysical study of the Wilkes Land rifted 
continental margin, Antarctica: Geophysical Journal International, v. 177, p. 430–450, doi:10.1111/j.1365-
246X.2008.04066.x.

Cockcroft, A.C., 2001, Jasus lalandii “walkouts” or mass strandings in South Africa during the 1990s: an 
overview: Marine and Freshwater Research, v. 52, p. 1085–1093, doi:10.1071/mf01100.

Collinson, M.E., Smith, S.Y., van Konijnenburg-van Cittert, J.H.A., Batten, D.J., van der Burgh, J., Barke, J., and 
Marone, F., 2013, New Observations and Synthesis of Paleogene Heterosporous Water Ferns: International 
Journal of Plant Sciences, v. 174, p. 350–363, doi:10.1086/668249.

Contreras, L., Pross, J., Bijl, P.K., Koutsodendris, A., Raine, J.I., van de Schootbrugge, B., and Brinkhuis, H., 
2013, Early to Middle Eocene vegetation dynamics at the Wilkes Land Margin (Antarctica): Review of 
Palaeobotany and Palynology, v. 197, p. 119–142, doi:10.1016/j.revpalbo.2013.05.009.

Contreras, L., Pross, J., Bijl, P.K., O’Hara, R.B., Raine, J.I., Sluijs, A., and Brinkhuis, H., 2014, Southern high-
latitude terrestrial climate change during the Palaeocene–Eocene derived from a marine pollen record 
(ODP Site 1172, East Tasman Plateau): Clim. Past, v. 10, p. 1401–1420, doi:10.5194/cp-10-1401-2014.

Coxall, H.K. et al., 2018, Export of nutrient rich Northern Component Water preceded early Oligocene 
Antarctic glaciation: Nature Geoscience, v. 11, p. 190–196, doi:10.1038/s41561-018-0069-9.

Coxall, H.K., and Pearson, P.N., 2006, Taxonomy, biostratigraphy and phylogeny of Hantkeninidae 
(Clavigerinella, Hantkenina and Cribrohantkenina), in Pearson, P.N., Olsson, R.K., Huber, B.T., Hemleben, 
C., and Berggren, W.A. eds., Atlas of Eocene Planktonic Foraminifera, Lawrence, Kansas, Allen Press, 
Cushman Foundation for Foraminiferal Research Special Publication 41, p. 213–252.

Coxall, H.K., Pearson, P.N., Shackleton, N.J., and Hall, M.A., 2000, Hantkeninid depth adaptation: An evolving 
life strategy in a changing ocean: Geology, v. 28, p. 87–90, doi:10.1130/0091-7613(2000)28<87:HDAAEL>
2.0.CO;2.

Coxall, H.K., and Wilson, P.A., 2011, Early Oligocene glaciation and productivity in the eastern equatorial 
Pacific: Insights into global carbon cycling: Paleoceanography, v. 26, p. PA2221, doi:10.1029/2010PA002021.

Cramer, B.S., Toggweiler, J.R., Wright, J.D., Katz, M.E., and Miller, K.G., 2009, Ocean overturning since the Late 
Cretaceous: Inferences from a new benthic foraminiferal isotope compilation: Paleoceanography, v. 24, p. 
PA4216, doi:10.1029/2008PA001683.

Cramer, B.S., Wright, J.D., Kent, D.V., and Aubry, M.-P., 2003, Orbital climate forcing of δ13C excursions 
in the late Paleocene–early Eocene (chrons C24n–C25n): Paleoceanography, v. 18, p. 1097, 
doi:10.1029/2003PA000909.



155

References

Crowley, T.J., and Zachos, J.C., 2000, Comparison of zonal temperature profiles for past warm time periods, in 
Warm Climates in Earth History, Cambridge UK, Cambridge University Press, p. 50–76.

Curry, R., Dickson, B., and Yashayaev, I., 2003, A change in the freshwater balance of the Atlantic Ocean over 
the past four decades: Nature, v. 426, p. 826–829, doi:10.1038/nature02206.

Dalai, T.K., Ravizza, G.E., and Peucker-Ehrenbrink, B., 2006, The Late Eocene 187Os / 188Os excursion: 
Chemostratigraphy, cosmic dust flux and the Early Oligocene glaciation: Earth and Planetary Science 
Letters, v. 241, p. 477–492, doi:10.1016/j.epsl.2005.11.035.

Dale, B., 1996, Dinoflagellate cyst ecology: modeling and geological applications, in Jansonius, J., McGregor, 
D.C. (Eds.), Palynology: Principles and Applications, AASP Foundation, p. 1249–1275.

Dale, B., and Dale, A., 1992, Dinoflagellate Contributions to the Deep Sea, in Woods Hole, Massachusetts, 
U.S.A, Woods Hole Oceanographic Institution, Ocean Biocoenosis Series 5.

D’Ambrosia, A.R., Clyde, W.C., Fricke, H.C., Gingerich, P.D., and Abels, H.A., 2017, Repetitive mammalian 
dwarfing during ancient greenhouse warming events: Science Advances, v. 3, p. e1601430, doi:10.1126/
sciadv.1601430.

Danovaro, R., Snelgrove, P.V.R., and Tyler, P., 2014, Challenging the paradigms of deep-sea ecology: Trends in 
Ecology & Evolution, v. 29, p. 465–475, doi:10.1016/j.tree.2014.06.002.

Datema, M., Sangiorgi, F., de Vernal, A., Reichart, G.-J., Lourens, L.J., and Sluijs, A., 2017, Comparison of 
qualitative and quantitative dinoflagellate cyst approaches in reconstructing glacial-interglacial climate 
variability at West Iberian Margin IODP ‘Shackleton’ Site U1385: Marine Micropaleontology, v. 136, p. 
14–29, doi:10.1016/j.marmicro.2017.08.003.

Datema, M., Sangiorgi, F., Vernal, A. de, Reichart, G.-J., Lourens, L.J., and Sluijs, A., in revision, Millennial-scale 
climate variability and dinoflagellate-cyst-based seasonality changes over the last ~150 kyrs at Shackleton 
Site U1385: Paleoceanography and Paleoclimatology,.

Davies, R., Cartwright, J., Pike, J., and Line, C., 2001, Early Oligocene initiation of North Atlantic Deep Water 
formation: Nature, v. 410, p. 917–920, doi:10.1038/35073551.

Dawber, C.F., Tripati, A.K., Gale, A.S., MacNiocaill, C., and Hesselbo, S.P., 2011, Glacioeustasy during 
the middle Eocene? Insights from the stratigraphy of the Hampshire Basin, UK: Palaeogeography, 
Palaeoclimatology, Palaeoecology, v. 300, p. 84–100, doi:10.1016/j.palaeo.2010.12.012.

Dawson, M.R., 2012, Coryphodon, the northernmost Holarctic Paleogene pantodont (Mammalia), and its global 
wanderings: Swiss Journal of Palaeontology, v. 131, p. 11–22, doi:10.1007/s13358-011-0028-1.

De Rosa, M., Gambacorta, A., Nicolaus, B., and Bu’Lock, J.D., 1980, Complex lipids of Caldariella acidophila, a 
thermoacidophile archaebacterium: Phytochemistry, v. 19, p. 821–825, doi:10.1016/0031-9422(80)85119-3.

DeConto, R., Pollard, D., and Harwood, D., 2007, Sea ice feedback and Cenozoic evolution of Antarctic climate 
and ice sheets: Paleoceanography, v. 22, p. PA3214, doi:10.1029/2006PA001350.

DeConto, R.M., Pollard, D., Wilson, P.A., Pälike, H., Lear, C.H., and Pagani, M., 2008, Thresholds for Cenozoic 
bipolar glaciation: Nature, v. 455, p. 652–656, doi:10.1038/nature07337.

Deprez, A., Jehle, S., Bornemann, A., and Speijer, R.P., 2017, Differential response at the seafloor during 
Palaeocene and Eocene ocean warming events at Walvis Ridge, Atlantic Ocean (ODP Site 1262): Terra 
Nova, v. 29, p. 71–76, doi:10.1111/ter.12250.

D’haenens, S., Bornemann, A., Claeys, P., Röhl, U., Steurbaut, E., and Speijer, R.P., 2014, A transient deep-
sea circulation switch during Eocene Thermal Maximum 2: Paleoceanography, v. 29, p. 370–388, 
doi:10.1002/2013PA002567.

Dickson, R.R., and Brown, J., 1994, The production of North Atlantic Deep Water: Sources, rates, and pathways: 
Journal of Geophysical Research: Oceans, v. 99, p. 12319–12341, doi:10.1029/94JC00530.

Dickson, A.J., Cohen, A.S., and Coe, A.L., 2012, Seawater oxygenation during the Paleocene-Eocene Thermal 
Maximum: Geology, v. 40, p. 639–642, doi:10.1130/G32977.1.



156

Appendix

Dickson, A.J., Rees‐Owen, R.L., März, C., Coe, A.L., Cohen, A.S., Pancost, R.D., Taylor, K., and Shcherbinina, E., 
2014, The spread of marine anoxia on the northern Tethys margin during the Paleocene-Eocene Thermal 
Maximum: Paleoceanography, v. 29, p. 471–488, doi:10.1002/2014PA002629.

Doney, S.C., Fabry, V.J., Feely, R.A., and Kleypas, J.A., 2009, Ocean Acidification: The Other CO2 Problem: 
Annual Review of Marine Science, v. 1, p. 169–192, doi:10.1146/annurev.marine.010908.163834.

Drijfhout, S., Bathiany, S., Beaulieu, C., Brovkin, V., Claussen, M., Huntingford, C., Scheffer, M., Sgubin, G., 
and Swingedouw, D., 2015, Catalogue of abrupt shifts in Intergovernmental Panel on Climate Change 
climate models: Proceedings of the National Academy of Sciences, v. 112, p. E5777–E5786, doi:10.1073/
pnas.1511451112.

Dunkley Jones, T., Lunt, D.J., Schmidt, D.N., Ridgwell, A., Sluijs, A., Valdes, P.J., and Maslin, M., 2013, Climate 
model and proxy data constraints on ocean warming across the Paleocene–Eocene Thermal Maximum: 
Earth-Science Reviews, v. 125, p. 123–145, doi:10.1016/j.earscirev.2013.07.004.

Eberle, J.J., 2005, A new ‘tapir’ from Ellesmere Island, Arctic Canada — Implications for northern high latitude 
palaeobiogeography and tapir palaeobiology: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 227, p. 
311–322, doi:10.1016/j.palaeo.2005.06.008.

Eberle, J.J., and Greenwood, D.R., 2012, Life at the top of the greenhouse Eocene world—A review of the Eocene 
flora and vertebrate fauna from Canada’s High Arctic: Geological Society of America Bulletin, v. 124, p. 
3–23, doi:10.1130/B30571.1.

Edgar, K.M., Bohaty, S.M., Gibbs, S.J., Sexton, P.F., Norris, R.D., and Wilson, P.A., 2013, Symbiont ‘bleaching’ in 
planktic foraminifera during the Middle Eocene Climatic Optimum: Geology, v. 41, p. 15–18, doi:10.1130/
G33388.1.

Edgar, K.M., Wilson, P.A., Sexton, P.F., Gibbs, S.J., Roberts, A.P., and Norris, R.D., 2010, New biostratigraphic, 
magnetostratigraphic and isotopic insights into the Middle Eocene Climatic Optimum in low latitudes: 
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 297, p. 670–682, doi:10.1016/j.palaeo.2010.09.016.

Elderfield, H., and Ganssen, G., 2000, Past temperature and δ18O of surface ocean waters inferred from 
foraminiferal Mg/Ca ratios: Nature, v. 405, p. 442–445, doi:10.1038/35013033.

Eldrett, J.S., Harding, I.C., Firth, J.V., and Roberts, A.P., 2004, Magnetostratigraphic calibration of Eocene–
Oligocene dinoflagellate cyst biostratigraphy from the Norwegian–Greenland Sea: Marine Geology, v. 204, 
p. 91–127, doi:10.1016/S0025-3227(03)00357-8.

Elling, F.J., Könneke, M., Mußmann, M., Greve, A., and Hinrichs, K.-U., 2015, Influence of temperature, pH, 
and salinity on membrane lipid composition and TEX86 of marine planktonic thaumarchaeal isolates: 
Geochimica et Cosmochimica Acta, v. 171, p. 238–255, doi:10.1016/j.gca.2015.09.004.

Erez, J., and Luz, B., 1983, Experimental paleotemperature equation for planktonic foraminifera: Geochimica et 
Cosmochimica Acta, v. 47, p. 1025–1031, doi:10.1016/0016-7037(83)90232-6.

Evans, D. et al., 2018, Eocene greenhouse climate revealed by coupled clumped isotope-Mg/Ca thermometry: 
Proceedings of the National Academy of Sciences, p. 201714744, doi:10.1073/pnas.1714744115.

Evans, D., and Müller, W., 2012, Deep time foraminifera Mg/Ca paleothermometry: Nonlinear correction for 
secular change in seawater Mg/Ca: Paleoceanography, v. 27, p. PA4205, doi:10.1029/2012PA002315.

Exon, N.F., Kennett, J.P., and Malone, M.J., 2001, Proceedings of the Ocean Drilling Program Initial Reports: 
College Station, TX, Ocean Drilling Program, v. 189, doi:10.2973/odp.proc.ir.189.2001.

Exon, N.F., Kennett, J.P., and Malone, M.J., 2004, The Cenozoic Southern Ocean: Tectonics, Sedimentation, and 
Climate Change Between Australia and Antarctica: Wiley, 386 p.

Expedition 342 Scientists, 2012, Paleogene Newfoundland sediment drifts: IODP Preliminary Report 342, 
doi:10.2204/iodp.pr.342.2012.

Faith, D.P., Minchin, P.R., and Belbin, L., 1987, Compositional dissimilarity as a robust measure of ecological 
distance: Vegetatio, v. 69, p. 57–68, doi:10.1007/BF00038687.



157

References

Falkowski, P.G., Katz, M.E., Knoll, A.H., Quigg, A., Raven, J.A., Schofield, O., and Taylor, F.J.R., 2004, The 
Evolution of Modern Eukaryotic Phytoplankton: Science, v. 305, p. 354–360, doi:10.1126/science.1095964.

Fensome, R.A., Guerstein, G.R., and Williams, G.L., 2006, New insights on the Paleogene dinoflagellate cyst 
genera Enneadocysta and Licracysta gen. nov. based on material from offshore eastern Canada and 
southern Argentina: Micropaleontology, v. 52, p. 385–410, doi:10.2113/gsmicropal.52.5.385.

Fensome, R.A., Riding, J.B., and Taylor, F.J.R., 1996, Chapter 6. Dinoflagellates, in Jansonius, J. and McGregor, 
D.C. eds., Palynology: principles and applications, American Association of Stratigraphic Palynologists 
Foundation, v. 1, p. 107–169.

Fensome, R.A., and Williams, G.L., 2004, The Lentin and Williams Index of Fossil Dinoflagellates: American 
association of stratigraphic palinologists foundation., 909 p.

Ferreira, D. et al., 2018, Atlantic-Pacific Asymmetry in Deep Water Formation: Annual Review of Earth and 
Planetary Sciences, v. 46, p. 327–352, doi:10.1146/annurev-earth-082517-010045.

Field, C.B., Behrenfeld, M.J., Randerson, J.T., and Falkowski, P., 1998, Primary Production of the 
Biosphere: Integrating Terrestrial and Oceanic Components: Science, v. 281, p. 237–240, doi:10.1126/
science.281.5374.237.

Finkel, Z.V., Beardall, J., Flynn, K.J., Quigg, A., Rees, T.A.V., and Raven, J.A., 2009, Phytoplankton in a changing 
world: cell size and elemental stoichiometry: Journal of Plankton Research, p. fbp098, doi:10.1093/plankt/
fbp098.

Firth, J.V., Eldrett, J.S., Harding, I.C., Coxall, H.K., and Wade, B.S., 2012, Integrated biomagnetochronology for 
the Palaeogene of ODP Hole 647A: implications for correlating palaeoceanographic events from high to 
low latitudes: Geological Society, London, Special Publications, v. 373, p. SP373–9.

Fornaciari, E., Agnini, C., Catanzariti, R., Rio, D., Bolla, E.M., and Valvasoni, E., 2010, Mid-latitude calcareous 
nannofossil biostratigraphy, biochronology and evolution across the middle to late Eocene transition: 
Stratigraphy, v. 7, p. 229–264.

Foster, G.L., Hull, P.M., Lunt, D.J., and Zachos, J.C., 2018, Placing our current ‘hyperthermal’ in the context 
of rapid climate change in our geological past: Philosophical Transactions of the Royal Society A: 
Mathematical, Physical and Engineering Sciences, v. 376, p. 20170086, doi:10.1098/rsta.2017.0086.

Francis, J.E., 1988, A 50-Million-Year-Old Fossil Forest from Strathcona Fiord, Ellesmere Island, Arctic Canada: 
Evidence for a Warm Polar Climate: Arctic, v. 41, p. 314–318.

