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1 Research context 
�lobal warming resul�ng from the increase in greenhouse gas emissions since the 

beginning of the industrial era is affec�ng life on Earth. Compared to average atmospheric 
temperature during 1850-1900, global surface temperature on Earth increased 1.1°C 
(2011-2020) and it is projected for the year 2100 that the policies that have been 
implemented so far will result in an increase of 2.5 to 4°C, causing loss of biodiversity, 
more extreme weather events and a rise in global sea level of about 70 cm (IPCC AR6 
Synthesis report, 2023). These changes will increase the risk of water and food scarcity, 
infrastructural damage, and loss of habitable areas, par�cularly in coastal areas due to sea 
level rise. To assess how climate warming through increased greenhouse gas emissions will 
affect the globe, an understanding of the Earth’s systems (biosphere, hydrosphere, 
geosphere, atmosphere, and cryosphere) and how these systems interact with each other 
is essen�al. The cryosphere, that is all land-based ice and sea ice, is mostly situated in the 
polar regions.  

In these polar regions primary produc�vity and therefore marine life in general is 
governed by the seasonal insola�on changes and concomitant waxing and waning of sea 
ice. The ice in the polar regions is not only affected by atmospheric warming, but also, and 
even mainly by warming of the ocean waters. This has already resulted in a reduc�on of 
Arc�c sea ice with important implica�ons for the Earth’s albedo, sea ice-dependent 
ecosystems, burial of organic carbon, and ocean current dynamics (e.g., Post et al., 2013). 
At the beginning of 2014, when this PhD research started, the implica�ons of climate 
warming around Antarc�ca were much less understood. The IPCC AR5 report that had 
been published in 2013 has ‘chan�e of man� characteris�cs of �ntarc�c sea ice’ and ‘mass 
�oss from ��aciers from the �ntarc�c and the o�ser�a�ona� record of ice-ocean 
interac�ons’ listed as two of the key uncertain�es in observa�on of changes in the climate 
system. It is, however, expected that a reduc�on of sea ice around Antarc�ca will have 
even greater implica�ons on the global climate system in comparison to the Arc�c, 
considering that Southern Ocean primary produc�vity accounts for 5% of the global 
primary produc�vity (Arrigo et al., 2008) and is responsible for on average 4%, but 
seasonally up to 25% of the uptake of atmospheric CO2 (Takahashi et al., 2002, 2009). 
�owever, while sea ice concentra�ons in the Arc�c are declining (Comiso and Nishio, 2008; 
�ay et al., 2011; Not� and �arot�ke, 2012), sea ice concentra�ons around Antarc�ca show 
a minor increasing trend on average, although with strong local differences (Comiso and 
Nishio, 2008; Turner et al., 2009; Parkinson and Cavalieri, 2012; Parkinson, 2019). It is 
worth no�ng that the sea ice extent around Antarc�ca reached a record low in February 
2023 (ar�cle by �au�er, 2023, Na�onal Snow and Ice Data Center). Numerical models have 
di�cul�es modeling the trends in sea ice concentra�on observed around Antarc�ca, as 
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ice-ocean interac�ons are not well incorporated, which makes future �ntarc�c sea-ice 
projec�ons highly uncertain (�rzel et al., 2006; Bracegirdle et al., 2008; Bintanja et al., 
2015). Furthermore, the sensi�vity of the �ntarc�c land-based ice to warming is not 
clearly understood as sea level reconstruc�ons suggest �uctua�ons of 20 meter or more 
have occurred over the past 25 million years within 1-thousand-to-1-million-year 
�mespans, but ice sheet models have di�cul�es modeling such a dynamic �ntarc�c ice 
sheet.  �owever, in more recent years, incorpora�on of complex processes in response to 
warming, such as hydrofracturing and cliff failure (see Figure 1), into numerical ice sheet 
models show that the �ntarc�c ice sheet can be more vulnerable to warming than was 
previously thought (�ollard et al., 2015). In addi�on, warming of the Southern Ocean could 
poten�ally result in the collapse of �ntarc�c land-based ice, since today much of the 
�ntarc�c ice sheet is grounded below sea level (Smith et al., 2019; Colleoni et al., 2022). 
Intrusion of warmer waters below the ice shelves will melt the ice sheet from below, 
destabilizing the grounding of these ice sheets and subsequently causing them to collapse 
(see Figure 1). This would result in a global sea level rise. Notably, one third of �ntarc�ca’s 
ice sheet – equivalent to up to 20 meter sea level rise – sits below sea level and is 
vulnerable to collapse from ocean hea�ng (DeConto and �ollard, 2016).  

One avenue of research that may provide clues to sea ice dynamics under warmer 
clima�c condi�ons is to turn to periods in Earth’s geological past that have experienced 
warming. Detailed analysis of these ancient records may provide be�er understanding of 
how warming of the ocean waters may affect the stability of the �ntarc�c ice sheet, and 
surface water condi�ons around �ntarc�ca in general.  

 

Figure 1: Simplified view of an Antarc�c ice shelf and ice sheet res�ng on a retrograde bed and being 
influenced by warm ocean waters from below (figure obtained from Smith et al., 2019). 

1
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2 Sedimentary archives and proxies 
Because environmental condi�ons of (sea-ice covered) ocean surface waters in the 

past cannot be measured directly, we must rely on indirect inferences, so-called proxies, 
based on (present-day) rela�ons and/or correla�ons between the (modern) environmental 
parameters and what is deposited as sediments on the ocean floor, typically recovered by 
scien�fic ocean drilling. Lithogenic and biogenic par�cles are the major cons�tuents of 
sediments around Antarc�ca. The specific Antarc�c environmental condi�ons of the 
surface water such as extremely varying temperature, salinity, availability of light and 
availability of nutrients are home for very specific types and species of microscopic 
plankton. Many of these produce an outer wall made of carbonate, such as foraminifers 
and coccolithophores, or biosilica, as diatoms and radiolarians do, or types of resistant 
organic material, produced by e.g., dinoflagellates, �n�nnids (zooplankton) and various 
prasinophytes (green algae). Remains of these organisms, either morphologically 
recognizable or molecular, will eventually sink to the ocean floor and form part of the 
sediments. However, due to various processes taking place in the water column, such as 
dissolu�on, scavenging by predators, and transport by ocean currents, what is eventually 
buried on the ocean floor is o�en only a frac�on of what is produced in surface waters. 
�evertheless, correla�ons between microplankton remains (microfossils) in ocean floor 
surface sediments and/or their chemical composi�on and surface water environmental 
parameters have been demonstrated (e.g., Lear et al., 2000; Armand et al., 2005; Crosta et 
al., 2005b; Prebble et al., 2013; Zonneveld et al., 2013; Marret et al., 2020) and 
successfully applied to reconstruct past surface water condi�ons from sedimentary 
records, also in the Southern Ocean (Gersonde et al., 2003; Crosta et al., 2008; Bijl et al., 
2011; Sluijs et al., 2011; Bohaty et al., 2012; Houben et al., 2013; Riesselman and Dunbar, 
2013).  

Typically, however, such studies are based on calcareous or biosiliceous microfossil 
groups, and their biochemistry. Research employing organic bio�c remains, including more 
or less in situ and transported elements (e.g., from land), is so far scarcer. Yet, accurate 
reconstruc�ons of, for example, ancient polar environmental condi�ons have been 
demonstrated for many categories or organic walled microfossils (Bijl et al., 2011, 2013a; 
Houben et al., 2013; Sangiorgi et al., 2018), and specific molecular remains derived from 
plankton species, bacteria and/or archaea that are preserved within sediments (Brassell et 
al., 1986; Schouten et al., 2002; Hopmans et al., 2004; Belt et al., 2007). 

Here we explore the organic remains of organisms (such as dinoflagellate cysts and 
archaeal membrane lipids) obtained from the sediments below the ocean floor around 
Antarc�ca further in terms of providing paleoenvironmental clues during periods of 
warming since the establishment of the Antarc�c ice sheets.  
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3 Critical periods in the history of the Antarctic ice sheets 
To study the e�ects of climate warming on the Antarc�c ice sheet in an icehouse 

state, the focus of this thesis lies on the period since the establishment of a large Antarc�c 
ice sheet around 34 million years before present (Ma), mid-way the Cenozoic era (the past 
66 million years). Much of our understanding of global climate change during the Cenozoic 
era comes from high-resolu�on deep-sea oxygen isotope records obtained from 
foraminiferal shells living on the bo�om of the ocean (benthic foraminifera) (Zachos, 2001; 
Lisiecki and Raymo, 2005; Zachos et al., 2008; Westerhold et al., 2020) (see Figure 2). 
Cooling of the bo�om ocean waters as well as the forma�on of con�nental ice sheets 
results in a loss of the lighter 16-O isotope from the ocean waters and therefore 
incorpora�on of rela�vely more of the heavier 18-O isotope in benthic foraminifers. This 
ra�o between lighter and heavier oxygen isotopes is expressed as δ18O and increases with 
declining temperatures and/or ice sheet expansion. Based on this and various sedimentary 
archives from around Antarc�ca (Zachos et al., 1��2; Ivany et al., 2006; Sorlien et al., 2007; 
�ouben et al., 2013; �aleo� et al., 2016) it is clear that a large Antarc�c Ice Sheet (AIS) 
was established during the �ocene-Oligocene Transi�on (�OT), which is marked by a 
stepwise increase of about 1.5‰ in the benthic foraminiferal δ18O record around 34 Ma 
(Zachos, 2001; Coxall et al., 2005). As δ18O ra�o incorporates both a temperature and an 
ice volume signature, increases in the benthic foraminiferal δ18O record a�er the 
establishment of the AIS at 34 Ma thus represent periods of either warming of bo�om 
ocean waters or AIS decline or a combina�on of both.  

Key periods of global warming, represented by rela�vely low δ18O values, have 
been iden��ed in the benthic foraminiferal δ18O record. These periods are of par�cular 
interest when studying sedimentary records near the Antarc�c margin because they may 
provide insight into how much of the δ18O signal is related to ice sheet decline and how 
much to a temperature increase, in other words� the sensi�vity of the Antarc�c ice sheet 
to global warming.  

The IPCC AR6 report (2023) states that it is very likely that greenhouse gases are the 
main driver for current global warming. Of these greenhouse gases carbon dioxide (CO2) 
accounts for most of the radia�ve forcing today with atmospheric concentra�ons well over 
400 ppmv (�a�onal Oceanic and Atmospheric Administra�on, �lobal Monitoring 
Laboratory). Periods in the past with a similar atmospheric CO2 concentra�on as today may 
provide important insights into the sensi�vity of the Antarc�c ice sheet under current CO2 
radia�ve forcing. �uring the Oligocene (�34 - 23 Ma) atmospheric CO2 concentra�ons 
dropped from around 650 ppmv to 400 ppmv and thus correspond to modern and future 
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pro�ec�ons. �he Oligocene is therefore a �ey period for understanding the stability of the 
future Antarc�c Ice Sheet. �ote that based on the rela�onship of CO2 concentra�ons and 
sea level obtained from paleoclima�c reconstruc�ons, global sea level would have been 14 
meters higher than today if the Earth’s system were to reach an equilibrium state under 
modern CO2 forcing (see Figure 3) (Foster and Rohling, 2013). For the main part, this 14-
meter global sea level rise represents the deglacia�on of the West Antarc�c Ice Sheet 
(WAIS, ~3.5 meter) and the Greenland Ice Sheet (GIS, ~7 meter). Furthermore, it seems 
that while CO2 concentra�ons in the atmosphere declined during the Oligocene, the East 

 

Figure 3� �he rela�on bet�een reconstructed atmos�heric C�2 concentra�ons and reconstructed rela�ve 
sea level in the Cenozoic Era; figure obtained from Foster & Rohling (2013). 

1
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Antarc�c Ice Sheet (EAIS) was very stable. However, as con�nental con�gura�on and 
paleotopography and therefore ocean circula�on during this period was different from 
today, other factors such as ocean heat transport might have played a role in the stability 
of the Antarc�c Ice Sheet. It is therefore also important to consider more recent periods of 
global warming as analogues for future warming, such as the Miocene Clima�c Op�mum 
(MCO) (~17-14.5 Ma), the mid-Pliocene warm period (~3 Ma), the Last Interglacial (LIG) 
(~125 thousand years ago (ka)) and the mid-Holocene warm period/thermal maximum (~ 8 
ka) (see  Figure 2). 

4 Neogene changes in continental configuration affecting 
ocean currents of the Southern Ocean 
�hen reconstruc�ng past climate condi�ons, it is important to consider that ocean 

currents may have been different in the past due to a different con�nental con�gura�on. 
The forma�on of the eastward-flowing Antarc�c Circumpolar Current (ACC) has been 
considered important for the establishment and subsequent expansion of the Antarc�c ice 
sheet, as it isolates the Antarc�c con�nent from warmer ocean currents origina�ng from 
lower la�tudes. The ACC may therefore have promoted cooling of the Antarc�c con�nent 
by preven�ng transport of warmer ocean water to the Antarc�c coast (Lagabrielle et al., 
2009; Katz et al., 2011; Bijl et al., 2013a). During the Eocene, Oligocene and Miocene 
periods, Antarc�ca was posi�oned more eastwards than today (van Hinsbergen et al., 
2015), and Australia and South America were posi�oned closer the Antarc�c con�nent. 
Separa�on of Australia from Antarc�ca through the forma�on of the Tasmanian Gateway 
and separa�on of South America from Antarc�ca through the opening of Drake Passage 
eventually resulted in the establishment of the strong flowing ACC we have today. 
However, the �ming of the opening of these ocean gateways and the establishment of a 
strong flowing ACC is controversial. Based on dinoflagellate cyst biogeography and sea 
surface temperature reconstruc�ons it is established that the earliest throughflow of a 
westward Antarc�c Circumpolar Counter Current (ACCC) at the Tasmanian Gateway was 
established in the middle Eocene around 49 Ma (Bijl et al., 2013a). However, a deeper 
ocean eastward flowing circula�on was not present un�l around 33 Ma (S�ckley et al., 
2004; Scher et al., 2015). At Drake Passage, a deep-water throughflow has been suggested 
around 41 Ma (Scher and Mar�n, 200�). The various tectonic plates around Drake Passage 
have been subject to various phases of spreading but also to upli� which may have limited 
throughflow. Therefore, the �ming of a strong ACC through Drake passage has been much 
debated (Lawver and Gahagan, 2003; Livermore et al., 2007; Lagabrielle et al., 2009; 
Maldonado et al., 2014). However, a strong ACC through Drake passage must have 
developed between 24 and 10 Ma. Before that �me, throughflow at Drake Passage may 
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have been temporarily limited, in which case the westward flowing ACCC would have been 
more dominant than the eastward flowing ACC (Hill et al., 2013) (see Figure 4). The 
presence of a weaker ACC during the Eocene, Oligocene and Miocene is important to 
consider as warming along the Antarc�c coast may not be (only) due to warming of the 

 

Figure 4: Modelled global ocean surface current speed for a modern and early Oligocene (Rupelian) 
con�nental con�gura�on �it� a closed �ra�e �assage (�ill et al., 2013). 

1
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climate but also due to the influence of warmer ocean currents. Currents that flow along 
the southern coast of Australia and the western coast of South America would have been 
able to reach (closer to) the coast of Antarc�ca, which would have limited the 
development of sea ice around Antarc�ca and the presence of large ice shelves extending 
from the con�nent into the ocean.  

5 Glacial-interglacial variability 
Another aspect to consider when reconstruc�ng past climate condi�ons is that a 

more short-term variability is overimposed on the warming or cooling trends due to 
changing long-term greenhouse gas concentra�ons in the atmosphere and changing 
con�nental configura�ons. This variability is caused by cyclical changes in the shape of 
Earth’s orbit around the Sun (eccentricity cycle of 100 kyr), the Earth’s �lt (obli�uity cycle 
of 41 kyr) and the movement of the sols�ces and e�uinoxes along Earth’s orbit due to the 
wobbling of the Earth’s axis and the rota�on of the tra�ectory around the Sun (precession 
cycles of 23 and 1� kyr). �ue to the combina�on of these orbital cyclici�es the amount of 
insola�on that a specific la�tude receives during a specific month varies cyclically. In this 
way the amount of insola�on received at 65°N during the summer months has controlled 
the expansion and decline of the northern hemisphere ice sheets during the Pliocene and 
Pleistocene, with periods of low summer insola�on leading to ice sheet expansion 
(Ruddiman, 2003). As previously stated, the forma�on of ice sheets results in the loss of 
the 16-O isotope from the ocean waters and thus the orbital varia�on of ice sheet 
expansion and decline is also reflected in δ18O records of benthic foraminifera around the 
globe. By combining the δ18O records of 57 globally distributed sites a stack was created 
for the past 5.3 Myr, known as the LR04 stack (Lisiecki and Raymo, 2005). The various highs 
and lows within this stack are known as Marine Isotope Stages (MIS) with an assigned 
number and Substages with an assigned le�er. �enerally, posi�ve excursions (glacial 
stages) are even-numbered, and the nega�ve excursions (interglacial stages) are odd-

 

Figure 5: Scheme of marine isotope stage (MIS) numbering for the last 600 kilo years according to 
Railsback et al. (2015). 
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numbered. Glacial-interglacial transi�ons can be recogni�ed as large shi�s from higher to 
lower δ18O values and mark the end of an ice age, also known as a glacial Termina�on, and 
have been numbered with Roman numerals. The Last Interglacial (LIG) is also known as 
MIS5e and the Last Glacial Maximum (LGM) is also known as MIS2. The latest scheme for 
naming and dura�on of the individual isotope stages has been proposed by Railsback et al. 
(2015) (see Figure 5). 

Orbitally induced glacial-interglacial variability within δ18O records has not only 
been observed during the Pliocene and Pleistocene periods, but also further back in �me. 
The Oligocene and Miocene periods show �uctua�ons within the δ18O record of up to 1‰ 
with glacia�ons following a 110-kyr eccentricity cycle (Liebrand et al., 2017) (see Figure 6). 
Considering that no northern hemisphere ice sheet was present during these periods, 
�uctua�ons in δ18O are the result of deep-sea temperature changes and changes in the 
si�e of the �ntarc�c Ice Sheet. Fluctua�ons of 50� to 125� of the present-day East 
�ntarc�c Ice Sheet have been reconstructed for the Oligocene, depending on how much of 
the δ18O signal is related to deep sea temperature (Pekar et al., 2006; DeConto et al., 2008; 
Pekar and Chris�e-Blick, 2008).   

 

Figure 6: δ18O record from ODP Site 1264 (A) and the 110-kyr eccentricity cycle obtained from wavelet 
analysis (B) and filtered from the δ18O-record as shown by the dark blue line in C (Liebrand et al., 2017). 
Earth's 110-kyr, 405-kyr and 2.4-Myr eccentricity cycles are shown with a grey line, light grey and brown 
shading, res�ec�vely. OM� � Oligocene-Miocene �ransi�on, MOGI � Mid-Oligocene Glacial Interval. 

1
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6 The rationale for using indicators (proxies) of surface 
water properties. 
To be able to dis�nguish between the temperature signal and the ice sheet volume 

signal in the δ18O record, independent proxies for temperature reconstruc�on are 
necessary. To reconstruct deep-sea temperatures, the ra�o between magnesium (Mg) and 
calcium (Ca) in benthic foraminiferal shells has been used, since incorpora�on of Mg 
increases with increasing temperature (Lear et al., 2000). However, the use of proxies 
based on foraminifer shells (oxygen isotopes, elemental ra�os) is limited due to poor 
preserva�on of carbonates at the high-la�tude Southern Ocean sea floor because deep 
waters are undersaturated in carbonate so foraminifera hardly preserve and the proxy-
temperature rela�on is based on cri�cal assump�ons on the past composi�on of ocean 
seawater. Therefore, alterna�ve temperature proxies should be considered. As the 
Southern Ocean is a source of deep-water forma�on today and likely was in the past, there 
should be a strong rela�on between the temperature of the surface waters and the 
temperature of the bo�om waters close to the Antarc�c margin. Therefore, the long-term 
surface water temperature trends of the surface waters and deep waters should be very 
similar, which allows the use of surface water temperature proxies to es�mate the 
contribu�on of temperature to the δ18O record, thereby allowing a reconstruc�on of the 
stability and size of the Antarc�c ice sheet. The size and stability of the Antarc�c ice sheet 
will also affect the surface water condi�ons along the Antarc�c coast through sea-ice 
forma�on, meltwater run-off and stra��ca�on. As men�oned, there are many proxies 
based on the remains of plankton, so-called microfossils, to reconstruct surface water 
condi�ons. As preserva�on of carbonate-based microfossil remains in the Southern Ocean 
is poor, records around Antarc�ca are characterized by a high silica content instead. 
Therefore, reconstruc�ons of sea ice concentra�ons mainly rely on the use of diatoms. 
However, diatom frustules can be suscep�ble to dissolu�on because shelf waters around 
Antarc�ca generally contain low concentra�ons of dissolved silica. Furthermore, due to 
burial, the diatom frustules will be affected by diagenesis where the biogenic opal 
dissolves and precipitates as cristobalite and tridymite. Due to this diagene�c front, 
preserva�on of siliceous microfossils in the sediments is limited below a certain depth. So, 
instead of plank�c foraminifera and diatoms for reconstruc�on of surface water 
environmental condi�ons, it is important to consider alterna�ves. Therefore, in this thesis 
we employ the use of organic remains of organisms (organic proxies) and explore their 
poten�al. The organic proxies we use are organic-walled microfossils (palynomorphs) and 
membrane lipids produced by a group of marine Archaea called Thaumarchaeota and by 
some bacteria.  
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6.1 Organic walled microfossils as a proxy for 
paleoenvironmental conditions 
‘Organic (walled) microfossils’ encompass a broad group composed of typically 

single, some�mes colonial, cells of aqua�c and terrestrial origin, ranging across many 
phyla, ranging from terrestrial floras to minute marine and fresh water algal remains. 
These remains are also known as palynomorphs and study of these remains is known as 
palynology, derived from the Greek word παλύνω, which translates to �strewn par�cles�. 
Palynomorphs have been recovered from Southern Ocean sediments before (Hannah et 
al., 2000, 2001; Esper and Zonneveld, 2002; Sluijs et al., 2003; Storkey, 2006; Warny et al., 
2009), but their applica�on for environmental reconstruc�ons at high-la�tudes is 
challenging for various reasons and requires further study. Various species of dinoflagellate 
cysts have been successfully applied for ‘deep �me’ reconstruc�ons of shi�s of Southern 
Ocean fronts during the Oligocene and Miocene, when opening of the Tasmanian Gateway 
and �rake Passage isolated Antarc�ca to allow the build-up of the Antarc�c �ce Sheet 
(Houben et al., 2013; Prebble et al., 2013; Bijl et al., 2018b; Sangiorgi et al., 2018; Hoem et 
al., 2021a, 2021b). Furthermore, dinoflagellate cysts have been employed to reconstruct 
Pleistocene glacial-interglacial variability at sites near Southern Ocean fronts (Howe et al., 
2002; Esper and Zonneveld, 2007), but the use of dinoflagellate cysts for reconstruc�ng 
paleoenvironmental condi�ons in the Southern Ocean in more recent geological (e.g., 
icehouse) �mes is limited, due to the scarcity of the material and because species diversity 
in modern surface sediment samples decreases towards the Antarc�c coast (Esper and 
Zonneveld, 2002, 2007; Zonneveld et al., 2013; Marret et al., 2020). Considering this, it is 
important to expand our knowledge on (other) palynomorphs in the Southern Ocean as 
this could poten�ally enlarge the toolbox to reconstruct paleoenvironmental change near 
the Antarc�c coast. Par�cularly because, as stated above, preserva�on of siliceous and 
carbonate microfossils may be limited on the Southern Ocean sea floor and palynology can 
be an alterna�ve. But also, when other proxies are available, the use of organic walled 
bio�c remains can be an important addi�on for reconstruc�ng paleoenvironmental, 
allowing for the reconstruc�on of a larger por�on of the ecosystem, including not only 
primary producers, but also secondary producers, zooplankton and bo�om-dwelling 
detritus feeders, which may all respond differently to (future) clima�c changes. 

6.2 Membrane lipids and the TEX86 paleothermometer  
Lipids from the cell membranes of marine Thaumarchaeota are used for 

reconstruc�ng past surface water temperatures. Marine Thaumarchaeota are one of the 
dominant prokaryotes in today’s ocean and at higher ambient temperature they 
biosynthesize more cyclopentane moie�es in their membrane lipids. Because par�cularly 
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those membrane lipids that are synthesized in the surface ocean get exported to the ocean 
sediments, where they preserve well, the rela�ve abundance of the cyclopentane moie�es 
of these lipids can be used as a proxy for SST. This proxy is known as TEX86 and is based on 
the distribu�on of isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs), which are the 
lipid remains preserved in sediments (Schouten et al., 2002) (see �igure �). �or calibra�on 
to temperature, a core-top calibra�on is used� an assembly of TEX86 surface sediments 
from global oceans and their associated modern temperatures. Since the original core-top 
calibra�on, which is based on a comparison between a TEX86 index consis�ng of � different 
GDGTs and mean annual sea surface temperature (Schouten et al. 2002), the calibra�on 
dataset has been expanded and improved upon and new calibra�ons based on satellite-
derived temperature data have been developed (Kim et al., 2008, 2010). �ul�ple proxies 
and calibra�ons based on GDGTs now exist, which are all based on the same or a similar 
set of GDGTs (GDGT-0 to GDGT-3, Crenarchaeol and its regio-isomer) (Schouten et al., 
2013).  

Similar to palynomorphs, the applica�on of TEX86 has been challenging at high 
la�tudes, because there is a large sca�er at the low-temperature end (<5°C) of the TEX86-
SST rela�onship. � large part of the various calibra�ons is developed mainly to resolve the 
non-linearity in the TEX86-SST rela�onship that results from this large sca�er. Kim et al. 
(2010) resolved this non-linearity by applying two different indices each with their own 
logarithmic calibra�on depending on the temperature range. These calibra�ons, known as 

 

Figure 7: Molecular structures of GDGT-0 to GDGT-3 and Crenarchaeol, and the TEX86 formula (Schouten 
et al., 2013). 
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TEX86
H (which uses the original TEX86 index for the higher temperatures) and TEX86

L (which 
uses the ra�o of [GDGT-2] over [GDGT-1], [GDGT-2] and [GDGT-3] for the lower 
temperatures) show a be�er �t to both core-top and mesocosm studies than older 
calibra�ons. Both TEX86

L and TEX86
H will produce similar SST es�mates above SSTs of 15°C, 

but below 15°C TEX86
L be�er �ts the core-top data (Kim et al., 2010).  

For this reason, TEX86
L has most o�en been applied in the polar regions. 

�evertheless, the applica�on of either proxy does not resolve the large sca�er in the low-
temperature domain. Ho et al. (2014) have extensively compared the TEX86

L  and linear 
TEX86 calibra�ons of Kim et al. (2010) for the polar regions, and concluded that most of the 
sca�er is caused by regional differences in the Arc�c but that the Southern Ocean TEX86 
values of core tops show good correla�on to today’s yearly mean SSTs derived from the 
World Ocean Atlas of 2009 (WOA09). Instead, Southern Ocean TEX86

L values appear to be 
biased towards warmer temperatures and correlate best with annual summer 
temperatures (Ho et al., 2014). Another complica�ng factor is the fact that the ra�o 
between GDGT-2 and GDGT-3 in the sediments seems to depend on water depth. Shallow 
water sites consistently have a lower GDGT-2/GDGT-3 ra�o than deep water sites (Taylor et 
al., 2013), because the  ‘deep water’ Thaumarchaeota produces rela�vely more GDGT-2 
than the ‘shallow water’ Thaumarchaeota (Villanueva et al., 2015). As TEX86

L is much more 
sensi�ve to changes in the GDGT-2/GDGT-3 ra�o than TEX86 because GDGT-3 is not 
included in the nominator of this index, water depth and/or the rela�ve abundance of 
these ‘deep water’ Thaumarchaeota throughout the water column will have a strong effect 
on TEX86

L-derived sea surface temperatures.  Because the distribu�on of GDGTs 
throughout the water column and the mechanisms by which these GDGTs end up in the 
sediments will likely vary regionally, the type of calibra�on is likely to be regionally 
dependent in paleoclima�c studies (Bijl et al., 2009; Liu et al., 2009; Shevenell et al., 2011; 
Sluijs et al., 2011; Kim et al., 2012a). A later addi�on to the available calibra�on methods 
that aims to resolve this regional variability is the BAYSPAR calibra�on model developed by 
Tierney � Tingley (2014; 2015). This calibra�on is based on a Bayesian spa�ally varying 
regression model, which infers a best es�mate for intersec�on and slope of the calibra�on 
based on an assembly of 20° by 20° spa�al grid boxes that sta�s�cally �t best with a prior 
es�mate of average SST in the region. This latest calibra�on method offers opportuni�es to 
apply TEX86 also at high la�tude Southern Ocean sites based on a calibra�on that does not 
include sites with a different TEX86-SST rela�onship, such as the Arc�c (Ho et al., 2014; 
Tierney and Tingley, 2014). A more regionally based calibra�on will give a more accurate 
sea surface temperature es�mate and will therefore aid our understanding of the climate 
condi�ons close to the Antarc�c ice sheet during periods of warming in the past.  
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7 Material 
To reconstruct environmental condi�ons close to the Antarc�c margin using marine 

palynology and TEX86 for (key) periods in Earth’s history, we rely on cores drilled from the 
ocean floor near the Antarc�c coast. Rela�vely shallow cores of a few meters deep can be 
obtained using piston coring from smaller research vessels. Several expedi�ons have been 
carried out by �erman, French and Italian Antarc�c cruises. �owever, these generally 
contain material that has been deposited over the past 10.000 to a few 100.000 years and 
therefore do not allow for reconstruc�ng environmental condi�ons deeper in �me. For 
this drill cores of hundreds of meters below the ocean floor are obtained by specially 
e�uipped drilling ships. Par�cularly the Interna�onal Ocean Discovery Program (IODP) and 
its predecessors (ODP and DSDP) have carried out expedi�ons to obtain such sedimentary 
records. �owever, because of the harsh condi�ons near the Antarc�c coast due to sea ice, 
strong winds and cold temperatures, drill cores obtained by the DSDP/ODP/IODP 
expedi�ons from near Antarc�ca are rela�vely scarce. At the start of this PhD research, 
only seven expedi�ons were carried out close to the Antarc�c coast and generally with 
poor core recovery: Leg 28 (Ross Sea), Legs 35 and 178 (West Antarc�c Peninsula), Leg 113 
(Weddell Sea), Legs 11� and 188 (Pryd� Bay), and Expedi�on 318 (Wilkes Land). During 
IODP Expedi�on 318, which was carried out in 2010, seven cores (U1355 – U1361) were 
drilled, thereby expanding the available sedimentary archives around Antarc�ca and along 
the previously unexplored East-Antarc�c margin of Wilkes Land (Expedi�on 318 Scien�sts, 
2011a). This region is of par�cular interest as it is located at the seaward termina�on of 
the Wilkes Subglacial Basin, which is largely below sea level with steep reversed 
(retrograde) slopes (Fretwell et al., 2013), making the overlying ice sheet poten�ally 
vulnerable to intrusion of warm ocean waters (see Figure 1). With the retrieval of IODP 
cores U1355 – U1361 sedimentary material spanning the past 54 million years has been 
obtained, allowing for a detailed analysis of some cri�cal periods in Earth’s climate history 
during which the East Antarc�c Ice Sheet (EAIS) evolved to its present-day, rela�vely stable 
con�gura�on. 