Francis, J.E., and Poole, I., 2002, Cretaceous and early Tertiary climates of Antarctica: evidence from fossil wood: 
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 182, p. 47–64, doi:10.1016/S0031-0182(01)00452-7.

Frieling, J., Gebhardt, H., Huber, M., Adekeye, O.A., Akande, S.O., Reichart, G.-J., Middelburg, J.J., Schouten, 
S., and Sluijs, A., 2017, Extreme warmth and heat-stressed plankton in the tropics during the Paleocene-
Eocene Thermal Maximum: Science Advances, v. 3, p. e1600891, doi:10.1126/sciadv.1600891.

Frieling, J., Huurdeman, E.P., Rem, C.C.M., Donders, T.H., Pross, J., Bohaty, S.M., Holdgate, G.R., Gallagher, 
S.J., McGowran, B., and Bijl, P.K., 2018a, Identification of the Paleocene–Eocene boundary in coastal strata 
in the Otway Basin, Victoria, Australia: Journal of Micropalaeontology, v. 37, p. 317–339, doi:https://doi.
org/10.5194/jm-37-317-2018.

Frieling, J., Iakovleva, A.I., Reichart, G.-J., Aleksandrova, G.N., Gnibidenko, Z.N., Schouten, S., and Sluijs, A., 
2014, Paleocene–Eocene warming and biotic response in the epicontinental West Siberian Sea: Geology, v. 
42, p. 767–770, doi:10.1130/G35724.1.

Frieling, J., Reichart, G.-J., Middelburg, J.J., Röhl, U., Westerhold, T., Bohaty, S.M., and Sluijs, A., 2018b, Tropical 
Atlantic climate and ecosystem regime shifts during the Paleocene–Eocene Thermal Maximum: Clim. Past, 
v. 14, p. 39–55, doi:10.5194/cp-14-39-2018.



158

Appendix

Frieling, J., and Sluijs, A., 2018, Towards quantitative environmental reconstructions from ancient non-analogue 
microfossil assemblages: Ecological preferences of Paleocene – Eocene dinoflagellates: Earth-Science 
Reviews, v. 185, p. 956–973, doi:10.1016/j.earscirev.2018.08.014.

Fu, F.X., Tatters, A.O., and Hutchins, D.A., 2012, Global change and the future of harmful algal blooms in the 
ocean: Marine Ecology Progress Series, v. 470, p. 207–233, doi:10.3354/meps10047.

Galeotti, S., Krishnan, S., Pagani, M., Lanci, L., Gaudio, A., Zachos, J.C., Monechi, S., Morelli, G., and Lourens, 
L., 2010, Orbital chronology of Early Eocene hyperthermals from the Contessa Road section, central Italy: 
Earth and Planetary Science Letters, v. 290, p. 192–200, doi:10.1016/j.epsl.2009.12.021.

Gallagher, S.J., and Holdgate, G., 2000, The palaeogeographic and palaeoenvironmental evolution of a 
Palaeogene mixed carbonate–siliciclastic cool-water succession in the Otway Basin, Southeast Australia: 
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 156, p. 19–50, doi:10.1016/S0031-0182(99)00130-3.

Gallagher, S.J., Jonasson, K., and Holdgate, G., 1999, Foraminiferal biofacies and palaeoenvironmental evolution 
of an Oligo-Miocene cool-water carbonate succession in the Otway Basin, southeast Australia: Journal of 
Micropalaeontology, v. 18, p. 143–168, doi:10.1144/jm.18.2.143.

Gasson, E. et al., 2014, Uncertainties in the modelled CO2 threshold for Antarctic glaciation: Clim. Past, v. 10, p. 
451–466, doi:10.5194/cp-10-451-2014.

Gasson, E., Siddall, M., Lunt, D.J., Rackham, O.J.L., Lear, C.H., and Pollard, D., 2012, Exploring uncertainties in 
the relationship between temperature, ice volume, and sea level over the past 50 million years: Reviews of 
Geophysics, v. 50, p. RG1005, doi:10.1029/2011RG000358.

Gat, J.R., 1996, Oxygen and Hydrogen Isotopes in the Hydrologic Cycle: Annual Review of Earth and Planetary 
Sciences, v. 24, p. 225–262, doi:10.1146/annurev.earth.24.1.225.

Gavrilov, Y.O., Shcherbinina, E.A., and Muzylöv, N.G., 2000, A Paleogene sequence in central North Caucasus: 
A response to paleoenvironmental changes: GFF, v. 122, p. 51–53, doi:10.1080/11035890001221051.

Gibbs, S.J., Bown, P.R., Murphy, B.H., Sluijs, A., Edgar, K.M., Pälike, H., Bolton, C.T., and Zachos, J.C., 2012, 
Scaled biotic disruption during early Eocene global warming events: Biogeosciences, v. 9, p. 4679–4688, 
doi:10.5194/bg-9-4679-2012.

Gliozzi, A., Paoli, G., De Rosa, M., and Gambacorta, A., 1983, Effect of isoprenoid cyclization on the 
transition temperature of lipids in thermophilic archaebacteria: Biochimica et Biophysica Acta (BBA) - 
Biomembranes, v. 735, p. 234–242, doi:10.1016/0005-2736(83)90298-5.

Goldner, A., Herold, N., and Huber, M., 2014, Antarctic glaciation caused ocean circulation changes at the 
Eocene-Oligocene transition: Nature, v. 511, p. 574–577, doi:10.1038/nature13597.

Gradstein, F.M., Ogg, J.G., Schmitz, M.D., and Ogg, G.M., 2012, The Geologic Time Scale 2012: Elsevier Science 
Limited, 1144 p.

Greenwood, D.R., Moss, P.T., Rowett, A.I., Vadala, A.J., and Keefe, R.L., 2003, Plant communities and climate 
change in southeastern Australia during the early Paleogene, in Wing, S.L., Gingerich, P.D., Schmitz, B., 
and Thomas, E. eds., Causes and consequences of globally warm climates in the early Paleogene, Geological 
Society of America, GSA Special Paper 369, p. 365–380.

Gruber, N., 2011, Warming up, turning sour, losing breath: ocean biogeochemistry under global change: 
Philosophical Transactions of the Royal Society of London A: Mathematical, Physical and Engineering 
Sciences, v. 369, p. 1980–1996, doi:10.1098/rsta.2011.0003.

Gulick, S.P.S. et al., 2017, Initiation and long-term instability of the East Antarctic Ice Sheet: Nature, v. 552, p. 
225, doi:10.1038/nature25026.

Gürs, K., 2005, Das Tertiär Nordwestdeutschlands in der Stratigraphischen Tabelle von Deutschland 2002: 
Newsletters on Stratigraphy, v. 41, p.313-322, doi:10.1127/0078-0421/2005/0041-0313.

Hackett, J.D., Anderson, D.M., Erdner, D.L., and Bhattacharya, D., 2004, Dinoflagellates: a remarkable 
evolutionary experiment: American Journal of Botany, v. 91, p. 1523–1534, doi:10.3732/ajb.91.10.1523.



159

References

Harding, I.C. et al., 2011, Sea-level and salinity fluctuations during the Paleocene–Eocene thermal maximum 
in Arctic Spitsbergen: Earth and Planetary Science Letters, v. 303, p. 97–107, doi:10.1016/j.epsl.2010.12.043.

Hartman, J.D., Bijl, P.K., and Sangiorgi, F., 2018, A review of the ecological affinities of marine organic 
microfossils from a Holocene record offshore of Adélie Land (East Antarctica): Journal of 
Micropalaeontology, v. 37, p. 445–497, doi:https://doi.org/10.5194/jm-37-445-2018.

Harwood, D.M., 1991, Cenozoic diatom biogeography in the southern high latitudes: Inferred biogeographical 
barriers and progressive endemism, in Geological Evolution of Antarctica: Proceedings of the Fifth 
International Symposium on Antarctic Earth Sciences, edited by M. R. A. Thompson et al., Cambridge, 
U.K., Cambridge University Press, p. 667–673.

Hasiuk, F.J., and Lohmann, K.C., 2010, Application of calcite Mg partitioning functions to the reconstruction of 
paleocean Mg/Ca: Geochimica et Cosmochimica Acta, v. 74, p. 6751–6763, doi:10.1016/j.gca.2010.07.030.

Hayes, J.M., Strauss, H., and Kaufman, A.J., 1999, The abundance of 13C in marine organic matter and isotopic 
fractionation in the global biogeochemical cycle of carbon during the past 800 Ma: Chemical Geology, v. 
161, p. 103–125, doi:10.1016/S0009-2541(99)00083-2.

Head, M.J., 1996, Modern dinoflagellate cysts and their biological affinities, in Jansonius, J. and McGregor, 
D.C. eds., Palynology: principles and applications, American Association of Stratigraphic Palynologists 
Foundation, v. 3, p. 1197–1248.

Head, J.J., Bloch, J.I., Hastings, A.K., Bourque, J.R., Cadena, E.A., Herrera, F.A., Polly, P.D., and Jaramillo, C.A., 
2009, Giant boid snake from the Palaeocene neotropics reveals hotter past equatorial temperatures: Nature, 
v. 457, p. 715–717, doi:10.1038/nature07671.

Head, M.J., and Norris, G., 1989, Palynology and dinocyst stratigraphy of the Eocene and Oligocene in ODP 
Leg 105, Hole 647A, Labrador Sea: Proceedings of the Ocean Drilling Program, Scientific Results, v. 105, p. 
515–550.

Hedges, J.I., and Keil, R.G., 1995, Sedimentary organic matter preservation: an assessment and speculative 
synthesis: Marine Chemistry, v. 49, p. 81–115, doi:10.1016/0304-4203(95)00008-F.

Hegewald, A., and Jokat, W., 2013, Relative sea level variations in the Chukchi region - Arctic Ocean - since the 
late Eocene: Geophysical Research Letters, v. 40, p. 803–807, doi:10.1002/grl.50182.

Heilmann‐Clausen, C., and van Simaeys, S., 2005, Dinoflagellate cysts from the Middle Eocene to ?lowermost 
Oligocene succession in the Kysing research borehole, central Danish basin: Palynology, v. 29, p. 143–204, 
doi:10.1080/01916122.2005.9989606.

Held, I.M., and Soden, B.J., 2006, Robust Responses of the Hydrological Cycle to Global Warming: Journal of 
Climate, v. 19, p. 5686–5699, doi:10.1175/JCLI3990.1.

Hellweger, F.L., Sebille, E. van, Calfee, B.C., Chandler, J.W., Zinser, E.R., Swan, B.K., and Fredrick, N.D., 2016, 
The Role of Ocean Currents in the Temperature Selection of Plankton: Insights from an Individual-Based 
Model: PLOS ONE, v. 11, p. e0167010, doi:10.1371/journal.pone.0167010.

van Helmond, N.A.G.M., Hennekam, R., Donders, T.H., Bunnik, F.P.M., de Lange, G.J., Brinkhuis, H., and 
Sangiorgi, F., 2015, Marine productivity leads organic matter preservation in sapropel S1: palynological 
evidence from a core east of the Nile River outflow: Quaternary Science Reviews, v. 108, p. 130–138, 
doi:10.1016/j.quascirev.2014.11.014.

van Helmond, N.A.G.M., Sluijs, A., Reichart, G.-J., Damsté, J.S.S., Slomp, C.P., and Brinkhuis, H., 2014, A 
perturbed hydrological cycle during Oceanic Anoxic Event 2: Geology, v. 42, p. 123–126, doi:10.1130/
G34929.1.

Hill, R.S., 2017, History of the Australian Vegetation: Cretaceous to Recent: University of Adelaide Press, 445 p.
Hill, P.J., and Exon, N.F., 2004, Tectonics and Basin Development of the Offshore Tasmanian Area Incorporating 

Results from Deep Ocean Drilling, in Exon, N.F., Kennett, J.P., and Malone, M.J. eds., The Cenozoic 



160

Appendix

Southern Ocean: tectonics, sedimentation, and climate change between Australia and Antarctica, 
Washington, DC, American Geophysical Union, p. 19–42.

Hill, P.J., and Moore, A.M.G., 2001, Geological Framework of the South Tasman Rise and East Tasman Plateau: 
Geoscience Australia, 92 p.

Hilting, A.K., Kump, L.R., and Bralower, T.J., 2008, Variations in the oceanic vertical carbon isotope gradient 
and their implications for the Paleocene-Eocene biological pump: Paleoceanography, v. 23, p. PA3222, 
doi:10.1029/2007PA001458.

Hines, B.R., Hollis, C.J., Atkins, C.B., Baker, J.A., Morgans, H.E.G., and Strong, P.C., 2017, Reduction of oceanic 
temperature gradients in the early Eocene Southwest Pacific Ocean: Palaeogeography, Palaeoclimatology, 
Palaeoecology, v. 475, p. 41–54, doi:10.1016/j.palaeo.2017.02.037.

van Hinsbergen, D.J.J., de Groot, L.V., van Schaik, S.J., Spakman, W., Bijl, P.K., Sluijs, A., Langereis, C.G., and 
Brinkhuis, H., 2015, A Paleolatitude Calculator for Paleoclimate Studies: PLoS ONE, v. 10, p. e0126946, 
doi:10.1371/journal.pone.0126946.

Ho, S.L. et al., 2014, Appraisal of TEX86 and thermometries in subpolar and polar regions: Geochimica et 
Cosmochimica Acta, v. 131, p. 213–226, doi:10.1016/j.gca.2014.01.001.

Hohbein, M.W., Sexton, P.F., and Cartwright, J.A., 2012, Onset of North Atlantic Deep Water production 
coincident with inception of the Cenozoic global cooling trend: Geology, v. 40, p. 255–258, doi:10.1130/
G32461.1.

Holdgate, G.R., Rodriquez, C., Johnstone, E.M., Wallace, M.W., and Gallagher, S.J., 2003, The Gippsland Basin 
Top Latrobe unconformity, and its expression in other SE Australian basins: The APPEA Journal, v. 43, p. 
149–173, doi:10.1071/aj02007.

Hollis, C.J. et al., 2012, Early Paleogene temperature history of the Southwest Pacific Ocean: Reconciling proxies 
and models: Earth and Planetary Science Letters, v. 349–350, p. 53–66, doi:10.1016/j.epsl.2012.06.024.

Hollis, C.J. et al., 2009, Tropical sea temperatures in the high-latitude South Pacific during the Eocene: Geology, 
v. 37, p. 99–102, doi:10.1130/G25200A.1.

Hönisch, B. et al., 2012, The Geological Record of Ocean Acidification: Science, v. 335, p. 1058–1063, 
doi:10.1126/science.1208277.

Hopmans, E.C., Schouten, S., and Sinninghe Damsté, J.S., 2016, The effect of improved chromatography on 
GDGT-based palaeoproxies: Organic Geochemistry, v. 93, p. 1–6, doi:10.1016/j.orggeochem.2015.12.006.

Hopmans, E.C., Weijers, J.W.H., Schefuß, E., Herfort, L., Sinninghe Damsté, J.S., and Schouten, S., 2004, A novel 
proxy for terrestrial organic matter in sediments based on branched and isoprenoid tetraether lipids: Earth 
and Planetary Science Letters, v. 224, p. 107–116, doi:10.1016/j.epsl.2004.05.012.

Huber, M., 2008, A Hotter Greenhouse? Science, v. 321, p. 353–354, doi:10.1126/science.1161170.
Huber, M., Brinkhuis, H., Stickley, C.E., Döös, K., Sluijs, A., Warnaar, J., Schellenberg, S.A., and Williams, 

G.L., 2004, Eocene circulation of the Southern Ocean: Was Antarctica kept warm by subtropical waters? 
Paleoceanography, v. 19, p. PA4026, doi:10.1029/2004PA001014.

Huber, M., and Caballero, R., 2011, The early Eocene equable climate problem revisited: Climate of the Past, v. 7, 
p. 603–633, doi:10.5194/cp-7-603-2011.

Huber, M., and Sloan, L.C., 2001, Heat transport, deep waters, and thermal gradients: Coupled simulation of an 
Eocene greenhouse climate: Geophysical Research Letters, v. 28, p. 3481–3484, doi:10.1029/2001GL012943.

Huck, C.E., Flierdt, T. van de, Bohaty, S.M., and Hammond, S.J., 2017, Antarctic climate, Southern Ocean 
circulation patterns, and deep water formation during the Eocene: Paleoceanography, v. 32, p. 674–691, 
doi:10.1002/2017PA003135.

Hutchinson, D.K., Boer, A.M. de, Coxall, H.K., Caballero, R., Nilsson, J., and Baatsen, M., 2018, Climate 
sensitivity and meridional overturning circulation in the late Eocene using GFDL CM2.1: Climate of the 
Past, v. 14, p. 789–810, doi:https://doi.org/10.5194/cp-14-789-2018.