8 Synopsis 
As is evident from the above, our understanding of the environmental condi�ons 

close to the Antarc�c margin in a warmer-than-today world is limited. In this thesis 
sediments from the cores that were obtained at Sites U1356 (offshore Wilkes Land) and 
U1357 (Adélie Basin) during IODP Expedi�on 318 to offshore east Antarc�ca and core 
AS05-10 obtained during the XX Italian Antarc�c �ruise are studied to expand our 
knowledge on Southern Ocean palynology and the use of TEX86 as a paleothermometer in 
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the polar regions (see �igure 8). In addi�on, sea surface samples were used from a variety 
of other cores along the East �ntarc�c margin for �hapter 3. 

Samples were taken from various �me intervals with di�erent con�nental 
con�gura�ons and/or atmospheric ��2 concentra�ons. �otably, the various sedimentary 
records used show alterna�ons in lithology, which can be linked to climate (glacial-
interglacial) or seasonal variability. In such cases, samples were taken from both types of 
lithologies to inves�gate if there is any correla�on to the lithology and palynology and/or 
TEX86. To aid our understanding of these pro�ies, new and e�is�ng paleoclimate records 

 

�igure �� �a� �� East �ntarc�ca with sam��e ��ca��ns used in this thesis. SSIE = summer sea ice edge, 
WSIE = winter sea ice edge. 
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based on the diatom content of Southern Ocean cores are compared to our palynological 
and TEX86 results. 

Chapters are organized to follow the stra�graphic order of the studies conducted: 
from the Holocene to the Oligocene (see Figure 9). 

 
In Chapter 2 we explore the palynological content samples from the 170 m-long 

and laminated Holocene core that was drilled at IODP Site U1357 in the Adélie Basin, East 
Antarc�ca. Sedimenta�on rates at this site are excep�onally high, which allowed for 
excep�onal preserva�on of organic material and show poten�al for ultra-high (annual) 
resolu�on studies. The remains of 74 different mainly marine microfossil taxa and/or types 
have been described together with their biological origin and their ecological a�ni�es, if 
known. The remains include phytoplanktonic and zooplanktonic organisms, as well as 
detritus feeders and bo�om-dwelling scavengers from across three eukaryo�c kingdoms. 
Because of the good preserva�on, digital images of new and known species are included. 
Therefore, this chapter contains photographic material and environmental interpreta�on 
of most of the palynomorphs so far discovered in Antarc�c sediment and can hence serve 
as a reference work for future palynological paleoenvironmental studies in the Southern 
Ocean. 

One of the dinoflagellate cyst species encountered at Site U1357 and included in 
the photographic material of Chapter 2 is Nucicla umbiliphora, which we formally describe 
In Chapter 3. This species was depicted as an unknown (protoperidinioid) dinoflagellate 
cyst in four previous studies but lacked a formal descrip�on. It was found in sediments 
spanning a �me period from the �ast Interglacial to �ecent. Based on material from nine 

 

�igure �� �emperature trends for the past �� �a and poten�al geohistorical analogues for future climates 
�red arro�s� ��ur�e et al. ��1��. �he �me intervals studied in the various chapters are indicated. 
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addi�onal core sites, Nucicla is described as an acavate, dorsoventrally compressed cyst 
with a rounded pentagonal outline. It has a hypocyst that is twice as large as the epicyst, a 
large sulcus with the posterior sulcal plate at the antapex and an archaeopyle formed by 
the loss of the three anterior intercalary plates. The species N. umbiliphora is defined 
based on the cyst wall ornamenta�on and archaeopyle shape. �iven that the occurrence 
of this species seems to be limited to the Antarc�c shelf, it can be an indicator of quasi-
annual sea-ice cover in paleoenvironmental studies. Sediments where N. umbiliphora has 
been found are in areas where sea-ice cover is at least 9 months.   

The palynological content of Site U1357 throughout the en�re Holocene is explored 
further in Chapter 4. Here the shi�s in the palynological record of (mostly) surface-water 
dwelling species allowed the determina�on of several intervals, which are likely the result 
of ecosystem turn-overs due to paleoenvironmental changes. We compare the �ming of 
these shi�s to a T��86-based reconstruc�on of the subsurface water temperatures from 
the same core. We make use of the lamina�ons (alterna�ng light and dark laminae) 
present in the core which could indicate spring and summer deposi�on, respec�vely. 
Reconstructed spring subsurface temperatures especially show a strong rela�on to the 
faunal turn-over events within the palynological record. In addi�on, a proxy for export 
produc�vity based on the palynological remains of benthic foraminifera is introduced to 
compare with the palynological content that is derived from surface-water dwelling 
species. �urthermore, a recently published reconstruc�on of the meltwater flux to Site 
U1357 (Ashley et al., 2021), based on the deuterium isotopes within fa�y acids and 
diatom-based paleoenvironmental reconstruc�ons of the well-studied nearby core MD03-
2601 (Crosta et al., 2008; Denis et al., 2009b) are used for comparison. In this way, we get 
a be�er understanding of the ecological a�ni�es of the organic microfossils (from 
�n�nnids, dinoflagellates and prasinophytes) obtained from the record of Site U1357 and 
even some of the microfossil remains with an unknown biological origin. In this chapter we 
highlighted the existence of a degrada�onal bias a�ec�ng some palynomorphs, as some of 
the �n�nnid and dinoflagellate remains with typically thinner walls are only present in the 
upper sediment record regardless the excep�onal overall preserva�on. This means that 
some palynomorphs may not be present downcore even in a record with such excep�onal 
preserva�on of organic ma�er because of selec�ve preserva�on. In this chapter we 
conclude that true faunal turn-over events occur at the transi�on from the early Holocene 
to the mid-Holocene, when subsurface water temperatures increase by about 2°C and sea 
ice concentra�ons decline; and around 3.0 ka, when the meltwater flux to the study site 
decreases and increased mixing with deeper waters leads to more nutrient availability, 
resul�ng in increased primary produc�vity. This underlines the fact that increased 
meltwater flux from the Antarc�c mainland and/or reduc�on of sea-ice concentra�ons 
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due to current global warming can have strong implica�ons for ecosystems around 
Antarc�ca as a whole. 

�ow ecosystem changes near Antarc�ca reflect the waxing and waning of the 
Antarc�c ice sheet and the associated paleoenvironmental changes in the surface waters 
on glacial-interglacial �mescales is discussed in Chapter 5. In this chapter microfossil 
remains, including dinoflagellates as well as diatoms and benthic foraminifera, TEX86 
together with other organic and inorganic geochemistry proxies, and sedimentology 
obtained from core AS05-10 will be combined to reconstruct the paleoenvironmental 
condi�ons o� the Ross Sea margin (Adare �asin) during Marine Isotope Stages 9 to 5 (350 
to 70 ka). For each of the glacial-interglacial transi�ons a clear succession of events is 
recogni�ed� a�er (near-)permanent sea ice cover during the glacial stages, ice-shelf break-
up follows with episodic ice-free areas and surface water stra��ca�on due to meltwater 
release. This is followed by the establishment of the high produc�vity Marginal Sea-ice 
Zone (MIZ) over site AS05-10 and a further retreat of the summer sea ice margin south of 
site AS05-10 during the interglacials. For MIS5e (peak warming of the Last Interglacial) it is 
established that highest produc�vity was reached due to an increased length of the 
blooming season and an increased nutrient supply. TEX86-based temperatures 
reconstructed for this period suggest (summer) temperatures of 2.5°C warmer than today. 
The paleoenvironmental changes at the onset of each glacial Termina�on resemble global 
warming e�ects around Antarc�ca today, considering that surface water temperatures 
west of the Antarc�c Peninsula have already risen by 1°C since 1955 (Meredith and King, 
2005) and the release of meltwater from the Antarc�c mainland into the Southern Ocean 
has increased, resul�ng in freshening of the Ross Sea (Jacobs et al., 2002). It is therefore 
not unreasonable that future global warming is likely to result in a reduc�on of the sea ice 
concentra�ons around Antarc�ca, despite the fact that sea ice concentra�ons around 
Antarc�ca currently show no clear trend with local increases opposed to recent declines 
(Comiso and Nishio, 2008; Yuan et al., 2017; Parkinson, 2019). 

At site AS05-10, preserva�on of GDGTs and dinoflagellate cysts is not excep�onal 
resul�ng from a combina�on of limited produc�vity in the surface waters due to high sea 
ice concentra�ons during the glacial periods and generally well-oxygenated bo�om waters 
at the site. Although an increased preserva�on of organic ma�er, including dinoflagellate 
cysts and GDGTs, during the interglacial periods is indica�ve of paleoenvironmental change 
reflec�ng decreased bo�om water oxygena�on and�or enhanced primary produc�vity, 
most paleoenvironmental changes at AS05-10 are inferred from the diatom record. 
�owever, for paleoenvironmental reconstruc�ons further back in �me, preserva�on of 
diatoms can become limited due to diagene�c altera�on of biogenic opal. So, deep-�me 
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reconstruc�ons of paleoenvironmental condi�ons rely much more on the preserva�on of 
organic microfossils and biomarkers.  

IO�� Expedi�on 318 offshore Wilkes Land (East Antarc�ca) was designed to recover 
material that would provide insight into the Antarc�c cryosphere dynamics, i.e. the waxing 
and waning of the Antarc�c ice sheet, during periods with higher than present CO2 
concentra�ons and the ini�a�on of the sea-ice (eco)system. CO2 concentra�ons in the 
atmosphere today (constantly higher than 400 ppm since 2013, Na�onal Oceanic and 
Atmospheric Administra�on, �lobal Monitoring Laboratory) are comparable to those 
during (most of) the Oligocene (34 – 23 Ma) and the Miocene (23 – 5 Ma). It is therefore 
very fortunate that the core that was obtained from Site U1356 covers the nearly the 
en�re Oligocene period and parts of the Miocene period and that preserva�on of organic 
ma�er, including dinoflagellate cysts and ���Ts, was also reasonable to good. Based on 
the lithology of this core, glacial and interglacial facies were dis�nguished (Salabarnada et 
al., 2018). This dis�nc�on between colder glacial and warmer interglacial periods during 
the Oligocene-Miocene is confirmed by the palynological content (dinoflagellate cysts) (Bijl 
et al., 2018b) and for the Oligocene also by reconstructed TEX86-based sea surface 
temperatures, which are presented in Chapter 6. In this chapter we show that during the 
Oligocene temperatures off the Wilkes Land coast were on average about 17°C and 
decrease towards about 11°C during the Mid-Miocene Climate Transi�on in agreement 
with the general lack of sea-ice dinoflagellate cysts and mostly oligotrophic species in this 
part of the record (Bijl et al., 2018b). Compared to average sea surface temperatures of 
1°C today, these condi�ons are extremely warm, and likely the result of Antarc�ca not 
being fully isolated by a strong Antarc�c Circumpolar Current. Site U1356 was also 
posi�oned more northerly than today and was possibly s�ll under the influence of warm 
ocean currents coming from the southern coast of Australia. A novelty presented here is 
that this represents the first study that considers retrieving temperature proxies from 
sediments of which detailed lithology is known with clear alterna�ons (likely) related to 
glacial-interglacial variability. This has allowed us to conclude that the temperatures 
obtained from the interglacial facies are significantly warmer (1.5 – 3.1°C) than those 
obtained from the glacial facies. The reconstructed long-term temperature trends follow 
the long-term trends of the benthic δ18O records. Assuming that bo�om-water forma�on 
occurred near the Antarc�c margin, the long-term temperature trends as well as the 
glacial-interglacial temperature variability that is reconstructed for the surface waters off 
the Wilkes Land coast, will be relayed to the deep ocean. This means that a large part of 
the long-term trends and variability during the Oligocene within the δ18O record is due to 
the bo�om-water temperature component within the δ18O signal rather than the ice 
volume component. This would suggest that during the Oligocene the Antarc�c ice sheet 
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was rela�vely stable with li�le effect on global sea level while CO2 concentra�ons declined, 
which is in agreement with Foster and Rohling (2013) (Figure 2). It is likely, that, in contrast 
to today, much of the Antarc�c ice sheet was grounded above sea level during the 
Oligocene, making it less vulnerable to basal melt (Miller et al., 2020; Colleoni et al., 2022). 

9 Concluding remarks and future research 
This thesis shows that the analysis of organic bio�c remains and notably the TEX86-

based paleothermometer is an important component in paleoenvironmental research in 
circum-Antarc�c sediment records. 

�owever, as with many proxies, a preserva�on bias should always be considered as 
is clear from the richness of organic remains obtained from Site U1357 in comparison to 
the poor preserva�on of organic material in core AS05-10. It has been my experience that 
considering the scarcity of available material from around Antarc�ca, all available proxies 
should be used to build a complete history of paleoenvironmental changes. For example, 
the samples with palynological content and a sufficient amount of GDGTs in core AS05-10 
were few and mainly obtained from the interval that represents MIS5e, but as such they 
are an important indicator for how excep�onal MIS5e was compared to other interglacials 
during the Pleistocene. 

Taking into account sedimentology (glacial versus interglacial deposits and light 
versus dark lamina) prior to sampling has proven to be a beneficial approach. As is shown 
by the different temperature trends obtained from glacial and interglacial deposits at Site 
U1356, climate condi�ons and trends may differ between glacial and interglacial periods. 
Determining independently whether samples are derived from glacial or interglacial 
deposits will also prevent any apparent trends that could result from sampling rela�vely 
more interglacial deposits versus glacial deposits in one part of the record, or vice versa. 
Similarly, changes in surface water temperature through �me can be very different for 
each season as demonstrated by the spring and summer temperature trends at Site 
U1357.  

Future research needs to focus on finetuning and expanding the available proxies 
that can be used for paleoclimate research at high la�tudes. Further analysis of the 
palynomorphs obtained from Site U1357 described in Chapter 2 will aid Southern Ocean 
palynological studies in the years to come and that the origin of some of the unknowns 
will be discovered. Although an effort has been made to compare shi�s in the 
palynological content to paleoenvironmental change recorded in exis�ng records near Site 
U1357, it would be best when the palynological content of Site U1357 is compared to the 
diatoms from Site U1357. Currently, a detailed diatom record of Site U1357 has not been 
published.  
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Considering TEX86, the �A�S�AR calibra�on method may be considered by some an 
improvement to previous calibra�ons. �evertheless, it relies on assump�ons about the 
water column depth the GDGTs are derived from and a prior es�mate of average seawater 
temperature. In addi�on, it is not always clear whether there is any seasonal bias or if 
there is a bias due to changes in the rela�ve contribu�on of ‘shallow water’ versus ‘deep 
water’ communi�es. In general, I believe that TEX86-based temperature reconstruc�ons 
are a good reflec�on of the temperature trend, but absolute temperature es�mates 
should be tuned to other available temperature proxies. It is therefore s�ll tricky to find 
the ideal calibra�on and I hope that addi�onal proxies will be developed. Recently a new 
calibra�on techni�ue has been developed for TEX86 based on modern machine learning 
tools (Dunkley Jones et al., 2020), which has already been applied at the TEX86 dataset of 
Site U1356 (Duncan et al., 2022). In addi�on, some pilot studies have been carried out by 
using indices based on hydroxy-GDGTs, which are more abundant in polar regions and may 
be temperature dependent. I have done some tes�ng with hydroxy-GDGTs obtained from 
the samples and cores used in this thesis (results are not published nor part of this thesis) 
and I hope this work will be con�nued to further improve our GDGT-based temperature 
reconstruc�ons. 

Lastly, with the retrieval of cores from Site U1356, the first near-complete record of 
the Oligocene was obtained from near the Antarc�c Coast. Chapter 5 (Hartman et al., 
2018c) and publica�ons by �ijl et al. (2018b) and Salabarnada et al. (2018) have given us a 
be�er understanding of the paleoenvironmental condi�ons near the Antarc�c coast during 
the Oligocene, however this is just one record. Moreover, considering that the Wilkes Land 
coast was under influence of the warmer proto-Leeuwin current flowing along the south 
coast of Australia during the Eocene and possibly to some degree during the Oligocene as 
well, Site U1356 would have been one of the warmest sites around Antarc�ca at that �me. 
It is therefore necessary that more cores from this period are obtained from around 
Antarc�ca. Steps to a more complete understanding of the Oligocene Southern Ocean 
have already been taken by Hoem et al. (2021a, 2021b) and Duncan et al. (2022). 
Reitera�ng that atmospheric CO2 concentra�ons today are similar to that during the 
Oligocene and the Miocene, ge�ng a more and more complete picture of cryosphere 
variability during the Oligocene and Miocene is essen�al for future climate projec�ons.  
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Abstract 
Integrated �cean �rilling �rogram (I���) �xpedi�on 31� recovered a ~170 m long
Holocene organic-rich sedimentary sequence at Site U1357. Located within the narrow
but deep �d�lie �asin close to the �ntarc�c margin, the site accumulated sediments at
excep�onally high sedimenta�on rates, which resulted in extraordinary preserva�on of
the organic sedimentary component. Here, we present an overview of 74 different mainly
marine microfossil taxa and/or types found within the organic component of the
sediment, which include the remains of unicellular and higher organisms from three
eukaryo�c kingdoms (�hromista, �lantae and �nimalia). These remains include
phytoplanktonic (phototrophic dinoflagellates and prasinophytes) and very diverse
�ooplanktonic (heterotrophic dinoflagellates, �n�nnids, copepods) organisms. We
illustrate each marine microfossil taxon or type iden��ed by providing morphological
details and photographic images, which will help with their iden��ca�on in future studies.
We also review their ecological preferences to aid future (palaeo)ecological and
(palaeo)environmental studies. The planktonic assemblage shows a high degree of
endemism related to the strong influence of the sea-ice system over Site U1357. In
addi�on, we found the remains of various species of detritus feeders and bo�om-dwelling 
scavengers (benthic foraminifers and annelid worms) indica�ve of high export
produc�vity at Site U1357. This study shows the poten�al of organic microfossil remains
for reconstruc�ng past environmental condi�ons, such as sea-ice cover and (export) 
produc�vity. 
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1 Introduction 
Site U1357 was drilled as part of the Integrated Ocean Drilling Program (IODP) 

�xpedi�on 318 and is located in the Ad�lie �asin downwind and downcurrent from the 
Mertz Glacier Polynya. Polynyas are seasonal openings within the sea ice formed through 
the ver�cal mixing of warmer subsurface waters or through advec�on from the coast by 
wind or currents (Arrigo et al., 1998a; Arrigo and van Dijken, 2003; Morales Maqueda et 
al., 200�). �hese polynyas overlying the Antarc�c shelf fuel increased primary produc�vity 
through nutrient release and sustain en�re ecosystems including marine mammals and 
birds (S�rling, 1997; Arrigo and van Dijken, 2003). �he Mertz Glacier Polynya is one of the 
larger and more produc�ve coastal polynyas of the Antarc�c margin (Arrigo and van 
Dijken, 2003). Annually, the Mertz Glacier Polynya is open between December and March, 
which allows for blooms of primary produc�vity (on average over the bloom period 
0.31±0.26 g C m-2 d-1) and therefore increased par�cle fluxes to the sea floor (Arrigo and 
van Dijken, 2003). Over the Holocene, this process has accumulated 172 meters of 
diatomaceous ooze. In addi�on to the diatoms, the sediments from Site U1357 contain 
abundant microfossil remains le� behind by a large variety of phytoplankton species and 
their predators. Although organic microplankton remains are less commonly used for 
reconstruc�ng past environmental condi�ons (e.g., sea ice, temperature, produc�vity) in 
the Southern Ocean because not all organic remains are able to withstand lithi�ca�on 
processes and�or oxygen degrada�on, the organic microplankton remains of Site U1357 
are excep�onally well preserved. �he high organic carbon content of these sediments 
includes not only dinoflagellate cysts, but also less commonly preserved material such as 
�n�nnid loricae. In addi�on, the remains of higher animal taxa, foraminifers, chlorophytes 
and ciliates were men�oned (�xpedi�on 318 Scien�sts, 2011b). �he whole organic 
microfossil abundance and diversity of the unique sediments from Site U1357 has the 
poten�al of increasing our knowledge on Holocene environmental changes within a 
polynya-controlled environment closer to the Antarc�c margin than the generally less 
diverse dinoflagellate cyst assemblages south of the sea-ice edge.  

�uture changes in sea-ice concentra�on due to global warming will likely affect 
Southern Ocean primary produc�vity, but how the seasonal sea-ice concentra�ons will 
change under current global warming and how this will affect primary produc�vity is s�ll 
highly uncertain (Deppeler and Davidson, 2017). With respect to coastal polynyas there is 
even higher uncertainty on how climate change will affect them because the expected 
increased temperatures and increased precipita�on have counterac�ng effects on polynya 
size (Marsland et al., 2007). In this regard, there is a growing need for high-resolu�on 
sedimentary archives from close to the Antarc�c margin, which straddle past warmer �me 
intervals, and accurate proxies that can be used to reconstruct past sea surface condi�ons 
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(e.g., sea-ice concentra�ons, sea surface temperature, and produc�vity). However, before 
we can interpret the diverse and highly abundant organic microfossil assemblages from 
the polynya sediments from Site U1357 and other �ntarc�c coastal records in terms of 
palaeoenvironmental changes, an accurate review of their ecological preferences is 
required. To this end, we have compiled an overview of the palynomorphs that we 
encountered in IODP Hole U1357B, and reviewed the palaeoenvironmental a�ni�es of 
known marine organic microfossils.  

2 Material 
Site U1357 was triple cored to ensure maximum recovery of the sequence. Hole 

U1357B was drilled at a depth of 1017 meter below sea level and recovered about 172 of 
the sedimentary succession (Expedi�on 318 Scien�sts, 2011b). The lithology of Hole 
U1357B consists of dark black sediment, the surface of which oxidizes post-recovery into 
an alterna�on of cen�metre-scale lighter and darker green layers of diatomaceous ooze, 
with a diatom content of 80���% (Expedi�on 318 Scien�sts, 2011b). Throughout the core 
the total organic carbon (TOC) has been consistently high with values between 1 and 2 
wt% (Expedi�on 318 Scien�sts, 2011b). For this review a total of 34 samples, taken 
throughout the 172 meters of recovery, were examined for their palynological content. 
Samples were obtained from both dark- and light-coloured laminae and covering the 
en�re Holocene record to an�cipate poten�al di�erences in the palynological assemblage 
between lamina types and shi�s in the palynological composi�on through �me. In Chapter 
4 we will discuss the changes in palynological content through �me for 
palaeoenvironmental interpreta�ons.  

3 Methods 
3.1 Palynological processing 

For palynological processing, samples were freeze-dried, weighted, and ground 
manually in a mortar. For quan�ta�ve analyses a tablet of Lycopodium clavatum spores 
was added, and the sediment was we�ed with an �gepon dilu�on (1:200). To remove 
carbonates and silicates, the samples were treated with 30% cold HCl and 38% cold HF 
respec�vely. Subsequently, samples were shaken for 2 h at 250 rpm, a�er which the 
samples were diluted with tap water and le� to se�le for 24 h. ��er decanta�on, 30% HCl 
was added to remove fluoride gels, tap water was added and the samples were 
centrifuged, a�er which the samples were decanted again. The material was treated once 
more with 38% HF and all subsequent steps. The organic residue was sieved using a 10-μm 
mesh sieve and clumps were fragmented using ultrasound. Heavy minerals were removed 
by pouring the residue from the sieve into an evapora�ng dish floa�ng in an ultrasonic 
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bath and decan�ng this back into the sieve a�er 5 minutes. �o oxida�on was applied. The 
frac�on � 10-�m was concentrated to �1 ml of glycerine-water and a frac�on thereof was 
mounted on a microscope slide using glycerine jelly. Samples are stored in the microscope 
slide collec�on of the Laboratory of Palaeobotany and Palynology at Utrecht University. 

3.2 Microscope photography 
Images were taken at either 400x, 630x or 1000x magnifica�on using a Leica 

DM2500 LED microscope with mounted Leica MC170 HD camera. In some cases the live z-
stacking tool Live Image Builder (LIB) within the Leica Applica�on Suite so�ware 4.0 was 
used. Z-stacking constructs a two-dimensional (2D) image from a 3D object by combining 
the areas in focus from mul�ple images, which is ideal for 3D microscopic objects. 

3.3 Taxonomic framework 
Because we have encountered palynomorphs derived from taxa within various 

eukaryote kingdoms, we have chosen to structure this review of organic microfossils 
according to the most recent systema�c classifica�ons of these taxa. The classifica�on we 
use is based on the publica�ons of Ruggiero et al. (2015) for the Chromista, and on a lower 
taxonomic level Fensome et al. (1993) and the online classifica�on Dinoflaj3 (Williams et 
al., 2017) for the dinoflagellate cysts; and Agatha and Strüder-Kypke (2012) and Agatha 
and Strüder-Kypke (2013) for the �n�nnids. For the classifica�on of chlorophytes we rely 
on several molecular phylogene�c and classifica�on studies (�akayama et al., 1998; 
Guillou et al., 2004; Marin and Melkonian, 2010; Tragin et al., 2016). In cases in which we 
were able to iden�fy the remains of higher organisms at class level at least, they have 
been structured according to known classifica�ons as well� Marley et al. (2011) for the 
tardigrades and Fauchald (1977) and Struck et al. (2006) for the eunicid polychaete worms. 
Acritarchs are classified according to Downie et al. (1963). Remaining uniden�fied organic 
microfossils and reworked palynomorphs are listed at the end of our review.  

4 Background and terminology 
Because this review comprises the remains from a very broad array of organic 

microplankton, we first provide background informa�on for the larger microplankton 
groups. First, relevant descrip�ve terminology for each of the palynomorph types is given 
to aid the morphological descrip�ons of each species in the Results sec�on. Second, we 
explain on a superordinate level the rela�onship between the microfossils in the 
sediments and their species living in the water column from which they originate and how 
we can interpret these in terms of environmental condi�ons. Species-specific ecological 
preferences are discussed in the Results sec�on in more detail. 
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4.1 Dinoflagellates and their cysts 
4.1.1 Descriptive terminology 

Dinoflagellate cysts are produced as part of a dinoflagellate’s life cycle. 
Dinoflagellate cysts are characterized by a cingulum and sulcus, the shallow depressions 
that mark the posi�on of the two flagella of the dinoflagellate and an archaeopyle, the 
hole through which the living dinoflagellate escapes its cyst (Evi�, 1985). Dinoflagellate 
cysts can be produced by thecate (armoured) and athecate (naked) dinoflagellates. In the 
case of thecate dinoflagellates the tabula�on of the cyst (paratabula�on) reflects the 
tabula�on (plate arrangement) of the theca, which is uni�ue for each species (Evi�, 1985). 
In these cysts, the archaeopyle is o�en formed through the loss of a dis�nct set of 
paraplates, which is used for classi�ca�on (Fensome et al., 1993). Furthermore, 
dinoflagellate cysts can possess a wide variety of wall ornamenta�ons that either reflect 
the tabula�on of the theca of the mo�le cell or do not correspond to this tabula�on at all 
(Evi�, 1985). The larger morphological diversity of dinoflagellate cysts versus mo�le 
dinoflagellates as well as their stra�graphic applica�on has led to a taxonomic 
classi�ca�on for cysts separate from the classi�ca�on of the biological species (Evi�, 
1985). Because the biological species is unknown for many dinoflagellate cysts, we also 
apply the classi�ca�on of dinoflagellate cysts and primarily list the dinoflagellate cyst taxa 
below unless the dinoflagellate cyst has none, in which case we use ‘Cyst of [biological 
taxon]’. 

4.1.2 Fossil-plankton-ecosystem relationships 
In the Southern Ocean, dinoflagellates form one of the largest microplankton group 

a�er diatoms and �haeoc����, blooming in late summer in response to the sea-ice decline 
and phytoplankton (i.e. diatom) blooms (Garrison and Buck, 1989; Andreoli et al., 1995; 
Clarke and Leakey, 1996; Assmy et al., 2014). The taxonomic diversity includes species with 
various life strategies including heterotrophic and phototrophic lifestyles, parasi�sm, 
symbiosis and phagotrophy (Evi�, 1985). Among heterotrophic dinoflagellates, a wide 
variety of feeding strategies is applied to a large varia�on of prey, including prey that is 
larger than the dinoflagellates themselves (Jacobson, 1999). Therefore, they can be 
important for top-down control of phytoplankton blooms (Bjørnsen and Kuparinen, 1991). 
However, because only a minority of dinoflagellates produces cysts, which can be 
preserved in the sediments (Evi�, 1985), the cysts found in Hole U1357B are not 
representa�ve of the total dinoflagellate abundance and diversity in the surface waters. 
The cysts of dinoflagellates have, however, proven to be powerful tools for reconstruc�ng 
past sea surface-water condi�ons, because their distribu�on in the surface sediments has 
been linked to speci�c surface-water environmental condi�ons, such as temperature and 
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produc�vity (e.g., Pross � Brinkhuis 200�; Esper � Zonneveld 2007). Although 
dinoflagellate cyst assemblages do not show much species diversity in most Holocene ice-
proximal Southern Ocean records (Harland et al., 1999; Howe et al., 2002; Esper and 
Zonneveld, 2007) or within recent sediments (Marret and De Vernal, 1997; Harland et al., 
1998; Wrenn et al., 1998; Harland and Pudsey, 1999; Marret et al., 2001; Esper and 
Zonneveld, 2002, 2007; Pieńkowski et al., 2013b; Prebble et al., 2013), the distribu�on of 
dinoflagellate cysts in the sediments has been linked to the Southern Ocean fronts and the 
sea-ice extent (Marret and De Vernal, 1997; Harland et al., 1998; Esper and Zonneveld, 
2002, 2007; Prebble et al., 2013). As they become generally very scarce south of the 
maximum sea-ice edge (Marret and De Vernal, 1997; Harland et al., 1998), dinoflagellate 
cyst abundances have been useful for inferring the posi�on of the maximum sea-ice edge 
throughout the Quaternary (Harland et al., 1999; Howe et al., 2002). South of the 
Subantarc�c Front, the dinoflagellate cyst assemblage in the surface sediments is 
dominated by heterotrophic species (Marret and De Vernal, 1997; Harland et al., 1998; 
Esper and Zonneveld, 2002, 2007; Prebble et al., 2013). This means that prey availability 
likely determines their distribu�on in the surface sediments. For example, it has been 
shown that the dominance of a certain heterotrophic dinoflagellate species in the water 
column is in part controlled by the size of the available prey, as certain prey is too large for 
some types of feeding strategies that dinoflagellates apply (Assmy et al., 2014).  

While dinoflagellate cysts are usually found in surface sediments, the cyst of the 
photosynthe�c dinoflagellate Polarella glacialis is abundant in the sea ice and underlying 
waters (Montresor et al., 1999, 2003 and references therein), but it has seldom been 
found in surface sediments (Ichinomiya et al., 2008; Heikkilä et al., 2014). Instead, its 
biogeographic distribu�on is based on reports from fast ice along the Antarc�c coast 
(Thomson et al., 200�) and D�A extrac�on from water column and sediment samples 
(Rengefors et al., 2008; Boere et al., 2009). 

4.2 Tintinnid loricae 
4.2.1 Descriptive terminology 

Unlike other spirotrich ciliates, �n�nnids are the only group that produces a shell, 
the so-called lorica. These loricae have an oral opening at the anterior end through which 
adoral membranelles (used for swimming and feeding) of the ciliate protrude when the 
�n�nnid is in its extended state (Agatha et al., 2013). In most cases the lorica is larger than 
the cell proper so that it is able to retract within the lorica for protec�on (Agatha et al., 
2013). The posterior end of the lorica can have various forms (a.o. conical, globular or 
tubular) and the anterior collar can possess openings (fenestrae).  The vast majority of 
�n�nnids build a transparent lorica, known as a hyaline lorica (Agatha et al., 2013). 
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However, a selec�on of �n�nnid genera agglomerates mineral or biogenic par�cles to their 
lorica to form a so-called hard lorica, or a lorica with a hard bowl if the par�cles only s�ck 
to the posterior end (Agatha et al., 2013). Palynological treatment with hydrochloric and 
hydrofluoric acid will dissolve the siliceous and carbonate microfossils (e.g., diatom 
frustules and coccoliths) of the �n�nnids with hard lorica. However, most of the underlying 
organic shells of hard loricae and hyaline loricae are able to withstand these acid 
treatments (Agatha and Simon, 2012). The lorica is probably built from crystalline proteins 
(Agatha and Simon, 2012; Agatha et al., 2013), which also makes it resistant to a certain 
degree of diagenesis. For this reason, �n�nnids can be used as environmental proxies in 
palynological studies. This is, however, not common prac�ce. Tin�nnids have been used in 
Antarc�c paleoenvironmental reconstruc�ons before (Ace �ake, Antarc�ca), although no 
palynological treatment was applied here (Cromer et al., 2005).  

Because the shape of the lorica is species specific, iden�fica�on can be achieved at 
species level based on the lorica only. However, there is an increasing awareness of 
considerable morphological plas�city within species, which is related to the life cycle 
stages of the ciliate (Boltovskoy et al., 1990; Wasik, 1998; Agatha et al., 2013; Dolan et al., 
2013b). The intraspecific morphological varie�es of several Antarc�c species were recently 
confirmed by a gene�c study (�im et al., 2013). 

4.2.2 Fossil-plankton-ecosystem relationships 
Within the Southern Ocean there is a large diversity of endemic and more 

widespread species (Dolan et al., 2012). The geographic distribu�on of Southern Ocean 
�n�nnids, based on plankton studies, shows that there is a rela�on between the 
distribu�on of �n�nnids and the Southern Ocean fronts (Dolan et al., 2012). In general, 
however, �n�nnids are only a minority component of the microzooplankton in the 
Southern Ocean compared to, for example, heterotrophic dinoflagellates (Dolan et al., 
2012). Tin�nnids feed on a wide variety of prey ranging from picozooplankton to 
microzooplankton size, including diatoms, dinoflagellates and chlorophytes (Montagnes, 
2013).  �emains of the la�er two taxonomic groups in par�cular have also been found in 
Hole U1357B. Furthermore, it has been shown that species endemic to the Antarc�c 
coastal waters become rela�vely more abundant when the phytoplankton community is 
dominated by �hae������ (Dolan et al., 2013b). It is, however, uncertain whether a 
predator-prey rela�onship is involved here, as spirotrich ciliates in general are known to 
have difficulty preying on �hae������ colonies and only feed on individual cells (Dolan et 
al., 2013b). The range of organisms that feed on �n�nnids is also extensive, but reported 
predators of the �n�nnids endemic to the Antarc�c are limited to copepods, small 
malacostracans (e.g., krill) and ostracods (Stoecker, 2013). 
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4.3 Foraminifer linings 
4.3.1 Descriptive terminology 

Mainly benthic foraminifera produce a foraminiferal lining between their cytoplasm 
and their calcareous or arenaceous shell (De Vernal, 2009). However, planktonic species 
produce an inner lining as well (Hemleben et al., 1977), some of which may be preserved 
in the sediments (Arai and Koutsoukos, 1998). Our focus here lies on the linings of benthic 
foraminifera, which remain a�er the calcareous or arenaceous shell has been dissolved. 
Dissolu�on can occur in the sediment pore waters or a�er palynological processing. 
Foraminiferal linings are composed of a complex mixture of polysaccharide and protein 
macromolecules with some chi�n deriva�ves and even traces of lignin deriva�ves (Ní 
Fhlaithearta et al., 2013), which makes most linings resistant to lithi�ca�on processes and 
palynological acid treatments. However, not all foraminiferal linings survive lithi�ca�on 
and acid treatment. It has been suggested for calcareous benthic foraminifera that the 
thickness, and therefore its preserva�on poten�al, is linked to the thickness of the 
calcareous test and therefore the capacity of the foraminifer to bind magnesium (Ní 
Fhlaithearta et al., 2013). At Site U1357, calcareous tests of benthic foraminifera have been 
recorded (�xpedi�on 318 Scien�sts, 2011b). Similar to the tests, the foraminiferal linings 
occur in various forms, and can be recognized as a series of spherical or half-moon-shaped, 
reddish brown chambers arranged in a spiral form (trochospiral or planispiral), as a bunch 
of grapes (triserial), or as a bead necklace (uniserial).  

4.3.2 Fossil-organism-ecosystem relationships 
Because benthic foraminiferal linings are preserved be�er than the calcareous shell, 

which may dissolve in the sediment pore waters, they have been considered a be�er 
representa�on of benthic (paleo)produc�vity than the calcareous shells (De Vernal, 2009). 
Benthic produc�vity is controlled mainly by the availability of free oxygen in the bo�om 
waters and the nutrient supply from the surface waters (Jorissen et al., 1995; Thomas et 
al., 1995), which links the produc�vity at the sea floor to surface-water produc�vity. It has 
been suggested that the abundance of epifaunal versus infaunal species is directly related 
to the amount of organic material that reaches the sea floor (Thomas et al., 1995). 
However, high abundances of epifaunal species could also reflect a well-ven�lated bo�om-
water environment with pulsed high primary produc�vity in the surface waters (Jorissen et 
al., 1995; Thomas et al., 1995; Costello and Bauch, 1997). Conversely, high abundances of 
infaunal species could reflect regions with high surface-water produc�vity and a sustained 
flux of organic ma�er to the sea floor, which consumes oxygen and could result in low 
oxygen concentra�ons in the bo�om waters (Thomas et al., 1995). Although it is not 
always possible to determine the foraminifer species from the benthic foraminifer linings, 
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uniserial or triserial forms are generally infaunal, while trochospiral forms are more 
commonly epifaunal (Corliss, 1991). 

4.4 Prasinophyte phycomata 
4.4.1 Descriptive terminology 

Phycomata are the reproduc�ve cysts formed during the asexual reproduc�on of 
scaled green algae (prasinophytes). Although many prasinopytes produce cysts (e.g., 
Daugbjerg 2000; Moro et al. 2002; Moestrup et al. 2003), these appear to be mostly 
polysaccharide in nature and are therefore not preserved in the sediments (O’Kelly, 2007). 
However, within the order of Pyramimonadales, one of the most basal clades of green 
algae (Nakayama et al., 1998; Guillou et al., 2004; Suda et al., 2013), the family of 
Halosphaeraceae make a mul�layered phycoma (res�ng spore) of which at least one of the 
layers is made from sporopollenin, which makes them fossilizable (Colbath and Grenfell, 
1995). Originally the phycomata of prasinophytes found in the fossil record were classified 
as acritarchs un�l the resemblance was no�ced between the former acritarchs 
C�ma�osphaera and Pterospermella and the phycomata of species of Pterosperma 
(Mar�n, 1993). �arious types of prasinophyte phycomata are known from palynological 
records (Mar�n, 1993; Colbath and Grenfell, 1995; Mudie et al., 2011). Because many of 
them were originally formally described from sedimentary deposits, these phycomata have 
their own taxon (Colbath and Grenfell, 1995). The surface wall of prasinophyte phycomata 
can be smooth or ornamented, including the presence of pores and (equatorial) wings or 
ridges, which are termed alae (Parke et al., 1978; Colbath and Grenfell, 1995). 

4.4.2 Fossil-plankton-ecosystem relationships 
Prasinophytes are predominantly marine plankton (Parke et al. 1978; O’Kelly, 2007). 

In addi�on, studies based on pigment signatures of Antarc�c seawater show that 
prasinophyte abundances in general increase during periods of decreased stra�fica�on 
(Rozema et al., 2017) with the highest prasinophyte pigments found offshore below the 
mixed layer depth (Hashihama et al., 2008; Kozlowski et al., 2011). Because stra�fica�on 
along the Antarc�c coast is directly related to the presence of sea ice and/or meltwater 
run-off from the con�nent, increased amounts of prasinophytes should instead reflect 
more open ocean condi�ons (Rozema et al., 2017). However, some prasinophytes occur in 
fresh and brackish water environments, and fossil phycomata of prasinophytes have 
mainly been found in associa�on with inshore shallow lagoonal and deltaic environments 
(Mudie et al., 2010). Also in the Arc�c, pigment signatures show that the highest 
prasinophyte concentra�ons are located in cool, nitrogen-depleted, meltwater-influenced 
surface waters (Fujiwara et al., 2014). It is possible that these Arc�c prasinophytes are 
different species than those living offshore of Antarc�ca and therefore have different 
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environmental preferences, but species-specific ecological preferences for phycomate 
prasinophytes (i.e. Halosphaeraceae) are not available. Species-specific biogeographic 
informa�on has been mainly obtained from phytoplankton checklists (Moita & Vilarinho 
1999; Hällfors 2004; Guilloux et al. 2013; Medvedeva & Nikulina 2014; Veen et al. 2015; 
C�r�u� 2017) and the online Global Biodiversity Informa�on Facility (GBIF: 
h�ps:��www.gbif-uat.org�, last access 23 September 2018) and is therefore rather patchy. 
Ecological inferences based on the presence of prasinophyte phycomata should therefore 
be made carefully, in par�cular because ecologically the Pyramimonadales (including 
Halosphaeraceae) only represent a minor component of the green algae (Tragin et al., 
2016). It is known, however, that several species within Pyramimonadales have been 
associated with sea-ice-dominated environments of the �ntarc�c (Daugbjerg, 2000; Moro 
et al., 2002). This is also evident from the fossil record in which fossil prasinophyte 
phycomata have been found in sediment cores and surface sediments from the shelves of 
the �oss Sea, Prydz Bay and the �ntarc�c Peninsula (Hannah et al., 1998; Wrenn et al., 
1998; Hannah, 2006; Warny et al., 2006, 2009; Warny, 2009; Clowes et al., 2016). In sea-
ice-dominated environments, fossil prasinophyte phycomata have been associated with 
the sea-ice edge and increased stra�fica�on a�er sea-ice retreat (Mudie et al., 1992; 
Wrenn et al., 1998; Hannah, 2006). Pyramimonadales are considered important spring 
bloomers around �ntarc�ca (Varela et al., 2002) and Greenland (Har�ard��r et al., 2014) 
and might be important in maintaining the heterotrophic microbial community during the 
winter (Har�ard��r et al., 2014). �lthough prasinophytes are predominantly autotrophic, 
mixotrophy has also been reported as a means to survive the cold light-limited �ntarc�c 
winters (Bell and Laybourn-Parry, 2003).  

4.5 Scolecodonts 
4.5.1 Descriptive terminology 

While annelids are so�-bodied organisms and generally do not fossilize, the 
hardened jaw parts of eunicid annelids are commonly found in fossil assemblages da�ng 
back to the late Cambrian (Struck et al., 2006). In this context they are commonly known 
as ‘scolecodonts’ (Struck et al., 2006). The eunicid jaw apparatus consists of mandibles and 
rows of maxillary pieces with or without carrier (Fauchald, 1977; Struck et al., 2006). Jaw 
morphologies are quite similar between taxa, but in general three major types are 
dis�nguished based on the number of maxillae and the shape of the carrier: ctenognath, 
prionognath and labidognath (Struck et al., 2006). 

4.5.2 Fossil-plankton-ecosystem relationships 
Scolecodonts have been reported from Cretaceous, Oligocene and Miocene 

�ntarc�c drill holes or outcrops (Szaniawski and Wrona, 1987; Hannah et al., 2000; 
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Amenábar et al., 2014; Warny et al., 2016), but never as such from Antarc�c or Southern 
Ocean Holocene deposits. Considering that scolecodonts are the remains of benthic 
organisms, their presence is indica�ve of oxygenated bo�om-water condi�ons. S�ll, when 
part of the palynological assemblage, scolecodonts are generally not used for 
paleoenvironmental interpreta�on because eunicid mandible parts are o�en difficult to 
relate to extant taxa and difficult to dis�nguish from the sclero�zed mouthparts of 
cladocerans and chaetognaths (Mudie et al., 2011). Possible scolecodonts are discussed in 
sec�on 5.7 �Palynomorphs of unknown affinity�. The characteris�cs of eunicid jaw 
apparatuses have, however, been extensively compared at family level and their 
phylogene�c rela�onships have been discussed (�auchald, 1977; Struck et al., 2006). We 
are therefore fairly certain that the eucinid jaws found in the samples of Hole U1357B are 
of the ctenognath type (rela�vely large basal maxillae and symmetrical rows of numerous 
anterior den�cles in longitudinal series without carriers) and therefore belong to the 
family of Dorvilleidae (Struck et al., 2006). 

The knowledge of Antarc�c or Southern Ocean dorvilleids is limited, but recently 
the experimental deployment of whale bones off the coast of Decep�on Island (South 
Shetland Islands) has led to the discovery of some new dorvilleid species: these include 
Parougia diapason (Taboada et al., 2015), Ophryotrocha clava and Ophryotrocha orensanzi 
(Taboada et al., 2013). 

4.6 Arthropod remains 
4.6.1 Descriptive terminology 

Some of the remains in the samples of Hole U1357B were iden��ed as derived 
from copepods, but for other thick-walled, yellow, chi�nous remains the true biological 
affinity is unknown. These palynomorphs are possibly derived from crustacean 
exoskeletons as their appearance resembles that of known copepod remains. We discuss 
these in sec�on 5.7 �Palynomorphs of unknown affinity�. The palynomorphs that were 
iden��ed as belonging to copepods are listed under the subclass Copepoda in the Results 
sec�on. Among these remains are chi�nous body parts, but also copepod eggs and 
spermatophores.  

Copepod egg sizes can range between 60 and 300 μm (Koga 1968; van Waveren 
1992; Belmonte 1998) and can be a common component in palynological assemblages  
(van Waveren 1992; Mudie et al. 2010; Mudie et al. 2011; Candel et al. 2013). In general 
copepods produce two types of eggs: quiescent subitaneous eggs, which are produced 
under unfavourable environmental condi�ons and hatch open within a few weeks when 
condi�ons improve; and diapause eggs, which are produced when copepod produc�on is 
highest and during popula�on decline, and will not open un�l a�er a gene-controlled 
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refractory phase is over (Marcus, 1996; Castellani and Lucas, 2003; Katajisto, 2003; Hansen 
et al., 2010; Berasategui et al., 2012). These diapause eggs are able to remain viable for 
several decades (Marcus, 1996). Both subitaneous and diapause eggs can be smooth or 
ornamented, but diapause eggs possess a thicker egg envelope consis�ng of mul�ple 
layers (Santella and Ianora, 1990; Marcus, 1996). Various ornamenta�on types of 
subitaneous and diapause eggs have been described, ranging from smooth to re�culate, 
covered with short, long, and/or branched spines, or with a equatorial wing (Koga, 1968; 
Santella and Ianora, 1990; Belmonte, 1992, van Waveren 1992; Belmonte, 1998; Hansen et 
al., 2010). It has been suggested that such surface ornamenta�on provides protec�on 
against carnivores or serves as a floa�ng device (Koga, 1968; �umont et al., 2002). Some 
eggs might appear smooth under the light microscope but when viewed under scanning 
electron microscope are rough or finely tuberculated (Belmonte, 1998; Berasategui et al., 
2012). The morphology of the eggs is not known for all of the Southern Ocean species, and 
studies on copepod reproduc�on generally report the amount of copepod egg (and also 
spermatophore) observa�ons and do not describe their morphology (e.g., Swadling 1998; 
Loots et al. 2009). 

4.6.2 Fossil-organism-ecosystem relationships 
In palynological studies, fragments of chi�nous body parts of arthropods are 

common components of the non-pollen palynomorph assemblage (Mudie et al., 2011). 
Marine arthropods (i.e. crustaceans) include the Antarc�c krill Euphausia superba and 
amphipods, but in par�cular copepods as they can comprise more than 75% of the 
Southern Ocean standing biomass (Atkinson et al., 2012). Copepods are important grazers 
in the Southern Ocean, feeding predominantly on large-range diatom species (Pasternak 
and Schnack-Schiel, 2001). However, some species supplement their diets by a certain 
degree of carnivory, preying on dinoflagellates, small crustaceans and protozoans during 
early spring, when phytoplankton is s�ll scarce (Atkinson, 1998; Pasternak and Schnack-
Schiel, 2001). The produc�on of faecal pellets by copepods is an important mechanism for 
the export produc�vity of organic material to the sea floor (Harris, 2001), also in coastal 
high-la�tude water (�abiano et al., 1997; Smith �r. et al., 2011), and therefore has likely 
contributed to the high sedimenta�on rates in the Adélie Basin. Today, only three species 
of copepods are found in the sea ice and water column close to our study site in the Adélie 
Basin: Drescheriella glacialis, Stephos longipes, and �aralabidocera antarc�ca, the la�er of 
which was the most abundant (Loots et al., 2009). 

Taxonomy on the species level is not possible on the exoskeleton parts found in 
Hole U1357B, because these are fragmentary. However, using the online database 
��iversity and �eographic �istribu�on of Marine Planktonic Copepods” of Razouls et al. 
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(2005-2017) we have been able to iden�fy several copepod exoskeleton parts. In par�cular 
mandibular gnathobases can poten�ally provide informa�on on the different copepod taxa 
from which we find the remains in the samples of Hole U1357B. Mandibular gnathobases 
are the basal parts of the copepod mandibles and are used for crushing and mincing food 
(Michels and Gorb, 2015). Mandibular gnathobases consist of a chi�nous exoskeleton with 
sockets on which opal teeth (crown- or cap-like structures) are located (Michels and Gorb, 
2015). Palynological processing of the material from Hole U1357B will have dissolved 
these opal teeth, making iden�fica�on on the species level more difficult. It also means 
that the sizes, both absolute and rela�ve, of the preserved chi�nous tooth sockets do not 
necessarily represent the original sizes of the teeth that have been dissolved from these 
sockets. In future studies, it might be possible to �uan�fy copepod diversity if, e.g., eggs 
and mandibular gnathobases can be iden�fied on the genus or species level. Changes in 
the diversity of copepod species in the sediments could be related to the sea-ice extent 
(Swadling, 1998; Loots et al., 2009; Kramer et al., 2011). Because of the difficul�es with 
assigning copepod remains to par�cular genera or species, a geographic distribu�on and 
environmental interpreta�on are generally not provided for the copepod remains. 

4.7 Acritarchs 
4.7.1 Descriptive terminology 

Acritarchs are hollow, organic-walled and have a wide range of morphologies and 
surface-wall ornamenta�ons (Mar�n, 1993). Surface-wall ornamenta�ons can include 
ridges (septa) or processes (Mar�n, 1993). Most of the acritarchs described here have a 
single circular opening or pylome. By conven�on a single circular opening is said to be 
apical and a pylome is defined as a (sub)circular opening whose periphery is dis�nct before 
excystment (Mar�n, 1993). �he pylome is closed off by a lid, the operculum (Mar�n, 
1993). 

4.7.2 Fossil-plankton-ecosystem relationships 
Acritarchs are the remains of a variety unicellular biological affinity (red and green 

algae), although their exact origin is uncertain. Under the group Acritarcha we discuss 
known acritarchs that have a genus and species name. Other palynomorphs (including 
hollow organic-walled specimens) with unknown biological affinity are listed in sec�on 5.7 
�Palynomorphs of unknown affinity�. �he geographic distribu�on of acritarch species is 
primarily based on palynological studies of recent marine surface sediments.  

4.8 Reworked material 
Pollen, spores, and some dinoflagellate cysts recovered from Hole U1357B are 

considered part of the reworked assemblage as they clearly reflect input from older strata. 
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The eutardigrade egg found in Hole U1357B is also probably derived from the Antarc�c 
mainland. Modern-day biogeographic informa�on and ecological preferences for these 
species are therefore not relevant for this study and generally not provided here. However, 
�ualita�vely, increased abundances of reworked material could be related to increased 
iceberg discharge and/or ice-shelf collapse, or submarine slope instability, since early 
Cenozoic and Cretaceous strata do surface on the Antarc�c con�nental shelf in the region 
(E�pedi�on 318 �cien�sts, 2011b). 

5 Results 
5.1 Dinoflagellate cysts 

Kingdom CHROMISTA Cavalier-Smith 1981 
Subkingdom HAROSA Cavalier-Smith 2010 

Infrakingdom HALVARIA Cavalier-Smith 2010 
Superphylum ALVEOLATA Cavalier-Smith 1991 

Phylum MIOZOA Cavalier-Smith 1987 
Division DINOFLAGELLATA (Bütschli, 1885) Fensome et al. 1993 

Subdivision DINOKARYOTA Fensome et al. 1993  
Class DINOPHYCEAE Pascher 1914 

Subclass GYMNODINIPHYCIDAE Fensome et al. 1993 
Order GYMNODINIALES Apstein 1909 

Suborder GYMNODINIINEAE Fensome et al. 1993 
Family GYMNODINIACEAE Lankester 1885 

Genus Gymnodinium Stein 1878 
Cyst of Gymnodinium microreticulatum Bolch et al. 1999 (Plate 2, figure 9–16) 

These are spherical brown-coloured 
microre�culate cysts with chasmic archaeopyles. �ome�mes only half-cysts are found, 
when the chasmic archaeopyle has ruptured the cyst in two. Only four modern 
dinoflagellate species are known to produce these kind of fossilizable cysts and they all 
belong to the naked (unarmoured) dinoflagellate genus Gymnodinium, namely 
Gymnodinium catenatum Graham (cyst described by Anderson et al. 1988), Gymnodinium 
nolleri Ellegaard & Moestrup 1999, Gymnodinium microre�culatum, and Gymnodinium 
trapeziforme A�aran-Fariman & Bolch 2007 in A�aran-Fariman et al. (2007). G. 
trapeziforme is, however, not spherical like the specimens found in the samples of Hole 
U1357B, but subrectangular (A�aran-Fariman et al., 2007). The cysts of the other three 
species are spherical and look very similar under the light microscope, but they can be 
dis�nguished primarily by their colour and size (Bolch et al., 1999). Cysts of G. 
microre�culatum are the smallest of the three species (17-28 μm) and have a pale brown 
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or purplish brown colour versus the reddish brown of G. nolleri and G. catenatum. There 
is, however, some overlap between the size ranges of G. nolleri and G. microre�culatum 
(Bolch et al., 1999; Ribeiro et al., 2012a). S�ll, G. nolleri possesses fewer rows of rela�vely 
larger paravesicles in the paracingular area (Ribeiro et al., 2012a). �n addi�on, the chasmic 
archaeopyle G. microre�culatum runs along the parasulcus and not along the 
paracingulum as is the case for the other two species (Bolch et al., 1999). However, 
paracingular ruptures could be present due to damage during sedimenta�on (Bolch et al., 
1999). Based on the size and pale brown colour of the microre�culate cysts encountered in 
the samples of Hole U1357B we assign these cysts to G. microre�culatum. We have not 
been able to dis�nguish a paracingulum due to the small size of the paravesicles, but as G. 
nolleri possesses a paracingulum with be�er-recognizable larger vesicles this also suggests 
that our specimens are G. microre�culatum. 

Biological taxon: Gymnodinium microre�culatum. 
Dimensions: Cysts diameters range between 28 and 36 μm (average: 31 μm, n=8). 
�eogra�hic distri���on: The distribu�on of microre�culate Gymnodinium cysts in 

coastal marine sediments is rather patchy and is probably influenced by ship ballast water 
(Hallegraeff, 1998; Bolch and Reynolds, 2002). The highest abundances of cysts of G. 
microre�culatum have been found in surface sediments of southern Australia and 
Tasmania, but also in Uruguay, Hong Kong, the Chinese coast, the Russian east coast and 
Portugal (Amorim et al., 2001; Bolch and Reynolds, 2002; Orlova et al., 2004; Ribeiro et al., 
2012a, 2016). 

The fossil record: Palynological records of cyst-forming Gymnodinium species are 
sparse. To our knowledge records are only available from the Ka�egat (south-western 
Scandinavia) (Thorsen et al., 1995; Fjellså and Nordberg, 1996), the Adria�c Sea (Sangiorgi 
and Donders, 2004), and the Portuguese margin (Ribeiro et al., 2012a, 2016). There are 
therefore no published records of G. microre�culatum in the Southern Ocean. However, 
there is one account that states that G. microre�culatum has only been introduced in 
southern Australian waters within the past 50 years (McMinn, 2002). 

�cological �references and en�ironmental inter�reta�on: The large distribu�on 
area renders this species a generalist: the associated broad temperature and salinity range 
makes it difficult to infer ecological preferences. Culture experiments have only been 
performed with a temperature range of 17°C - 25°C and 26-35 g/L (Bolch et al., 1999). 
However, its occurrence in samples of Hole U1357B suggests it is able to live under much 
cooler temperature condi�ons. All three spherical cyst-forming Gymnodinium species are 
autotrophic, and increased abundances of the three species have been associated with an 
increased influence of warmer waters and surface-water stra��ca�on (Ribeiro et al., 
2016). Notably, however, cysts of Gymnodinium cf. catenatum have also been found in 
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northern high la�tudes along the Russian east coast (�rlova et al., 2004), thereby 
confirming the ability of spherical cyst-forming Gymnodinium species to live in rela�vely 
colder waters. 

Order SUESSIALES Fensome et al. 1993 
Family SUESSIACEAE Fensome et al. 1993 

Genus Polarella Montresor, Procaccini & Stoecker 1999 
Cysts of Polarella glacialis Montresor, Procaccini & Stoecker 1999 (Plate 2, figure 21-23) 

�or�holog� and iden��ca�on: This is a small, ovoidal, transparent cyst with more 
than 40 solid, spiny processes. The cyst wall is rela�vely thick. Most specimens have been 
found with cell content. Paratabula�on is not visible on the cyst underneath the light 
microscope, but it is known from scanning electron microscope images that each spiny 
process reflects a paraplate (Montresor et al., 1999). This species was described from the 
brine in upper sea ice at McMurdo Sound, Ross Sea and is the first account of a free-living 
species in the order Suessiales, which before its official descrip�on only included fossil ta�a 
and symbionts (Montresor et al., 1999). 

Biological taxon: Polarella glacialis. 
Dimensions: The cyst length is 14±1 μm (n=3). 
�eogra�hic distri���on: The occurrence of its cysts in fast ice of the Weddell Sea 

(Buck et al., 1992), Ross Sea (Stoecker et al., 1997; Montresor et al., 1999; Andreoli et al., 
2000) and Prydz Bay areas (Thomson et al. 2004; 2006), but also in water samples from 
Prydz Bay (Rengefors et al., 2008) and the Arc�c (Montresor et al. 2003 and references 
therein), indicate an Antarc�c circumpolar and bipolar distribu�on for Polarella glacialis. 
There are only a few accounts of cysts of P. glacialis in surface sediments: from the Hudson 
Bay area (Heikkilä et al., 2014) and off the coast near Syowa sta�on, �ueen Maud �and, 
Antarc�ca (Ichinomiya et al., 2008), and the Ross Sea (�rancesca Sangiorgi, unpubl. data). 

The fossil record: Cysts (and fossil 18S rDNA) of P. glacialis have rarely been found 
in surface sediments and never below the upper few cen�metres of sediment cores 
(Ichinomiya et al., 2008; Boere et al., 2009; Heikkilä et al., 2014), which may be because 
the cyst lacks dinosporin allowing for long-term preserva�on (Montresor et al., 1999). The 
fact that we find cysts of P. glacialis several metres deep underlines the e�cep�onal 
preserva�on of organic ma�er in Hole U1357B.   