161

References

Hutchison, J.H., 1982, Turtle, crocodilian, and champsosaur diversity changes in the Cenozoic of the north-
central region of western United States: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 37, p. 
149–164, doi:10.1016/0031-0182(82)90037-2.

Inglis, G.N. et al., 2015, Descent toward the Icehouse: Eocene sea surface cooling inferred from GDGT 
distributions: Paleoceanography, v. 30, p. 2014PA002723, doi:10.1002/2014PA002723.

IPCC, 2013, Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change, in Stocker, T.F., Qin, D., Plattner, 
G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P.M. eds., Cambridge 
University Press, Cambridge, United Kingdom and New York, NY, USA, doi:10.1017/CBO9781107415324.

Jauhri, A.K., and Agarwal, K.K., 2001, Early Palaeogene in the south Shillong Plateau, NE India: local 
biostratigraphic signals of global tectonic and oceanic changes: Palaeogeography, Palaeoclimatology, 
Palaeoecology, v. 168, p. 187–203, doi:10.1016/S0031-0182(00)00255-8.

Jennions, S.M., Thomas, E., Schmidt, D.N., Lunt, D., and Ridgwell, A., 2015, Changes in benthic ecosystems and 
ocean circulation in the Southeast Atlantic across Eocene Thermal Maximum 2: Paleoceanography, v. 30, p. 
2015PA002821, doi:10.1002/2015PA002821.

Jeong, H.J., 1999, The Ecological Roles of Heterotrophic Dinoflagellates in Marine Planktonic Community1: 
Journal of Eukaryotic Microbiology, v. 46, p. 390–396, doi:10.1111/j.1550-7408.1999.tb04618.x.

John, E.H., Pearson, P.N., Coxall, H.K., Birch, H., Wade, B.S., and Foster, G.L., 2013, Warm ocean processes and 
carbon cycling in the Eocene: Phil. Trans. R. Soc. A, v. 371, p. 20130099, doi:10.1098/rsta.2013.0099.

John, E.H., Wilson, J.D., Pearson, P.N., and Ridgwell, A., 2014, Temperature-dependent remineralization and 
carbon cycling in the warm Eocene oceans: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 413, p. 
158–166, doi:10.1016/j.palaeo.2014.05.019.

Jouzel, J., Lorius, C., Petit, J.R., Genthon, C., Barkov, N.I., Kotlyakov, V.M., and Petrov, V.M., 1987, Vostok ice 
core: a continuous isotope temperature record over the last climatic cycle (160,000 years): Nature, v. 329, p. 
403–408, doi:10.1038/329403a0.

Jovane, L., Florindo, F., Coccioni, R., Dinarès-Turell, J., Marsili, A., Monechi, S., Roberts, A.P., and Sprovieri, M., 
2007, The middle Eocene climatic optimum event in the Contessa Highway section, Umbrian Apennines, 
Italy: Geological Society of America Bulletin, v. 119, p. 413–427, doi:10.1130/B25917.1.

Kaminski, M.A., Gradstein, F.M., and Berggren, W.A., 1989, Paleogene benthic foraminifer biostratigraphy and 
paleoecology at Site 647, Southern Labrador Sea: Proceedings of the Ocean Drilling Program, Scientific 
Results, v. 105, p. 705–730.

Karstensen, J., Stramma, L., and Visbeck, M., 2008, Oxygen minimum zones in the eastern tropical Atlantic and 
Pacific oceans: Progress in Oceanography, v. 77, p. 331–350, doi:10.1016/j.pocean.2007.05.009.

Katz, M.E., Katz, D.R., Wright, J.D., Miller, K.G., Pak, D.K., Shackleton, N.J., and Thomas, E., 2003, Early 
Cenozoic benthic foraminiferal isotopes: Species reliability and interspecies correction factors: 
Paleoceanography, v. 18, doi:10.1029/2002PA000798.

Kennett, J.P., 1977, Cenozoic evolution of Antarctic glaciation, the circum-Antarctic Ocean, and their 
impact on global paleoceanography: Journal of Geophysical Research, v. 82, p. 3843–3860, doi:10.1029/
JC082i027p03843.

Kennett, J.P. et al., 1974, Development of the Circum-Antarctic Current: Science, v. 186, p. 144–147, doi:10.1126/
science.186.4159.144.

Kennett, J.P., and Stott, L.D., 1991, Abrupt deep-sea warming, palaeoceanographic changes and benthic 
extinctions at the end of the Palaeocene: Nature, v. 353, p. 225–229, doi:10.1038/353225a0.

Kiehl, J.T., and Shields, C.A., 2013, Sensitivity of the Palaeocene–Eocene Thermal Maximum climate to cloud 
properties: Philosophical Transactions of the Royal Society of London A: Mathematical, Physical and 
Engineering Sciences, v. 371, p. 20130093, doi:10.1098/rsta.2013.0093.



162

Appendix

Killingley, J.S., 1983, Effects of diagenetic recrystallization on 18O/16O values of deep-sea sediments: Nature, v. 
301, p. 594–597, doi:10.1038/301594a0.

Kim, J.-H., van der Meer, J., Schouten, S., Helmke, P., Willmott, V., Sangiorgi, F., Koç, N., Hopmans, E.C., 
and Damsté, J.S.S., 2010, New indices and calibrations derived from the distribution of crenarchaeal 
isoprenoid tetraether lipids: Implications for past sea surface temperature reconstructions: Geochimica et 
Cosmochimica Acta, v. 74, p. 4639–4654, doi:10.1016/j.gca.2010.05.027.

Kim, S.-T., and O’Neil, J.R., 1997, Equilibrium and nonequilibrium oxygen isotope effects in synthetic 
carbonates: Geochimica et Cosmochimica Acta, v. 61, p. 3461–3475, doi:10.1016/S0016-7037(97)00169-5.

Kim, J.-H., Schouten, S., Hopmans, E.C., Donner, B., and Sinninghe Damsté, J.S., 2008, Global sediment core-
top calibration of the TEX86 paleothermometer in the ocean: Geochimica et Cosmochimica Acta, v. 72, p. 
1154–1173, doi:10.1016/j.gca.2007.12.010.

Kozdon, R., Kelly, D.C., Kita, N.T., Fournelle, J.H., and Valley, J.W., 2011, Planktonic foraminiferal oxygen 
isotope analysis by ion microprobe technique suggests warm tropical sea surface temperatures during the 
Early Paleogene: Paleoceanography, v. 26, p. PA3206, doi:10.1029/2010PA002056.

Krassay, A.A., Cathro, D.L., and Ryan, D.J., 2004, A Regional Tectonostratigraphic Framework for the Otway 
Basin, in Boult, P.J., Johns, D.R., and Lang, S.C. eds., Eastern Australasian Basins Symposium II, Adelaide, 
Petroleum Exploration Society of Australia, Special Publication, p. 97–116.

Kroopnick, P.M., 1985, The distribution of 13C of ΣCO2 in the world oceans: Deep Sea Research Part A. 
Oceanographic Research Papers, v. 32, p. 57–84, doi:10.1016/0198-0149(85)90017-2.

Lagabrielle, Y., Goddéris, Y., Donnadieu, Y., Malavieille, J., and Suarez, M., 2009, The tectonic history of Drake 
Passage and its possible impacts on global climate: Earth and Planetary Science Letters, v. 279, p. 197–211, 
doi:10.1016/j.epsl.2008.12.037.

Lai, D., Springstead, J.R., and Monbouquette, H.G., 2008, Effect of growth temperature on ether lipid 
biochemistry in Archaeoglobus fulgidus: Extremophiles, v. 12, p. 271–278, doi:10.1007/s00792-007-0126-6.

Lauretano, V., Hilgen, F.J., Zachos, J.C., and Lourens, L.J., 2016, Astronomically tuned age model for the early 
Eocene carbon isotope events: A new high-resolution δ13C benthic record of ODP Site 1263 between ~ 49 
and ~ 54 Ma: Newsletters on Stratigraphy, v. 49, p. 383–400, doi:10.1127/nos/2016/0077.

Lauretano, V., Littler, K., Polling, M., Zachos, J.C., and Lourens, L.J., 2015, Frequency, magnitude and character 
of hyperthermal events at the onset of the Early Eocene Climatic Optimum: Climate of the Past, v. 11, 
doi:10.5194/cp-11-1313-2015.

Laws, E.A., Falkowski, P.G., Smith, W.O., Ducklow, H., and McCarthy, J.J., 2000, Temperature effects 
on export production in the open ocean: Global Biogeochemical Cycles, v. 14, p. 1231–1246, 
doi:10.1029/1999GB001229.

Lazarus, D.B., Hollis, C.J., and Apel, M., 2008, Patterns of Opal and Radiolarian change in the Antarctic Mid-
Paleogene: Clues to the Origin of the Southern Ocean: Micropaleontology, v. 54, p. 41–48.

Lear, C.H., Bailey, T.R., Pearson, P.N., Coxall, H.K., and Rosenthal, Y., 2008, Cooling and ice growth across the 
Eocene-Oligocene transition: Geology, v. 36, p. 251–254, doi:10.1130/G24584A.1.

Lear, C.H., Elderfield, H., and Wilson, P.A., 2000, Cenozoic Deep-Sea Temperatures and Global Ice 
Volumes from Mg/Ca in Benthic Foraminiferal Calcite: Science, v. 287, p. 269–272, doi:10.1126/
science.287.5451.269.

Lefort, S., Aumont, O., Bopp, L., Arsouze, T., Gehlen, M., and Maury, O., 2015, Spatial and body-size dependent 
response of marine pelagic communities to projected global climate change: Global Change Biology, v. 21, 
p. 154–164, doi:10.1111/gcb.12679.

Lenton, T.M., Held, H., Kriegler, E., Hall, J.W., Lucht, W., Rahmstorf, S., and Schellnhuber, H.J., 2008, Tipping 
elements in the Earth’s climate system: Proceedings of the National Academy of Sciences, v. 105, p. 1786–
1793, doi:10.1073/pnas.0705414105.



163

References

Littler, K., Röhl, U., Westerhold, T., and Zachos, J.C., 2014, A high-resolution benthic stable-isotope record for 
the South Atlantic: Implications for orbital-scale changes in Late Paleocene–Early Eocene climate and 
carbon cycling: Earth and Planetary Science Letters, v. 401, p. 18–30, doi:10.1016/j.epsl.2014.05.054.

Liu, Z., Pagani, M., Zinniker, D., DeConto, R., Huber, M., Brinkhuis, H., Shah, S.R., Leckie, R.M., and Pearson, 
A., 2009, Global Cooling During the Eocene-Oligocene Climate Transition: Science, v. 323, p. 1187–1190, 
doi:10.1126/science.1166368.

Lourens, L.J., Sluijs, A., Kroon, D., Zachos, J.C., Thomas, E., Röhl, U., Bowles, J., and Raffi, I., 2005, Astronomical 
pacing of late Palaeocene to early Eocene global warming events: Nature, v. 435, p. 1083–1087, doi:10.1038/
nature03814.

Luciani, V., Giusberti, L., Agnini, C., Fornaciari, E., Rio, D., Spofforth, D.J.A., and Pälike, H., 2010, Ecological 
and evolutionary response of Tethyan planktonic foraminifera to the middle Eocene climatic optimum 
(MECO) from the Alano section (NE Italy): Palaeogeography, Palaeoclimatology, Palaeoecology, v. 292, p. 
82–95, doi:10.1016/j.palaeo.2010.03.029.

Lunt, D.J. et al., 2012, A model–data comparison for a multi-model ensemble of early Eocene atmosphere–ocean 
simulations: EoMIP: Clim. Past, v. 8, p. 1717–1736, doi:10.5194/cp-8-1717-2012.

Lunt, D.J., Haywood, A.M., Schmidt, G.A., Salzmann, U., Valdes, P.J., and Dowsett, H.J., 2010, Earth system 
sensitivity inferred from Pliocene modelling and data: Nature Geoscience, v. 3, p. 60–64, doi:10.1038/
ngeo706.

Lüthi, D. et al., 2008, High-resolution carbon dioxide concentration record 650,000–800,000 years before 
present: Nature, v. 453, p. 379–382, doi:10.1038/nature06949.

Lyle, M., Lyle, A.O., Backman, J., Tripati, A., 2005, Biogenic sedimentation in the Eocene equatorial Pacific—The 
stuttering greenhouse and Eocene carbonate compensation depth: Proceedings of the Ocean Drilling 
Program, Scientific Results Volume 199.

Macphail, M.K., Alley, N.F., Truswell, E.M., and Sluiter, I.R.K., 1994, Early Tertiary vegetation: Evidence from 
spores and pollen, in Hill, R.S. ed., History of the Australian vegetation: Cretaceous to Recent, Adelaide, 
University of Adelaide Press, p. 189–261.

Markwick, P.J., 1998, Fossil crocodilians as indicators of Late Cretaceous and Cenozoic climates: implications 
for using palaeontological data in reconstructing palaeoclimate: Palaeogeography, Palaeoclimatology, 
Palaeoecology, v. 137, p. 205–271, doi:10.1016/S0031-0182(97)00108-9.

Marret, F., 1994, Distribution of dinoflagellate cysts in recent marine sediments from the east Equatorial Atlantic 
(Gulf of Guinea): Review of Palaeobotany and Palynology, v. 84, p. 1–22, doi:10.1016/0034-6667(94)90038-
8.

Martínez-Botí, M.A., Foster, G.L., Chalk, T.B., Rohling, E.J., Sexton, P.F., Lunt, D.J., Pancost, R.D., Badger, M.P.S., 
and Schmidt, D.N., 2015, Plio-Pleistocene climate sensitivity evaluated using high-resolution CO2 records: 
Nature, v. 518, p. 49–54, doi:10.1038/nature14145.

Mascle, J., Lohmann, G.P., Clift, P.D., and Shipboard Scientific Party, 1996, Proceedings of the Ocean Drilling 
Program Initial Reports: College Station, TX (Ocean Drilling Program), Proceedings of the Ocean Drilling 
Program Initial Reports 159, v. 159, doi:10.2973/odp.proc.ir.159.1996.

Matthews, K.J., Maloney, K.T., Zahirovic, S., Williams, S.E., Seton, M., and Müller, R.D., 2016, Global plate 
boundary evolution and kinematics since the late Paleozoic: Global and Planetary Change, v. 146, p. 226–
250, doi:10.1016/j.gloplacha.2016.10.002.

McGowran, B., Holdgate, G.R., Li, Q., and Gallagher, S.J., 2004, Cenozoic stratigraphic succession in 
southeastern Australia: Australian Journal of Earth Sciences, v. 51, p. 459–496, doi:10.1111/j.1400-
0952.2004.01078.x.



164

Appendix

McManus, J.F., Francois, R., Gherardi, J.-M., Keigwin, L.D., and Brown-Leger, S., 2004, Collapse and rapid 
resumption of Atlantic meridional circulation linked to deglacial climate changes: Nature, v. 428, p. 834–
837, doi:10.1038/nature02494.

Meyers, P.A., 1994, Preservation of elemental and isotopic source identification of sedimentary organic matter: 
Chemical Geology, v. 114, p. 289–302.

Miller, K.G., Wright, J.D., and Browning, J.V., 2005, Visions of ice sheets in a greenhouse world: Marine Geology, 
v. 217, p. 215–231, doi:10.1016/j.margeo.2005.02.007.

Moebius, I., Friedrich, O., Edgar, K.M., and Sexton, P.F., 2015, Episodes of intensified biological productivity in 
the subtropical Atlantic Ocean during the termination of the Middle Eocene Climatic Optimum (MECO): 
Paleoceanography, v. 30, p. 2014PA002673, doi:10.1002/2014PA002673.

Moebius, I., Friedrich, O., and Scher, H.D., 2014, Changes in Southern Ocean bottom water environments 
associated with the Middle Eocene Climatic Optimum (MECO): Palaeogeography, Palaeoclimatology, 
Palaeoecology, v. 405, p. 16–27, doi:10.1016/j.palaeo.2014.04.004.

Morgans, H.E.G., 2009, Late Paleocene to middle Eocene foraminiferal biostratigraphy of the Hampden Beach 
section, eastern South Island, New Zealand: New Zealand Journal of Geology and Geophysics, v. 52, p. 
273–320, doi:10.1080/00288306.2009.9518460.

Naafs, B.D.A. et al., 2017, Introducing global peat-specific temperature and pH calibrations based on brGDGT 
bacterial lipids: Geochimica et Cosmochimica Acta, v. 208, p. 285–301, doi:10.1016/j.gca.2017.01.038.

Naafs, B.D.A., McCormick, D., Inglis, G.N., and Pancost, R.D., 2018, Archaeal and bacterial H-GDGTs are 
abundant in peat and their relative abundance is positively correlated with temperature: Geochimica et 
Cosmochimica Acta, v. 227, p. 156–170, doi:10.1016/j.gca.2018.02.025.

Nelson, C.S., and Cooke, P.J., 2001, History of oceanic front development in the New Zealand sector of the 
Southern Ocean during the Cenozoic—a synthesis: New Zealand Journal of Geology and Geophysics, v. 44, 
p. 535–553, doi:10.1080/00288306.2001.9514954.