�cological �references and en�ironmental inter�reta�on: In Hole U1357B Polarella 
glacialis is one of the three autotrophic dinoflagellate species (the others being G. 
microre�culatum and Impagidinium pallidum) that were found in situ. It has been shown 
that the highest concentra�ons of P. glacialis occur in the upper ice layers of fast ice, but 
are generally poorly represented in pack ice (Stoecker et al., 1997; Andreoli et al., 2000; 
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Thomson et al., 2006). Mass excystment of P. glacialis occurs at -6°C and 100 psu in austral 
spring (around early �ovember) a�er which the number of cells increases un�l early 
December (Stoecker et al., 1997; Thomson et al., 2006). Sexual reproduc�on takes place at 
around -2°C and 37 psu followed by encystment (Thomson et al., 2006). Large amounts of 
these cysts are released into the water column through brine re�ec�on in late spring 
(Thomson et al., 2006). Considering the low preserva�onal poten�al, the presence of P. 
glacialis is indica�ve of the nearby fast ice extending from the �ntarc�c coast, but should 
be interpreted as a preserva�on signal as the disappearance of P. glacialis from the 
sedimentary record does not necessarily mean the fast ice has retreated. 

Subclass PERIDINIPHYCIDAE Fensome et al. 1993  
Order GONYAULACALES Taylor 1980 

Suborder GONYAULACINEAE (autonym) 
Family GONYAULACACEAE Lindemann 1928 

Subfamily GONYAULACOIDEAE Fensome et al. 1993 
Genus Impagidinium Stover & Evitt 1978 

Impagidinium pallidum Bujak 1984 (Plate 1, figure 29–35) 

�o���olog� an� i�en��ca�on: This species possesses very high septa (up to 15 
μm) compared to the cyst diameter. Unlike other Impagidinium species these septa are not 
placed on a central body, but together form a thin-walled envelop with polygonal fields. 
The cyst is very transparent and can therefore be easily overlooked. However, in the 
samples of U1357B it is commonly found with a spherical body with cell content inside the 
transparent cyst. 

Biological taxon: Cyst of Gonyaulax sp. indet. (Head, 1996; Zonneveld et al., 2013). 
Dimensions: The cyst lengths range between 59 and 102 μm (average: 77μm, n=5) 

and the diameter of the central spherical body is 39±10 μm (n=3). 
�eog�a��ic �ist�i���on: The highest rela�ve abundances of I. pallidum are 

observed in areas influenced by the melt-back of seasonal sea ice in both the �rc�c and 
the �ntarc�c (Mudie, 1992; Marret and De Vernal, 1997; De Vernal et al., 2001; Kunz-
Pirrung et al., 2001; Esper and Zonneveld, 2007; Bonnet et al., 2010; Pieńkowski et al., 
2013b; Zonneveld et al., 2013). In the Southern Ocean, it is generally restricted to waters 
south of the Subtropical Front (Marret and De Vernal, 1997; Crouch et al., 2010; Verleye 
and Louwye, 2010; Prebble et al., 2013), but remarkably very low amounts of I. pallidum 
have been found in surface samples of the south-east �tlan�c Ocean (Esper and 
Zonneveld, 2002). In the �rc�c, highest abundances of I. pallidum cysts are found in 
sediments of the deeper parts of the �rc�c basins underlying the pack-ice margin (Mudie, 
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1992; Mudie and Harland, 1996). However, specimens of I. pallidum have been found in 
the Mediterranean and e�uatorial east Atlan�c (Zonneveld et al., 2013).  

The fossil record: I. pallidum is a par�cularly long-ranging species. Notably, it was 
first described from North Pacific sediments with ages ranging from the late Eocene to 
Pleistocene (Bujak, 1984). Also in the Southern Ocean, occurrences of I. pallidum date 
back as far as the Oligocene (Stocchi et al., 2013; Bijl et al., 2018b). Temperatures close to 
the Antarc�c margin at that �me were much warmer than today (Petersen & Schrag 2015; 
Chapter 6) and it has been suggested that it was s�ll able to tolerate much warmer 
temperatures during Pliocene-Pleistocene �mes, which could e�plain its modern bipolar 
distribu�on (De Schepper et al., 2011). This is also supported by accounts of I. pallidum 
from Oligocene to Pliocene strata from the Mediterranean area (Versteegh and Zonneveld, 
1994; Zevenboom et al. 1994). In more recent Quaternary records of the Southern Ocean, 
the highest abundances of I. pallidum have been found during the interglacial stages south 
of the Subantarc�c Front (SAF) (Esper and Zonneveld, 2007). North of the SAF the highest 
abundances are found during the glacial stages (Marret et al., 2001). 

�colo�ical prefere�ces a�d e��iro��e�tal i�terpreta�o�: This is one of the three 
autotrophic dinoflagellate cyst species encountered in the samples of Hole U1357B. In 
both the Arc�c and the Antarc�c, cysts are associated with temperatures between -1.7°C 
and 5.4°C (Mudie, 1992; De Vernal et al., 1997; Marret and De Vernal, 1997; Esper and 
Zonneveld, 2007; Zonneveld et al., 2013). In palynological records it is therefore also 
generally treated as a cold-water species (De Vernal et al., 2001; Brinkhuis et al., 2003), 
although it seems to have been more tolerant to warmer temperatures in the past 
(Versteegh and Zonneveld, 1994; Sangiorgi et al., 2018). Its affinity for the pack-ice margin 
in the Arc�c could mean an affinity for the seasonal meltback and the associated 
stra�fica�on and nutrient release (Mudie, 1992; Mudie and Harland, 1996). Also around 
Antarc�ca it is most abundant in nutrient-rich waters south of the APF and the seasonal 
sea-ice zone (Marret and De Vernal, 1997; Marret et al., 2001; Esper and Zonneveld, 
2007).  
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Order PERIDINIALES Haeckel 1894  
Suborder PERIDINIINEAE Fensome et al. 1993 

Family PROTOPERIDINIACEAE (Bujak and Davies in Fensome et al 1998) (Fensome et 
al. 1998) 

Subfamily PROTOPERIDINIOIDEAE Bujak and Davies 1983 
Genus Cryodinium Esper et Zonneveld 2002 

Cryodinium meridianum Esper et Zonneveld 2002 (Plate 1, figure 1–5) 

 Cryodinium meridianum is a brown, spherical, 
scabrate dino�agellate cyst with septa �ridges� re�ec�ng the paratabula�on ��sper and 
�onneveld, ������ �s in the original descrip�on of the species, the height of the septa of 
the specimens in Hole U1357B is highly variable and can be very faint in the specimens of 
Hole U1357B� �he combina�on of scabra�on and low septa is very characteris�c and 
allows for iden��ca�on even if the archaeopyle, which is formed through the loss of two 

Plate 1 (previous page):  
Figure 1-3: Cryodinium meridianum with cell content and faint septa, U1357B-16H-1W 63–65 cm, slide 1, 
E.F.: E17.2, upper, mid and lower focus.  
Figure 4-5: Cryodinium meridianum �a�ened with clear septa, U1357B-8H-3W 54–56 cm, slide 1, E.F.: 
U28.4, upper and lower focus. 
Figure 6-8: Cryodinium sp. 1 with cell content, U1357B-16H-1W 63–65 cm, slide 1, E.F.: O18.2, upper, mid 
and lower focus. 
Figure 9: Vozzhennikovia aperture, oblique antapical view, U1357B-3H-7W 10–12 cm, slide 1, E.F.: J23.4, 
lower focus. 
Figure 10-12: Spinidinium colemanni, oblique dorsal view, U1357B-2H-4W 111-113 cm, slide 1, E.F.: E20.2, 
upper, mid and lower focus. 
Figure 13: Selenopemphix antarc�ca, (ant)apical view, U1357B-18H-4W 2–3 cm, slide 1, E.F.: D35.2, upper 
focus. 
Figure 14-15: Nucicla umbiliphora, dorsal side up, U1357B-6H-4W 86-88 cm, slide 1, E.F.: K24.1, upper and 
lower focus. 
Figure 16: Dictyocys�d lorica sac, U1357B-16H-1W 63–65 cm, slide 1, E.F.: G21.4. 
Figure 17: Dictyocys�d lorica sac, U1357B-17H-1W 18–20 cm, slide 1, E.F.: E25.1. 
Figure 18-20: Selenopemphix sp. 1 sensu Esper & Zonneveld 2007, antapical side up, U1357B-6H-4W 86–
88 cm, slide 1, E.F.: T30.4, upper, mid and lower focus. 
Figure 21: Selenopemphix sp. 1 sensu Esper & Zonneveld 2007, lateral view, U1357B-19H-2W 39–41 cm, 
slide 1, E.F.: J29.4, LIB image. 
Figure 22-24: Vozzhenikovia netrona, oblique apical view, U1357B-19H-2W 39–41 cm, slide 1, E.F.: F24.1, 
upper and lower focus, and lower focus on the antapical horn. 
Figure 25-26: Enneadocysta dictyos�la, lateral view, U1357B-6H-6W 123–125 cm, slide 1, E.F.: J28.3, upper 
focus on the ragged clypeate processes and mid focus. 
Figure 27: Codonellopsis glacialis, U1357B-1H-2W 40–42 cm, slide 1, E.F.: K24.1, LIB image. 
Figure 28: Codonellopsis glacialis, U1357B-5H-7W 5–7 cm, slide 1, E.F.: N31.3. 
Figure 29-31: Impagidinium pallidum with internal spherical body, U1357B-17H-5W 97–99 cm, slide 1, E.F.: 
H32.4, upper, mid and lower focus. 
Figure 32-35: Impagidinium pallidum, U1357B-18H-4W 2–3 cm, slide 1, E.F.: K33.1, upper focus, mid focus 
on upper right septa, mid focus on lower septa and lower focus. 
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intercalary plates (Esper and Zonneveld, 2002), is not very clear. Some specimens in the 
samples of �ole �1357B s�ll contain cell content. 

Biological taxon: Cyst of unknown dinoflagellate (Esper and Zonneveld, 2002). 
Dimensions: Cyst diameters range between 40 and 56 μm (average: 46 μm, n=13). 
�eog�a��ic �ist�i���on: This species has been first described from surface 

sediments as endemic between the Antarc�c Polar �ront (AP�) and the Weddell Sea Gyre 
with its highest abundances most distal from the coastline (Esper and Zonneveld, 2002). In 
later studies it has been reported from surface samples and Quaternary records from the 
South Atlan�c (Esper and Zonneveld, 2007), the Prydz Bay area (Storkey, 2006; Boere et al., 
2009), the south-eastern Pacific (Zonneveld et al., 2013), and most recently from the 
northern South China Sea (Li et al., 2017). 

�cological a�ni�es an� inte���eta�on: Infrared analyses of modern cysts suggest 
that the brown protoperidinioid dinoflagellate cysts have a cyst wall chemistry that is 
dis�nctly di�erent from the cyst wall chemistry of transparent autotrophic gonyaulacoid 
cysts, but similar to cyst of the distantly related heterotrophic gymnodinioid Polykrikos 
spp. (Ellegaard et al., 2013). It is therefore likely that the chemical composi�on of the cyst 
wall is determined by lifestyle (Ellegaard et al., 2013). This is also the reason why modern 
brown dinoflagellate cysts are generally considered heterotrophic. In the original 
descrip�on of C. meridianum, it is also considered as such and associated with the high 
phytoplankton concentra�ons within the Polar �rontal Zone (P�Z) and the Antarc�c Zone 
(AZ) (Esper and Zonneveld, 2002). Because of this exclusive distribu�on within the P�Z and 
the AZ it is restricted to waters with a maximum summer temperature of 13.7°C 
(Zonneveld et al., 2013). Recently, however, C. meridianum has been reported from the 
northern South China Sea, where it is oddly listed as an autotrophic species by Li et al. 
(2017). The species is, however, not discussed by Li et al. (2017) and no pictures of the 
species are provided rendering the validity of its occurrence in the South China Sea 
difficult to prove. 

Cryodinium sp. 1 (Plate 1, figure 6–8) 

�o���olog� an� i�en��ca�on: In addi�on to Cryodinium meridianum, we 
regularly encountered cysts similar to C. meridianum, but which lack the septa. S�ll, these 
cysts have the typical scabra�on and 2I archaeopyle of C. meridianum.  

Biological taxon: Cyst of unknown dinoflagellate. 
Dimensions: They are of equal size as C. meridianum (48±1 μm, n=3).  
�eog�a��ic �ist�i���on: There are no previous reports of this species from 

modern-day surface sediments. This is a new species, which will be formally described 
elsewhere. 
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The fossil record: Although there are no previous reports of granulated round 
brown cysts with a 2I archaeopyle, granulated round brown cysts (archaeopyle unknown) 
have been reported from Quaternary cores from the southern Atlan�c �cean as 
Protoperidinium sp. 1 (Esper and Zonneveld, 2007). These cysts are par�cularly abundant 
during Marine Isotope Stage 2 just north of the modern-day Antarc�c Polar Front (APF), 
and also during marine isotope interglacial stages south of the modern-day APF (Esper and 
Zonneveld, 2007). 

�cological �references and en�ironmental inter�reta�on: It is possible that these 
cysts belong to the same biological species as C. meridianum but that the cyst morphology 
is controlled by environmental condi�ons. There are other examples of morphological 
varia�ons in cysts due to changes in environmental parameters. For instance, 
Lingulodinium and Operculodinium cyst process lengths have been related to changes in 
salinity (De Vernal et al., 1989; Mertens et al., 2009).  

Genus Echinidinium Zonneveld 1997 ex Head, Harland & Matthiessen 2001 
Echinidinium sleipnerensis Head, Riding, Eidvin & Chadwick 2004 (Plate 2, figure 1–8) 

�or�holog� and iden��ca�on: In most of the core samples of Hole U1357B brown 
dinoflagellate cysts with numerous solid and/or apiculocavate processes can be found. 
Mul�ple round brown spiny dinoflagellate cyst taxa have been described, which can be 
dis�nguished based on the shape and hollowness of their processes and the granula�on of 
the central body (Radi et al., 2013). Iden��ca�on by archaeopyle type is o�en di�cult, as 
the archaeopyle is rarely observed and/or not known for certain species. Based on the 
absence of granula�on in all specimens encountered in Hole U1357B and some specimens 
exhibi�ng an archaeopyle that resembles a therophylic slit, we have iden��ed the round 
brown spiny cysts of Hole U1357B as Echinidinium sleipnerensis (Head et al., 2004; Radi et 
al., 2013). 

Biological taxon: Cyst of unknown dinoflagellate. However, like all other modern-
day round brown spiny cysts the mo�le cell is likely protoperidinioid and heterotrophic 
(Radi et al., 2013; Ellegaard et al., 2013). 

Dimensions: Cysts are between 29 and 46 μm in diameter (average: 41 μm, n=8). 
�eogra�hic distri���on: No record of E. sleipnerensis has been published since its 

formal descrip�on by Head et al. (2004), except for a single men�oning as 0.003� of the 
total dinoflagellate cyst abundance in a surface sediment survey of a Tunisian lagoon 
(Fertouna-Bellakhal et al., 2014). Because the archaeopyle of brown spiny cysts is generally 
di�cult to dis�nguish, it is possible that earlier �nds of E. sleipnerensis were misiden��ed 
(Radi et al., 2013). For example, Islandinium minutum cysts look very similar to E. 
sleipnerensis, but instead possess an apical archaeopyle and granula�on (Head et al., 2001; 
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Radi et al., 2013). In sediments around Antarc�ca, Islandinium minutum has been found in 
the �ords of Prydz Bay (Boere et al., 2009) and on both sides of the Antarc�c Peninsula (as 
Algidasphaeridium? minutum in Harland et al. 1999; Harland & Pudsey 1999). Although 
the archaeopyle in the specimens from Prydz Bay is well dis�nguishable, other reports of 
Islandinium minutum could be misiden�fied E. sleipnerensis.  

The fossil record: The original descrip�on of E. sleipnerensis is based on samples 
from Upper Pliocene sediments of the northern North Sea (Head et al., 2004). Apart from 
that there is no other record of this species. 

�cological preferences and en�ironmental interpreta�on: Because E. sleipnerensis 
has not been recorded in any surface sediment samples apart from a Tunisian lagoon 
(Fertouna-Bellakhal et al., 2014), its ecological preferences are unclear. However, brown 
spiny cysts are generally found in sediments underlying high-produc�vity surface waters 
(Zonneveld et al., 2013). In the Southern Ocean, the cysts iden�fied as I. minutum have 
been associated with loca�ons where sea-ice cover is longer than 3 months per year 
(Harland and Pudsey, 1999). 

Genus Nucicla Hartman et al. (2018b) 
Nucicla umbiliphora Hartman et al. (2018b) (Plate 1, figure 14–15) 

�orpholog� and iden��ca�on: This species was first depicted as Dinocyst sp. A in 
Wrenn et al. (1998), and has recently been formally described (Hartman et al., 2018b) (see 
also Chapter 3). In the U1357B record fragments of this species have been more o�en 
found than whole cysts. This could be due to the large 3I archaeopyle that favours rupture. 
Because of its uni�ue 3I archaeopyle, rela�vely large hypocyst, and surface ornamenta�on 
(see Chapter 3) the fragmentary remains were also easily iden�fied. 

Biological taxon: Cyst of unknown dinoflagellate. 
Dimensions: Its size measured along the cingulum is 60±8 μm (n=3). 
�eographic distri���on: Prior to its formal descrip�on N. umbiliphora was found in 

surface samples from the Prydz Bay area (Storkey, 2006; Boere et al., 2009). In addi�on to 
that, Chapter 3 shows its occurrence in surface sediments from the Ross Sea and the East 
Antarc�c coastal margin, including Hole U1357B. 

The fossil record: N. umbiliphora has been reported from mul�ple �uaternary 
records in the Ross Sea (Wrenn et al., 1998; Warny et al., 2006; Chapter 3). The oldest 
sample with a known age containing N. umbiliphora was obtained from Marine Isotope 
Stage 5e in the Ross Sea (see Chapter 3). 

�cological preferences and en�ironmental interpreta�on: This species appears to 
be endemic to the shallow marginal ice zone (MIZ): the (East) Antarc�c shelf and the Ross 
Sea (see Chapter 3). 
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Genus Selenopemphix (Benedek 1972) Head 1993 
Selenopemphix antarctica Marret et De Vernal 1997 (Plate 1, figure 13) 

�or�holog� and iden��ca�on: This is a brown, scabrate cyst that is polarly 
compressed, which is why under the light microscope they are typically in polar view 
(Marret and De Vernal, 1997). In polar view they possess a circular outline. Furthermore, it 
possesses one apical and two antapical horns and an intercalary archaeopyle, although 
this is not always visible (Marret and De Vernal, 1997).  

Biological taxon: Cyst of unknown dinoflagellate (Zonneveld et al., 2013). 
Dimensions: The diameter of the cyst in (ant)apical view ranges between 52 and 68 

μm (average: 60 μm, n=8). 
�eogra�hic distri���on: Selenopemphix an�a����a is restricted to and common in 

the sediments underlying the cool marine waters south of the Subantarc�c Front (SAF) and 
dominant south of the Antarc�c Polar Front (APF) (Marret and De Vernal, 1997; Harland 
and Pudsey, 1999; Esper and Zonneveld, 2002, 2007; Crouch et al., 2010). 

The fossil record: In Quaternary records south of the modern-day SAF, this species 
is generally one of the most dominant during both glacial and interglacial stages (Harland 
et al., 1999; Marret et al., 2001; Howe et al., 2002; Esper and Zonneveld, 2007). 
Dinoflagellate cysts that are morphologically very similar to S. an�a����a have been 
recorded as far back as the Oligocene (Houben et al., 2013; Bijl et al., 2018a). 

�cological �references and en�ironmental inter�reta�on: High abundances of S. 
an�a����a are generally associated with sea surface summer temperatures (SSSTs) below 
5�C, rela�vely low sea surface summer salinity (SSSS) (3�-35 psu), and high chlorophyll-a 
waters, and it is not found in oligotrophic regions (Marret and Zonneveld, 2003; Prebble et 
al., 2013). It is the dominant dinoflagellate cyst species in Antarc�c waters that are 
influenced by seasonal sea-ice cover and has therefore been used as an indicator for the 
presence of seasonal sea ice in the past (Marret and De Vernal, 1997; Harland et al., 1999; 
Marret et al., 2001; Howe et al., 2002; Houben et al., 2013). As this is probably a 
heterotrophic species, its high abundances in the sediments underlying these sea-ice-
dominated waters can be explained by the high primary (mainly diatom) produc�vity in 
the Antarc�c summer when upwelling at the Antarc�c Divergence enhances nutrient 
availability (Harland and Pudsey, 1999; Harland et al., 1999). 

Selenopemphix sp. 1 sensu Esper & Zonneveld (2007) (Plate 1, figure 18–21)  

�or�holog� and iden��ca�on: Although similar to Selenopemphix an�a����a, 
Selenopemphix sp. 1 sensu Esper & Zonneveld (2007) is much larger and has a deep sulcus 
and a pronounced conical apical complex (Esper and Zonneveld, 2007). Nevertheless, this 
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species is some�mes combined with S� antar���a as they have very similar morphology 
(Esper and Zonneveld, 2007; Prebble et al., 2013). In Harland et al. (1998) specimens of 
Selenopemphix sp. 1 are depicted as S� antar���a. 

Biological taxon: Cyst of unknown dinoflagellate. 
Dimensions: The diameter of the cyst in (ant)apical view ranges between 82 and 98 

μm (average: 88 μm, n=4). 
�eogra�hic distri���on: The full geographic distribu�on of Selenopemphix sp. 1 is 

unknown because apart from its original descrip�on from the �outh Atlan�c �cean by 
Esper & Zonneveld (2007) both older (Harland et al., 1998) and newer studies (Prebble et 
al., 2013) did not di�eren�ate between Selenopemphix sp. 1 and S� antar���a. 
Nevertheless, it is expected that the geographic distribu�on is similarly restricted to the 
�outhern �cean south of the �ubantarc�c Front, as is Selenopemphix antar���a� 

The fossil record: From �uaternary sedimentary records of the �outh Atlan�c it is 
clear that Selenopemphix sp. 1 is more abundant during interglacial stages south of the 
Antarc�c Polar Front (APF), while it is more abundant during glacial stages north of the APF 
(Esper and Zonneveld, 2007). No other records of Selenopemphix sp. 1 exist. 

�cological �references and en�ironmental inter�reta�on: It has been suggested 
that Selenopemphix sp. 1 is a larger species endmember of S� antar���a that only forms 
under ideal environmental condi�ons, although it is unclear what ideal environmental 
condi�ons (Esper and Zonneveld, 2007). Assuming that a larger cyst is also produced by a 
larger mo�le dinoflagellate, such dinoflagellates will have a lower surface�to�volume ra�o. 
Dinoflagellates with a lower surface�to�volume ra�o are known to sink faster and swim 
slower (Kamykowski et al., 1992). It is therefore possible that specific oceanographic 
condi�ons or an increased availability of prey, such that slower swimming does not limit 
the chance to capture prey, allows for larger dinoflagellate sizes. The larger cell size of 
Selenopemphix sp. 1 could also be related to temperature. For a Holocene core obtained 
from Disko Bay, Greenland, it has been shown that the dinoflagellate cysts obtained from 
the colder �me interval were significantly larger than the dinoflagellate cysts obtained 
from the warmer �me interval (�ousing et al., 2017). Alterna�vely, being larger could be a 
defense against predators that can only consume a restricted prey size, such as �n�nnids 
(Dolan and Pierce, 2013).  

5.2 Tintinnid loricae and lorica sacs 
Phylum CILIOPHORA Doflein 1901 
Class SPIROTRICHEA Bütschli 1889 

Subclass CHOREOTRICHIA Small & Lynn 1985 
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Order TINTINNIDA Kofoid & Campbell 1929 
Family DICTYOCYSTIDAE Haeckel 1873 

Palynomorph: Dictyocystid lorica sac (Plate 1, figure 16–17) 

�o���olog� an� i��n��ca�on: This palynomorph is one of the most abundant in 
Hole U1357B. They are bulb-shaped, transparent, hyaline vesicles. On the microscope slide 
they are pressed flat, but folds in their wall suggest they originally had a more 3D form. 
Their si�e and shape resemble that of �n�nnid loricae such as Codonellopsis pusilla, but 
without the scars of now-dissolved diatom frustules. Unlike the loricae of �n�nnids, the 
oral opening of the vesicle looks torn or ragged and very thin-walled, instead of a 
con�nuous rim. We believe that these vesicles are the lorica sacs of Dictyocys�d �n�nnids. 
The lorica sac is a non-ornamented membrane that lines the lorica wall (Agatha, 2010; 
Agatha and Strüder-Kypke, 2013). At the oral opening it merges into a foldable closing 
apparatus that closes off the lorica opening in disturbed or contracted �n�nnids (Agatha, 
2010; Agatha and Strüder-Kypke, 2013). In contrast to the lorica sac the foldable closing 
apparatus is ornamented with furrows and/or ribs (Agatha, 2010). The membrane of the 
closing apparatus is just 0.1 – 0.2 μm thick (Agatha, 2010), and it is therefore not surprising 
that the closing apparatuses of the palynological remains of the lorica sacs of Hole U1357B 
are damaged either due to the sedimenta�on process or palynological processing. 

Biological taxon: �ecent phylogene�c analyses based on small subunit r�NA 
(Strüder-Kypke and Lynn, 2008) and the recogni�on of a shared morphological character, 
i.e. the lorica sac (Agatha, 2010), have resulted in the combina�on of the �n�nnid families 
Codonellidae, Codonellopsidae and Dictyocys�dae into the oldest of these families, the 
Dictyocys�dae (Agatha and Strüder-Kypke, 2012). �enera for which a lorica sac was 
observed are Codonella, Codonellopsis, Dictyocysta, and Codonaria. Of the genera that 
possess a lorica sac only Codonellopsis is an abundant genus endemic to the Southern 
Ocean (Dolan et al., 2012). Known Southern Ocean endemic species are Codonellopsis 
gaussi, Codonellopsis glacialis and Codonellopsis balechi  (Alder and Boltovskoy, 1991; 
Clarke and Leakey, 1996; Wasik et al., 1996; Wasik, 1998; Fonda Umani et al., 2005; Dolan 
et al., 2012, 2013b). However, no lorica sac was observed in C. gaussi  and it might 
therefore not belong to the Dictyocys�dae (Kim et al., 2013). For the other two species the 
presence of a lorica sac has not been studied in detail, but if the lorica sac does indeed 
belong to one of these species, it more closely resembles the more bowl-shaped species C. 
balechi. No loricae of C. balechi have been found, but the preserva�on poten�al of the 
loricae of C. balechi might be lower than the lorica sacs. Alterna�vely, the lorica sacs could 
belong to Codonellopsis, Dictyocysta, or Codonella that have a widespread distribu�on but 
are also frequently encountered in the Southern Ocean (for a full overview see Dolan et 
al., 2012). Of these widespread species Codonella amphorella, Codonella aspera, 
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Dictyocysta elegans, and Dictyocysta lepida are known to possess a foldable closing 
apparatus and lorica sac (Agatha, 2010). Furthermore, Codonellopsis pusilla is par�cularly 
abundant in the PFZ (Dolan et al., 2012; Malinverno et al., 2016), and the loricae of C. 
pusilla have been found in some of the samples in Hole U1357B. However, for this species 
the closing apparatus and lorica sac have not been studied in detail.  Also, in this case it 
could be that the loricae of C. pusilla have less preserva�on poten�al than the lorica sacs. 

Dimensions: The lorica sacs are 60±11 μm in length (n=4). 
�eogra�hic distri���on: Lorica sacs have not been reported in palynological 

studies before. However, iden�cal forms have been reported from Prydz Bay as 
Sphaeromorph by Storkey (2006; plate 2, fig. 7). 

The fossil record: Tin�nnid lorica sacs have not been reported from sedimentary 
records before. 

�cological �references and en�ironmental inter�reta�on: Considering that most 
genera and species occurring in the Southern Ocean that possess a lorica sac have a more 
widespread distribu�on, we interpret higher abundances of lorica sacs in the sediments as 
re�ec�ng an in�uence of more northerly sourced waters, in par�cular if the sacs belong to 
C. pusilla, which is known to be very abundant in the Polar Front Zone (Dolan et al., 2012; 
Malinverno et al., 2016). 

Genus Codonellopsis Jörgensen 1924 
Lorica of Codonellopsis pusilla (Cleve) Jörgensen 1924 (Plate 3, figure 1–2) 

�or�holog� and iden��ca�on: This species has a globular posterior bowl on its 
lorica and an anterior hyaline part of the lorica that is characterized by a row of circular 
fenestrae. On the hyaline remains of the lorica the scars of diatom frustules can be 
recognized on the posterior end. The genus Codonellopsis generally builds a hard bowl at 
the posterior end of its lorica by agglu�na�ng mineral par�cles, diatoms and radiolaria 
(Petz et al., 1995; Wasik, 1998; Agatha et al., 2013). However, in Codonellopsis pusilla this 
hard bowl is typically built from coccoliths (Malinverno et al., 2016). On the other hand, 
photographs of C. pusilla in Dolan et al. (2012) and Dolan et al. (2013b) show that its lorica 
can also contain diatoms. 

Biological taxon: Codonellopsis pusilla 
Dimensions: The length of the lorica is 46±2 μm (n=4). 
�eogra�hic distri���on: This is a widespread species originally described from the 

�orth Atlan�c Ocean (Cleve, 1899). �n the Southern Ocean, Codonellopsis pusilla can be 
found predominantly in the Polar Front Zone (PFZ) (Malinverno et al., 2016) and can be as 
common as the Antarc�c endemic genera Cymatocylis and Laackmanniella (Dolan et al., 
2012). 
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The fossil record: No fossil record of C. pusilla exists so far, as even published 
records of rela�vely young sedimentary core material containing �n�nnid remains do not 
dis�nguish between individual species (see e.g., Roncaglia, 2004a; Cromer et al., 2005).  

�cological �references and en�ironmental inter�reta�on: Because of its high 
abundances in the PFZ, increased abundances of C. pusilla in samples of Hole U1357B 
could suggest an increased influence of northerly sourced waters. 

Lorica of Codonellopsis glacialis Laackmann 1907 (Plate 1, figure 27–28) 

�or�holog� and iden��ca�on: Codonellopsis glacialis has a straight short lorica. 
The palynological remains show the scars of diatoms that were a�ached to the posterior 
end of the lorica. Furthermore, it has a posterior acuminate �p. Fragments that consist of 
the hyaline anterior and miss part of the agglu�nated bowl could have been mistakenly 
iden�fied as Laackmanniella naviculaefera. 

Biological taxon: �ul�ple authors have suggested that Codonellopsis glacialis is 
synonymous to Codonellopsis gaussi Laackmann 1907 based on the presence of 
transi�onal forms and the posi�on of the kine�es (ciliary rows), but gene�c studies have 
yet to confirm this (Balech, 1958a; Balech, 1973; Kim et al., 2013). In comparison to C. 
glacialis, the lorica of C. gaussi sensu stricto is longer (140-180 μm, see junior synonym 
Lepro�n�nnus gaussi in Laackmann 1910) and is characterized by a much expanded 
posterior bowl and a posterior acuminate �p. However, only whole specimens of C. 
glacialis were found in Hole U1357B with no (fragments of) expanded bowls of C. gaussi. 

Dimensions: Specimens in Hole U1357B are 60�6 μm long (n�3), which is rela�vely 
short compared to the range of 60-125 μm in the original descrip�on (see junior synonym 
Lepro�n�nnus glacialis in Laackmann 1910). 

�eogra�hic distri���on: Both C. glacialis and C. gaussi are endemic to the 
Southern Ocean (Dolan et al., 2012; Dolan and Pierce, 2013). 

The fossil record: No fossil record of C. glacialis exists, as even published records of 
rela�vely young sedimentary core material containing �n�nnid remains do not dis�nguish 
between individual species (see e.g., Roncaglia, 2004a; Cromer et al., 2005). 

�cological �references and en�ironmental inter�reta�on: C. glacialis and C. gaussi 
have both been associated with the sea-ice edge (Garrison and Buck, 1989). Petz et al. 
(1995) have also found C. glacialis within grease ice (sea ice of <1 cm thickness), 
comprising 50% of the total ciliate community. A preferred seawater temperature range 
was given by Petz et al. (1995) of -1.8°C to 0.0°C. 
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Plate 2 (previous page):  
Figure 1-2: Echinidinium sleipnerensis, U1357B-7H-3W 49–50 cm, slide 1, E.F.: V24.2, upper and lower 
focus. 
Figure 3-5: Echinidinium sleipnerensis, U1357B-2H-3W 72–74 cm, slide 1, E.F.: R34.1, upper, mid and lower 
focus. 
Figure 6-8: Echinidinium sleipnerensis, U1357B-13H-1W 108–110 cm, slide 1, E.F.: D28.3, upper focus on 
processes, upper focus on archaeopyle and lower focus. 
Figure 9-11: Gymnodinium microre�culatum, U1357B-1H-1W 11–13 cm, slide 1, E.F.: G30.1, upper, mid and 
lower focus. 
Figure 12-14: Gymnodinium microre�culatum with visible archaeopyle or rupture, U1357B-8H-3W 54–56 
cm, slide 1, E.F.: G26.4, upper, mid and lower focus. 
Figure 15-16: Gymnodinium microre�culatum, U1357B-17H-1W 18–20 cm, slide 1, E.F.: V24.1, upper and 
mid focus. 
Figure 17-20: Macrobiotoid tardigrade egg, U1357B-3H-5W 28–30 cm, slide 1, E.F.: M22.4, upper focus on 
the �ps of the conical pro�ec�ons, upper focus on the sides of the conical pro�ec�ons, mid and lower focus. 
Figure 21: Polarella glacialis, U1357B-1H-2W 40–42 cm, slide 1, E.F.: J34.4, upper focus, mid and lower 
focus. 
Figure 24-26: Pterosperma parallelum, large with straight alae, U1357B-3H-1W 97–99 cm, slide 1, E.F.: 
M36.1, upper, mid and lower focus. 
Figure 27-28: Pterosperma cf. parallelum, U1357B-10H-7W 15–17 cm, slide 1, E.F.: G15.2, upper and lower 
focus. 
Figure 29-31: Pterosperma cristatum, U1357B-17H-1W 117–119 cm, slide 1, E.F.: D21.4, upper, mid and 
lower focus. 
Figure 32-34: Pterosperma cristatum, U1357B-17H-5W 97–99 cm, slide 1, E.F.: L24.3 upper, mid and lower 
focus. 
Figure 35-37: Pterosperma polygonum, U1357B-8H-3W 54–56 cm, slide 1, E.F.: J15.2, upper, mid and lower 
focus. 
Figure 38-40: Pterosperma marginatum, U1357B-10H-1W 58–60 cm, slide 1, E.F.: G15.4, upper, mid and 
lower focus. 
Figure 41-43: Pterosperma cristatum or early developmental stage of Pterosperma marginatum, U1357B-
17H-5W 97–99 cm, slide 1, E.F.: E25.3, upper, mid and lower focus. 
Figure 44-46: Pterosperma parallelum, small with straight alae, U1357B-3W-1H 97–99 cm, slide 1, E.F.: 
H35.4, upper, mid and lower focus 
Figure 47-49: Pterosperma parallelum, large with undula�ng alae, U1357B-3H-1W 97–99 cm, slide 1, E.F.: 
J35.2, upper, mid and lower focus. 
Figure 50-52: Pterosperma parallelum, small with rela�vely thick alae, U1357B-3H-1W 97–99 cm, slide 1, 
E.F.: J36.4, upper, mid and lower focus. 
Figure 53-55: Pterosperma cf. parallelum, U1357B-8H-3W 54–56 cm, slide 1, E.F.: J24.1, upper, mid and 
lower focus. 
Figure 56-58: Pterosperma a�. re�culatum, U1357B-16H-1W 63–65 cm, slide 1, E.F.: E23.3, upper, mid and 
lower focus. 
Figure 59-61: �yma�osphaera sp. 1, U1357B-3H-1W 97–99 cm, slide 1, E.F.: G29.4, upper, mid and lower 
focus. 
Figure 62-64: �yma�osphaera sp. 1 with degraded alae, U1357B-17H-1W 117–119 cm, slide 1, E.F.: L25.3, 
upper, mid and lower focus. 
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Incertae sedis Laackmanniella Kofoid & Campbell 1929 
Laackmanniella naviculaefera (Laackmann 1907) Kofoid & Campbell 1929  

(Plate 3, figure 7–10) 

�or�holog� and iden��ca�on: Like Codonellopsis, Laackmanniella agglu�nates 
mineral par�cles and diatoms to its lorica (Petz et al., 1995; Wasik et al., 1996; Agatha et 
al., 2013), the scars of which are visible on the hyaline palynological remains. This species 
is o�en considered also including Laackmanniella prolongata, which is suggested to be a 
morphological variety and therefore synonymous (Petz, 2005; Dolan et al., 2012; Kim et al., 
2013 and references therein). L. naviculaefera differs from L. prolongata by having a 
shorter lorica (138 μm versus 308 μm) (Laackmann, 1907) and a slightly bulging bowl. In 
Hole U1357B o�en fragments consis�ng of both a long hyaline spiraling anterior and part 
of an agglu�nated posterior bowl are found. Although the anterior part of the lorica of 
Codonellopsis gaussi is similar to that of L. naviculaefera, it is more likely that the remains 
in Hole U1357B belong to L. naviculaefera because the typical lorica of C. gaussi with large 
posterior bulge was never found. 

Biological taxon: A�er the forma�on of the families Codonellidae, Codonellopsidae, 
and Dictyocys�dae into the family Dictyocys�dae, the genus Laackmanniella (formerly part 
of Codonellopsidae) was le� as affiliated insertae sedis because it was unknown whether 
Laackmanniella possessed a lorica sac and the associated folded closing apparatus (Agatha 
and �tr�der�Kypke, 2012). In a later phylogene�c study based on small subunit rDNA by 
Kim et al. (2013) it is men�oned that no lorica sac was observed in either Codonellopsis 
gaussi or Laackmanniella prolongata (Laackmanniella naviculaefera) and that they are 
very closely related. The validity of the genus Laackmanniella has therefore been 
�ues�oned and it has been suggested that C. gaussi and L. prolongata should be united 
into one genus outside of Dictyocys�dae (Kim et al., 2013).  

Dimensions: The specimens encountered in Hole U1357B are o�en not intact, but 
the most complete specimens are 122±3 μm long (n=3), which is consistent with the 
descrip�on of L. naviculaefera by Laackmann (1907), and the specimens depicted by Wasik 
(1998), Dolan et al. (2012), and Dolan et al. (2013b). 

�eogra�hic distri���on: Laackmanniella (and its possible senior synonym C. 
gaussi) are endemic to the Antarc�c and �ubantarc�c waters, and most dominant south of 
the Polar Front (Dolan et al., 2012). Notably, L. naviculaefera was already described from 
the waters off Adélie Land in the 1950’s (Balech, 1958b) 

The fossil record: No fossil record of L. naviculaefera exists, as even published 
records of rela�vely young sedimentary core material containing �n�nnid remains do not 
dis�nguish between individual species (see e.g., Roncaglia, 2004a; Cromer et al., 2005). 
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�cological �������nc�� an� �n�i�on��ntal int�����ta�on: A seawater temperature 
range was given for L. naviculaefera by Petz et al. (1995) of -0.8°C to -0.5°C and it is 
par�cularly dominant in inshore high-produc�vity environments associated with the 
retreat of the sea-ice edge  and upwelling of modified Circumpolar Deep Water (Garrison 
and Buck, 1989; Garzio and Steinberg, 2013). It has been shown that L. naviculaefera 
ac�vely selects the diatoms it incorporates into its lorica (Wasik et al., 1996), and it has 
been suggested that it adheres to the diatom frustules a�er inges�ng their protoplasts 
(Gowing and Garrison, 1992). But living diatom frustules have also been found on loricae 
of L. naviculaefera, although it is uncertain whether these diatoms have been ac�vely 
selected by the �n�nnid or whether the diatoms have used the lorica as an ideal substrate 
for a�achment (Armbrecht et al., 2017). A preference for a high-produc�vity environment 
and a diatom-based diet are consistent with the high sedimenta�on rates of diatom ooze 
in Hole U1357B. 

Family PTYCHOCYLIDIDAE Kofoid & Campbell 1929 
Genus Cymatocylis Laackmann 1910 

Cymatocylis convallaria Laackmann 1910  
(Plate 3, figure 11; Plate 4, figure 1–2, 5; Plate 6, figure 1–4) 

�o���olog� an� i��n��ca�on: These are rela�vely large transparent loricae with 
an oral opening that is ornamented with acumina�ng �ps along its rim. The surface of the 
anterior part of the lorica has a honeycomb structure. The posterior ends in a �p, which is 
either blunt or long and acuminate. Many samples of Hole U1357B contain high amounts 
of these hyaline acumina�ng horns and only a few specimens are found whole. These all 
belong to the various formae of �n�nnid Cymatocylis convallaria. Because the larger 
formae of C. convallaria in Hole U1357B are o�en broken, the individual formae of C. 
convallaria can therefore not be �uan�fied. However, formae with a long, narrow antapical 
horn (i.e., forma cylindrica and forma calyciformis) can be dis�nguished from (the 
posterior ends of) the formae without (i.e., forma affinis and forma drygalskii). Specimens 
of C. convallaria sensu stricto and forma affinis are generally preserved whole. 

Biological taxon: �riginally mul�ple species of Cymatocylis were di�eren�ated 
based on the length of the apical horn of the lorica versus the total lorica length 
(Laackmann, 1910). It was concluded later that the species C. convallaria without an apical 
horn and Cymatocylis affinis Laackmann 1910 and its four formae with apical horn were in 
fact the same (Boltovskoy et al., 1990). Therefore, the species name Cymatocylis 
convallaria-affinis was proposed (Boltovskoy et al., 1990). A recent gene�c study has 
confirmed that species with much larger lorica and apical horns, Convallaria drygalski 
(Laackmann 1907) Laackmann 1910 and Cymatocylis calyciformis (Laackmann 1907) 
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Laackmann 1910 (including their formae described by Laackmann (1910), e.g., forma 
subrotundata and cylindrica), are also in fact C. convallaria-affinis (Kim et al., 2013). 
Consequently, these former species and formae have been called C. affinis-convallaria 
forma calyciformis, forma drygalskii, forma subrotunda, forma cylindrica by Dolan et al. 
(2013b). We refer to C. affinis-convallaria and all its synonyms as Cymatocylis convallaria 
following Petz et al. (1995) and Petz (2005). 

Dimensions: The smaller C. convallaria sensu stricto and C. convallaria formae 
affinis are 112±16 μm (n=3) and the larger formae that were found intact show a range in 
length between 290 and 415 μm (n=4). 

�eogra�hic distri���on: C. convallaria is endemic to the Southern Ocean, but in 
contrast to Laackmanniella, C. convallaria is also regularly found in areas outside the 
winter sea-ice edge (Dolan et al., 2012). S�ll, C. convallaria was already reported off the 
coast of Adélie Land in the 1950’s as C. affinis (Balech, 1958b). 

The fossil record: No fossil record of C. convallaria exists, as even published records 
of rela�vely young sedimentary core material containing �n�nnid remains do not 
dis�nguish between individual species (see e.g., Roncaglia, 2004a; Cromer et al., 2005). 

�cological �references and en�ironmental inter�reta�on: A temperature range 
was given by Petz et al. (1995) of -1.2°C to -0.5°C. With respect to the other Antarc�c 
endemic species the lorica of Cymatocylis has a much larger oral diameter, which suggests 
that these �n�nnids feed on larger prey (Dolan and Pierce, 2013). It has been shown that 
there is a rela�on between the size of the loricas of C. convallaria and the environmental 
condi�ons in the surface waters, with higher amounts of the smaller C. convallaria forma 
affinis present in food-rich surface waters, both spa�ally (Boltovskoy et al., 1990) and 
seasonally (during summer) (Wasik, 1998). It is, however, unknown whether there is any 
rela�on between all the other formae of C. convallaria and the environmental condi�ons. 

Family uncertain 
The coxliella form (Plate 3, figure 3–4) 

�or�holog� and iden��ca�on: This is a hyaline lorica with a pointed �p and a wall 
structure resembling a spiraling ribbon. This type of lorica is known as the coxliella form. 

Biological taxon: Coxliella is considered an ar��cial genus as it is a phenotype of 
other �n�nnid taxa (Agatha and Str�der-Kypke, 2012, 2013; Agatha et al., 2013). Various 
species of Coxliella have, however, been described from around Antarc�ca (Laackman, 
1907; Balech, 1958a; 1958b; 1973).  

Dimensions: This par�cular specimen is 55 μm long. 
�eogra�hic distri���on: Coxliella forms are o�en abundant in both Arc�c and 

Antarc�c assemblages (Dolan et al., 2012). 
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The fossil record: No fossil record of coxliella form loricae exists, as even published 
records of rela�vely young sedimentary core material containing �n�nnid remains do not 
dis�nguish between individual species (see e.g., Roncaglia, 2004a; Cromer et al., 2005). 

�cological �references and en�ironmental inter�reta�on: It is possible that this 
type of morphology is characteris�c of a rapidly growing popula�on (�olan et al., 2012). 

Palynomorph: Lorica (possibly) type 1 (Plate 3, figure 13–14) 

�or�holog� and iden��ca�on: This palynomorph is a bo�le-shaped, transparent 
vesicle with a narrow oral opening and a broad, flat posterior end. There are no scars 
present of formerly agglu�nated (biogenic) material. It does resemble some of the hyaline 
�n�nnid loricae without an apical horn, but the narrow oral opening is atypical. We 
believe this is the lorica of a �n�nnid, but we have not been able to iden�fy the genus. 

Biological taxon: Unknown because we have not been able to ascribe the lorica to a 
genus. 

Dimensions: The length of the lorica is 63±3 μm (n=3). 
�eogra�hic distri���on: Unknown because we have not been able to ascribe the 

lorica to a genus. 
The fossil record: No similar forms have been found in other published 

palynological records. 
�cological �references and en�ironmental inter�reta�on: Unknown because we 

have not been able to ascribe the lorica to a genus. 

5.3 Foraminifer linings 
Infrakingdom RHIZARIA Cavalier-Smith 2002 

Phylum FORAMINIFERA d’Orbigny 1826 
Palynomorph: Foraminifer linings of benthic foraminifera  

(Plate 3, figure 5–6; Plate 4, figure 4, 8) 

�or�holog� and iden��ca�on: Within Hole U1357B we find trochospiral (Plate 3, 
figure 5), triserial (Plate 3, figure 6) and uniserial foraminifer linings (Plate 4, figure 4, 8). 
Triserial and uniserial forms are usually more transparent than the trochospiral forms. Only 
few specimens were found completely intact within the samples of U1357B. However, 
even the damaged specimens can o�en s�ll be dis�nguished by the darker-coloured 
central chamber lining (the proloculum, see also Wrenn et al. 1998). 

Biological taxon: The biological calcareous or arenaceous taxa corresponding to the 
linings cannot be determined. To be able to do so, the original calcareous and arenaceous 
shells should be picked before palynological treatment.  
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Dimensions: These vary strongly between specimens and the original size cannot 
usually be determined, because the specimens are broken. 

�eo�r��hic dis�ri���on: Although benthic foraminifera are common around 
Antarc�ca and can be �uite diverse (�ikhalevich, 200�), they are o�en not preserved 
because the Antarc�c shelf waters are highly undersaturated with respect to calcite 
(�xpedi�on ��� �cien�sts, 20��a), and the remineraliza�on of organic ma�er causes acidic 
pore waters which dissolve the foraminifera post�deposi�onal. The inner linings of benthic 
foraminifera within palynomorph assemblages are found more commonly at sites along 
the Antarc�c coast (Wrenn et al., �99�� Warny et al., 2006� Warny, 2009). However, 
because around Antarc�ca �lted �aleogene and �eogene strata are exposed due to glacial 
erosion, such foraminifer linings could also be reworked (Warny, 2009). 

The fossil record: Foraminiferal linings have been found in fossil assemblages 
obtained from marine cores as well as con�nental outcrops around Antarc�ca with ages 

Plate 3 (previous page):  
Figure 1-2: Codonellopsis pusilla, U1357B-9H-4W 79–81 cm, slide 1, E.F.: G26.4, upper and lower focus. 
Figure 3-4: Coxliella form lorica, U1357B-2H-2W 6–8 cm, slide 1, E.F.: J30.1, upper and lower focus. 
Figure 5: Trochospiral foraminifer lining, U1357B-17H-5W 97–99 cm, slide 1, E.F.: E26.3. 
Figure 6: Triserial foraminifer lining, U1357B-17H-5W 97–99 cm, slide 1, E.F.: H21.2. 
Figure 7-9: Laackmanniella naviculaefera, U1357B-1H-2W 40–42 cm, slide 1, E.F.: K24.2, upper, mid and 
lower  focus. 
Figure 10: Laackmanniella naviculaefera, U1357B-10H-1W 58–60 cm, slide 1, E.F.: K24.2, LIB image. 
Figure 11: Cymatocylis convallaria sensu stricto, U1357B-7H-5W 4–6 cm, slide 1, E.F.: W26.2, LIB image. 
Figure 12: P-type maxillary apparatus of Ophryotrocha orensanzi, U1357B-4H-3W 61–63 cm, slide 1, E.F.: 
G21.4, LIB image. 
Figure 13-14: Lorica? type 1, U1357B-2H-4W 111–113 cm, slide 1, E.F.: L17.3.3, upper and lower focus. 
Figure 15: Anterior den�cle of maxillary apparatus of Ophryotrocha, U1357B-5H-7W 5–7 cm, slide 1, E.F.: 
H35.3. 
Figure 16: Anterior den�cle of maxillary apparatus of Ophryotrocha, U1357B-16H-4W 64–65 cm, slide 1, 
E.F.: L20.3. 
Figure 17: Copepod mandibular gnathobase 2, U1357B-3H-3W 8–10 cm, slide 1, E.F.: Q29.4. 
Figure 18: Pollen grain of Nothofagus, U1357B-17H-1W 18–20 cm, slide 1, E.F.: F22.1, LIB image. 
Figure 19: Pollen grain of Podocarpaceae, U1357B-7H-5W 4–6 cm, slide 1, E.F.: K11.2, LIB image. 
Figure 20: Forceps of a P-type maxillary apparatus of Ophryotrocha orensanzi, U1357B-9H-1W 112–114 
cm, slide 1, E.F.: G22.4, LIB image. 
Figure 21: Copepod mandibular gnathobase 1, U1357B-3H-3W 8–10 cm, slide 1, E.F.: V24.1. 
Figure 22: Forceps of K-type maxillary apparatus of Ophryotrocha, U1357B-16H-1W 63–65 cm, slide 1, E.F.: 
P26.1, LIB image. 
Figure 23: Forceps of K-type maxillary apparatus of Ophryotrocha, U1357B-16H-4W 64–65 cm, slide 1, E.F.: 
G21.4, LIB image. 
Figure 24-27: Copepod spermatophore (Type AB-33), U1357B-17H-5W 97–99 cm, slide 1, E.F.: G30.2, upper 
focus on the distal end of the tube-like neck, upper focus on the proximal part of the tube-like neck, mid 
and lower focus. 
Figure 28: Copepod spermatophore (Type AB-33), U1357B-17H-1W 117–119 cm, slide 1, E.F.: D27.2. 
Figure 29: Copepod thoracopod, U1357B-16H-4W 64–65 cm, slide 1, E.F.: H21.4, LIB image. 
Figure 30-31: Leiosphaeridia sp. 2, U1357B-9H-1W 112–114 cm, slide 1, E.F.: K19.4, upper and mid focus. 
Figure 32: Leiosphaeridia sp. 2 with an apparent second membrane, U1357B-16H-1W 63–65 cm, slide 1, 
E.F.: E21.3, upper, mid and lower focus. 
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ranging between the Cretaceous and the Quaternary. An extensive overview of Antarc�c 
records of fossil foraminiferal linings is given by Concheyro et al. (2014) 

���������� ����������� ��� ������������� �������������� Considering that the 
majority of palynological remains from Hole U1357B are deposited in situ, and the 
preserva�on poten�al of foraminifera in these sediments is far be�er than those of the 
Eocene sediments in the region (Expedi�on 318 Scien�sts, 2011a) the benthic 
foraminiferal linings are probably in situ. In general, the presence or absence of benthic 
foraminiferal linings in palynological records is associated with well-ven�lated or anoxic 
bo�om waters, respec�vely (Sluijs et al., 2006, 2008; Frieling et al., 2018). High 
abundances of benthic foraminifera (and their linings) could also reflect high surface-water 
produc�vity as benthic fauna is directly dependent of the organic carbon flux from the 
surface waters (Jorissen et al., 1995; Thomas et al., 1995; Costello and Bauch, 1997). The 
ra�o between infaunal versus epifaunal species is used as a paleoproduc�vity proxy, as 
infaunal species tend to increase during sustained periods of high produc�vity, while 
epifaunal species are more dominant when surface-water produc�vity occurs in pulses 
(Thomas et al., 1995; Costello and Bauch, 1997). Because trochospiral (more commonly 
epifaunal), triserial and uniserial (more commonly infaunal) foraminifer linings have been 
found within Hole U1357B, they could poten�ally be used to qualita�vely reconstruct 
surface-water produc�vity changes and�or changes in bo�om-water oxygena�on (Corliss, 
1991).  

5.4 Prasinophyte phycomata 
Kingdom PLANTAE Haeckel 1866 

Phylum CHLOROPHYTA Pascher 1914 
“Prasinophytes” (paraphyletic taxon, see Nakayama et al. 1998; Guillou et al. 2004) 

Order PYRAMIMONADALES Chadefaud 1950 
Family HALOSPHAERACEAE Haeckel 1894 

Genus Pterosperma Pouchet 1893 
Phycoma of Pterosperma cristatum Schiller 1925  
(Plate 2, figure 29–34 and possibly figure 41–43) 

���������� ��� ������������ Specimens from Hole U1357B closely resemble the 
phycoma of P. cristatum as depicted by Bérard-Therriault et al. (1999). These specimens 
possess straight alae (ridges) that form square or pentagonal compartments. P. cristatum is 
very similar to Pterosperma polygonum, but in contrast to P. polygonum P. cristatum does 
not possess pores on its central body (see Inouye et al. 1990, fig. 3). Because we cannot 
dis�nguish any pores on our specimens and because of the strong similarity with the 
specimens depicted by Bérard-Therriault et al. (1999), we have iden�fied most of our 
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specimens as P. cristatum. However, it has been shown that in early developmental stages 
of P. polygonum the pores cannot be resolved (Parke et al., 1978). Even the large central 
pore of Pterosperma marginatum is not visible in non-fully developed specimens, while 
the alae are present (Parke et al., 1978). It is therefore possible that we have iden�fied 
some non-fully developed specimens of P. polygonum and P. marginatum as P. cristatum.  
Light microscope photographs of P. polygonum and P. cristatum by Bérard-Therriault et al. 
(1999) show that P. polygonum has rela�vely higher alae. On the other hand, the alae on P. 
polygonum of Parke et al. (1978) and P. cf. polygonum of Marchant (2005) are rela�vely 
low. 

Biological taxon: Pterosperma cristatum 
Dimensions: The specimens within Hole U1357B are 13 to 21 μm in diameter 

(average: 15 μm, n=6). 
�eogra�hic distri���on: The full geographic distribu�on of P. cristatum in the 

surface waters is unclear, but it has been reported from around the world: Gulf of Saint 
Laurent in Canada (Bérard-Therriault et al., 1999), in coastal bays of Japan (Inouye et al. 
1990; Kawachi, 2017), off the coast of Portugal (Moita and Vilarinho, 1999), the Bal�c Sea 
area (Hällfors, 2004), the German Wadden Sea (Scholz and Liebezeit, 2012), freshwaters in 
the Russian Far East (Medvedeva and Nikulina, 2014), the Denube River Basin in Romania 
and the Black Sea (Cărăuş, 2017), and in Norwegian �ords (Hoem, 2018). 

The fossil record: Mudie et al. (2010) no�ced the remarkable similarity between 
the fossil specimens of Cyma�osp�aera globulosa from the Black Sea (Wall et al. 1973) 
and the phycoma stage of P. cristatum. Originally, C. globulosa was described from 
Oligocene strata in Japan (Takahashi, 1964) and later from Upper Cretaceous strata in 
Japan (Takahashi, 1967). Similar-looking Cyma�osp�aera (Cyma�osp�aera sp. 1, diameter 
11 μm) have been recorded in a Miocene record from Prydz Bay, Antarc�ca (Hannah, 
2006), as well as in Quaternary, Miocene and Oligocene sec�ons from the Ross Sea 
(Hannah et al., 1998, 2000). It is, however, uncertain whether these old prasinophyte 
phycomata belong to the same biological species P. cristatum with similar environmental 
preferences as today. On the other hand, Holocene records of C. globulosa likely originate 
from P. cristatum in the surface waters. For example, C. globulosa is known from several 
Quaternary records from the Black Sea area where it first appeared in the deeper waters 
around 9600 cal. yr BP (Atanassova, 2005; Filipova-Marinova, 2007; Filipova-Marinova et 
al., 2013). 

�cological �references and en�ironmental inter�reta�on: Although Pterosperma is 
considered a fully marine genus (Parke et al., 1978), the geographic distribu�on of P. 
cristatum suggests that it is also tolerant to more brackish environments and/or coastal 
areas influenced by freshwater input. Notably, C. globulosa is considered a euryhaline 
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species and therefore able to tolerate large salinity �uctua�ons (Wall et al., 1973; 
Atanassova 2005; Filipova-Marinova 2007; Filipova-Marinova et al. 2013). In the fossil 
records from the Black Sea increases of C. globulosa together with other euryhaline 
dino�agellate species mark the transi�on from a freshwater lake to increased marine 
(more saline) condi�ons (Wall et al., 1973; Atanassova 2005; Filipova-Marinova 2007; 
Filipova-Marinova et al. 2013). Increased amounts of Cyma�osphaera in the Miocene 
record from Prydz Bay are associated with increased freshwater and stra�fied oceanic 
waters resul�ng from increased warming during the Mid-Miocene Clima�c �p�mum 
(Hannah, 2006). 

Phycoma of Pterosperma marginatum Gaarder 1954 
 (Plate 2, figure 38–40 and possibly figure 41–43) 

�or�holog� and iden��ca�on: The phycoma of Pterosperma marginatum, like P. 
cristatum, possesses alae that form polygonal compartments. However, P. marginatum 
typically possesses a large pore placed centrally within each compartment (Throndsen 
1997; Bérard-Therriault et al., 1999). The alae of this specimen are undulate, which is 
different from, e.g., the specimen depicted by Parke et al. (1978, plate 1, fig. F) with more 
straight alae. Specimens with similar undula�ng ridges have been found lacking these 
pores (Plate 2, figure 41–43). Since the central pores are absent in not fully developed 
phycomata, it is possible that these are also P. marginatum. 

Biological taxon: Pterosperma marginatum 
Dimensions: Specimens of P. marginatum are 14±1 μm (n=2). 
�eogra�hic distri���on: As with the other Pterosperma species, it has a global but 

patchy distribu�on. It has been recorded off the coast of Portugal (Moita and Vilarinho, 
1999), in the Gulf of Saint Laurent in Canada (Bërard-Therriault et al., 1999), the 
�orwegian Sea and the Arc�c �cean (�cean Biogeographic Informa�on System, accessed 
in 2018) 

The fossil record: P. marginatum is not known from the fossil record. 
�cological �references and en�ironmental inter�reta�on: Pterosperma is 

considered a fully marine genus (Parke et al., 1978). Considering it has been found 
together with P. polygonum (Moita & Vilarinho 1999; Bérard-Therriault et al., 1999) it likely 
prefers a similar habitat. 

Phycoma of Pterosperma parallelum Gaarder 1938 (Plate 2, figure 24–26, 44–52) 

�or�holog� and iden��ca�on: The phycoma of Pterosperma parallelum possesses 
low, curved, parallel alae (Throndsen, 1997; Marchant, 2005). In the samples of Hole 
�1357B there is some varia�on in the appearance of the alae. The thickness, smoothness, 
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and straightness vary between specimens. Some specimens have rela�vely thick and�or 
undulate alae (Plate 2, figure 47–52).  

Biological taxon: P. parallelum 
Dimensions: Phycomata of P. parallelum in Hole U1357B range in size between 10 

and 25 μm, which compares well with reported sizes of 9-20 μm (Throndsen, 1997; 
Marchant, 2005). 

�eogra�hic distri���on: Southern Ocean, near the Polar Front (Marchant, 2005; 
Australian Antarc�c �ata Centre, 2017), and in inland waters of the Netherlands (Veen et 
al., 2015). 

The fossil record: P. parallelum is not known from the fossil record. 
�cological �references and en�ironmental inter�reta�on: Although Pterosperma is 

considered a fully marine genus (Parke et al., 197�), the mul�ple recordings of P. 
parallelum in the sea-ice-influenced waters of the Southern Ocean suggest some tolerance 
to fluctua�ng surface-water salini�es. 

Phycoma of Pterosperma cf. parallelum (Plate 2, figure 27–28, 53–55) 

�or�holog� and iden��ca�on: This palynomorph resembles P. parallelum as 
described by Throndsen (1997) and Marchant (2005), but the alae are not simple straight 
ridges. Instead, this phycoma possesses parallel rows of small, flat, square protuberances. 
The phycoma wall is thinner than P. parallelum.  