Norris, R.D., Turner, S.K., Hull, P.M., and Ridgwell, A., 2013, Marine Ecosystem Responses to Cenozoic Global 
Change: Science, v. 341, p. 492–498, doi:10.1126/science.1240543.

O’Brien, C.L. et al., 2017, Cretaceous sea-surface temperature evolution: Constraints from TEX86 and 
planktonic foraminiferal oxygen isotopes: Earth-Science Reviews, v. 172, p. 224–247, doi:10.1016/j.
earscirev.2017.07.012.

Oksanen, J., Guillaume Blanchet, F., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B., Simpson, G.L., 
Solymos, P., Stevens, M.H.H., and Wagner, H., 2015, vegan: Community Ecology Package. R package 
version 2.3-0:, http://CRAN.R-project.org/package=vegan.

Onodera, J., Takahashi, K., and Jordan, R.W., 2008, Eocene silicoflagellate and ebridian paleoceanography in the 
central Arctic Ocean: Paleoceanography, v. 23, doi:10.1029/2007PA001474.

O’Regan, M., Williams, C.J., Frey, K.E., and Jakobsson, M., 2011, A Synthesis of the Long-Term Paleoclimatic 
Evolution of the Arctic: Oceanography, v. 24, p. 66–80.

Overmann, J., Cypionka, H., and Pfennig, N., 1992, An extremely low-light adapted phototrophic sulfur 
bacterium from the Black Sea: Limnology and Oceanography, v. 37, p. 150–155, doi:10.4319/
lo.1992.37.1.0150.

Pagani, M., Zachos, J.C., Freeman, K.H., Tipple, B., and Bohaty, S., 2005, Marked Decline in Atmospheric 
Carbon Dioxide Concentrations During the Paleogene: Science, v. 309, p. 600–603, doi:10.1126/
science.1110063.

PALAEOSENS Project Members, 2012, Making sense of palaeoclimate sensitivity: Nature, v. 491, p. 683–691, 
doi:10.1038/nature11574.

Pälike, H. et al., 2012, A Cenozoic record of the equatorial Pacific carbonate compensation depth: Nature, v. 488, 
p. 609–614, doi:10.1038/nature11360.



165

References

Parnell-Turner, R., White, N., Henstock, T., Murton, B., Maclennan, J., and Jones, S.M., 2014, A continuous 
55-million-year record of transient mantle plume activity beneath Iceland: Nature Geoscience, v. 7, p. 
914–919, doi:10.1038/ngeo2281.

Pascher, K.M., Hollis, C.J., Bohaty, S.M., Cortese, G., McKay, R.M., Seebeck, H., Suzuki, N., and Chiba, K., 
2015, Expansion and diversification of high-latitude radiolarian assemblages in the late Eocene linked to 
a cooling event in the southwest Pacific: Climate of the Past, v. 11, p. 1599–1620, doi:10.5194/cp-11-1599-
2015.

Pearson, P.N., and Burgess, C.E., 2008, Foraminifer test preservation and diagenesis: comparison of high latitude 
Eocene sites: Geological Society, London, Special Publications, v. 303, p. 59–72, doi:10.1144/SP303.5.

Pearson, P.N., Ditchfield, P.W., Singano, J., Harcourt-Brown, K.G., Nicholas, C.J., Olsson, R.K., Shackleton, N.J., 
and Hall, M.A., 2001, Warm tropical sea surface temperatures in the Late Cretaceous and Eocene epochs: 
Nature, v. 413, p. 481–487, doi:10.1038/35097000.

Pearson, P.N., Dongen, B.E. van, Nicholas, C.J., Pancost, R.D., Schouten, S., Singano, J.M., and Wade, B.S., 
2007, Stable warm tropical climate through the Eocene Epoch: Geology, v. 35, p. 211–214, doi:10.1130/
G23175A.1.

Pearson, P.N., Foster, G.L., and Wade, B.S., 2009, Atmospheric carbon dioxide through the Eocene–Oligocene 
climate transition: Nature, v. 461, p. 1110–1113, doi:10.1038/nature08447.

Pearson, P.N., McMillan, I.K., Wade, B.S., Jones, T.D., Coxall, H.K., Bown, P.R., and Lear, C.H., 2008, Extinction 
and environmental change across the Eocene-Oligocene boundary in Tanzania: Geology, v. 36, p. 179–182, 
doi:10.1130/G24308A.1.

Pearson, P.N., Olsson, R.K., Huber, B.T., Hemleben, C., and Berggren, W.A. (Eds.), 2006, Atlas of Eocene 
Planktonic Foraminifera: Lawrence, Kansas, Allen Press, Cushman Foundation for Foraminiferal Research 
Special Publication 41, 513 p., http://orca.cf.ac.uk/15234/ (accessed January 2019).

Percival, L.M.E., Ruhl, M., Hesselbo, S.P., Jenkyns, H.C., Mather, T.A., and Whiteside, J.H., 2017, Mercury 
evidence for pulsed volcanism during the end-Triassic mass extinction: Proceedings of the National 
Academy of Sciences, v. 114, p. 7929–7934, doi:10.1073/pnas.1705378114.

Pérez-Díaz, L., and Eagles, G., 2017, South Atlantic paleobathymetry since early Cretaceous: Scientific Reports, 
v. 7, p. 11819, doi:10.1038/s41598-017-11959-7.

Petit, J.R. et al., 1999, Climate and atmospheric history of the past 420,000 years from the Vostok ice core, 
Antarctica: Nature, v. 399, p. 429–436, doi:10.1038/20859.

Pierrehumbert, R.T., 2002, The hydrologic cycle in deep-time climate problems: Nature, v. 419, p. 191–198, 
doi:10.1038/nature01088.

Pierrehumbert, R.T., 1995, Thermostats, Radiator Fins, and the Local Runaway Greenhouse: Journal of the 
Atmospheric Sciences, v. 52, p. 1784–1806, doi:10.1175/1520-0469(1995)052<1784:TRFATL>2.0.CO;2.

Pitcher, A., Hopmans, E.C., Mosier, A.C., Park, S.-J., Rhee, S.-K., Francis, C.A., Schouten, S., and Damsté, J.S.S., 
2011, Core and Intact Polar Glycerol Dibiphytanyl Glycerol Tetraether Lipids of Ammonia-Oxidizing 
Archaea Enriched from Marine and Estuarine Sediments: Applied and Environmental Microbiology, v. 77, 
p. 3468–3477, doi:10.1128/AEM.02758-10.

Pitman, W.C., and Talwani, M., 1972, Sea-Floor Spreading in the North Atlantic: GSA Bulletin, v. 83, p. 619–646, 
doi:10.1130/0016-7606(1972)83[619:SSITNA]2.0.CO;2.

van der Ploeg, R., 2019, Balance and imbalance: a middle Eocene perspective on coupled carbon cycle and 
climate change [PhD Thesis]: Utrecht University. 

van der Ploeg, R., Selby, D., Cramwinckel, M.J., Li, Y., Bohaty, S.M., Middelburg, J.J., and Sluijs, A., 2018, Middle 
Eocene greenhouse warming facilitated by diminished weathering feedback: Nature Communications, v. 9, 
p. 2877, doi:10.1038/s41467-018-05104-9.



166

Appendix

Popov, S.V., Akhmetiev, M.A., and Zaporozhets, N.I., 1993, Evolution of the Eastern Paratethys in the Late 
Eocene-Early Miocene: Stratigraphy and Geological Correlation, v. 1, p. 10–39.

Popov, S.V., Rögl, F., Rozanov, A.Y., Steiniger, F.F., Shcherba, I.G., and Kovac, M., 2004, Lithological-
Paleogeographic maps of Paratethys: 10 Maps Late Eocene to Pliocene: Courier Forschungsinstitut 
Senckenberg, v. 250, p. 1–46.

Pörtner, H.-O., Karl, D.M., Boyd, P.W., Cheung, W., Lluch-Cota, S.E., Nojiri, Y., Schmidt, D.N., and Zavialov, 
P.O., 2014, Ocean Systems, in Field, C.B. et al. eds., Climate Change 2014: Impacts, Adaptation, and 
Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge, United Kingdom and 
New York, NY, USA, Cambridge University Press, p. 411–484.

Prentice, I.C., 1977, Non-Metric Ordination Methods in Ecology: Journal of Ecology, v. 65, p. 85–94, 
doi:10.2307/2259064.

Pross, J., 2001, Paleo-oxygenation in Tertiary epeiric seas: evidence from dinoflagellate cysts: Palaeogeography, 
Palaeoclimatology, Palaeoecology, v. 166, p. 369–381, doi:10.1016/S0031-0182(00)00219-4.

Pross, J. et al., 2012, Persistent near-tropical warmth on the Antarctic continent during the early Eocene epoch: 
Nature, v. 488, p. 73–77, doi:10.1038/nature11300.

Pross, J., and Brinkhuis, H., 2005, Organic-walled dinoflagellate cysts as paleoenvironmental indicators in the 
Paleogene; a synopsis of concepts: Paläontologische Zeitschrift, v. 79, p. 53–59, doi:10.1007/BF03021753.

Quadfasel, D., and Käse, R.H., 2007, Present-day manifestation of the Nordic Seas Overflows, in Schmittner, A., 
Chiang, J.C.H., and Hemming, S.R. eds., Ocean Circulation: Mechanisms and Impacts—Past and Future 
Changes of Meridional Overturning, Washington, DC, American Geophysical Union, v. 173, p. 75–89, 
doi:10.1029/173GM07.

R Core Team, 2015, R: A Language and Environment for Statistical Computing: Vienna, Austria, R Foundation 
for Statistical Computing, http://www.R-project.org/.

Rahmstorf, S., 2002, Ocean circulation and climate during the past 120,000 years: Nature, v. 419, p. 207–214, 
doi:10.1038/nature01090.

Raine, J.I., Mildenhall, D.C., and Kennedy, E.M., 2011, New Zealand fossil spores and pollen: an illustrated 
catalogue. 4th edition.: GNS Science miscellaneous series no. 4, http://data.gns.cri.nz/sporepollen/index.
htm.

Ravizza, G., and Paquay, F., 2008, Os isotope chemostratigraphy applied to organic-rich marine sediments from 
the Eocene-Oligocene transition on the West African margin (ODP Site 959): Paleoceanography, v. 23, p. 
PA2204, doi:10.1029/2007PA001460.

Reichart, G.-J., Brinkhuis, H., Huiskamp, F., and Zachariasse, W.J., 2004, Hyperstratification following 
glacial overturning events in the northern Arabian Sea: Paleoceanography, v. 19, p. PA2013, 
doi:10.1029/2003PA000900.

Rex, M.A., Etter, R.J., Morris, J.S., Crouse, J., McClain, C.R., Johnson, N.A., Stuart, C.T., Deming, J.W., Thies, R., 
and Avery, R., 2006, Global bathymetric patterns of standing stock and body size in the deep-sea benthos: 
Marine Ecology Progress Series, v. 317, p. 1–8.

Riegel, W., Wilde, V., and Lenz, O.K., 2012, The early Eocene of Schöningen (N-Germany) - an interim report: 
Austrian Journal of Earth Sciences, v. 105, p. 88–109.

Roberts, C.D., LeGrande, A.N., and Tripati, A.K., 2009, Climate sensitivity to Arctic seaway restriction during 
the early Paleogene: Earth and Planetary Science Letters, v. 286, p. 576–585, doi:10.1016/j.epsl.2009.07.026.

Roberts, C.D., LeGrande, A.N., and Tripati, A.K., 2011, Sensitivity of seawater oxygen isotopes to climatic and 
tectonic boundary conditions in an early Paleogene simulation with GISS ModelE-R: Paleoceanography, v. 
26, doi:10.1029/2010PA002025.



167

References

Robinson, N., Eglinton, G., Brassell, S.C., and Cranwell, P.A., 1984, Dinoflagellate origin for sedimentary 
4α-methylsteroids and 5α( H )-stanols: Nature, v. 308, p. 439, doi:10.1038/308439a0.

Rochon, A., Lewis, J., Ellegaard, M., and Harding, I.C., 2009, The Gonyaulax spinifera (Dinophyceae) “complex”: 
Perpetuating the paradox? Review of Palaeobotany and Palynology, v. 155, p. 52–60, doi:10.1016/j.
revpalbo.2008.12.017.

Röhl, U., Brinkhuis, H., Stickley, C.E., Fuller, M., Schellenberg, S.A., Wefer, G., and Williams, G.L., 2004, Sea 
Level and Astronomically Induced Environmental Changes in Middle and Late Eocene Sediments from 
the East Tasman Plateau, in Exon, N.F., Kennett, J.P., and J.lone, M. eds., The Cenozoic Southern Ocean: 
Tectonics, Sedimentation, and Climate Change Between Australia and Antarctica, American Geophysical 
Union, p. 127–151, http://onlinelibrary.wiley.com/doi/10.1029/151GM09/summary (accessed November 
2015).

Rohling, E.J., and Pälike, H., 2005, Centennial-scale climate cooling with a sudden cold event around 8,200 years 
ago: Nature, v. 434, p. 975–979, doi:10.1038/nature03421.

Rongstad, B.L., Marchitto, T.M., and Carlos, H.J., 2017, Understanding the Effects of Dissolution on the Mg/
Ca Paleothermometer in Planktic Foraminifera: Evidence From a Novel Individual Foraminifera Method: 
Paleoceanography, v. 32, p. 1386–1402, doi:10.1002/2017PA003179.

Rossby, T., 1999, On gyre interactions: Deep Sea Research Part II: Topical Studies in Oceanography, v. 46, p. 
139–164, doi:10.1016/S0967-0645(98)00095-2.

Rothman, D.H., 2017, Thresholds of catastrophe in the Earth system: Science Advances, v. 3, p. e1700906, 
doi:10.1126/sciadv.1700906.

Sanei, H., Grasby, S.E., and Beauchamp, B., 2012, Latest Permian mercury anomalies: Geology, v. 40, p. 63–66, 
doi:10.1130/G32596.1.

Sangiorgi, F., Dinelli, E., Maffioli, P., Capotondi, L., Giunta, S., Morigi, C., Principato, M.S., Negri, A., Emeis, 
K.-C., and Corselli, C., 2006, Geochemical and micropaleontological characterisation of a Mediterranean 
sapropel S5: A case study from core BAN89GC09 (south of Crete): Palaeogeography, Palaeoclimatology, 
Palaeoecology, v. 235, p. 192–207, doi:10.1016/j.palaeo.2005.09.029.

Sangiorgi, F., Soelen, E.E. van, Spofforth, D.J.A., Pälike, H., Stickley, C.E., John, K.S., Koç, N., Schouten, S., 
Damsté, J.S.S., and Brinkhuis, H., 2008, Cyclicity in the middle Eocene central Arctic Ocean sediment 
record: Orbital forcing and environmental response: Paleoceanography, v. 23, doi:10.1029/2007PA001487.

Savian, J.F., Jovane, L., Giorgioni, M., Iacoviello, F., Rodelli, D., Roberts, A.P., Chang, L., Florindo, F., 
and Sprovieri, M., 2016, Environmental magnetic implications of magnetofossil occurrence during 
the Middle Eocene Climatic Optimum (MECO) in pelagic sediments from the equatorial Indian 
Ocean: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 441, Part 1, p. 212–222, doi:10.1016/j.
palaeo.2015.06.029.

Savin, S.M., 1977, The history of the Earth’s surface temperature during the past 100 million years: Annual 
Review of Earth and Planetary Sciences, v. 5, p. 319–355.

Scher, H.D., and Martin, E.E., 2004, Circulation in the Southern Ocean during the Paleogene inferred 
from neodymium isotopes: Earth and Planetary Science Letters, v. 228, p. 391–405, doi:10.1016/j.
epsl.2004.10.016.

Schmidt, D.N., 2018, Determining climate change impacts on ecosystems: the role of palaeontology: 
Palaeontology, v. 61, p. 1–12, doi:10.1111/pala.12335.

Schnepf, E., and Elbrächter, M., 1999, Dinophyte chloroplasts and phylogeny - A review: Grana, v. 38, p. 81–97, 
doi:10.1080/00173139908559217.

Schouten, S., Forster, A., Panoto, F.E., and Sinninghe Damsté, J.S., 2007a, Towards calibration of the TEX86 
palaeothermometer for tropical sea surface temperatures in ancient greenhouse worlds: Organic 
Geochemistry, v. 38, p. 1537–1546, doi:10.1016/j.orggeochem.2007.05.014.



168

Appendix

Schouten, S., Hopmans, E.C., Baas, M., Boumann, H., Standfest, S., Könneke, M., Stahl, D.A., and Damsté, J.S.S., 
2008, Intact Membrane Lipids of “Candidatus Nitrosopumilus maritimus,” a Cultivated Representative of 
the Cosmopolitan Mesophilic Group I Crenarchaeota: Applied and Environmental Microbiology, v. 74, p. 
2433–2440, doi:10.1128/AEM.01709-07.