Biological taxon: It is uncertain whether these phycomata belong to an unknown 
species of Pterosperma or whether they represent an early developmental stage of P. 
parallelum. However, considering that phycomata grow in size during asexual reproduc�on 
(Colbath and Grenfell, 1995) and the fact that we find both smaller and larger specimens 
of P. cf. parallelum as well as smaller P. parallelum within our samples, the la�er is less 
probable. 

Dimensions: The size of P. cf. parallelum ranges between 19 μm and 26 μm (n=3), 
comparable to P. parallelum. 

�eogra�hic distri���on: Unknown because no previous record of this species 
exists. 

The fossil record: Unknown because this species has not been recorded in 
palynological studies before. 

�cological �references and en�ironmental inter�reta�on: Unknown because no 
previous record of this species exists. 
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Phycoma of Pterosperma polygonum Ostenfeld in Ostenfeld and Schmidt 1902 (Plate 2, 
figure 35–37) 

�o���olog� an� i�en��ca�on: This species is very similar to Pterosperma 
cristatum. As men�oned above, what dis�nguishes the phycomata of P. polygonum from P. 
cristatum is the presence of small pores covering the central body (Throndsen et al., 1997; 
Bérard-Therriault et al., 1999). However, these are lacking in earlier developmental stages 
of the phycoma (�arke et al., 197�). �n addi�on, pores can be easily overlooked 
underneath the light microscope, which is why some specimens of P. polygonum can be 
misiden��ed as P. cristatum. Although originally Pterosperma polygonum was described as 
being twice as large (40 μm) in comparison to our specimens (Ostenfeld and Schmidt, 
1902), it is known that phycomata vary in size depending on the stage of asexual 
reproduc�on within a phycoma (Colbath and Grenfell, 1995). Notably, smaller phycomata 
resembling P. polygonum have been described (Pterosperma cf. polygonum in Marchant, 
2005). Scanning electron microscope images of P. cf. polygonum of Marchant (2005) also 
show the presence of pores. 

Biological taxon: Pterosperma polygonum 
Dimensions: The specimens in Hole U1357B are 17±1 μm (n=2). 
�eog�a��ic �ist�i���on: �ocumenta�on of P. polygonum is rather patchy with 

reports from the Red Sea and the Gulf of Aden (Ostenfeld and Schmidt, 1902), the Gulf of 
Saint Laurent in Canada (Bérard-Therriault et al., 1999), off the coast of Bri�any (France) in 
the western English Channel (Guilloux et al., 2013), freshwaters of the Russian Far East 
(Medvedeva and Nikulina, 2014), inland waters of the Netherlands (Veen et al., 2015), the 

Plate 4 (previous page):  
Figure 1: Cymatocylis convallaria forma calyciformis or cylindrica apical lorica horn, U1357B-3H-1W 97–99 
cm, slide 1, E.F.: K36.4, LIB image. 
Figure 2: Cymatocylis convallaria forma calyciformis, detail of the anterior part of Plate 6, figure 1, U1357B-
8H-3W 54–56 cm, slide 1, E.F.:K20.1, upper focus. 
Figure 3: Trochospiral foraminiferal lining, U1357B-6H-4W 86–88 cm, slide 1, E.F.: V27.2. 
Figure 4: Uniserial foraminiferal lining, U1357B-2H-2W 6–8 cm, slide 1, E.F.: K30.1, LIB image. 
Figure 5: Cymatocylis convallaria forma cylindrica, detail of the anterior part of Plate 6, figure 3, U1357B-
6H-6W 123–125 cm, slide 1, E.F.: K24.1, LIB image. 
Figure 6: Copepod? spermatophore (Type AB-22), U1357B-7H-5W 4–6 cm, slide 1, E.F.: J21.3. 
Figure 7: Copepod? spermatophore (Type AB-22), U1357B-14H-5W 48–49 cm, slide 1, E.F.: H19.2. 
Figure 8: Uniserial foraminifer lining, U1357B-7H-5W 4–6 cm, slide 1, E.F.: D16.3. 
Figure 9: Copepod egg that has split open, U1357B-2H-6W 6–8 cm, slide 1, E.F.: K34.1, upper focus. 
Figure 10-11: Palaeostomocys�s sphaerica with content, pylome visible on the right, U1357B-5H-7W 5–7 
cm, slide 1, E.F.: Q21.1, upper and mid focus. 
Figure 12: Type AB-27c, bullet-shaped, U1357B-2H-6W 6–8 cm, slide 1, E.F.: O32.4, LIB image. 
Figure 13-17: Palaeostomocys�s sphaerica with outer envelope with tail, U1357B-1H-2W 40–42 cm, slide 
1, E.F.: U23.3, upper focus on envelope, upper focus on cyst, mid focus, lower focus on envelope and lower 
focus on tail.. 
Figure 18: Type AB-27f, falcate, U1357B-1H-2W 40–42 cm, slide 1, E.F.: L27.1, LIB image. 
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North Sea (Marine Biology Laboratory, MICROBIS accessed in 2018), off the coast of Japan 
(Ocean Biogeographic Informa�on Center, accessed in 2018), the White Sea (Russia) and 
the Arc�c Ocean (Hopcro�, 201�), the Southern Ocean (�a�ies � Wa�s, 2017) and P. cf. 
polygonum from �a�is Sta�on, �ast Antarc�ca (Marchant, 2005). 

The fossil record: P. polygonum is not known from the fossil record. 
�cological �references and en�ironmental inter�reta�on: Pterosperma is 

considered a fully marine genus (Parke et al., 1978), but like P. cristatum the geographic 
distribu�on of P. polygonum suggests some tolerance to lower salini�es. 

Phycoma of Pterosperma aff. reticulatum Ostenfeld in Ostenfeld and Schmidt 1902 (Plate 
2, figure 56–58) 

�or�holog� and iden��ca�on: The original descrip�on of Pterosperma 
re�culatum in Ostenfeld and Schmidt (1902) is based on a specimen of about 80 μm with 
lamellae (alae) forming a finely re�culated surface. We follow Thorrington-Smith (1970) in 
assigning similar-looking phycomata but with a much smaller size to Pterosperma aff. 
re�culatum. The specimens encountered in Hole U1357B are ornamented with numerous 
low alae that form a re�culate surface of irregular polygonal fields. The size and wall 
ornamenta�on of the specimens from Hole U1357B therefore also resemble Pterosperma 
parvareopunctatum Thorrington-Smith 1970, but they lack the central pores that are 
present in each of the irregular polygonal fields. 

Biological taxon: It is unknown whether the specimens described by Thorrington-
Smith (1970) are biologically the same as those described by Ostenfeld and Schmidt 
(1902), although phycomata are known to grow in size during asexual reproduc�on 
(Colbath and Grenfell, 1995). 

Dimensions: The specimens encountered in Hole U1357B are 17±1 μm (n=2). 
�eogra�hic distri���on: Originally, P. re�culatum was described from the Red Sea 

and the Gulf of Aden (Ostenfeld and Schmidt, 1902). For the smaller P. aff. re�culatum no 
other record exists apart from its descrip�on from the surface waters in the western Indian 
Ocean (Thorrington-Smith, 1970). 

The fossil record: This species is not known from the fossil record. 
�cological �references and en�ironmental inter�reta�on: Unknown due to the 

scarce informa�on about its geographic distribu�on. 

Cymatiosphaera sp. 1 (Plate 2, figure 59–64) 

�or�holog� and iden��ca�on: This is a transparent sphere with alae forming 
irregularly shaped polygonal fields. The alae are so high (about 5 μm) and transparent 
compared to the �esicle diameter that it seems as if bifurca�ng processes extend to the 
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point at which some of the alae intersect. In some more degraded specimens, bifurca�ng 
processes are what is le� of the alae (Plate 2, figure 62–64). 

Biological taxon: Unknown, but the size, transparency and wall ornamenta�on are 
very similar to the phycomata of prasinophytes. 

Dimensions: The diameter of ���a�����ae�a sp. 1 is 17±1 μm (n=4). 
�eogra�hic distri���on: To our knowledge this species has not been recorded from 

the surface waters or modern-day surface sediments before. 
The fossil record: Although ���a�����ae�a is a common genus in fossil records, 

we have not been able to assign the specimens from Hole U1357B to a specific species. 
���a�����ae�a sp. 1 di�ers dis�nctly from most other ���a�����ae�a species found in 
fossil records close to the Antarc�c margin (Hannah et al., 1998; Wrenn et al., 1998; 
Hannah et al., 2000; Hannah, 2006; Warny et al., 2006; Clowes et al., 2016) by the irregular 
polygonal fields formed by its high septa. ���a�����ae�a sp. 2 recorded by Hannah 
(2006) in a Miocene record from Prydz Bay, Antarc�ca, also seems to possess such 
irregular polygonal fields, but its septa are lower. Also, the specimen depicted by Hannah 
(2006) is larger (32 μm in diameter) than ���a�����ae�a sp. 1 recorded in Hole U1357B 

�cological �references and en�ironmental inter�reta�on: Unknown because to our 
knowledge this species has not been recorded from the surface waters or modern-day 
surface sediments before. Species of ���a�����ae�a (including ���a�����ae�a sp. 2 of 
Hannah (2006)) close to the Antarc�c margin have, however, been associated with 
increased freshwater release and stra�fied oceanic waters during the Mid-Miocene 
Clima�c �p�mum (Hannah, 2006). 

5.5 Eggs, spermatophores, teeth and other animal remains 
Kingdom ANIMALIA Linnaeus 1758 
Phylum ANNELIDA Lamarck 1809 
Class POLYCHAETA Grube 1850 
Order EUNICIDA Fauchald 1977 

Family Dorvilleidae Chamberlin 1919 
Genus Ophryotrocha Claparède & Mecznikow 1869 

Palynomorph: P-type maxillary apparatus of Ophryotrocha orensanzi Taboada et al. 2013  
(Plate 3, figure 12, 20) 

�or�holog� and iden��ca�on: Within the samples of Hole U1357B we find a 
variety of serrated dark red palynomorphs of various sizes. Some of these have a jaw-like 
shape, being serrated at one side of an elongated sclero�zed part. Notably, the most distal 
tooth of the serrated side of the ‘jaw’ is the largest. Regularly, longitudinal series are found 
consis�ng of mul�ple jaw-like forms a�ached together. We have iden�fied these as the P-
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type maxillary apparatus of the polychaete worm Ophryotrocha. Of all the Southern Ocean 
species of Ophryotrocha, O. orensanzi possesses maxillary pieces within its P-type 
mandibular apparatus that have a very prominent distal tooth similar to the specimens 
found in Hole U1357B (Taboada et al., 2013; Paxton et al., 2017). This distal tooth is 
especially prominent on the forceps of the maxillary apparatus and is formally described as 
a ‘lateral fang’ on the P-type forceps in the emended diagnosis of O. orensanzi by Paxton 
et al. (2017). 

Biological taxon: We believe these are the remains of Ophryotrocha orensanzi. It 
could be, however, that these maxillary apparatuses belong to Ophryotrocha claparedii, 
for which the jaw apparatus is poorly known (Szaniawski and Wrona, 1987), or to an 
unknown species of Ophryotrocha, considering that the fauna around the Antarc�c coast is 
poorly explored and the amount of new Ophryotrocha species that have been discovered 
away from the Antarc�c coast has increased enormously in recent years (Paxton and 
Åkesson, 2007; Paxton and Davey, 2010; Taboada et al., 2013; Ravara et al., 2015; Paxton 
et al., 2017). Species of the dorvilleid Ophryotrocha possess a P-type maxillary apparatus 
when they are young or female (Paxton and Åkesson, 2007). Once they become a sexually 
mature male or change from female to male (hermaphrodites) this P-type jaw gets 
replaced by a K-type jaw, which has greatly enlarged basal parts (forceps) (Paxton and 
Åkesson, 2007; Paxton et al., 2017). 

Dimensions: The largest specimens are about 160 μm long and the smallest 
specimens about 16 μm long (average: 38 μm, n=9). 

�eogra�hical distri���on: Four species of Ophryotrocha are known from shallow-
water Southern Ocean sites. The species Ophryotrocha claparedii has been reported from 
the Ross Sea (Gambi et al., 1994; Morehead et al., 2008). Recently discovered new species 
include Ophryotrocha orensanzi and Ophryotrocha clava discovered on experimentally 
deployed whale bones o� the coast of Decep�on Island (Taboada et al., 2013), and 
Ophryotrocha shieldsi from underneath a fish farm in Tasmania (Paxton and Davey, 2010). 
Recently, O. orensanzi has also been reported from near Casey Sta�on, �ast Antarc�ca 
(Paxton et al., 2017), which is not too far from Hole U1357B. 

The fossil record: Scolecodonts of several Ophryotrocha species have been 
described from the Cape Melville Forma�on (�ower Miocene) of King George Island 
(Szaniawski and Wrona, 1987). 

�cological �references and en�ironmental inter�reta�on: Although Ophryotrocha 
species are generally associated with high-nutrient li�oral condi�ons, whale falls and 
hydrothermal vents (Taboada et al., 2013; Paxton et al., 2017), the recent find of O. 
orensanzi near Casey Sta�on in clean, unpolluted waters has led to the sugges�on that 
Ophryotrocha are not specialists of organically enriched substrates, but rather 
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unspecialized opportunists that rapidly increase their popula�on size in nutrient-rich 
environments (Paxton et al., 2017). 

Palynomorph: Basal part (forceps) of a K-type maxillary apparatus of Ophryotrocha  
(Plate 3, figure 22–23) 

�or�holog� and iden��ca�on: These are falcate, dark red sclero�zed parts. �e 
have iden��ed these as the basal parts of the K-type maxillary apparatus of Ophryotrocha. 

Biological taxon: Likely they belong to the same species as the P-type maxillary 
apparatus, O. orensanzi, or an unknown �ntarc�c species. They belong to male individuals 
or formerly male individuals, as hermaphrodite Ophryotrocha retain their K-type maxillary 
apparatus once they change from the male to the female sex (Paxton and Åkesson, 2007). 
The length of the K-type forceps is, however, half the size of the specimen of O. orensanzi 
drawn by Paxton et al. (2017). It is unclear what the size range of the K-type forceps of O. 
orensanzi can be and thus whether the specimens found in Hole U1357B truly belong to 
this species. 

Dimensions: These palynomorphs are 76±3 μm in length (n=2). 
�eogra�hic distri���on: �or this informa�on, see the P-type maxillary apparatus of 

Ophryotrocha orensanzi above. 
The fossil record: �or this informa�on, see the P-type maxillary apparatus of 

Ophryotrocha orensanzi above. 
�cological �references and en�ironmental inter�reta�on: �or this informa�on, see 

the P-type maxillary apparatus of Ophryotrocha orensanzi above. 

Palynomorph: Anterior denticles of the maxillary apparatus of Ophryotrocha  
(Plate 3, figure 15–16) 

�or�holog� and iden��ca�on: These are ovate or lobe-shaped, dark red serrated 
sclero�zed parts. The serra�on is symmetrical with respect to the central axis of the lobe-
shaped part and only present at the distal end. �e have iden��ed these exoskeleton parts 
as the anterior den�cles of either a P-type or a K-type mandibular apparatus of the 
dorvilleid Ophryotrocha. The shapes of anterior den�cles of Ophryotrocha range from 
ovate to subtriangular (Paxton and Åkesson, 2007; Paxton and Davey, 2010; Taboada et al., 
2013; Ravara et al., 2015; Paxton et al., 2017). 

Biological taxon: Considering the presence of P-type mandibular apparatuses of O. 
orensanzi (or possibly an unknown species of Ophryotrocha), these anterior den�cles likely 
belong to the same species. 

Dimensions: They are 56±3 μm in length (n=2). 
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�eogra�hic distri���on: �or this informa�on, see the P-type maxillary apparatus of 
Ophryotrocha orensanzi above. 

The fossil record: �or this informa�on, see the P-type maxillary apparatus of 
Ophryotrocha orensanzi above. 

�cological �references and en�iron�ental inter�reta�on: �or this informa�on, see 
the P-type maxillary apparatus of Ophryotrocha orensanzi above. 

Phylum ARTHROPODA von Siebold 1848 
Subphylum CRUSTACEA Brünnich 1772 

Class MAXILLOPODA Dahl 1956 
Subclass COPEPODA Milne-Edwards 1840 

 
Copepod spermatophores 

Palynomorph: Copepod spermatophore Type AB-33 (Plate 3, figure 24–28) 

�or�holog� and iden��ca�on: Among the palynological remains in Hole U1357B, 
club-shaped, transparent vesicles have also been found, which are most likely copepod 
spermatophores. Copepod spermatophores are generally club-shaped or flask-shaped and 
taper towards the proximal end into a tube-like neck (Subramoniam, 2017). 

Biological taxon: It is unknown to which copepod species this spermatophore 
belongs. Like most crustaceans, copepods produce a spermatophore to aid sperm transfer 
and avoid loss of sperm (Subramoniam, 2017). The spermatophore is a�ached to the 
female genital orifice with some adhesive material around the neck, a�er which sperm is 
released through the tube-like neck (Subramoniam, 2017). 

Plate 5 (next page):  
Figure 1-3: Copepod egg, U1357B-2H-6W 6–8 cm, slide 1, E.F.: F28.2, upper, mid and lower focus. 
Figure 4: Leiosphaeridia sp. 3, U1357B-8H-3W 54–56 cm, slide 1, E.F.: H19.2, mid focus. 
Figure 5: Copepod endites, U1357B-2H-6W 6–8 cm, slide 1, E.F.: J36.3, LIB image. 
Figure 6: Detail of the right copepod seta of Plate 4, figure 13, U1357B-8H-3W 54–56 cm, slide 1, E.F.: T30.1. 
Figure 7-9: Leiosphaeridia sp. 2, U1357B-18H-2W 114–116 cm, slide 1, E.F.: G26.3, upper, mid and lower 
focus on which an opening with sharp edges is visible. 
Figure 10-12: Palaeostomocys�s cf. fri�lla, U1357B-6H-6W 123–125 cm, slide 1, E.F.: K24.1, upper, mid and 
lower focus. 
Figure 13: Palaeostomocys�s cf. fri�lla with operculum a�ached, U1357B-6H-4W 86–88 cm, slide 1, E.F.: 
K33.3, upper focus. 
Figure 14-16: Palaeostomocys�s cf. re�culata, U1357B-12H-2W 1-3 cm, slide 1, E.F.: H23.4, upper, mid and 
lower focus. 
Figure 17-19: Palaeostomocys�s cf. re�culata, U1357B-6H-6W 123–125 cm, slide 1, E.F.: L14.4, upper, mid 
and lower focus. 
Figure 20-22: Palaeostomocys�s sp. C, U1357B-3H-3W 8–10 cm, slide 1, E.F.: U28.3, upper, mid and lower 
focus. 
Figure 23-25: Palaeostomocys�s sphaerica, U1357B-1H-1W 11–13 cm, slide 1, E.F.: L30.3, upper, mid and 
lower focus. 
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Dimensions: The spermatophore is 37±5 μm in length (n=2) when the tube-like 
neck is not included. 

The fossil record: Similar-looking forms have been recovered from a peat sec�on in 
Tierra del Fuego (Borromei et al., 2010).  

Palynomorph: Copepod (possibly) spermatophore Type AB-22 (Plate 4, figure 6–7) 

�or�holog� and iden��ca�on: Type AB-22 large, orangish brown tetrahedral 
casing. The three angles at the ‘base’ of the tetrahedron have rounded edges, while the 
‘top’ acuminates into an extended tube-like neck. Due to �a�ening on the microscope 
slide the tetrahedral shape can appear more triangular with one of the base angles folded. 
The tetrahedron casing and tube-like neck show a resemblance to the spermatophores of 
some crustaceans, copepods in par�cular (Subramoniam, 2017). If that is the case, Type 
AB-22 is 4 �mes larger than Type AB-33, sugges�ng it is produced by a larger copepod 
species than the species that produced Type AB-33. 

Biological taxon: Possibly a larger copepod species. Larger copepods can produce 
spermatophores that exceed a length of 100 μm (e.g., Hopkins 1978; Defaye et al. 2000), 
but the tetrahedron shape of Type AB-22 is different from the typical elongated club-
shaped copepod spermatophores (Hopkins, 1978; Defaye et al., 2000; Subramoniam, 
2017). We can therefore not be certain that this is indeed a copepod spermatophore. 
Alterna�vely, it is produced by another order of small crustaceans that we have not been 
able to iden�fy. 

Dimensions: The width of the casing ranges between 124 and 141 μm and the 
tube-like neck is 115±20 μm long (n=4). 

�eogra�hic distri���on: Iden�cal specimens derived from surface sediment 
samples from Prydz Bay have been depicted as an “egg case” by Storkey (2006, plate 12, 
fig. 7–10).  

Copepod eggs 
Palynomorph: Copepod egg (Plate 4, figure 9; Plate 5, figure 1–3) 

�or�holog� and iden��ca�on: A transparent sphere, which is densely covered in 
spines. The thickness of the egg envelopes in diapause eggs can be several micrometres 
thick (Santella and Ianora, 1990; Berasategui et al., 2012). Therefore, these eggs are likely 
�uiescence subitaneous eggs because their walls appear rela�vely thin. 

Biological taxon: Considering that �ara�a�����era a�tar���a is the most common 
copepod species at the Adélie coast (Loots et al., 2009) and that �� a�tar���a produces 
similar-sized eggs (Swadling, 1998), it is possible that these belong to �� a�tar���a. The 
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morphology of subitaneous (and diapause) eggs of �. antarc�ca is, however, unknown to 
us. 

Dimensions: The egg diameter is 115±15 μm (n=3) and the spines have a length of 
16±3 μm (n=11). 

Copepod mandibular gnathobases 
Palynomorph: Copepod mandibular gnathobase 1 (Plate 3, figure 21) 

�o���olog� an� i�en��ca�on: This mandibular gnathobase is rectangular with a 
toothed edge at one side consis�ng of nine triangular teeth, which decrease in size 
towards one side. It somewhat resembles the mandibular gnathobase of the local copepod 
Stephos longipes. �owever, this species has a large separa�on between the ventral 
(largest) tooth and the first central tooth (Razouls et al., 2005-2017), which is not the case 
in this specimen. Instead, it is more similar to the mandibular gnathobase of Centropages 
hamatus (Michels and Gorb, 2015), but this is not a Southern Ocean species. 

Biological taxon: Although we have not been able to assign it to any specific 
copepod species, such robust gnathobases with compact rela�vely short teeth at the distal 
ends typically belong to species that feed on phytoplankton (i.e. diatoms) (Michels and 
Gorb, 2015). 

Dimensions: It is 68±5 μm wide and 30±3 μm high (n=2). 

Palynomorph: Copepod mandibular gnathobase 2 (Plate 3, figure 17) 

�o���olog� an� i�en��ca�on: Compared to mandibular gnathobase 1, this 
specimen is more square-shaped. It possesses five triangular teeth (chi�nous tooth 
sockets). The ventral tooth is smaller than the two teeth (first and second central tooth) 
adjacent to it. Both the square-shaped dimensions and the number of teeth strongly 
resemble the mandibular gnathobase of Rhincalanus gigas (Michels and Gorb, 2015). Also, 
confocal laser scanning micrographs show that the ventral tooth socket is indeed smaller 
than the first central tooth (Michels and Gorb, 2015). 

Biological taxon: Probably Rhincalanus gigas. 
Dimensions: It has a width of 35 μm and height of 50 μm (n=1). 
�eog�a��ic �ist�i���on: R. gigas is a Southern-Ocean-wide species, but is most 

common in the Antarc�c Circumpolar Current (Atkinson, 1998). 
�cological ��e�e�ences an� en�i�onmental inte���eta�on: Being one of the most 

herbivorous species (feeding mostly on phytoplankton) of the Southern Ocean, R. gigas 
feeds predominantly on diatoms (Atkinson, 1998; Atkinson et al., 2012). Popula�ons of R. 
gigas descend to deeper waters in winter when they do not feed (diapause), although 

2



Chapter 2 

82 
 

some popula�ons have been found feeding in open surface waters during winter 
(Atkinson, 1998). 

Exoskeleton parts 
Palynomorph: Copepod thoracopod (Plate 3, figure 29) 

�o���olog� an� i�en��ca�on: This is a segmented exoskeleton part. Towards the 
distal end the segments become smaller stepwise. We have iden��ed this as the distal 
part of a thoracopod (swimming leg) of a copepod. 

Biological taxon: Considering its size it probably belonged to a small copepod 
species. 

Dimensions: It is 92 μm long (n=1).  

Palynomorph: Copepod endites (Plate 5, figure 5) 

�o���olog� an� i�en��ca�on: Within the samples of Hole U1357B groups 
transparent conical palynomorphs are encountered, which are a�ached together at their 
base by a thin transparent surface. In some cases spines protrude from the base of an 
individual transparent cone. Although we cannot be certain, we believe that these could 
be the endites of a copepod maxilla. 

Biological taxon: These are probably copepod mandible remains. 
Dimensions: The transparent cones are typically 42±12 μm long (n=9). 

Palynomorph: Copepod setae (Plate 5, figure 6; Plate 6, figure 5) 

�o���olog� an� i�en��ca�on: The most frequently encountered remains of 
copepods in the samples of U1357B are the setae of copepod thoracopods. Fans of bristles 
are posi�oned on one side of the seta at constant intervals. 

Biological taxon: Such specimens likely belong to the larger copepod species such 
as Rhincalanus gigas (Razouls et al., 2005-2017), of which mandibular gnathobases were 
also found (see above). 

Dimensions: The setae are o�en fragmented, but the largest specimen that was 
measured is 527 μm long. 

Phylum TARDIGRADA Spallanzani 1776 
Class EUTARDIGRADA Marcus 1927 

Order PARACHELA Schuster et al. 1980 
Superfamily MACROBIOTOIDEA Thulin 1928 in Marley et al. 2011 

Palynomorph: Macrobiotoid tardigrade egg (Plate 2, figure 17–20) 
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�or�holog� and iden��ca�on: The eutardigrade superfamily Macrobiotoidea  
(Marley et al., 2011) comprises several genera of tardigrades that produce eggs with an 
ornamenta�on consis�ng of tapered, conical pro�ec�ons with or without distal bifurca�ons 
or dishes (Bertolani and Rebecchi, 1993; Pilato et al., 2004; Gibson and Zale, 2006; Bartels 
et al., 2009; �l�ero et al., 2010; Zawierucha et al., 2016). Within the samples of Hole 
U1357B we encountered one palynomorph that strongly resembles a macrobiotoid 
tardigrade egg. This palynomorph is transparent and smooth-walled with transparent, 
hollow, conical processes (about 20 are visible on one side of the egg). Each conical 
pro�ec�on is about 4 μm high and possesses a thread-like extension at its �ps, which can 
be as long as the conical pro�ec�on itself. 

Biological taxon: The egg found in Hole U1357B resembles the eggs of Macrobiotus 
krynauwi (Dastych and Harris, 1995) or Macrobiotus blocki (see Gibson et al. 2007), 
although it is much smaller in size and has longer thread-like extensions at its processes. 
The exact macrobiotoid tardigrade species to which this egg belongs remains unknown. 

Dimensions: Without its processes the egg is 19 μm in diameter (n=1). 
�eogra�hic distri���on: Macrobiotoid eutardigrades are found worldwide in  

freshwater and semiterrestrial environments (Bertolani et al., 1996). �lso on �ntarc�ca, 
tardigrade eggs have been found in freshwater and slightly brackish lake sediments 
(Gibson and Zale, 2006; Gibson et al., 2007; Cromer et al., 2008) as well as on sparsely 
vegetated and ice-free areas (Dastych and Harris, 1995; Convey and McInnes, 2005; 
Convey et al., 2008). 

The fossil record: The eggs of tardigrades are also known to be preserved in 
sediments (Gibson and Zale, 2006; Gibson et al., 2007; Cromer et al., 2008; Borromei et al., 
2010; Mudie et al., 2011). However, species-specific environmental reconstruc�ons are 
scarce. Recently, mul�ple Holocene tardigrade egg records from �ntarc�c lakes were 
generated that give insight into Holocene tardigrade dispersal and how they are affected 
by regional climate change (Gibson and Zale, 2006; Gibson et al., 2007). 

�cological �references and en�ironmental inter�reta�on: Notably, only 
eutardigrades, which comprise the freshwater and semiterrestrial tardigrades, produce 
ornamented eggs in contrast to the marine heterotardigrades, which produce smooth-
walled eggs (Bertolani et al., 1996). Within sedimentary records increased amounts of such 
ornamented tardigrade eggs have been associated with restricted freshwater condi�ons, 
such as lakes or ponds (Gibson and Zale, 2006; Gibson et al., 2007; Cromer et al., 2008; 
Borromei et al., 2010; Mudie et al., 2011). The presence of tardigrade eggs in samples of 
Hole U1357B is therefore a surprise given the marine condi�ons as indicated by the other 
plankton groups. Since we have only found one and because tardigrades are also common 
on sparsely vegetated and ice-free areas of the �ntarc�c con�nent (Dastych and Harris, 
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1995; Convey and McInnes, 2005; Convey et al., 2008), it is likely that it has been 
transported (through icebergs or wind) from the Antarc�c mainland. 

5.6 Acritarchs 
Group incertae sedis ACRITARCHA Evitt 1963 

Subgroup SPHAEROMORPHITAE Downie, Evitt & Sarjeant 1963 
Genus Leiosphaeridia Eisenack 1958 

Leiosphaeridia sp. 1–3 (Plate 3, figure 30–34; Plate 5, figure 4, 7–9; Plate 7, figure 1–3) 

�or�holog� and iden��ca�on: The genus Leiosphaeridia includes all simple, 
smooth, spherical palynomorphs, which may or may not exhibit dehiscence through par�al 
rupture (Colbath and Grenfell, 1995). Within Hole U1357B we can dis�nguish three 
morphotypes: Leiosphaeridia sp. 1 (Plate 7, figure 1–3), Leiosphaeridia sp. 2 (Plate 3, figure 
30–34; Plate 5, figure 7–9), and Leiosphaeridia sp. 3 (Plate 5, figure 4). All three species are 
transparent spheres, but Leiosphaeridia sp. 2 can be more yellow. Also, some specimens of 
Leiosphaeridia sp.2 appear to be covered by a second membrane (Plate 3, figure 32–34) or 
have a hole (Plate 5, figure 9). 