Schouten, S., Hopmans, E.C., Schefuß, E., and Sinninghe Damsté, J.S., 2002, Distributional variations in marine 
crenarchaeotal membrane lipids: a new tool for reconstructing ancient sea water temperatures? Earth and 
Planetary Science Letters, v. 204, p. 265–274, doi:10.1016/S0012-821X(02)00979-2.

Schouten, S., Hopmans, E.C., and Sinninghe Damsté, J.S., 2013, The organic geochemistry of glycerol 
dialkyl glycerol tetraether lipids: A review: Organic Geochemistry, v. 54, p. 19–61, doi:10.1016/j.
orggeochem.2012.09.006.

Schouten, S., Huguet, C., Hopmans, E.C., Kienhuis, M.V.M., and Sinninghe Damsté, J.S., 2007b, Analytical 
Methodology for TEX86 Paleothermometry by High-Performance Liquid Chromatography/Atmospheric 
Pressure Chemical Ionization-Mass Spectrometry: Analytical Chemistry, v. 79, p. 2940–2944, doi:10.1021/
ac062339v.

Schrag, D.P., 1999, Effects of diagenesis on the isotopic record of late paleogene tropical sea surface 
temperatures: Chemical Geology, v. 161, p. 215–224, doi:10.1016/S0009-2541(99)00088-1.

Schulz, H.-M., Bechtel, A., and Sachsenhofer, R.F., 2005, The birth of the Paratethys during the Early Oligocene: 
From Tethys to an ancient Black Sea analogue? Global and Planetary Change, v. 49, p. 163–176, 
doi:10.1016/j.gloplacha.2005.07.001.

Scott, C., and Lyons, T.W., 2012, Contrasting molybdenum cycling and isotopic properties in euxinic versus 
non-euxinic sediments and sedimentary rocks: Refining the paleoproxies: Chemical Geology, v. 324–325, 
p. 19–27, doi:10.1016/j.chemgeo.2012.05.012.

Sexton, P.F., Norris, R.D., Wilson, P.A., Pälike, H., Westerhold, T., Röhl, U., Bolton, C.T., and Gibbs, S., 2011, 
Eocene global warming events driven by ventilation of oceanic dissolved organic carbon: Nature, v. 471, p. 
349–352, doi:10.1038/nature09826.

Sexton, P.F., Wilson, P.A., and Pearson, P.N., 2006, Palaeoecology of late middle Eocene planktic 
foraminifera and evolutionary implications: Marine Micropaleontology, v. 60, p. 1–16, doi:10.1016/j.
marmicro.2006.02.006.

Shackleton, N., and Boersma, A., 1981, The climate of the Eocene ocean: Journal of the Geological Society, v. 
138, p. 153–157, doi:10.1144/gsjgs.138.2.0153.

Shackleton, N.J., and Hall, M.A., 1997, The Late Miocene Stable Isotope Record, Site 926: Proc. Ocean Drill. 
Program Sci. Results, v. 154, p. 367–373, doi:10.2973/odp.proc.sr.154.119.1997.

Shackleton, N.J., and Kennett, J.P., 1975, Paleotemperature History of the Cenozoic and the Initiation of 
Antarctic Glaciation: Oxygen and Carbon Isotope Analyses in DSDP Sites 277, 279 and 281: Initial Reports 
of the Deep Sea Drilling Project, v. 29, p. 743–755.

Shafik, S., Watkins, D.K., and Shin, I.C., 1998, Calcareous Nannofossil Paleogene Biostratigraphy, Côte d’Ivoire-
Ghana Marginal Ridge, Eastern Equatorial Atlantic: Proc. Ocean Drill. Program Sci. Results, v. 159, p. 
413–431.

Shcherbinina, E., Gavrilov, Y., Iakovleva, A., Pokrovsky, B., Golovanova, O., and Aleksandrova, G., 2016, 
Environmental dynamics during the Paleocene–Eocene thermal maximum (PETM) in the northeastern 
Peri-Tethys revealed by high-resolution micropalaeontological and geochemical studies of a Caucasian 
key section: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 456, p. 60–81, doi:10.1016/j.
palaeo.2016.05.006.

Shields, C.A., Bailey, D.A., Danabasoglu, G., Jochum, M., Kiehl, J.T., Levis, S., and Park, S., 2012, The Low-
Resolution CCSM4: Journal of Climate, v. 25, p. 3993–4014, doi:10.1175/JCLI-D-11-00260.1.



169

References

Signorini, S.R., Murtugudde, R.G., McClain, C.R., Christian, J.R., Picaut, J., and Busalacchi, A.J., 1999, Biological 
and physical signatures in the tropical and subtropical Atlantic: Journal of Geophysical Research: Oceans, v. 
104, p. 18367–18382, doi:10.1029/1999JC900134.

Sijp, W.P., England, M.H., and Huber, M., 2011, Effect of the deepening of the Tasman Gateway on the global 
ocean: Paleoceanography, v. 26, p. PA4207, doi:10.1029/2011PA002143.

Sijp, W.P., von der Heydt, A.S., and Bijl, P.K., 2016, Model simulations of early westward flow across the Tasman 
Gateway during the early Eocene: Clim. Past, v. 12, p. 807–817, doi:10.5194/cp-12-807-2016.

Sijp, W.P., von der Heydt, A.S., Dijkstra, H.A., Flögel, S., Douglas, P.M.J., and Bijl, P.K., 2014, The role of 
ocean gateways on cooling climate on long time scales: Global and Planetary Change, v. 119, p. 1–22, 
doi:10.1016/j.gloplacha.2014.04.004.

Singh, R.K., Maheshwari, M., Oza, S.R., and Kumar, R., 2013, Long-term variability in Arctic sea surface 
temperatures: Polar Science, v. 7, p. 233–240, doi:10.1016/j.polar.2013.10.003.

Sinninghe Damsté, J.S., 2016, Spatial heterogeneity of sources of branched tetraethers in shelf systems: 
The geochemistry of tetraethers in the Berau River delta (Kalimantan, Indonesia): Geochimica et 
Cosmochimica Acta, v. 186, p. 13–31, doi:10.1016/j.gca.2016.04.033.

Sinninghe Damsté, J.S., Wakeham, S.G., Kohnen, M.E.L., Hayes, J.M., and de Leeuw, J.W., 1993, A 6,000–year 
sedimentary molecular record of chemocline excursions in the Black Sea: Nature, v. 362, p. 827–829, 
doi:10.1038/362827a0.

Sluijs, A. et al., 2006, Subtropical Arctic Ocean temperatures during the Palaeocene/Eocene thermal maximum: 
Nature, v. 441, p. 610–613, doi:10.1038/nature04668.

Sluijs, A., Bijl, P.K., Schouten, S., Röhl, U., Reichart, G.-J., and Brinkhuis, H., 2011, Southern ocean warming, sea 
level and hydrological change during the Paleocene-Eocene thermal maximum: Clim. Past, v. 7, p. 47–61, 
doi:10.5194/cp-7-47-2011.

Sluijs, A., Bowen, G.J., Brinkhuis, H., Lourens, L.J., and Thomas, E., 2007, The Palaeocene–Eocene Thermal 
Maximum super greenhouse: biotic and geochemical signatures, age models and mechanisms of global 
change, in Williams, M., Haywood, A.M., Gregory, F.J., and Schmidt, D.N. eds., Deep-Time Perspectives 
on Climate Change: Marrying the Signal from Computer Models and Biological Proxies, The Geological 
Society of London on behalf of The Micropalaeontological Society, p. 323–349, doi:10.1144/TMS002.15.

Sluijs, A., and Brinkhuis, H., 2009, A dynamic climate and ecosystem state during the Paleocene-Eocene 
Thermal Maximum: inferences from dinoflagellate cyst assemblages on the New Jersey Shelf: 
Biogeosciences, v. 6, p. 1755–1781, doi:10.5194/bg-6-1755-2009.

Sluijs, A., Brinkhuis, H., Stickley, C.E., Warnaar, J., Williams, G.L., and Fuller, M., 2003, Dinoflagellate cysts 
from the Eocene–Oligocene transition in the Southern Ocean: results from ODP Leg 189, in Proc. ODP, 
Sci. Results, 189, College Station, TX (Ocean Drilling Program), p. 1–42.

Sluijs, A., Brinkhuis, H., Williams, G.L., and Fensome, R.A., 2009a, Taxonomic revision of some Cretaceous–
Cenozoic spiny organic-walled peridiniacean dinoflagellate cysts: Review of Palaeobotany and Palynology, 
v. 154, p. 34–53, doi:10.1016/j.revpalbo.2008.11.006.

Sluijs, A., Pross, J., and Brinkhuis, H., 2005, From greenhouse to icehouse; organic-walled dinoflagellate cysts as 
paleoenvironmental indicators in the Paleogene: Earth-Science Reviews, v. 68, p. 281–315, doi:10.1016/j.
earscirev.2004.06.001.

Sluijs, A., Röhl, U., Schouten, S., Brumsack, H.-J., Sangiorgi, F., Sinninghe Damsté, J.S., and Brinkhuis, H., 
2008, Arctic late Paleocene–early Eocene paleoenvironments with special emphasis on the Paleocene-
Eocene thermal maximum (Lomonosov Ridge, Integrated Ocean Drilling Program Expedition 302): 
Paleoceanography, v. 23, p. PA1S11, doi:10.1029/2007PA001495.



170

Appendix

Sluijs, A., Roij, L. van, Frieling, J., Laks, J., and Reichart, G.-J., 2018, Single-species dinoflagellate cyst carbon 
isotope ecology across the Paleocene-Eocene Thermal Maximum: Geology, v. 46, p. 79–82, doi:10.1130/
G39598.1.

Sluijs, A., Schouten, S., Donders, T.H., Schoon, P.L., Röhl, U., Reichart, G.-J., Sangiorgi, F., Kim, J.-H., Damsté, 
J.S.S., and Brinkhuis, H., 2009b, Warm and wet conditions in the Arctic region during Eocene Thermal 
Maximum 2: Nature Geoscience, v. 2, p. 777–780, doi:10.1038/ngeo668.

Sluijs, A., Zeebe, R.E., Bijl, P.K., and Bohaty, S.M., 2013, A middle Eocene carbon cycle conundrum: Nature 
Geoscience, v. 6, p. 429–434, doi:10.1038/ngeo1807.

Sonderegger, D., 2018, SiZer: Significant Zero Crossings:, https://CRAN.R-project.org/package=SiZer (accessed 
January 2019).

Speelman, E.N., Sewall, J.O., Noone, D., Huber, M., der Heydt, A. von, Damsté, J.S., and Reichart, G.-J., 2010, 
Modeling the influence of a reduced equator-to-pole sea surface temperature gradient on the distribution 
of water isotopes in the Early/Middle Eocene: Earth and Planetary Science Letters, v. 298, p. 57–65, 
doi:10.1016/j.epsl.2010.07.026.

Speijer, R.P., Scheibner, C., Stassen, P., and Morsi, A.-M.M., 2012, Response of Marine Ecosystems to Deep-Time 
Global Warming: A Synthesis of Biotic Patterns Across the Paleocene-Eocene Thermal Maximum (petm): 
Austrian Journal of Earth Sciences, v. 105, p. 6–16.

Spofforth, D.J.A., Agnini, C., Pälike, H., Rio, D., Fornaciari, E., Giusberti, L., Luciani, V., Lanci, L., and Muttoni, 
G., 2010a, Organic carbon burial following the middle Eocene climatic optimum in the central western 
Tethys: Paleoceanography, v. 25, p. PA3210, doi:10.1029/2009PA001738.

Spofforth, D.J.A., Agnini, C., Pälike, H., Rio, D., Fornaciari, E., Giusberti, L., Luciani, V., Lanci, L., and Muttoni, 
G., 2010b, Organic carbon burial following the middle Eocene climatic optimum in the central western 
Tethys: Paleoceanography, v. 25, doi:10.1029/2009PA001738.

Srivastava, S.P., Arhur, M., Clement, B., and Shipboard Scientific Party, 1987, Proceedings of the Ocean Drilling 
Program Initial Reports: College Station, TX (Ocean Drilling Program), Proceedings of the Ocean Drilling 
Program Initial Reports 105, v. 105, doi:10.2973/odp.proc.ir.159.1996.

Srokosz, M.A., and Bryden, H.L., 2015, Observing the Atlantic Meridional Overturning Circulation yields a 
decade of inevitable surprises: Science, v. 348, p. 1255575, doi:10.1126/science.1255575.

Stacey, A., Mitchell, C., Nayak, G., Struckmeyer, H., Morse, M., Totterdell, J., and Gibson, G., 2013, Geology 
and petroleum prospectivity of the deepwater Otway and Sorell basins: new insights from an integrated 
regional study: The APPEA Journal, v. 51, p. 692–692, doi:10.1071/AJ10072.

Stärz, M., Jokat, W., Knorr, G., and Lohmann, G., 2017, Threshold in North Atlantic-Arctic Ocean circulation 
controlled by the subsidence of the Greenland-Scotland Ridge: Nature Communications, v. 8, p. 15681, 
doi:10.1038/ncomms15681.

Steffen, W. et al., 2018, Trajectories of the Earth System in the Anthropocene: Proceedings of the National 
Academy of Sciences, p. 201810141, doi:10.1073/pnas.1810141115.

Steinberger, B., Bredow, E., Lebedev, S., Schaeffer, A., and Torsvik, T.H., 2019, Widespread volcanism in 
the Greenland–North Atlantic region explained by the Iceland plume: Nature Geoscience, v. 12, p. 61, 
doi:10.1038/s41561-018-0251-0.

Stickley, C.E. et al., 2004a, Late Cretaceous–Quaternary biomagnetostratigraphy of ODP Sites 1168, 1170, 1171, 
and 1172, Tasmanian Gateway, in Exon, N.F., Kennett, J.P., and Malone, M.J. eds., College Station, TX, 
Ocean Drilling Program, Proc. ODP, Sci. Results 189, p. 1–57, doi:10.2973/odp.proc.sr.189.111.2004.

Stickley, C.E., Brinkhuis, H., Schellenberg, S.A., Sluijs, A., Röhl, U., Fuller, M., Grauert, M., Huber, M., 
Warnaar, J., and Williams, G.L., 2004b, Timing and nature of the deepening of the Tasmanian Gateway: 
Paleoceanography, v. 19, p. PA4027, doi:10.1029/2004PA001022.



171

References

Stover, L.E., and Partridge, A.D., 1973, Tertiary and Late Cretaceous spores and pollen from the Gippsland 
Basin, southeastern Australia: Proceedings of the Royal Society of Victoria, v. 85, p. 237–286.

Stramma, L., Johnson, G.C., Sprintall, J., and Mohrholz, V., 2008, Expanding Oxygen-Minimum Zones in the 
Tropical Oceans: Science, v. 320, p. 655–658, doi:10.1126/science.1153847.

Sutherland, R. et al., 2018, Tasman frontier subduction initiation and paleogene climate: Integrated Ocean 
Drilling Program: Preliminary Reports, doi:http://dx.doi.org/10.14379/iodp.pr.371.2018.

Sutherland, R. et al., 2017, Widespread compression associated with Eocene Tonga-Kermadec subduction 
initiation: Geology, v. 45, p. 355–358, doi:10.1130/G38617.1.

Taucher, J. et al., 2017, Influence of Ocean Acidification and Deep Water Upwelling on Oligotrophic Plankton 
Communities in the Subtropical North Atlantic: Insights from an In situ Mesocosm Study: Frontiers in 
Marine Science, v. 4, doi:10.3389/fmars.2017.00085.

Taylor, D.J., 1964, Biostratigraphic Log - Latrobe No.1 Bore.
Taylor, K.W.R., Huber, M., Hollis, C.J., Hernandez-Sanchez, M.T., and Pancost, R.D., 2013, Re-evaluating 

modern and Palaeogene GDGT distributions: Implications for SST reconstructions: Global and Planetary 
Change, v. 108, p. 158–174, doi:10.1016/j.gloplacha.2013.06.011.

Tewksbury, J.J., Huey, R.B., and Deutsch, C.A., 2008, Putting the Heat on Tropical Animals: Science, v. 320, p. 
1296–1297, doi:10.1126/science.1159328.

Thomas, E., 2007, Cenozoic mass extinctions in the deep sea; what disturbs the largest habitat on Earth?, 
in Monechi, S., Coccioni, R., and Rampino, M.R. eds., Large Ecosystem Perturbations: Causes and 
Consequences, Geological Society of America, Special Paper 424, p. 1–23.

Thomas, D.J., Bralower, T.J., and Jones, C.E., 2003, Neodymium isotopic reconstruction of late Paleocene–early 
Eocene thermohaline circulation: Earth and Planetary Science Letters, v. 209, p. 309–322, doi:10.1016/
S0012-821X(03)00096-7.

Thomas, M.K., Kremer, C.T., Klausmeier, C.A., and Litchman, E., 2012, A Global Pattern of Thermal Adaptation 
in Marine Phytoplankton: Science, v. 338, p. 1085–1088, doi:10.1126/science.1224836.

Thomas, E., and Zachos, J.C., 2000, Was the late Paleocene thermal maximum a unique event? GFF, v. 122, p. 
169–170, doi:10.1080/11035890001221169.

Thomas, D.J., Zachos, J.C., Bralower, T.J., Thomas, E., and Bohaty, S., 2002, Warming the fuel for the fire: 
Evidence for the thermal dissociation of methane hydrate during the Paleocene-Eocene thermal maximum: 
Geology, v. 30, p. 1067–1070, doi:10.1130/0091-7613(2002)030<1067:WTFFTF>2.0.CO;2.

Tickell, S.J., Abele, C., and Parker, G.J., 1993, Palynology of the Eastern Otway Basin: Geological Survey of 
Victoria Unpublished Report.

Tierney, J.E., Damsté, J.S.S., Pancost, R.D., Sluijs, A., and Zachos, J.C., 2017, Eocene temperature gradients: 
Nature Geoscience, v. 10, p. ngeo2997, doi:10.1038/ngeo2997.

Tierney, J.E., and Tingley, M.P., 2014, A Bayesian, spatially-varying calibration model for the TEX86 proxy: 
Geochimica et Cosmochimica Acta, v. 127, p. 83–106, doi:10.1016/j.gca.2013.11.026.

Tierney, J.E., and Tingley, M.P., 2015, A TEX86 surface sediment database and extended Bayesian calibration: 
Scientific Data, v. 2, doi:10.1038/sdata.2015.29.

Tindall, J., Flecker, R., Valdes, P., Schmidt, D.N., Markwick, P., and Harris, J., 2010, Modelling the oxygen 
isotope distribution of ancient seawater using a coupled ocean–atmosphere GCM: Implications for 
reconstructing early Eocene climate: Earth and Planetary Science Letters, v. 292, p. 265–273, doi:10.1016/j.
epsl.2009.12.049.

Toffanin, F., Agnini, C., Fornaciari, E., Rio, D., Giusberti, L., Luciani, V., Spofforth, D.J.A., and Pälike, H., 2011, 
Changes in calcareous nannofossil assemblages during the Middle Eocene Climatic Optimum: Clues 
from the central-western Tethys (Alano section, NE Italy): Marine Micropaleontology, v. 81, p. 22–31, 
doi:10.1016/j.marmicro.2011.07.002.



172

Appendix

Torsvik, T.H. et al., 2012, Phanerozoic polar wander, palaeogeography and dynamics: Earth-Science Reviews, v. 
114, p. 325–368, doi:10.1016/j.earscirev.2012.06.007.

Totterdell, J.M., Blevin, J.E., Struckmeyer, H.I.M., Bradshaw, B.E., Colwell, J.B., and Kennard, J.M., 2000, A new 
sequence framework for the Great Australian Bight: starting with a clean slate: The APPEA Journal, v. 40, p. 
95–118, doi:10.1071/aj99007.

Tribovillard, N., Algeo, T.J., Lyons, T., and Riboulleau, A., 2006, Trace metals as paleoredox and 
paleoproductivity proxies: An update: Chemical Geology, v. 232, p. 12–32, doi:10.1016/j.
chemgeo.2006.02.012.

Tripati, A., Backman, J., Elderfield, H., and Ferretti, P., 2005, Eocene bipolar glaciation associated with global 
carbon cycle changes: Nature, v. 436, p. 341–346, doi:10.1038/nature03874.

Tripati, A.K., Delaney, M.L., Zachos, J.C., Anderson, L.D., Kelly, D.C., and Elderfield, H., 2003, Tropical sea-
surface temperature reconstruction for the early Paleogene using Mg/Ca ratios of planktonic foraminifera: 
Paleoceanography, v. 18, p. 1101, doi:10.1029/2003PA000937.

Trommer, G., Siccha, M., van der Meer, M.T.J., Schouten, S., Sinninghe Damsté, J.S., Schulz, H., Hemleben, C., 
and Kucera, M., 2009, Distribution of Crenarchaeota tetraether membrane lipids in surface sediments from 
the Red Sea: Organic Geochemistry, v. 40, p. 724–731, doi:10.1016/j.orggeochem.2009.03.001.

Uenzelmann-Neben, G., and Gruetzner, J., 2018, Chronology of Greenland Scotland Ridge overflow: What do we 
really know? Marine Geology, v. 406, p. 109–118, doi:10.1016/j.margeo.2018.09.008.

Usup, G., Ahmad, A., Matsuoka, K., Lim, P.T., and Leaw, C.P., 2012, Biology, ecology and bloom dynamics of 
the toxic marine dinoflagellate Pyrodinium bahamense: Harmful Algae, v. 14, p. 301–312, doi:10.1016/j.
hal.2011.10.026.

Vahlenkamp, M., Niezgodzki, I., De Vleeschouwer, D., Lohmann, G., Bickert, T., and Pälike, H., 2018, Ocean and 
climate response to North Atlantic seaway changes at the onset of long-term Eocene cooling: Earth and 
Planetary Science Letters, v. 498, p. 185–195, doi:10.1016/j.epsl.2018.06.031.

Van der Weijden, C.H., 2002, Pitfalls of normalization of marine geochemical data using a common divisor: 
Marine Geology, v. 184, p. 167–187, doi:10.1016/S0025-3227(01)00297-3.

Via, R.K., and Thomas, D.J., 2006, Evolution of Atlantic thermohaline circulation: Early Oligocene onset of 
deep-water production in the North Atlantic: Geology, v. 34, p. 441–444, doi:10.1130/G22545.1.

Villa, G., Fioroni, C., Pea, L., Bohaty, S., and Persico, D., 2008, Middle Eocene–late Oligocene climate variability: 
Calcareous nannofossil response at Kerguelen Plateau, Site 748: Marine Micropaleontology, v. 69, p. 173–
192, doi:10.1016/j.marmicro.2008.07.006.

Villa, G., Fioroni, C., Persico, D., Roberts, A.P., and Florindo, F., 2014, Middle Eocene to Late Oligocene 
Antarctic glaciation/deglaciation and Southern Ocean productivity: Paleoceanography, v. 29, p. 
2013PA002518, doi:10.1002/2013PA002518.

Volk, T., and Hoffert, M.I., 1985, Ocean Carbon Pumps: Analysis of Relative Strengths and Efficiencies in 
Ocean‐Driven Atmospheric CO2 Changes, in The Carbon Cycle and Atmospheric CO2: Natural Variations 
Archean to Present, American Geophysical Union (AGU), p. 99–110, doi:10.1029/GM032p0099.

Waddell, L.M., and Moore, T.C., 2008, Salinity of the Eocene Arctic Ocean from oxygen isotope analysis of fish 
bone carbonate: Paleoceanography, v. 23, doi:10.1029/2007PA001451.

Wade, B.S., and Pearson, P.N., 2008, Planktonic foraminiferal turnover, diversity fluctuations and geochemical 
signals across the Eocene/Oligocene boundary in Tanzania: Marine Micropaleontology, v. 68, p. 244–255, 
doi:10.1016/j.marmicro.2008.04.002.

Wagner, T., 2002, Late Cretaceous to early Quaternary organic sedimentation in the eastern Equatorial Atlantic: 
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 179, p. 113–147, doi:10.1016/S0031-0182(01)00415-
1.



173

References

Walker, J.C.G., and Kasting, J.F., 1992, Effects of fuel and forest conservation on future levels of atmospheric 
carbon dioxide: Global and Planetary Change, v. 5, p. 151–189, doi:10.1016/0921-8181(92)90009-Y.

Warnaar, J., Bijl, P.K., Huber, M., Sloan, L., Brinkhuis, H., Röhl, U., Sriver, R., and Visscher, H., 2009, 
Orbitally forced climate changes in the Tasman sector during the Middle Eocene: Palaeogeography, 
Palaeoclimatology, Palaeoecology, v. 280, p. 361–370, doi:10.1016/j.palaeo.2009.06.023.

Wedepohl, K.H., 1971, Environmental influences on the chemical composition of shales and clays: Physics and 
Chemistry of the Earth, v. 8, p. 307–333, doi:10.1016/0079-1946(71)90020-6.

Wei, C.-L. et al., 2010, Global Patterns and Predictions of Seafloor Biomass Using Random Forests: PLOS ONE, 
v. 5, p. e15323, doi:10.1371/journal.pone.0015323.

Weijers, J.W.H., Lim, K.L.H., Aquilina, A., Sinninghe Damsté, J.S., and Pancost, R.D., 2011, Biogeochemical 
controls on glycerol dialkyl glycerol tetraether lipid distributions in sediments characterized by diffusive 
methane flux: Geochemistry, Geophysics, Geosystems, v. 12, p. Q10010, doi:10.1029/2011GC003724.

Weijers, J.W.H., Schouten, S., van den Donker, J.C., Hopmans, E.C., and Sinninghe Damsté, J.S., 2007, 
Environmental controls on bacterial tetraether membrane lipid distribution in soils: Geochimica et 
Cosmochimica Acta, v. 71, p. 703–713, doi:10.1016/j.gca.2006.10.003.

Weijers, J.W.H., Schouten, S., Spaargaren, O.C., and Sinninghe Damsté, J.S., 2006, Occurrence and distribution 
of tetraether membrane lipids in soils: Implications for the use of the TEX86 proxy and the BIT index: 
Organic Geochemistry, v. 37, p. 1680–1693, doi:10.1016/j.orggeochem.2006.07.018.

Westerhold, T., Röhl, U., Donner, B., McCarren, H.K., and Zachos, J.C., 2011, A complete high-resolution 
Paleocene benthic stable isotope record for the central Pacific (ODP Site 1209): Paleoceanography, v. 26, p. 
PA2216, doi:10.1029/2010PA002092.

White, J., 1963, Composite Well Log Latrobe No.1 Water Bore, Department of Mines of Victoria, Melbourne:
Williams, G.L., Fensome, R.A., and MacRae, R.A., 2017, The Lentin and Williams Index of Fossil Dinoflagellates 

2017 Edition: AASP Contributions Series 48.
Williams, S.E., Whittaker, J.M., Halpin, J.A., and Müller, R.D., 2019, Australian-Antarctic breakup and seafloor 

spreading: Balancing geological and geophysical constraints: Earth-Science Reviews, v. 188, p. 41–58, 
doi:10.1016/j.earscirev.2018.10.011.

Wilson, J.D., Monteiro, F., Schmidt, D.N., Ward, B.A., and Ridgwell, A., 2018, Linking marine plankton 
ecosystems and climate: A new modelling approach to the warm Early Eocene climate.: Paleoceanography 
and Paleoclimatology, v. 0, doi:10.1029/2018PA003374.

Witkowski, J., Bohaty, S.M., Edgar, K.M., and Harwood, D.M., 2014, Rapid fluctuations in mid-latitude siliceous 
plankton production during the Middle Eocene Climatic Optimum (ODP Site 1051, western North 
Atlantic): Marine Micropaleontology, v. 106, p. 110–129, doi:10.1016/j.marmicro.2014.01.001.

Witkowski, J., Bohaty, S.M., McCartney, K., and Harwood, D.M., 2012, Enhanced siliceous plankton 
productivity in response to middle Eocene warming at Southern Ocean ODP Sites 748 and 749: 
Palaeogeography, Palaeoclimatology, Palaeoecology, v. 326–328, p. 78–94, doi:10.1016/j.palaeo.2012.02.006.

Wold, C.N., 1994, Cenozoic sediment accumulation on drifts in the northern North Atlantic: Paleoceanography, 
v. 9, p. 917–941, doi:10.1029/94PA01438.

Wrenn, J.H., and Beckman, S.W., 1982, Maceral, Total Organic Carbon, and Palynological Analyses of Ross Ice 
Shelf Project Site J9 Cores: Science, v. 216, p. 187–189, doi:10.1126/science.216.4542.187.

Wrenn, J.H., and Hart, G.F., 1988, Paleogene dinoflagellate cyst biostratigraphy of Seymour Island, Antarctica: 
Geological Society of America Memoirs, v. 169, p. 321–448, doi:10.1130/MEM169-p321.

Wuchter, C., Schouten, S., Coolen, M.J.L., and Sinninghe Damsté, J.S., 2004, Temperature-dependent variation 
in the distribution of tetraether membrane lipids of marine Crenarchaeota: Implications for TEX86 
paleothermometry: Paleoceanography, v. 19, p. PA4028, doi:10.1029/2004PA001041.



174

Appendix

Wuchter, C., Schouten, S., Wakeham, S.G., and Damsté, J.S.S., 2006, Archaeal tetraether membrane lipid 
fluxes in the northeastern Pacific and the Arabian Sea: Implications for TEX86 paleothermometry: 
Paleoceanography, v. 21, doi:10.1029/2006PA001279.

Wüst, G., and Defant, A., 1936, Atlas zur Schuchtung und Zirkulation des Atlantischen Ozeans. Schnitte und 
Karten von Temperatur, Salzgehalt und Dichte: Atlas zur Schuchtung und Zirkulation des Atlantischen 
Ozeans. Schnitte und Karten von Temperatur, Salzgehalt und Dichte, v. 6, p. 103.

Yoder, J.A., McClain, C.R., Feldman, G.C., and Esaias, W.E., 1993, Annual cycles of phytoplankton chlorophyll 
concentrations in the global ocean: A satellite view: Global Biogeochemical Cycles, v. 7, p. 181–193, 
doi:10.1029/93GB02358.

Zachos, J.C., Dickens, G.R., and Zeebe, R.E., 2008, An early Cenozoic perspective on greenhouse warming and 
carbon-cycle dynamics: Nature, v. 451, p. 279–283, doi:10.1038/nature06588.

Zachos, J., Pagani, M., Sloan, L., Thomas, E., and Billups, K., 2001, Trends, Rhythms, and Aberrations in Global 
Climate 65 Ma to Present: Science, v. 292, p. 686–693, doi:10.1126/science.1059412.

Zachos, J.C., Stott, L.D., and Lohmann, K.C., 1994, Evolution of Early Cenozoic marine temperatures: 
Paleoceanography, v. 9, p. 353–387, doi:10.1029/93PA03266.

Zakrevskaya, E., Beniamovsky, V., Less, G., and Báldi-Beke, M., 2011, Integrated Biostratigraphy of Eocene 
Deposits in the Gubs Section (Northern Caucasus) with special Attention to the Ypresian/Lutetian 
Boundary and to the Peritethyan-Tethyan Correlation: Turkish Journal of Earth Sciences, v. 20, p. 753–792.

Zeebe, R.E., Ridgwell, A., and Zachos, J.C., 2016, Anthropogenic carbon release rate unprecedented during the 
past 66 million years: Nature Geoscience, v. 9, p. 325–329, doi:10.1038/ngeo2681.

Zhang, Y.G., Pagani, M., Liu, Z., Bohaty, S.M., and DeConto, R., 2013, A 40-million-year history of atmospheric 
CO2: Phil. Trans. R. Soc. A, v. 371, p. 20130096, doi:10.1098/rsta.2013.0096.

Zhang, Y.G., Pagani, M., and Wang, Z., 2016, Ring Index: A new strategy to evaluate the integrity of TEX86 
paleothermometry: Paleoceanography, v. 31, p. 220–232, doi:10.1002/2015PA002848.

Zhang, Y.G., Zhang, C.L., Liu, X.-L., Li, L., Hinrichs, K.-U., and Noakes, J.E., 2011, Methane Index: A tetraether 
archaeal lipid biomarker indicator for detecting the instability of marine gas hydrates: Earth and Planetary 
Science Letters, v. 307, p. 525–534, doi:10.1016/j.epsl.2011.05.031.

Zhou, X., Thomas, E., Winguth, A.M.E., Ridgwell, A., Scher, H., Hoogakker, B. a. A., Rickaby, R.E.M., and Lu, 
Z., 2016, Expanded oxygen minimum zones during the late Paleocene-early Eocene: Hints from multiproxy 
comparison and ocean modeling: Paleoceanography, v. 31, p. 2016PA003020, doi:10.1002/2016PA003020.

Zinsmeister, W.J., 1979, Biogeographic significance of the late Mesozoic and early Tertiary molluscan faunas of 
Seymour Island (Antarctic Peninsula) to the final breakup of Gondwanaland, in Historical Biogeography, 
Plate Tectonics, and the Changing Environment, edited by J. Gray and A. J. Boucot, Corvallis, Oregon State 
University, p. 349–355.

Zonneveld, K.A.F. et al., 2013, Atlas of modern dinoflagellate cyst distribution based on 2405 data points: Review 
of Palaeobotany and Palynology, v. 191, p. 1–197, doi:10.1016/j.revpalbo.2012.08.003.

Zwiep, K.L., Hennekam, R., Donders, T.H., van Helmond, N.A.G.M., de Lange, G.J., and Sangiorgi, F., 2018, 
Marine productivity, water column processes and seafloor anoxia in relation to Nile discharge during 
sapropels S1 and S3: Quaternary Science Reviews, v. 200, p. 178–190, doi:10.1016/j.quascirev.2018.08.026.