Biological taxon: The genus Leiosphaeridia has been the  subject of considerable 
taxonomic debate, in part due to its uncertain biological affini�es (Mar�n, 1993; Colbath 
and Grenfell, 1995). An affinity with green algae, such as Chlorella Beijerinck 1890 and the 
prasinophyte Halosphaera Schmitz 1879, has been suggested for some Leiosphaeridia 
species, but the genus could very well be polyphyle�c (Mar�n, 1993; Colbath and Grenfell, 
1995). Because of its uncertain taxonomic posi�on, we retain it under Acritarcha. 

Dimensions: Leiosphaeridia sp. 1 is only 16±1 μm in diameter (n=2). Leiosphaeridia 
sp. 2 is 30±2 μm in diameter (n=6) and has a rela�vely thicker wall. Leiosphaeridia sp. 3 is 
70±30 μm in diameter (n=3) and has a rela�vely thin wall, which is some�mes difficult to 
dis�nguish and easily ruptured.  

�eogra�hic distri���on: Smooth-walled transparent spheres can be found in 
marine sediments worldwide. In the Southern Ocean, Leiosphaeridia have been reported 
from modern-day surface sediments of the Prydz Bay area (Storkey, 2006) and the Ross 
Sea (Wrenn et al., 1998). 

The fossil record: Different sizes of Leiosphaeridia spp. have been common near the 
Antarc�c margin since at least the late �ocene (�emp, 1975; Wrenn et al., 1998; Hannah et 
al., 2000, 2001; Troedson and Riding, 2002; Hannah, 2006; Warny et al., 2006, 2009, 2016). 
It is therefore possible that the more yellow specimens are reworked. 

�cological �references and en�ironmental inter�reta�on: In the Arc�c high 
abundances of Leiosphaeridia have been found in the low-salinity surface meltwater 
within disintegra�ng pack ice during the spring thaw (Mudie 1992; Mudie & Harland, 
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1996). Mudie (1992) has shown that in the Arc�c increased abundances of Leiosphaeridia 
are associated with the presence of a fixed ice margin. Therefore, increased abundances of 
Leiosphaeridia have been associated with glacial retreat and freshwater discharge in 
palaeoreconstruc�ons at the Antarc�c margin (Hannah, 2006� Warny et al., 2006, 2016). It 
is uncertain whether the different sizes of Leiosphaeridia are related to environmental 
condi�ons, produced by different organisms, or represent different growth stages similar 
to prasinophyte phycomata during internal cell division. 

Subgroup UNCERTAIN 
Genus Mecsekia Hajós 1966 emend. Schrank 2003 

Mecsekia cf. Mecsekia sp. A of Schrank (2003) (Plate 7, figure 4–9) 

�o���olog� an� i�en��ca�on: Within Hole U1357B, transparent spheres 
ornamented with about 50 pillar-like, subtriangular spines have been found. These spines 
are evenly distributed and the distance between them is at least 3 �mes the diameter of 
the spines. Such acritarchs belong to the genus Mecsekia. The genus Mecsekia comprises 
small spherical or ovoidal vesicles with numerous subtriangular spines (Schrank, 2003). 
The spines are solid apart from a thin central canal (Schrank, 2003). Generally no 
excystment structure is present (Schrank, 2003). The different species of Mecsekia are 
generally dis�nguished from each other based on the distribu�on and space between the 
spines, and the wall structure between the spines (Schrank, 2003). Also in the specimens 
from Hole U1357B, the thin central canal within the spines can be dis�nguished. Based on 
the distance between the spines, the specimens from the samples of Hole U1357B 
resemble Mecsekia sp. A of Schrank (2003). However, the spines of Mecsekia sp. A of 
Schrank (2003) are more unevenly distributed than the specimens from Hole U1357B. 
Palynomorph Type 115 of Pals et al. (1980), described from a Holocene peat sec�on of the 
Klokkeweel bog (the Netherlands), is likely also a species of Mecsekia and shows 
resemblance to the specimens from Hole U1357B. However, Type 115 of Pals et al. (1980) 
has also rela�vely more processes. 

Biological taxon: The biological affinity of this species is unknown. 
Dimensions: Specimens are 15±2 μm in diameter (n=3). 
�eog�a��ic �ist�i���on: To our knowledge this par�cular Mecsekia species is not 

known from modern-day sediments. However, other species of Mecsekia have been 
recovered from sediments underlying brackish water, such as the Black Sea (as 
Micrhystridium cf. ariakense in Mudie et al. 2011) and more dynamic coastal marine 
waters, such as the shallow marine Great Bahama Bank (as Varia-1 type in Traverse & 
Ginsburg 1966). 
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The fossil record: Mecsekia sp. A of Schrank (2003) was described from 
Maastrich�an deposits in �gypt. 

�cological �references and en�iron�ental inter�reta�on: Based on the 
distribu�on pa�ern of the various Mecsekia species, Schrank (2003) infers that Mecsekia 
prefers a shallow marine environment. Notably, Type 115 of Pals et al. (1980) was also only 
found in the marine clay deposits underlying the lake deposits of this peat sec�on (Pals et 
al., 1980). However, the fact that Mecsekia has also been associated with more restricted 
brackish water se�ngs today (Mudie et al., 2011) suggests some tolerance to lower 
salini�es. A tolerance to lower salini�es is also suggested by fossil accounts of Mecsekia, 
such as the Miocene restric�on of the Pannonian �ake and the associated stra�fica�on 
(Magyar et al., 1999; Sütő and Szegő, 2008; Sütőné Szentai, 2012).  

Genus Palaeostomocystis Deflandre 1937 
Palaeostomocystis cf. fritilla (Bujak 1984) Roncaglia 2004b (Plate 5, figure 10–13) 

�or�holog� and iden��ca�on: Ovoidal, yellow, smooth, thick-walled vesicles with 
a single polar pylome (opening) with an undulate margin have been found within the 
samples of U1357B. These belong to the genus Palaeostomocys�s, which comprises all 
single-walled vesicles with a large pylome. They resemble Palaeostomocys�s fri�lla in 
par�cular, but lack faveolated wall, resembling a fine-meshed re�culate network of muri 
(Bujak, 1984; Roncaglia, 2004b; Warny, 2009). 

Biological taxon: The biological affinity of P. fri�lla is unknown (Warny, 2009) and it 
is uncertain whether Palaeostomocys�s cf. fri�lla is produced by a different biological 
species than the species producing P. fri�lla. Alterna�vely, Palaeostomocys�s cf. fri�lla are 

Plate 6 (previous page):  
Figure 1: Cymatocylis convallaria forma calyciformis, U1357B-8H-3W 54–56 cm, slide 1, E.F.:K20.2. 
Figure 2: Cymatocylis convallaria forma cylindrica, U1357B-5H-5W 12–14 cm, slide 1, E.F.: S17.2, LIB image. 
Figure 3: Cymatocylis convallaria forma cylindrica, U1357B-8H-3W 54–56 cm, slide 1, E.F.: F17.3. 
Figure 4: Cymatocylis convallaria forma cylindrica, U1357B-6H-6W 123–125 cm, slide 1, E.F.: K24.1, LIB 
image.  
Figure 5: Copepod setae: a large seta on the right and a smaller seta on the le� (anterior ends of 
Cymatocylis convallaria are also present on the le� side), U1357B-8H-3W 54–56 cm, slide 1, E.F.: T30.1. 
Figure 6: Type AB-27e, triangular with acute �p, U1357B-5H-7W 5–7 cm, slide 1, E.F.: H27.1, LIB image. 
Figure 7: Type AB-27a, dome-shaped with broad base, U1357B-8H-3W 54–56 cm, slide 1, E.F.: Q31.3, LIB 
image. 
Figure 8: Type AB-27b, dome-shaped, U1357B-17H-1W 117–119 cm, slide 1, E.F.: G17.3, LIB image. 
Figure 9: Type AB-27d, triangular, U1357B-5H-7W 5–7 cm, slide 1, E.F.: D32.4, LIB image. 
Figure 10: Type AB-29, U1357B-5H-7W 5–7 cm, slide 1, E.F.: E34.4, LIB image. 
Figure 11: Type AB-28, U1357B-10H-1W 58–60 cm, slide 1, E.F.: L23.2, LIB image. 
Figure 12: Type AB-30, U1357B-15H-2W 75–76 cm, slide 1, E.F.: F22.2, LIB image. 
Figure 13-14: Type AB-32, U1357B-2H-2W 114–116 cm, slide 1, E.F.: N32.3, upper and lower focus. 
Figure 15-16: Type AB-31, top view, U1357B-6H-6W 123–125 cm, slide 1, E.F.: J26.3, upper and lower focus. 
Figure 17-18: Type AB-31, lateral view, U1357B-17H-5W 97–99 cm, slide 1, E.F.: O28.4, upper and lower 
focus. 
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diagene�cally altered forms of �� �r����a. �� �r����a shows some similarity to the egg capsules 
(oocytes) produced by Turbullaria (Platyhelminthes), which are ovoidal capsules with an 
single operculum (Harmsworth, 1968). Such oocytes are known to be preserved 
(Harmsworth, 1968; Borromei et al., 2010; Mudie et al., 2011). For example, larger but 
similar-looking oocytes with a smooth pylome margin have been reported from a peat 
core derived from a mire in Tierra del Fuego (Borromei et al., 2010). Nevertheless, 
different Turbullaria species produce different shapes and sizes of oocytes. Turbullaria are 
known to live in Antarc�c sea ice and release their eggs upon ice melt (Janssen and 
Gradinger, 1999; Kramer et al., 2011). However, the studied species by Janssen & 
Gradinger (1999) do not seem to produce egg capsules and release globular-shaped eggs 
of 30-90 μm directly into the surface waters. 

Dimensions: Specimens of �a�ae��t�������� cf. �r����a are 49±5 μm long and 41±3 
μm wide (n=5). 

�eo�r��hic dis�ri���on: �a�ae��t�������� species in general have been 
associated with a (sub)polar environment (Warny, 2009). �� �r����a has also been reported 
from surface sediments of the Weddell Sea, Antarc�ca, although it is possible that these 
are reworked from older Pleistocene sediments (Yi et al., 2005; Warny, 2009; Pieńkowski et 
al., 2013b). �� �r����a has also been reported from surface sediments in the Prydz Bay area 
(Storkey, 2006), the (�anadian) Arc�c (Pieńkowski et al., 2011), Disko Bay, west Greenland 
(Roncaglia, 2004b; Seidenkrantz et al., 2008), and the Faroe Islands (Roncaglia, 2004a). 
Notably, it has also been reported from surface sediments in the more temperate semi-
marine environment of the Marmara Sea, although rare in abundance (Mudie et al., 2011). 

The fossil record: Originally �� �r����a was described from Pleistocene sediments in 
cores derived from the northern North Pacific and the Bering Sea  (Bujak, 1984). Other 
reports of �� �r����a come from middle and late Holocene core sec�ons obtained in Tierra 
del Fuego, Argen�na (�andel et al., 2013), Disko Bay, west Greenland (Roncaglia, 2004b; 
Seidenkrantz et al., 2008; Ribeiro et al., 2012b), the Faroe Islands (Roncaglia, 2004a), and 
the �anadian Arc�c (Pieńkowski et al., 2011, 2013a, 2014). In addi�on, Pieńkowski et al. 
(2014) reports smooth-walled varie�es of �� �r����a, referred to as �a�ae��t�������� sp. A, 
from mid-Holocene deposits of the �anadian Arc�c.  

�colo�ic�l �references �nd en�ironmen��l in�er�re���on: In paleoenvironmental 
records increased abundances of �� �r����a have been associated with the proximity of the 
sea-ice margin, the establishment of a seasonal sea-ice environment (Roncaglia, 2004a; 
Pieńkowski et al., 2013a, 2014), and glacial freshwater discharge and�or stra�fica�on 
(Seidenkrantz et al., 2008). In the �anadian Arc�c Archipelago the highest abundances are 
associated with the modern-day 9-10 months per year of sea-ice cover (Pieńkowski et al., 
2013a, 2014).  
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Palaeostomocystis cf. reticulata (Plate 5, figure 14–19) 

�or�holog� and iden��ca�on: This species of Palaeosto�oc�s�s is ovoidal, but 
more slender than Palaeosto�oc�s�s cf. �ri�lla, and has re�culate surface-wall 
ornamenta�on. �t has a yellow thick wall, but the re�culate surface-wall structure is thin, 
barely visible, and colourless. At one pole a large pylome is present that is almost half the 
diameter of the vesicle. Because of these characteris�cs it strongly resembles 
Palaeosto�oc�s�s re�c�lata of Deflandre (1937), which has been described from 
Cretaceous flint pebbles in the Paris Basin. However, the specimens of P. cf. re�c�lata in 
Hole U1357B possess a conical antapex o�en with a (prominent) knob that is lacking in P. 
re�c�lata. 

Biological taxon: The biological affinity of this taxon is unknown. 
Dimensions: Specimens of Palaeosto�oc�s�s cf. re�c�lata are 57±4 μm long and 

31±2 μm wide (n=5). 
�eogra�hic distri���on: These palynomorphs have not been reported from 

modern-day surface sediments. 
The fossil record: This is the first account of Palaeosto�oc�s�s cf. re�c�lata in the 

fossil record. However, P. re�c�lata has been reported from Upper Eocene to Pliocene 
reworked surface sediments around the Antarc�c Peninsula (Warny, 2009) apart from its 
original descrip�on from the Paris Basin (Deflandre, 1937). 

�cological �references and en�ironmental inter�reta�on: Because the biological 
affinity is unknown, the ecological preferences are unknown for this palynomorph. 
However, Palaeosto�oc�s�s have been associated with (sub)polar environments in 
general (Warny, 2009). 

Palaeostomocystis sphaerica Deflandre 1937 sensu Warny 2009  
(Plate 4, figure 10–11, 13–17; Plate 5, figure 23–25) 

�or�holog� and iden��ca�on: These acritarchs are yellow-brown, thick-walled, 
granulated spheres with a single collared pylome in the middle of a frustoconical collar 
(Deflandre, 1937). They strongly resemble the specimens of P. sphaerica depicted by 
Warny (2009). However, some specimens encountered in Hole U1357B are found with an 
addi�onal transparent envelope with a long transparent tail (Plate 4, figure 13–17). This is 
similar to the specimens depicted as Zooplankton spp. from Prydz Bay (Storkey 2006, plate 
8, figures 7–12 and plate 9, figures 1–9). However, this envelope is generally not present 
and probably lost due to the process of lithifica�on.  

Biological taxon: The original descrip�on of Deflandre (1937) for Palaeosto�oc�s�s 
sphaerica was based on a single specimen derived from a Cretaceous flint pebble from the 
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Paris Basin. Although the original specimen of Deflandre (1937) was just 20 μm, Warny 
(2009) also included specimens sampled from Upper Eocene to Pliocene reworked 
material around the Antarc�c Peninsula, which ranged in size between 40 and 120 μm. 
Although different in size, these specimens are very similar in shape and wall 
ornamenta�on (Warny 2009: plate 1, figure 9; Deflandre, 1937: plate XII, figure 6). 

Dimensions: The spheres in Hole U1357B range between 123 and 167 μm in 
diameter (average: 138 μm, n=7). 

�eo�r��hic dis�ri���on: Specimens of P. sphaerica iden�cal to those of Hole 
U1357B and similar to the large specimen depicted by Warny (2009) have also been found 
in surface samples in Prydz Bay (Storkey 2006, plate 8, figures 7–12 and plate 9, figures 1–
9). The specimens described by Warny (2009) from surface sediments of the Weddell Sea 
are considered reworked. 

The fossil record: P. sphaerica has not been described from prehistoric deposits 
apart from the original descrip�on from the Paris Basin (Deflandre, 1937). P. sphaerica 
sensu Warny (2009) is not known from the fossil record, although the specimens from the 
Weddell Sea are considered reworked from older strata (Warny, 2009). 

�colo�ic�l �references �nd en�ironmen��l in�er�re���on: In contrast to the 
specimens of Warny (2009), the occasional occurrence of this transparent envelope and 
the presence of cell content in some specimens of Hole U1357B could suggest that these 
specimens are not reworked from older sediments. Like P. �ri�lla, it has been suggested 
that P. sphaerica is also indica�ve of a (sub)polar environment and that the older species 
such as P. sphaerica might have evolved a preference for colder surface waters since the 
Cretaceous (Warny, 2009). However this assumes that the different Palaeostomocys�s 
species are phylogene�cally related, despite the fact that their biological affinity is 
uncertain (Warny, 2009). Instead, there is a possibility that the different Palaeostomocys�s 
species are biologically unrelated. It is even very possible that the smaller P. sphaerica 
described by Deflandre (1937) from the Cretaceous was produced by a very different 
species than the specimens encountered in modern surface sediments. Today, similar 
spherical cysts with a single collared pylome are produced by both parasi�c perkinsozoans 
(Leander and Hoppenrath, 2008; Choi and Park, 2010; Mangot et al., 2011) and spirotrich 
ciliates (Reid and John, 1983; Reid, 1987; Müller and Wünsch, 1999; Kamiyama, 2013). 
Res�ng cysts of the �n�nnid ciliates encountered in Hole U1357B (i.e., Codonellopsis, 
Laackmanniella, Cymatocylis) are, however, unknown and cannot be compared to P. 
sphaerica. The manner in which some of the specimens found in Hole U1357B and in Prydz 
Bay are enveloped by a tailed transparent sac does, in fact, resemble a host organism (e.g., 
dinoflagellate) with a parasi�c perkinsozoan cyst that has penetrated the host’s cell wall 
with its germ tube (i.e. pylome) to release its newly formed zoospores (see Leander & 
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Hoppenrath 2008). On the other hand, it is unlikely that the cell wall of the host organism 
would be preserved. The biological affinity and ecological preferences of P. sphaerica sensu 
Warny (2009) therefore remain uncertain. 

Palaeostomocystis sp. B (Plate 7, figure 10–15) 

�or�holog� and iden��ca�on: This is a yellowish, ovoidal vesicle with one polar 
pylome. The surface of the wall is covered by a yellowish to colourless re�culate network 
of membranes. In this respect it is very similar to Palae�s����c�s�s re�c�la�a  of 
Deflandre (1937) found in Cretaceous flint pebbles in the Paris Basin. However, the width 
of the pylome of P. re�c�la�a is almost half the diameter of the vesicle and possesses no 
collar, while the specimens from Hole U1357B have a rela�vely small pylome with an 
outward-extending collar more similar to the smooth-walled Palae�s����c�s�s sp. 1 of 
Warny (2009). In addi�on, the re�culate network appears to be denser than the original 
drawings of P. re�c�la�a of Deflandre (1937). 

Biological taxon: Like the P. sphaerica specimens of Hole U1357B, 
Palae�s����c�s�s sp. B resembles some of the cysts produced by spirotrich ciliates (Reid 
and John, 1983; Reid, 1987; Müller and Wünsch, 1999; Kamiyama, 2013), which are known 
to also produce various kinds of surface-wall ornamenta�on (�oissner et al., 2007). 

Dimensions: These palynomorphs are 33±5 μm long and 22±5 μm wide (n=4). 
�eogra�hic distri���on: Palae�s����c�s�s sp. B is not known from modern-day 

surface sediments. 
The fossil record: Palae�s����c�s�s sp. B is not known from other fossil records. 
�cological �references and en�ironmental inter�reta�on: Because the biological 

affinity is unknown, the ecological preferences are unknown for this palynomorph. 
However, Palae�s����c�s�s have been associated with (sub)polar environments in 
general (Warny, 2009). 

Palaeostomocystis sp. C (Plate 5, figure 20–22) 

�or�holog� and iden��ca�on: A transparent globular vesicle with one polar 
collared pylome. The rounded shape of this vesicle is somewhat fla�ened at the opposite 
site of the pylome. 

Biological taxon: Smooth spherical cysts with a single collared pylome are produced 
by both parasi�c perkinso�oans (Leander and Hoppenrath, 2008; Choi and Park, 2010; 
Mangot et al., 2011) and spirotrich ciliates (Reid and John, 1983; Reid, 1987; Müller and 
Wünsch, 1999; Kamiyama, 2013). As men�oned above, cysts of the Antarc�c spirotrich 
�n�nnids are unknown, so it is uncertain whether Palae�s����c�s�s sp. C belongs to any 
of these �n�nnids. 
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Dimensions: These palynomorphs are 50±5 μm long and 50±5 μm wide (n=3). 
�eo�r��hic dis�ri���on: �a�aeosto�o��s�s sp. C is not known from modern-day 

surface sediments. 
The fossil record: �a�aeosto�o��s�s sp. C is not known from other fossil records. 
�colo�ic�l �references �nd en�ironmen��l in�er�re���on: Because the biological 

affinity is unknown, the ecological preferences are unknown for this palynomorph. 
However, �a�aeosto�o��s�s have been associated with (sub)polar environments in 
general (Warny, 2009). 

5.7 Palynomorphs of unknown affinity 
Palynomorph Type AB-2 (Plate 7, figure 22–24) 

This is a 17±1 μm sized sphere (n=3) with a very thick wall and can appear rela�vely 
flat under the light microscope. The wall thickness is about one-��h of the sphere’s 
diameter. It is transparent without any wall ornamenta�on.  It could therefore be 
considered as a leiosphere, but because there are also 10 μm sized Leiosphaeridia without 
such a dis�nct thick wall, we treat Type AB-2 separately. 

Palynomorph Type AB-3 (Plate 7, figure 31–37) 

Type AB-3 consists of a fla�ened spherical �body�, such that the cross sec�on is 
ovoidal, and a �tail� shaped like an open cylinder posi�oned on one of the fla�ened 
surfaces. The membrane forming the cylindrical tail expands around one-half of the body 
and forms a crenulated crest that decorates the equator of the body. The distal end of the 
cylindrical membrane is slightly tapered. �n the fla�ened surface of the body across from 
the tail, a single pylome is present without any collar. The diameter of the pylome is about 
half the size of the diameter of the fla�ened surface of the body, which has a diameter of 
18±1 μm (n=4). The length of body and tail together is 28±1 μm. 

Palynomorph Type AB-4 (Plate 7, figure 38–41) 

Type AB-4 is a transparent sphere of about 18±2 μm in diameter (n=3) that is 
ornamented with 35 to 50 solid processes with a length of about 10 μm. At their distal 
ends the processes are dendri�c, showing mul�ple bifurca�ons in a tree-like fashion.  
These distal ‘branches’ do not seem to interconnect between processes. 

Palynomorph Type AB-5 (Plate 7, figure 25–26) 
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This palynomorph has a fuzzy appearance, but seems to consist of an inner body 
with cellular content and an outer spongy layer. Although the cellular content in Type AB-5 
is contained in a spherical body, the spongy outer layer of the palynomorph seems to be a 
polyhedron (edges can be dis�nguished in the outline). Its size is 23 μm in diameter (n=1). 

Palynomorph Type AB-13 (Plate 7, figure 16–21) 

This palynomorph consists of a transparent sphere with a diameter of 11±2 μm 
(n=3). �rom this sphere an equatorial, undula�ng crest extends from which a transparent 
membrane extends towards both poles. This membrane is striated and/or folded 
longitudinally and is open at the polar ends. Including the membrane the total length of 
the palynomorph is about 25 μm. The presence of an equatorial membrane is similar to 
the equatorial alae of some phycomata of prasinophyte algae (Parke et al., 1978). 

Palynomorph Type AB-19 (Plate 7, figure 27–30) 

A green or yellowish green subspherical body that is covered with wart-like 
protrusions. Type AB-19 is about 17±2 μm in diameter (n=4). The wart-like protrusions are 
solid, circular, or ovoid thickenings of the wall surface about 2-3 μm in diameter. 

Palynomorph Type AB-21 (Plate 7, figure 42–44) 

Type AB-21 is thick-walled, slightly ovoidal, and ornamented with solid triangular 
short spines, which are distributed irregularly at some parts of the wall surface. It has a 
dark yellow colour and is 22 μm in diameter (n=1). The spines resemble those of a 
tardigrade egg, but tardigrade eggs are transparent and do not possess such a thick wall. 
Alterna�vely, it could be an ornamented pollen grain. 

Palynomorph: Type AB-27a – f (Plate 4, figure 12, 18; Plate 6, figure 6–9) 

Within the samples of Hole U1357B there is a variety of thick-walled domes and 
cones that all share a characteris�c semicircular to subtriangular cavity at the base. Their 
sizes range from 52 to 243 μm long (average: 124 μm, n=8). Some shapes resemble the 
lorica of a �n�nnid ciliate, but �n�nnid loricae have a much thinner hyaline wall. Also, all 
specimens have a thick-walled base and therefore cannot house a single-celled organism. 
Instead, the cavity is open laterally. If these are in fact parts of a crustacean exoskeleton, it 
is unknown to which part they belong. We dis�nguish six di�erent morphotypes: a) dome-
shaped with a broad base, b) dome-shaped with height and width being equal, c) bullet-
shaped, d) triangular, e) triangular with long acute �p, and f) falcate. 
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Plate 7:  
Figure 1-3: Leiosphaeridia sp. 1, U1357B-17H-5W 97–99 cm, slide 1, E.F.: L33.4, upper, mid and lower focus. 
Figure 4-6: Mecsekia cf. Mecsekia sp. A of Schrank (2003), U1357B-18H-4W 2–3 cm, slide 1, E.F.: D23.3, 
upper, mid and lower focus. 
Figure 7-9: Mecsekia cf. Mecsekia sp. A of Schrank (2003) with dent, U1357B-18H-4W 2–3 cm, slide 1, E.F.: 
H30.3, upper, mid and lower focus. 
Figure 10-12: Palaeostomocys�s sp. B, U1357B-6H-6W 123–125 cm, slide 1, E.F.: E30.3, upper, mid and 
lower focus. 
Figure 13-15: Palaeostomocys�s sp. B, U1357B-3H-7W 10–12 cm, slide 1, E.F.: O19.1, upper, mid and lower 
focus. 
Figure 16-18: Type AB-13, U1357B-17H-1W 117–119 cm, slide 1, E.F.: D25.4, upper, mid and lower focus. 
Figure 19-21: Type AB-13, U1357B-18H-4W 2–3 cm, slide 1, E.F.: F21.2, upper focus, mid and lower focus. 
Figure 22-24: Type AB-2, U1357B-18H-2W 114–116 cm, slide 1, E.F.: H28.1, upper, mid and lower focus. 
Figure 25-26: Type AB-5, U1357B-1H-1W 11–13 cm, slide 1, E.F.: E22.3, upper and mid focus. 
Figure 27-29: Type AB-19, U1357B-5H-5W 12–14 cm, slide 1, E.F.: F32.1, upper, mid and lower focus. 
Figure 30: Type AB-19, U1357B-7H-5W 4–6 cm, slide 1, E.F.: V21.4, upper focus. 
Figure 31-33: Type AB-3, U1357B-1H-1W 11–13 cm, slide 1, E.F.: G23.1, upper, mid and lower focus. 
Figure 34-36: Type AB-3, U1357B-3H-7W 10–12 cm, slide 1, E.F.: O22.3, upper, mid and lower focus. 
Figure 37: Type AB-3, U1357B-3H-7W 10–12 cm, slide 1, E.F.: G29.2, mid focus. 
Figure 38-41: Type AB-4, U1357B-1H-2W 40–42 cm, slide 1, E.F.: H33.1, upper focus on dendri�c distal 
process endings, upper focus on central body, mid and lower focus. 
Figure 42-44: Type AB-21, U1357B-5H-7W 5–7 cm, slide 1, E.F.: E32.2, upper, mid and lower focus. 
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Palynomorph: Type AB-28 (Plate 6, figure 11) 

This is a flat, circular palynomorph, but at one side of the palynomorph two 
rounded indents interrupt the circular outline. Its diameter is about 117 μm (n=1). It is 
possible that this is part of an arthropod exoskeleton. 

Palynomorph: Type AB-29 (Plate 6, figure 10) 

Sickle-shaped exoskeleton parts extending from a broad base. The sickles are about 
44±4 μm long (n=2).  

Palynomorph: Type AB-30 (Plate 6, figure 12) 

These are long, yellow, curved blades that are hollow inside. They are generally 
longer than 100 μm. The lack of dis�nct characteris�cs makes it difficult to assign these 
types of palynomorphs to a par�cular organism. As discussed above, such forms can be 
parts of crustacean mandibles or the jaw apparatus of eunicid annelids, although the 
remains of the la�er have a dis�nct dark red colour in the samples of U1357B. 
Alterna�vely they could be the grasping spines posi�oned on the posterolateral sides of 
the heads of chaetognaths, which they use for capturing prey (Ball and Miller, 2006). These 
grasping spines are also hollow and can be longer than 100 μm (for detailed SEM images 
see Szaniawski 2002). Chaetognaths are the second most abundant zooplankton group in 
the Southern Ocean a�er the copepods, on which they prey (�roneman and Pakhomov, 
1998; Terazaki et al., 2013). Also in the Southern Ocean north of the Adélie Coast, 
chaetognaths, par�cularly Eukrohnia hamata and �a�i�a �a�ellae, have been recorded, 
although their abundance decreases towards higher la�tudes due to the scarcity of larger 
copepod species (Terazaki et al., 2013). However, the number of the deeper-dwelling E. 
hamata par�cularly increases when the sea ice disappears in spring-summer (Terazaki et 
al., 2013). It is thus very possible that their grasping spines end up in the sediments of the 
Adélie Basin. 

Palynomorph: Type AB-31 (Plate 6, figure 15–18) 

This palynomorph resembles a hollow thorn. It is similar to Type AB-30, but much 
shorter� 25±1 μm (n=2). In addi�on, the bo�om aperture, which is about 10 μm, has an 
outward-extending rim a few micrometres wide. As with Type AB-30, it is unclear to what 
organism this palynomorph belongs due to the lack of characteris�c features. However, 
the size of Type AB-31 makes it too small to be the remains of chaetognath grasping 
spines. Alterna�vely, we found that the circular rim around the aperture is the same size as 
the pylome of �alaeo�tomo����� ��haeri�a, which means that Type AB-31 could be the 
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plugs of P. sphaerica. These plugs would detach when the content of P. sphaerica would 
have been released, similar to the way the cysts of spirotrich ciliates release an operculum 
to allow the ciliate to escape (Reid and John, 1983; Reid, 1987; Müller and Wünsch, 1999). 
However, spirotrich cysts with a pointy operculum are not known to us. 