175

References



176

Appendix



177

Samenvatting in het Nederlands

Het huidige klimaatprobleem

Met name door verbranding van fossiele brandstoffen stoot de mens broeikasgassen uit, waaronder 
koolstofdioxide (CO2). Dit heeft invloed op allerlei componenten van het zogeheten systeem Aarde: 
het geheel van biosfeer, lithosfeer, hydrosfeer, cryosfeer en atmosfeer. CO2 als broeikasgas vergroot 
de insulerende capaciteit van de atmosfeer, door uitgaande warmtestraling vanuit de aarde tegen te 
houden. Als gevolg van stijgende CO2 gehaltes warmen de atmosfeer, oceaan- en landoppervlakken 
van de aarde dus op, en zullen dat in de toekomst blijven doen. Hierbij warmen de poolgebieden het 
sterkst op, een fenomeen dat polaire versterking wordt genoemd. Chemische, fyische en biologische 
processen in de oceaan worden beïnvloed door zowel de directe opwarming als geassocieerde 
effecten, waaronder stratificatie van de oppervlakteoceaan en uitbreiding van zuurstofarme 
gebieden. Bovendien reageert opgelost CO2 met water als een zuur, met oceaanverzuring tot 
gevolg. Mariene ecosystemen, inclusief het (autotrofe) phytoplankton, laten complexe adaptatie 
zien als respons op al deze physio-chemische veranderingen in de oceaan, iets dat zal voortduren 
in de toekomst. Dit zal onder andere hoogstwaarschijnlijk leiden tot een mondiale toename in 
schadelijke algenbloei, aangezien deze algensoorten baat hebben bij opwarming in combinatie met 
een toename in stratificatie en toegenomen aanvoer van voedingstoffen. 

Vanwege de grote impact van de huidige klimaatverandering op de biosfeer en biogeochemische 
cycli is het van groot maatschappelijk belang om het pad van toekomstige klimaatverandering te 
kunnen voorspellen, alsmede het functioneren van een warmer systeem Aarde te begrijpen. Om 
deze voorspellingen te maken wordt gebruik gemaakt van een combinatie van directe observaties, 
experimenten in het laboratorium, en ook het toepassen van een scala aan simpele en complexe 
(klimaat)model simulaties. Maar observaties en laboratoriumexperimenten uitgevoerd op de 
tijdschaal van mensenlevens kunnen geen informatie bieden over processen binnen het systeem 
Aarde die op langere tijdschalen van duizenden of tienduizenden jaren plaatsvinden. Daarbij 
omvatten experimenten en simulaties nooit de totale complexiteit van de echte wereld, hoewel 
simplificatie natuurlijk ook een belangrijk deel van hun kracht is. Hoe dan ook is informatie over 
het functioneren van een warmere aarde van groot belang, om daarmee onze klimaatmodellen 
betere voorspellingen te laten maken voor de toekomst. 

Waarom klimaat van het verleden?

Reconstructies van warme klimaten en klimaatveranderingen in het verleden bieden een 
holistische manier om naar de respons van systeem Aarde te kijken, geïntegreerd over alle relevante 
tijdschalen. Aangezien directe temperatuurmetingen niet verder terug gaan dan 1850, zijn er 
indirecte metingen nodig om verder terug het verleden in te kijken, bij gebrek aan tijdmachine. 
Een voorbeeld zijn gasbelletjes die besloten liggen in de ijskappen op Antarctica en Groenland. 
Deze belletjes bevatten oude atmosfeer waaraan de atmosferische CO2 compositie en indirect ook 
temperatuur ten tijde van ijsformatie gemeten kan worden. Het diepere ijs is ouder en zo kunnen 
met behulp van boorkernen in het ijs reconstructies terug de tijd in gemaakt worden. Op basis van 
deze gasbelletjes in ijskernen is de atmosferische compositie en Antarctische temperatuur over de 
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laatste ijstijden, tot 800,000 jaar terug, gereconstrueerd. Om nog verder terug de tijd in te kijken, 
bieden sedimenten op de oceaanbodem een schat aan informatie. Evenals ijskappen, hoopt het 
sediment op de oceaanbodem laagje voor laagje op, bestaande uit neerdwarrelend plankton en 
ander (an)organisch materiaal uit de oppervlakteoceaan, inclusief ook aangevoerde mineralen. Op 
deze manier vormt de oceaanbodem een doorgaans continu klimaatarchief met een hoge resolutie. 
Dit archief kan bereikt worden door middel van boringen in de oceaanbodem, uitgevoerd vanaf een 
boorschip. 

Paleoklimatologen gebruiken de chemische eigenschappen van mineralen en fossiele resten van 
organismen als zogeheten proxy voor klimaat en milieu van het verleden. Door middel van extra- 
of interpolatie van de bekende, gemeten relatie tussen deze proxies en het klimaat in het moderne 
systeem, kunnen klimaat en milieu van het verleden gereconstrueerd worden. Voorbeelden hiervan 
zijn proxies zoals de ratio tussen magnesium en calcium (Mg/Ca) en de relatieve verhouding tussen 
zuurstofisotoop 18O en 16O in kalkschaaltjes van microplanktonische foraminiferen (uitgedrukt 
als δ18O). Van deze chemische eigenschappen is bekend dat ze samenhangen met de temperatuur 
in de oppervlakte-oceaan. Andere proxies om zeewatertemperaturen mee te reconstrueren zijn 
gebaseerd op fossiele biomoleculen-moleculen geproduceerd door levende organismen. Zo hangt in 
de groep van de haptophyte algen de saturatie (hoeveelheid dubbele bindingen) van hun alkenon-
moleculen samen met temperatuur. Dit wordt uitgedrukt in de UK

37 index. Een ander voorbeeld 
zijn membraanlipides van Archaea, uitgedrukt in de TEX86 index. Naast deze chemische signalen 
vormen associates van microfossielen in het sediment ook een afspiegeling van de destijds 
levende plankton populaties, en veranderingen daarin als reactie op klimaatverandering. Omdat 
verschillende proxies verschillende onzekerheden met zich meebrengen is met name het gebruik 
van meerdere proxies tezamen krachtig. 

Sinds het einde van de Industriële Revolutie omstreeks 1850 zijn atmosferische CO2 concentrations 
van 280 naar 400 ppmv (volumeconcentratie in delen per miljoen) in 2013 gestegen. De huidige 
(2019) concentratie van CO2 in de atmosfeer is boven de 400 ppmv, en concentraties zullen 
waarschijnlijk de 1000 ppmv bereiken richting het einde van deze eeuw, hoewel dit afhankelijk is 
van de hoeveelheid broeikasgassen die in de toekomst wordt uitgestoten. Op basis van de eerder 
genoemde gasbelletjes in ijskappen weten we dat de afgelopen 800,000 jaar gekarakteriseerd worden 
door oscillaties in atmosferisch CO2 tussen maxima van rond de 290 ppmv en minima van rond de 
180 ppmv, geassocieerd met mondiale oscillaties in temperatuur tussen interglacialen en glacialen. 
De aarde heeft een CO2 concentratie van 400 ppmv voor het laatst meer dan 2 miljoen jaar geleden 
meegemaakt, gedurende het warme Plioceen. Verder terug de tijd in passeren we 34 miljoen 
jaar geleden de Eoceen-Oligoceen transitie, toen de grote ijskap op Antarctica werd gevormd. 
Daarvoor, in het Eoceen (de periode ongeveer tussen 56 en 34 miljoen jaar geleden), was er sprake 
van een “broeikaswereld” zonder ijskappen op de polen. Het warme Eoceen is een interval in de 
aardgeschiedenis dat als modelsysteem gebruikt kan worden om te begrijpen hoe een warm systeem 
Aarde functioneert. 

De warme Eocene broeikaswereld

Temperatuurreconstructies van de diepe oceaan in het Eoceen zijn gedaan op basis van 
geochemische metingen (Mg/Ca en δ18O) aan de kalkschaaltjes van foraminiferen die op de 
zeebodem leven. Deze tonen dat het warmste aanhoudende interval van het Cenozoïcum (de 
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Figuur 1.1 | Eocene klimaatevolutie a. CO2 reconstructies gebaseerd op boor isotopen van Tanzania Drilling 
Project sedimenten (oranje vierkantjes) en gebaseerd op alkenonen van ODP Sites 612 en 925 (gele en oranje 
cirkels) b. Compilatie van zeeoppervlakte temperaturen (graden Celsius) van tropische breedtegraden (30 °N 
– 30 °Z) (roze) op basis van gepubliceerde literatuur. Zuidwest Pacifische Oceaan (Site 1172) TEX86-gebaseerde 
zeeoppervlakte temperaturen in het groen. c. IJsvrije diepzee temperaturen gebaseerd op δ18O van benthische 
foraminiferen in het blauw. Tijd in miljoenen jaren geleden volgens de Geologic Time Scale 2012. Afkortingen 
Pal. = Paleoceen; Olig. = Oligoceen; EOT = Eoceen–Oligoceen transitie. 
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afgelopen 65 miljoen jaar) het interval van ongeveer 52 tot 50 miljoen jaar geleden is. Dit interval 
wordt daarom het Early Eocene Climatic Optimum (EECO) of Vroeg-Eocene Klimaat Optimum 
genoemd. Gedurende dit interval waren diepzeetemperaturen waarschijnlijk in de orde van 
12 tot 14 °C – ongeveer 10 °C warmer dan nu. Deze reconstructies tonen vervolgens mondiale 
afkoeling tot aan de Eoceen-Oligoceen transitie 34 miljoen jaar geleden. Dit temperatuurverloop 
in de diepzee wordt weerspiegeld in temperatuur reconstructies van de oppervlakte-oceaan op hoge 
breedtegraden, aangezien de diepe wateren die de oceaan vullen hier gevormd worden (Figuur 1.1). 

Ook de oppervlakte-oceaan op zowel noordelijke als zuidelijke hoge breedtegraden was dus zeer 
warm gedurende het vroege Eoceen. Dit is aangetoond middels temperatuur-reconstructies op 
basis van verschillende proxies zoals TEX86, Mg/Ca en δ18O, die alle temperaturen van (ver) boven 
de 20 °C aantonen. Hoge temperaturen op hoge breedtegraden worden ondersteund door Eocene 
plantenfossielen. Deze tonen aan dat er gematigd regenwoud groeide op Antarctica en zuid-
Australië in het zuiden, en op de landmassa’s rondom de Arctische oceaan in het noorden. Ook 
fossielen van thermofiele dieren ondersteunen dit beeld. Zo zijn er in Eocene Arctische gebieden 
fossielen gevonden van tapir- en nijlpaard-achtigen, en ook reptielen inclusief krokodillen. Op 
Antarctica liepen reuzenpinguins en rond de evenaar glibberden slangen van meer dan 10 meter 
lang. 

Vraagstukken aangaande de Eocene tropen

Hoewel hoge temperaturen in de diepzee en op hoge breedtegraden door meerdere lijnen van bewijs 
ondersteund worden, is het veel onduidelijker hoe warm het op de tropische breedtegraden was 
(grofweg tussen 30 graden noorderbreedte en 30 graden zuiderbreedte) (Figuur 1.1). Dit is cruciaal, 
aangezien deze band van breedtegraden 50% van het aardoppervlak beslaat en zelfs 75% van de 
binnenkomende zonnestraling absorbeert. De historisch eerste schattingen van Eocene tropische 
zeeoppervlakte temperaturen, gebaseerd op δ18O van planktonische foraminiferen, suggereerden 
verrassend lage temperaturen. Dit leidde tot zeer lage schattingen van het temperatuurcontrast 
tussen tropische en polaire regios, of de meridionale temperatuurgradient (MTG), van 0 tot 20 °C. 
Dit in sterk contrast met de huidige MTG van ongeveer 30 °C. Het is altijd erg lastig geweest voor 
klimaatmodellen om dit soort lage gradienten te reproduceren, wat als het “low gradient problem” 
werd geïdentificeerd. Sindsdien heeft men ontdekt dat deze oudere reconstructies van tropische 
temperaturen sterke onderschattingen waren vanwege verstoring van het oorspronkelijke chemische 
signaal in de kalkschaaltjes na sedimentatie op de zeebodem. Recentere analyses, op specifiek 
geselecteerde foraminiferen die heel goed gepreserveerd zijn, hebben hogere tropische Eocene SSTs 
opgeleverd, in de orde van 30–35 °C. En zelfs hoger gedurende fases van kortstondige opwarming. 
Daarnaast hebben ontwikkelingen in paleothermometers op basis van fossiele moleculen, zoals 
de TEX86 proxy, ertoe geleid dat nu meerdere lijnen van bewijs wijzen op hoge temperaturen. 
Ondanks deze recente ontwikkelingen is het nog steeds zo dat er weinig temperatuurdata zijn 
voor de tropische regios in het Eoceen. Daarenboven laten deze reconstructies hoge temperaturen 
zijn, maar is het onduidelijk in hoeverre langdurige veranderingen in temperatuur over miljoenen 
jaren weerspiegeld worden in de Eocene tropen. Betrouwbare reconstructies van Eocene tropische 
temperaturen zijn daarom nodig voor het bepalen van Eocene mondiale temperaturen en 
latitudinale temperatuurgradienten, maar ook de polaire amplificatie van temperatuurverandering – 
de mate waarin de polen sterker opwarmen dan de tropen. 
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Verder zijn tropische data ook nodig om onderscheid te maken tussen de twee bestaande 
hypotheses voor de langdurige afname in temperatuur van de diepzee en de polen gedurende 
het Eoceen (Figuur 1.1): afnemende atmosferische CO2 concentraties versus veranderingen 
in oceaancirculatie gekoppeld aan veranderingen in distributie van hitte. Er is bewijs voor beide 
processen gedurende het Eoceen, maar het verwachte effect op de temperatuurverdeling over de 
aarde is verschillend. Zo zou een verandering in oceaancirculatie gekoppeld aan een verandering in 
diepwaterformatie leiden tot afkoeling van de diepzee en zuidelijke poolzee, maar lichte opwarming 
van de tropische breedtegraden, aangezien de warmte anders verdeeld wordt. Veranderingen in 
de hoeveelheid atmosferische broeikasgassen hebben daarentegen mondiaal dezelfde invloed: een 
graduele afname in CO2 zou dus voor een mondiale afname in temperatuur zorgen gedurende 
het Eoceen. Tenslotte kunnen betere reconstructies van tropische temperaturen, en de betere 
mondiale temperatuurschattingen die daarbij horen, ook weer leiden tot betere schattingen van 
klimaatsensitiviteit: de hoeveelheid verwachte opwarming gegeven een bepaalde CO2 stijging. 

Vraagstukken aangaande Eocene oceaancirculatie

De hoeveelheid broeikasgassen heeft invloed op de mondiale temperatuur van de aarde. Patronen 
van oceaancirculatie zijn daarentegen belangrijk voor de verspreiding van warmte over de planeet. 
Met name de plekken waar oppervlaktewater in de oceaan afkoelt en diep water gevormd wordt 
spelen hierin een grote rol. In de moderne oceaan is dat vooral in de Noord Atlantische Oceaan 
en de Zuidelijke Oceaan rond Antarctica. Volgens zowel reconstructies als modelsimulaties lag de 
situatie in het Eoceen anders en was alleen de Zuidelijke Oceaan, met name de Zuidwest Pacifische 
Oceaan specifiek, de belangrijkste locatie van diepwater formatie. Wanneer ook in de Noord 
Atlantische Oceaan diepwater begon te vormen is relatief onbekend. 

Kortstondige opwarmingen in het Eoceen

Gesuperimponeerd op langdurige veranderingen in klimaat over de miljoenen jaren gedurende 
het Eoceen waren er ook kortstondige verstoringen. Vooral het vroege Eoceen werd gekenmerkt 
door veel van dit soort fases van opwarming, hyperthermals genoemd. De grootste en meeste 
bestudeerde hiervan was het Paleocene-Eocene Thermal Maximum (PETM) of Paleoceen-Eoceen 
temperatuur maximum, 56 miljoen jaar geleden. Al deze hyperthermals zijn periodes van 10,000-
100,000 jaar van wereldwijde opwarming, gepaard met veranderingen in de koolstofcyclus, 
waaronder oceaanverzuring, die wijzen op een toename van broeikasgassen. De PETM wordt 
gekenmerkt door 4 a 5 graden van mondiale opwarming, tegelijk met andere effecten zoals 
toenemende oceaanstratificatie en zuurstofloosheid in oceanen. Dit had effecten op biota, want 
soorten aangepast aan lage breedtegraden migreerden richting de polen, en alle belangrijke groepen 
oceaanplankton laten grootschalige veranderingen in soortensamenstelling zien. De respons van 
het systeem Aarde op dit soort verstoringen van koolstofcyclus en klimaat kan een analoog bieden 
voor de huidige klimaatverandering, waardoor scenarios voor de toekomst beter vastgesteld kunnen 
worden. 
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Het Midden Eoceen Klimaat Optimum: wat weten we en wat niet

Dit proefschrift richt zich echter op een andere fase van opwarming in het geologisch verleden; het 
Middle Eocene Climate Optimum (MECO) of Midden Eoceen klimaat optimum dat 40 miljoen jaar 
geleden plaatsvond. Het MECO was een interval van ongeveer een half miljoen jaar, gedurende 
welke de oceanen wijdverbreid opwarmden, als tijdelijke omkering van de langdurige afkoeling 
van midden en laat Eoceen naar Eoceen-Oligoceen transitie. Het MECO is relatief minder intensief 
bestudeerd dan de vroeg Eocene hyperthermals, maar opwarming gedurende het MECO is bekend 
vanuit reconstructies van diepzee temperaturen, en zeeoppervlakte temperaturen in de zuidelijke 
Pacifische en Atlantische Oceaan, en laten een opwarming van 4 a 6 graden zien. Specifiek 
ontbreken nog temperatuurreconstructies van het noordelijk halfrond en tropische breedtegraden, 
waardoor onbekend blijft of het MECO een echte mondiale opwarming was en waardoor deze werd 
veroorzaakt. Er zijn indicaties dat atmosferische CO2 concentraties toenamen tijdens het MECO, 
maar ook indicaties voor oplossing van diepzee carbonaten (CaCO3). Deze signalen wijzen op een 
verstoring in de koolstofcyclus, maar zijn tegenstrijdig wat betreft de gevestigde koolstofcyclus 
theorie, op welke basis een toename in silicaatverwering verwacht zou worden in respons op 
toenemend atmosferisch CO2. Dit zou dan juist leiden tot meer aanvoer van alkaliniteit naar de 
oceanen, en betere preservatie in plaats van oplossing van carbonaten. Een mogelijk scenario om de 
observaties te rijmen is een grootschalige verplaatsing van de vorming van carbonaten van diepzee 
richting ondiepe zeeën van het continentaal plat. Datasets van ondiep mariene afzettingen om deze 
hypothese te toetsen ontbreken echter. Daarnaast is het onbekend welk proces ervoor zorgde dat 
het aan het einde van het MECO weer afkoelde. In sedimenten van de westelijke Tethys Oceaan 

Figuur 1.2 | Overzicht van klimatologische, oceanografische en milieu-veranderingen gedurende het 
Midden Eoceen Klimaat Optimum (40 miljoen jaar geleden). Bewijs voor diepzee opwarming als roze 
cirkels. Bewijs voor zeeoppervlakte opwarming als paarse vierkantjes. Bewijs voor oplossing van carbonaat in 
de diepzee als lichtblauwe ruitjes. Bewijs voor veranderingen in biota gebaseerd op microfossielen als groene 
kruisjes. Verder is aangegeven welke locaties in dit proefschrift bestudeerd zijn. De achtergrondkaart betreft een 
paleogeografische reconstructie van 40 miljoen jaar geleden en is geproduceerd met de software GPlates. 
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(huidige Italië) zijn gelijktijdig met MECO afkoeling sedimentlagen rijk in organisch koolstof 
afgezet. Dit suggereert dat begraving van organisch koolstof een rol gespeeld kan hebben in MECO 
afkoeling. 

In Figuur 1.2 wordt een overzicht gepresenteerd van de locaties waar tijdens het MECO 
veranderingen in klimaat, oceanografie en milieu zijn gereconstrueerd. Vergelijkbaar met de 
respons op PETM opwarming zijn planktonmigraties richting de polen bekend. Daarnaast zijn 
er aanwijzingen voor verlies van symbionten in planktonische foraminiferen. Op verschillende 
locaties lijken veranderen in de hoeveelheid voedingsstoffen op te treden op basis van de 
soortensamenstelling van microfossielen, maar deze zijn niet eenduidig en suggereren een 
verandering in de globale oceaandistributie van nutriënten. Evenals het ontbreken van 
temperatuurgegevens is er ook weinig bekend over de milieu-impact van het MECO op tropische 
breedtegraden en in Noord Atlantische Oceaan. Tevens zijn de gevolgen voor de terrestrische 
biosfeer relatief onbekend. Een beter begrip van klimaat en milieu tijdens het MECO zou nuttig zijn 
als analoog voor toekomstige opwarming. Mogelijk zou de vergelijking van MECO met de snellere 
hyperthermals ook nuttig kunnen zijn voor extrapolatie naar de huidige, nog snellere, opwarming.

Dit proefschrift: doel en methodiek

De hoofdstukken in dit proefschrift richten zich op het beter begrijpen van klimaat en oceaan 
gedurende de Eocene broeikaswereld. Hierbij kijk ik naar twee verschillende tijdschalen: langdurige 
veranderingen over het Eoceen en kortstondige veranderingen gedurende het MECO. Hierin is een 
belangrijk doel om vast te stellen wat de temperatuurevolutie van tropische breedtegraden was over 
het Eoceen en MECO (Hoofdstuk 2, 3), en ook wat de oceanografische en milieu-impact was van 
het MECO op verschillende wijd-verspreide locaties (Hoofdstuk 3-6). 

Als methodiek om paleoklimaat en paleomilieu (klimaat en milieu van het verleden) te 
reconstrueren, maak ik in dit proefschrift vooral gebruik van de analyse van gefossiliseerd 
organisch materiaal in aangeboorde oceaansedimenten. Hierbij heb ik met name moleculaire 
fossielen, ofwel biomarkers (Hoofdstuk 2-6) en fossielen van (cysten van) dinoflagellaten, ofwel 
dinocysten (Hoofdstuk 2, 3; 5-7), geanalyseerd. In termen van biomarkers speelt met name de 
TEX86 paleothermometer een hoofdrol. TEX86 beschrijft een ratio tussen bepaalde membraanlipides 
geproduceerd door Archaea en ook Bacteria genaamd glycerol dialkyl glycerol tetraethers (GDGTs). 
Van deze ratio is in de moderne oceaan bekend dat deze samenhangt met temperatuur, omdat 
microben de samenstelling van hun celmembraan aan temperatuur aanpassen. Ook in het verleden 
kan deze zelfde ratio gebruikt worden om temperatuur te reconstrueren. Dinoflagellaten zijn een 
diverse groep eukaryotisch microplankton. In de moderne en ook de Eocene oceaan spelen ze 
zowel een grote rol als autotroof (producenten) en heterotroof (consumenten) plankton. Daarnaast 
kunnen bepaalde dinoflagellaten toxines produceren en schadelijke algenbloei veroorzaken in 
kustgebieden. Hierbij kunnen op grote schaal plankton, vissen, schaaldieren en andere dieren 
geschaad en gedood worden. Er zijn zelfs anekdotes bekend van kreeften die massaal het strand op 
snellen om aan de schadelijke dinoflagellatenbloei te ontsnappen. Maar dinoflagellaten vormen ook 
een nuttig hulpmiddel voor milieu-reconstructies, aangezien hun soortensamenstelling erg gevoelig 
is voor veranderende milieu-condities. De soortensamenstelling van fossiele dinocysten in mariene 
sedimenten kan daarom gebruikt worden om toenmalige condities van het oppervlaktewater te 
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reconstrueren. Het gaat dan om condities zoals hoeveelheid nutriënten, temperatuur, saliniteit en 
stratificatie van oppervlaktewater. Naast deze combinatie van dinocysten en biomarkers wordt nog 
een scala van extra geochemische technieken toegepast in Hoofdstuk 3-5, om op basis van meerdere 
proxies reconstructies van het MECO te maken. 

Synopsis

Hoofdstuk 2 begint met een brede lens en richt zich op temperatuurveranderingen gedurende 
het hele Eoceen (56-34 miljoen jaar geleden). De ruggengraat van het hoofdstuk zijn de Eocene 
sedimenten aangeboord tijdens Ocean Drilling Program Expeditie 159, Site 959, voor de zuidkust 
van West-Afrika. Toepassing van TEX86 paleothermometrie op deze locatie nabij de Eocene 
evenaar toont aan dat Eocene temperatuurevolutie in de tropen de temperaturen van de diepzee 
weerspiegelt. Deze dataset gecombineerd met gepubliceerde data vormt een 26-miljoen jarige 
dataset van klimaatevolutie van de Eocene tropische breedtegraden. Een belangrijke observatie 
is dat zowel voor langdurige veranderingen als korstondige veranderingen, zoals het MECO 
en PETM, de temperatuur van de tropische oceaan exact dezelfde patronen toont als de diepzee. 
Deze synchrone temperatuurevolutie is consistent met de hypothese dat broeikasgassen – en niet 
oceaancirculatie – de primaire aandrijver was achter het Eocene klimaat. Met de nieuwe data laten 
we voorts zien dat er een sterke lineaire relatie is tussen diepzee- en tropische temperaturen. Dit 
impliceert een constante polaire versterking van temperatuurverandering gedurende het Eoceen. 
In het moderne systeem is een belangrijke verklaring van polaire versterking het grote verschil in 
albedo (reflectiviteit) van de polen wanneer wit ijs smelt en donkere oceaan vrijkomt. Ook in een 
ijsvrije wereld was er echter sprake van polaire versterking. Een kwantitatieve vergelijking van onze 
temperatuurcompilaties met klimaatmodel simulaties toont een goede overeenkomst wanneer de 
simulaties met afdoende broeikasgassen worden geforceerd. 

Het MECO van Site 959, herkend in Hoofdstuk 2, wordt vervolgens nader in detail bekeken 
in Hoofdstuk 3. Op basis van een scala aan organische en anorganische geochemische proxies 
reconstrueren we dat het MECO in de oost equatoriale Atlantische oceaan geassocieerd was met 
stratificatie van de oppervlakte oceean, een afname in export productiviteit en afname in zuurstof 
in de waterkolom. Meest opzienbarend is een enorme toename van de dinocyst Polysphaeridium 
zoharyi gedurende het zenith van het MECO. Dit is de cyst van een dinoflagellaat die in de 
moderne oceaan schadelijke algenbloei kan veroorzaken – in dusdanig hoge concentraties dat het 
zeeoppervlak rood kleurt – en dus suggestief voor algenbloei tijdens het MECO. Een compilatie 
met al gepubliceerde data toont aan dat een afname in export productiviteit en voedseltekort op de 
zeebodem mogelijk wijdverbreid was in de Atlantische Oceaan gedurende het MECO. 

In Hoofdstuk 4 verplaatst de focus zich naar het MECO in de epicontinentale Tethys Oceaan; 
een oceaan waarvan onder andere de Middelandse Zee een overblijfsel is, maar die in het Eoceen 
groter was. Voor dit hoofdstuk zijn we op zoek gegaan naar afzettingen van MECO ouderdom in de 
Russische uitlopers van het Kaukasus gebergte - representatief voor een ondiepe zee gedurende het 
MECO. Op basis van TEX86 paleothermometrie warmden oppervlaktewateren op deze locatie met 
ongeveer 2 °C tot een maximale temperatuur van ongeveer 34 °C. Opvallend is een toename in de 
hoeveelheid organisch koolstof tijdens herstel (afkoeling) van het MECO, vergelijkbaar met andere 
locaties in de Tethys Oceaan. Dit zou kunnen duiden op een rol voor begraving van organisch 
koolstof als mechanisme voor afkoeling tijdens MECO terminatie. 
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In Hoofdstuk 5 worden midden-Eocene condities in de Labradorzee gepresenteerd, op basis van 
een combinatie van (organisch) geochemische en palynologische analyses van mariene sedimenten 
van Ocean Drilling Program Site 647. In de moderne oceaan is de Labradorzee een belangrijke 
plek waar oppervlaktewater zinkt om diepwater te vormen. Zowel de dinocystenassociaties als 
d18O ratios van planktonische foraminiferen schetsen een eenduidig beeld van laag zoutgehalte 
in het oppervlaktewater. Gecombineerd met hoge temperaturen aangeduid door de TEX86 
paleothermometer is het onwaarschijnlijk dat in de midden-Eoceen Labradorzee grootschalig 
diepwater werd gevormd. Gesuperimponeerd op deze condities is een tweetal opwarmingen: 
het MECO, maar ook een iets oudere opwarming omstreeks 41.1 miljoen jaar geleden. Beide 
opwarmingen zijn geassocieerd met incursies van plankton (dinocysten en foraminiferen) 
afkomstig van lagere breedtegraden. 

Ook de zuidwest Pacifische oceaan is een belangrijke locatie voor oceaancirculatie. In Hoofdstuk 6 
worden nieuwe en gepubliceerde datasets gecombineerd van het MECO rond de Tasman Gateway – 
de opening tussen Tasmanië en Antarctica die doorstroom van de huidige zeeoppervlaktestroming 
rondom Antarctica faciliteert. Een belangrijke vraag is wat het effect is van opwarmingen zoals 
het MECO op stromingen in de oppervlakteoceaan, onafhankelijk van langzame tectonische 
veranderingen. Dinocystenassociaties in en rondom de Tasman Gateway, bestaande uit een 
combinatie van Antarctisch-endemische soorten, soorten met affiniteit voor lagere breedtegraden, 
en cosmopolieten die overal goed gedijen, kunnen gebruikt worden om oppervlaktecirculatie te 
reconstrueren, aangezien zij als plankton passief meegevoerd worden met de stroming. Op basis 
hiervan kunnen we aantonen dat tijdens het MECO de Oost-Australische stroom waarschijnlijk 
verder naar het zuiden afboog, maar dat stroming door de Tasman Gateway niet veranderde. 
Fossiele pollen in ondiep mariene sedimenten aan de Australische kant van de Tasman Gateway 
tonen verder aan dat hier tijdens het MECO warme gematigde regenwouden inclusief wat tropische 
planten gedijden. 

In Hoofdstuk 3-6 wordt een beeld geschetst van wijdverbreide veranderingen in associaties 
van microfossielen, met name dinocysten, gedurende het MECO. Ook als reactie op huidige 
klimaatverandering is de verwachting dat mariene ecosystem, inclusief het plankton, zullen 
veranderen in soortensamenstelling. Voorspellingen van de geïntegreerde respons van het 
ecosysteem zijn echter lastig vanwege hoge complexiteit en variabiliteit in tijd en ruimte. 
Het geologisch verleden kan hiervoor van nut zijn, aangezien in het fossiele archief juist die 
geïntegreerde respons bewaard blijft. In Hoofdstuk 7 worden veranderingen in associaties 
van microfossielen tijdens het MECO en andere opwarmingen uit het geologisch verleden 
gecontrasteerd. Het gebruik van verschillende statistische technieken biedt nieuwe inzichten in de 
variabiliteit binnen microfossielassociaties in reactie op temperatuurverandering. 

Slotwoord

De resultaten en inzichten beschreven in dit proefschrift bieden nieuwe inzichten op het gebied 
van Eocene temperatuurevolutie, in het bijzonder voor de tropische breedtegraden. Het synchrone 
temperatuurverloop van de Eocene tropen, polen en diepzee is een cruciaal bewijs dat atmosferisch 
CO2 de aandrijvende invloed was van het Eocene klimaat, zowel voor langdurige als kortstondige 
veranderingen. De goede overeenkomst tussen deze reconstructies en huidige-generatie 
klimaatmodellen suggereert dat diezelfde modellen goed zullen presteren in het voorspellen van 
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toekomstige tropische temperaturen en temperatuurgradiënten. Hiernaast wordt een overzicht 
van wijdverbreide veranderingen in klimaat, milieu en oceanografie gedurende het MECO 
gepresenteerd, waarmee belangrijke gaten in ons mondiale beeld van deze fase van opwarming 
worden gedicht. Hoewel opwarming tijdens de MECO zeer traag was in vergelijking met de huidige 
opwarming, en over een periode van ongeveer 500 duizend jaar plaatsvond, zien we toch grote 
veranderingen in biota en oceaancondities als gevolg. Dit suggereert een vergelijkbare, maar wellicht 
extremere respons van het systeem Aarde op de huidige – op geologische schaal razendsnelle – 
klimaatverandering.
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Figuur 1.3 | Gesimplificeerd overzicht van de inhoud van dit proefschrift. a, TEX86-gebaseerde 
zeeoppervlakte temperaturen (zoals gepresenteerd in Hoofdstuk 2) in het rood en d18O-gebaseerde ijsvrije 
diepzee temperaturen in het blauw. b, Paleogeografische kaart van 40 miljoen jaar geleden met de locaties 
die bestudeerd zijn in dit proefschrift, kleur-gecodeerd per hoofdstuk. Tekeningen van bepaalde belangrijke 
soorten microfossielen zijn toegevoegd als gesimplificeerde visualisatie van ecologische veranderingen. Locaties 
van extra datasets gebruikt in hoofdstuk 7 zijn aangegeven als gele cirkels. c, TEX86-gebaseerde zeeoppervlakte 
temperaturen gedurende MECO voor de locatie bestudeerd in Hoofdstuk 3-6. 
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