Palynomorph: Type AB-32 (Plate 6, figure 13–14) 

This is a tooth-like palynomorph with a semicircular outline, one central posterior 
(proximal) cone, and eight symmetrically arranged anterior (distal) cones. Of the anterior 
cones the second cone from the centre of the tooth is the largest. The tooth is 82 μm high 
and 61 μm wide (n=1). It shows resemblance to some conodont teeth, although conodont 
teeth are generally somewhat larger and conodonts are long ex�nct (Ulrich and Bassler, 
1926). More likely this is a mandible part, the tooth of a eunicid annelid, or a chaetognath 
unknown to us. 

5.8 Reworked palynomorphs 
5.8.1 Dinoflagellate cysts 

Order GONYAULACALES Taylor 1980 
Suborder GONYAULACINEAE (autonym) 

Family AREOLIGERACEAE Evitt 1963 
Genus Enneadocysta Stover & Williams 1995 emend. Fensome et al. 2006 

Enneadocysta dictyostila (Menéndez 1965) Stover & Williams 1995 emend. Sarjeant 1981 
(Plate 1, figure 25–26) 

�o���olog� an� i�en��ca�on: The species ���eadocysta dictyos�la has been the 
sub�ect of substan�al taxonomic debate (Sar�eant, 1981; Fensome et al., 2006). It can be 
recognized by its large apical archaeopyle and ragged clypeate processes (processes 
possessing a distal perforate �uadrate or polygonal pla�orm with broken margins) 
(Fensome et al., 2006). Clypeate processes and an apical archaeopyle are also present in 
the species Areosphaeridium diktyoplokum (Klumpp 1953) Eaton 1971 emend. Stover & 
Williams 1995; however, A. diktyoplokum possesses only one process on its antapical 
plate, while �. dictyos�la possesses two (Fensome et al., 2006). Also, the margins of the 
distal perforate pla�orms are mostly con�nuous (en�rely clypeate) in A. diktyoplokum 
(Fensome et al., 2006). 

Biological taxon: Irrelevant because this species is part of the reworked microfossil 
assemblage. 

Dimensions: The diameter of the cyst not including its processes ranges between 
44 μm and 81 μm (average: 65 μm, n=5). 
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�eogra�hic distri���on: This species has no modern-day distribu�on.  
The fossil record: In the Southern Ocean E. dictyos�la ranges from the mid-Eocene 

to just past the Eocene-Oligocene boundary (Bijl et al., 2013b). In younger sediments it is a 
common species in the reworked assemblage (as Enneadocysta partridgei in Hannah 2006; 
Warny et al. 2006) 

Order PERIDINIALES Haeckel 1894  
Suborder PERIDINIINEAE Fensome et al. 1993 

Family PERIDINIACEAE Ehrenberg 1831 
Subfamily DEFLANDREOIDEAE Bujak & Davies 1983 

Genus Spinidinium Cookson & Eisenack 1962 emend. Sluijs et al. 2009 
Spinidinium colemanii Wrenn & Hart 1988 (Plate 1, figure 10–12) 

�or�holog� and iden��ca�on: This circumcavate dinoflagellate cyst is 
characterized by penitabular capitate spines, an apical horn and a posteriorly a�ached 
(adnate) operculum consis�ng of one intercalary plate (Wrenn � Hart 1988; Sluijs et al. 
2009). In terms of ornamenta�on, it is therefore �uite similar to Vo���enni�o�ia s�c�leyae. 

Biological taxon: Irrelevant because this species is part of the reworked microfossil 
assemblage. 

Dimensions: Its length including the apical horn is 57±5 μm (n=3). 
�eogra�hic distri���on: This species has no modern-day geographic distribu�on.  
The fossil record: The stra�graphic range of S. colemanii is from the late Paleocene 

to Eocene (Sluijs et al., 2003).  

Genus Vozzhennikovia Lentin & Williams 1976 
Vozzhennikovia apertura (Wilson 1967) Lentin & Williams 1976 (Plate 1, figure 9) 

�or�holog� and iden��ca�on: This is a horned, transparent cornucavate 
dinoflagellate cyst, which can be easily dis�nguished by its archaeopyle formed through 
the loss of three intercalary plates and its ornamenta�on of pointed or flat-�pped short 
spines (as Spinidinium aperturum in Wilson 1967). 

Biological taxon: �nknown because this is the cyst of an e��nct dinoflagellate. 
Dimensions: Its length including the apical horn is about 41±1 μm (n=2). 
�eogra�hic distri���on: This species has no modern-day geographic distribu�on.  
The fossil record: V. apertura has a stra�graphic range in the Southern Ocean of 

Paleocene to Eocene (Bijl et al., 2013b). Despite the fact that its stra�graphic range is 
restricted to the Paleogene, it is a commonly found species since the Oligocene in other 
cores drilled near the �ntarc�c coast, where it is considered part of the reworked 
assemblage (Hannah et al., 2000; Hannah and Fielding, 2001; Yi et al., 2005; Hannah, 2006; 
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Warny et al., 2006, 2009; Bijl et al., 2018a), because Eocene strata dip up to the surface on 
the Wilkes Land margin (Truswell, 1982; E�pedi�on 318 Scien�sts, 2011a) 

Vozzhennikovia netrona Levy & Harwood 2000 emend. Sluijs et al 2009  
(Plate 1, figure 22–24) 

�or�holog� and iden��ca�on: This species has short capitate spines similar to 
Vozzhennikovia apertura, but has in addi�on to the apical horn a very dis�nc�ve antapical 
horn (Sluijs et al., 2009). 

Biological taxon: Irrelevant because this species is part of the reworked microfossil 
assemblage. 

Dimensions: Its length including the apical and antapical horn is 66 μm (n=1). 
�eogra�hic distri���on: This species has no modern-day geographic distribu�on.  
The fossil record: The stra�graphic range of V. netrona is from the middle to late 

Eocene (Sluijs et al., 2003, 2009). 

5.8.2 Pollen and spores 

Phylum TRACHEOPHYTA Sinnot ex Cavalier-Smith 1998 
Palynomorphs: pollen and spores (Plate 3, figure 18–19) 

�or�holog� and iden��ca�on: Remains of vascular plants are scarce within Hole 
U1357B and consist mainly of pollen grains and spores. The most common pollen belong 
to the genera Nothofagidites (Plate 3, figure 18) and Podocarpidites (Plate 3, figure 19). 
The Nothofagidites pollen grains are transparent, �a�ened spheres with a scabrate wall 
ornamenta�on and possess seven colpi. The Podocarpidites pollen grains are brown-
colored, bisaccate pollen grains with a re�culate wall structure on the sacci. We have not 
iden�fied other pollen and spores down to species level. 

Biological taxon: Nothofagidites and Podocarpidites are pollen of Nothofagus trees 
and Podocarpaceae respec�vely.  

Dimensions: Most pollen and spores found in Hole U1357B are between 20 and 40 
μm large. 

�eogra�hic distri���on: Pollen assemblages dominated by Nothofagidites and 
Podocarpidites have been associated with the modern-day (sub)alpine, cold or temperate 
rainforests of southern South America, Tasmania, Australia, New Caledonia, New Guinea 
and New �ealand (�enne� and Barker, 1990; Roberts et al., 2003; Pross et al., 2012) 

The fossil record: Pollen grains of Nothofagus and podocarps are found in situ since 
the Late Cretaceous ranging possibly into the Pliocene and are the dominant vegeta�on of 
the Antarc�c tundra during the Oligocene and Miocene (Hill and Scriven, 1995; Askin and 
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Raine, 2000; Troedson and Riding, 2002; Prebble et al., 2006; Warny et al., 2006; Pross et 
al., 2012; Sangiorgi et al., 2018). 

6 Conclusions 
We describe a total of 74 palynomorphs, which are discussed based on an extensive 

literature survey to resolve their biological origin and what they represent ecologically. 
This review serves as a resource for future studies along the Antarc�c margin. All the 
palynomorphs of Hole U1357B represent at least 40 different in situ species. Such diversity 
illustrates the species richness of a polynya-controlled environment at the Antarc�c coast 
and further highlights the importance of finding well-preserved strata to reconstruct bio�c 
response to past climate or oceanographic changes.  

Par�cularly among the dinoflagellates and �n�nnids there is a high degree of 
Southern Ocean endemism, which reflects the influence of the seasonal sea-ice system. 
Some of these species have been linked directly to an Antarc�c coastal se�ng (e.g., 
Nucicla umbiliphora; Chapter 3) and the forma�on of sea ice and brine release (e.g., 
Polarella glacialis; Thomson et al. 2006). Among the other palynological remains, 
par�cularly prasinophytes, leiospheres and Palaeostomoc�s�s have also been linked to a 
sea-ice-controlled environment (Mudie 1992; Daugbjerg 2000; Moro et al. 2002; Warny 
2009). On the other hand, we find the remains of more cosmopolitan species, such as the 
dinoflagellate ��mnodinium microre�culatum and the �n�nnid Codonellopsis pusilla. 

�n addi�on to the richness of the assemblage, the state of preserva�on in Hole 
U1357B is truly excep�onal. This is evident from the findings of easily degradable species 
such as cysts of Polarella glacialis (Montresor et al., 1999) also in the lower parts of the 
sedimentary sequence (see Chapter 4), while in general the preserva�on of organic carbon 
and palynomorphs at the Antarc�c margin and on the Antarc�c shelves is very poor 
(Sacke�, 1986; �venvolden et al., 1987; �enkatesan and �aplan, 1987; Wrenn et al., 1998) 
due to intensive oxygen delivery, strong ocean currents, and therefore the effec�ve 
reminerali�a�on of organic ma�er (De �ernal and Marret, 2007; �onneveld et al., 2010). 

The palynomorph record of Hole U1357B is an important source for reconstruc�ng 
Holocene Antarc�c climate variability for future work. This extensive review of organic 
microfossil associa�ons provides the basis to implement an addi�onal tool, next to 
diatoms, to reconstruct palaeoenvironmental and palaeoceanographical changes in sites 
close to the Antarc�c margin, while considering at a wider por�on of the ecosystem 
(primary and secondary producers). This will be presented in Chapter 4. 
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Abstract 
In the southern high la�tudes, dinoflagellate cysts are an important microfossil group for 
both biostra�graphic and palaeoenvironmental interpreta�on purposes. In light of this,
the peridinioid dinoflagellate cyst Nucicla umbiliphora gen. et sp. nov. from the Antarc�c 
margin is formally described. Nucicla is dorsoventrally compressed, has a rounded
pentagonal outline in dorso-ventral view, an epicyst that is only half as high as the
hypocyst, an unusual archaeopyle formed by the loss of the three anterior intercalary 
plates, and a posterior sulcal plate that is posi�oned at the antapex. The species N. 
umbiliphora is characterised by a scabrate cyst wall and possesses undulated and/or
crenulated folds/ridges. It has been so far exclusively found in Quaternary sediments 
obtained from the �ast Antarc�c con�nental shelf and the �oss �ea. Although the 
dinoflagellate producing this cyst is as yet unknown, its brown colour and the lack of 
autofluorescence suggest that the mo�le cell is likely a heterotrophic Protoperidinium
species. As such, N. umbiliphora might benefit from phytoplankton blooms occurring close
to the Antarc�c margin a�er seasonal sea-ice retreat. 
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1 Introduction 
Although the Oligocene to Quaternary sediments of the Southern Ocean and 

Antarc�c margin have long been thought to contain no dinoflagellate cysts (McMinn, 
1995), several endemic and bipolar species have been discovered during the last two 
decades. They are important for both biostra�graphic purposes and reconstruc�ng the 
high-la�tude clima�c evolu�on (Marret and De �ernal, 199�; Montresor et al., 1999; Esper 
and Zonneveld, 2002; Prebble et al., 2013; Clowes et al., 2016; Bijl et al., 2018a).  

Here we formally describe Nucicla umbiliphora gen. et sp. nov. This species has 
already been reported without formal descrip�on from four locali�es around Antarc�ca 
(Figure 1). These dinoflagellate cysts are now included in N. umbiliphora. It was first 
depicted as Dinocyst sp. A from Quaternary samples from the Cape Roberts Project drill 
core 1 (CRP-1), Ross Sea (Wrenn et al., 1998). Storkey (2006) reported the species from 
shelf surface sediments in Prydz Bay. Furthermore, the dinoflagellate cyst is depicted in 
Warny et al. (2006) as ‘Lejeunecysta cf. sp. 1 and 5 of CRP’ (i.e. cf. Hannah et al., 2000) 
from the Ross Sea shelf edge. Finally, the species has also been reported from a Holocene 
core from a small meromic�c basin upstream Ellis Fjord, which lies at the eastern coastal 
margin of Prydz Bay (Boere et al., 2009). Here we add occurrences of this species in nine 
other East Antarc�c marine sediment cores and surface sediments (Figure 1, Table 1). 

2 Material and methods 
Samples obtained from nine cores (see Table 1; Figure 1) were freeze-dried and 

crushed manually to small chunks in a mortar a�er which a Lycopodium tablet was added 
with Agepon (1:200). Agepon was used to plump up the shrivelled Lycopodium from the 
tablets and the palynomorphs in general. A small amount of 30% cold hydrochloric acid 
(HCl) was added to remove carbonate, and to dissolve the Lycopodium tablet. Samples 
were treated with 38% cold hydrofluoric acid (HF) and shaken for 2 h at 250 rpm. 
Therea�er, samples were diluted with tap water, allowed to se�le for 24 h, and decanted. 
Subsequently, 30% HCl was added to remove fluoride gels, tap water was added and the 
samples were centrifuged, a�er which the samples were decanted. �o addi�onal 
neutralisa�on steps were performed to remove e�cess HF. Tap water was added to the 
residue to prevent o�ida�on of the organic material. The treated material was sieved using 
a 10-μm mesh sieve and kerogen clumps were ultrasonically fragmented. Heavy minerals 
were removed by pouring the residue from the sieve into a porcelain dish that is kept 
floa�ng in the ultrasonic bath, and by decan�ng this back into the sieve a�er 5 minutes. 
The frac�on � 10 μm was concentrated into �1 m� of glycerin-water and a frac�on thereof 
was mounted on a microscope slide using glycerine jelly. 
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Figure 1: Previously published sites and the sites presented in this study from which samples are 
derived that contain �ucicla umbiliphora. �he posi�on of the summer sea ice edge (SSIE) and winter 
sea ice edge (WSIE) are indicated by do�ed and interrupted lines, respec�vely. �he posi�on of the 
SSIE and WSIE are based on the figure by Arrigo et al. (2008), which shows the averaged satellite-
derived, annual sea-ice cover for the period 1997-2006. SSIE: <20 days/year sea-ice cover and WSIE 
>320 days/year sea-ice cover. 
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Green autofluorescence of the cyst was tested on a Leica DM2500 LED fluorescence 
microscope. 

Images were taken using a Leica DM2500 LED microscope with mounted Leica 
MC170 HD camera and for the images of Plate 1 the Live Image Builder (LIB) within the 
Leica Applica�on Suite so�ware 4.0 was used, which is a live �-stacking tool. Z-stacking 
constructs a two-dimensional image from a three-dimensional object by combining the 
areas in focus from mul�ple images, which is ideal for three-dimensional microscopic 
objects. 

A scanning electron microscope (SEM) photo was made using a JEOL NeoScope 
JCM-6000 Benchtop SEM, located at the ‘Gemeenschappelijk Milieu Laboratorium’ 
building at Utrecht University. For the SEM photo, dinoflagellate cysts were individually 
picked using a microinjec�on system, subse�uently placed on a stub and coated with a 
thin (10 nm) layer of pla�num. 

Plate terminology follows the �ofoid tabula�on system (see �ofoid 1911). 
Archaeopyle descrip�ve terms follow Bujak & Davies (1983). 

3 Results 
Nucicla umbiliophora was found in core-top samples of all the examined cores, with 

the excep�on of cores AS05-10, NBP0101-JPC41 and -JPC42 for which no core-top samples 
were available. Dinoflagellate cysts of N. umbiliphora were occasionally found with the 
operculum s�ll a�ached (Plate 1, �gures 1, 2, 6) and in one case also containing cell 

Table 1: Coordinates, core length and water depth of the sampled cores 
Core Locality Latitude Longitude Core 

length 
(m) 

Water 
depth 
(mbsl) 

Reference 

AS05-10 Western Ross 
Sea 

70°59.11'S 173°03.91'E 7.50 2377 This study 

ANTA02-
AV43 

Western Ross 
Sea 

74°08.45'S 166°04.97'E 2.20 218.5 Del Carlo et al. 
(2015) 

BC22 Southwestern 
Ross Sea 

76°41.59'S 169°04.68'E 0.37 790 This study 

IODP 
U1357B 

Adélie Basin 66°24.7990'S 140°25.5705'E 172.44 1017 Exp.318 Scientists 
(2011) 

NBP0101-
JPC41 

MacRobertson 
Shelf 

67°07.817'S 62°59.436'E 24.12 563 Leventer et al. 
(2001) 

NBP0101-
JPC42 

MacRobertson 
Shelf 

67°07.479'S 63°00.195'E 24.95 850 Leventer et al. 
(2001) 

NBP1402-
KC14 

Sabrina Coast 66°52.3691'S 118°14.4022'E 2.63 643 Domack & Leventer 
(pers. comm.) 

NBP1402-
KC27A 

Sabrina Coast 66°11.092'S 120°30.2403'E 2.952 544 Domack & Leventer 
(pers. comm.) 

NBP1402-
KC27B 

Sabrina Coast 66°11.0907'S 120°30.2385'E 2.71 547 Domack & Leventer 
(pers. comm.) 
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content (Plate 1, figure 10–11). The cysts of N. umbiliphora did not autofluoresce under 
fluorescence microscopy (Plate 1, figure 12). 

For core ANTA02-AV43 all samples were taken above the interval 1.48-1.51 m 
below sea floor (mbsf), which has an age of 9.7±5.3 ka based on 40Ar/39Ar da�ng (�el Carlo 
et al. 2015). No age models have been published yet for cores U1357B, BC22, NBP0101-
JPC41 or NBP0101-JPC42. However, the la�er two are likely of Holocene age as the nearby 
core NBP0101-JPC43B (23.95 m long) shows bo�om 14C ages of about 11.6 ka (Mackintosh 
et al., 2011). We encountered the species in JPC41 as deep as 17.52 mbsf. The new species 
has also been encountered throughout core BC22 (36.5 cm long). Unpublished 
dinoflagellate cyst data from box core BC22 suggest a posi�on for the Last Glacial 
Termina�on between 0.25 and 0.28 mbsf, from which the amount of dinoflagellate cysts 
per gram of dry sediment decreases strongly downcore. It has also been encountered 
sparsely in Hole U1357B to a depth of 55.06 mbsf. The 14C data from the nearby Hole 
U1357A provide an age of ~4.2 cal. kyr BP at 68.85 mbsf (Yamane et al., 2014). Samples 
from core AS05-10 have been retrieved from the interval with maximum dinoflagellate cyst 
preserva�on, which is associated with the onset of MIS5.5 (see Chapter 5). Apart from 
perhaps the CRP-1 core, for which the age model of the Quaternary sec�on above 43 mbsf 
is not well resolved, the occurrence in core AS05-10 during MIS5.5 is the oldest record of 
Nucicla umbiliphora. 

4 Systematic palaeontology 
Division DINOFLAGELLATA (Bütschli 1885) Fensome et al. 1993 

Subdivision DINOKARYOTA Fensome et al. 1993 
Class DINOPHYCEAE Pascher 1914 

Subclass PERIDINIPHYCIDAE Fensome et al. 1993 
Order PERIDINIALES Haeckel 1894 

Suborder PERIDINIINEAE Fensome et al. 1993 
Family PROTOPERIDINIACEAE Bujak and Davies 1998 in Fensome et al. 1998 

Subfamily PROTOPERIDINIOIDEAE Bujak and Davies 1983 
Genus Nucicla gen. nov.  

 

Type species. Nucicla umbiliphora Hartman, Sangiorgi, Bijl & Versteegh sp. nov. 
Deri�a�on o� the na�e. From the La�n nucicla, meaning small nut, in reference to 

the cyst resembling a nut. 
Diagnosis. Acavate dorsoventrally compressed cyst with a rounded pentagonal 

outline, a hypocyst that is twice the size of the epicyst, an archaeopyle formed by the loss 
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of three anterior intercalary plates, and a large sulcus with the posterior sulcal plate 
posi�oned at the antapex. 

�i�eren�al �ia�nosis. This genus differs from all other peridinioid dinoflagellate 
cysts by its combina�on of (1) a consistent 3I archaeopyle, (2) a well-outlined cingulum 
and sulcus, (3) the absence of cava�on, and (4) a large sulcus with a posterior sulcal plate 
at the antapex. The late Cretaceous to Early Palaeocene genus Trithyrodinium Drugg 1967 
also has a 3I archaeopyle, but is cavate. Vozzhennikovia Len�n & Williams 1976 has an I or 
3I archaeopyle, and is cavate as well. Although the number of archaeopyle plates in 
Brigantedinium Reid 1977 is not limited and therefore can include species with a 3I 
archaeopyle, Brigantedinium is spherical/ovoidal and lacks tabula�on other than the 
archaeopyle. Other genera with dorsoventral compression, a pentagonal outline and 
consis�ng of an autophragm include Votadinium Reid 1977, Lejeunecysta Artzner & 
Dörhöfer 1978, Trinovantedinium Reid 1977, and Leipoka�um Bradford 1975. Like 
Brigantedinium, Votadinium and Leipoka�um can have an archaeopyle consis�ng of any 
number of intercalary plates, but Votadinium differs from Nucicla in having a shallow or 
deep depression between the antapical lobes and lacks a well-defined cingulum. 
Leipoka�um has very dis�nct antapical horns and a hypocyst much smaller than the 
epicyst. Both Lejeunecysta and Trinovantedinium may have a sulcus and/or cingulum 
reflected, but have an I archaeopyle. In addi�on, Trinovantedinium has non-tabular 
proximochorate processes and Lejeunecysta has an epicyst and hypocyst of approximately 
e�ual size. For all of the above-men�oned genera the posi�on of the posterior sulcal plate 
is either unclear or not as posterior as in Nucicla. 

Nucicla umbiliphora sp. nov. 
Plate 1, figures 1–12 and Plate 2, figures 1–6  

Synononymy. 
Dinocyst sp. A. Wrenn et al. 1998, p. 595, figure 5 a–d. 
Protoperidinium sp. 2 Storkey, 2006, p. 49, Plate 4, figures 10–12. 
Lejeunecysta cf. sp. 1 and 5 of CRP Warny et al. (2006), p. 163, Plate 3, figures 3–4.  
Cyst type 1 Boere et al., 2009, p. 273, figure 5 D, E, (F?). 
Holotype. Plate 1, figure 1-2. Cruise NBP0101, core JPC41, 108 cm depth, slide no. 

1, England Finder (E.F.) coordinates� U29.2 down le� corner.  
Repository. Stored at the collec�on of the Laboratory �arine Palynology and 

Oceanography, Utrecht, The Netherlands. 
Type locality. Iceberg Alley, �acRobertson Shelf, East Antarc�ca. 
Type stratum. Holocene.  
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Paratype. Plate 1, figure 6. Core ANTA02-AV43, 2-3 cm depth, slide no. 2, E.F.: F19.2 
bo�om side. Stored in the collec�on of the �aboratory Marine Palynology and 
Oceanography, Utrecht, The Netherlands. 

�tra�grap�i� range. Marine Isotope Stage 5.5 to Recent 
Deri�a�on o� t�e name. From the �a�n umbilicus (navel) and the Ancient Greek 

suffix -phoros (bearing), with reference to its large flagellar scar, which resembles a navel.  
Diagnosis. A species of Nucicla with a scabrate wall structure and with low, 

undula�ng or crenula�ng ridges with no apparent rela�on to plate boundaries with the 
excep�on of the cingulum and sulcus. The sulcus shows a large flagellar scar. Apart from 
the cingulum and sulcus tabula�on is only indicated by the clear 3I archaeopyle, of which 
the 2a intercalary is large and la�deltaform. In the holotype the operculum is s�ll a�ached; 
specimens are usually found without operculum. 

Dimensions. 
Holotype: Height = 70 µm; width measured along the cingulum = 62 µm.  
Other specimens (n=10): Height = 57–70 µm, average = 64.5 µm. Width = 52–63 

µm, average = 60.0 µm. 
Des�rip�on. A brown cyst with pentagonal outline, which is dorsoventrally 

compressed. Apical and antapical ‘horns’ are rounded and broad-based so that the cyst 
appears more rounded than pentagonal. A few specimens show a small acute apical horn 
(see Plate 1, figures 3 and 11). None of the specimens show acute �ps at the antapical 
‘horns’. The hypocyst is twice the height of the epicyst. The autophragm has folds that 

Plate 1 (previous page): Light microscope photographs of Nucicla umbiliphora.  
Figure 1. Holotype, JPC42, 468 cm depth, slide 1, E.F.: U29.2, dorsal side up: dorsal view with operculum 
a�ached but archaeopyle outlined. 
Figure 2. Holotype, JPC42, 468 cm depth, slide 1, E.F.: U29.2, dorsal side up: ventral view (mirrored). 
Figure 3. AS05-10, slice V-92, slide 1, E.F.: G24.1, dorsal side up: ventral view (mirrored), outline of 
archaeopyle visible. 
Figure 4. JPC41, 108 cm depth, slide 1, E.F.: L35.4, dorsal side up: dorsal view. 
Figure 5. JPC41, 108 cm depth, slide 1, E.F.: L35.4, dorsal side up:  ventral view (mirrored) with clearly visible 
flagellar scar. 
Figure 6. ANTA02-AV43, 2-3 cm depth, slide 2, E.F.: F19.2, ventral side up: ventral view, a low ridge indicates 
the posi�on of the posterior sulcal plate. 
Figure 7. JPC41, 556 cm depth, slide 1, E.F.: O42.1, antapical side up: apical view (mirrored), sulcus indicated 
by arrow. 
Figure 8. JPC41, 556 cm depth, slide 1, E.F.: O42.1, antapical side up: antapical view, sulcus indicated by 
arrow, a low ridge can be dis�nguished at the posterior edge of the posterior sulcal plate. 
Figure 9. JPC42, 295 cm depth, slide 2, E.F.: G32.4, ventral side up: ventral view, some of the low ridges 
within the sulcus may correspond to sulcal plate boundaries. 
Figure 10. JPC42, 295 cm depth, slide 2, E.F.: N33.3, dorsal side up: ventral view (mirrored), cell content 
visible. 
Figure 11. JPC42, 295 cm depth, slide 2, E.F.: N33.3, dorsal side up: dorsal view, cell content visible, 
operculum s�ll a�ached, but outline visible. 
Figure 12. Holotype, JPC42, 468 cm depth, slide 1, E.F.: U29.2, viewed under fluorescence microscope 
showing no autofluorescence. 
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form low, undula�ng or crenula�ng ridges, which are predominantly longitudinal and can 
be dendri�c (resembling a tree branch). With the excep�on of the cingulum and sulcus, 
these ridges have no rela�on to sutures. The cyst wall is scabrate and the degree of 
scabra�on varies between specimens (Plate 2, figures 4�6). The clearly dis�nguishable 
cingulum is levelled or very slightly descending and outlined by sutural ridges. Within the 
cingulum, low longitudinal ridges occur, but with no rela�on to cingular plate boundaries. 
The sulcus forms a clear depression, and is outlined by sinistral and dextral longitudinal 
sutural ridges. Some specimens also clearly show a posterior sutural ridge, which outlines 
the en�re posterior sulcal plate (Sp) (Plate 1, figures 6 and �). The sutural ridge that 
outlines the Sp extends towards the dorsal side of the cyst, indica�ng the excep�onal 
antapical posi�on of the Sp. To our knowledge no other protoperidinioid cyst possesses an 
Sp that is posi�oned so far posteriorly, thereby pushing the antapical plates to the dorsal 
side. The sulcus shows a large flagellar scar, with low ridges converging towards it. 
Applying standard protoperidinioid tabula�on to N. umbiliphora, low ridges within the 
sulcus seem to outline the right sulcal plate (Sd) and the le� sulcal plate (Ss) (Plate 1, 
figures 3 and 9). In some specimens (Plate 1, figures 3 and 9) a low ridge is present at the 
anterior margin of the le� and right sulcal plates, indica�ng the posi�on of the anterior 
sulcal plate (Sa) (Figure 2). 

The 3I archaeopyle is rela�vely large and spans almost the en�re dorsal side of the 
epicyst. It has a consistent shape with clear angles marking plate �unc�ons, except for the 
boundaries between the intercalary plates, which are smooth and subtle. Nevertheless, 
both archaeopyle and operculum outline suggest a 3I archaeopyle for the following 
reasons: (1) the upper margin of the archaeopyle is concave. Although in dinoflagellate 
cyst species with a 2a archaeopyle such a concave upper margin could be the result of the 
inward folding of the apical plates, we are certain that this is not the case for N. 
umbiliphora, because the outline of the operculum is also concave (Plate 2, figure 6); (2) 
the upper margin of the archaeopyle is three�sided (par�cularly visible in Plate 2, figure 3), 
strongly sugges�ng that these are the three sides of the third apical plate (3’) that border 
each of the anterior intercalaries (green, black and blue lines in the figures of Plate 2); (3) 
in several instances the lower margin of the 2a intercalary appears slightly but 
nevertheless clearly elevated with respect to the lower margins of the 1a and 3a 
intercalaries (indicated by the ^ symbols in the figures of Plate 2). The posi�on of the plate 
�unc�ons in the lower margin of the archaeopyle suggests that the 1a and 3a intercalaries 
are very narrow, bordering a large la�deltaform 2a intercalary. Although we cannot 
determine any further tabula�on from the cyst of N. umbiliphora, the rela�vely low height 
of the epicyst in combina�on with the large 2a suggests that the height of the 3’’, 4‘‘, and 
5‘‘ precingular plates is suppressed (see Figure 2).  
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 This is currently the only species in the genus. Within 
Protoperidiniaceae, Nucicla umbiliphora with its pentagonal outline, limited tabula�on, 
rounded antapical horns, scabra�on and brown colour most closely resembles 
Lejeunecysta rotunda Clowes et al., 2016. Instead of erec�ng a new genus one might 
consider emending Lejeunecysta to include N. umbiliphora. However, Lejeunecysta differs 
from Nucicla in more than just one aspect. Most importantly, Lejeunecysta has a consistent 
2a archaeopyle and closely defined archaeopyle shape. Lejeunecysta also differs in having 
the epicyst and hypocyst of approximately equal length, symmetrically located horns 
which are small pointed and solid, a laevigate or chagrinate wall, and tabula�on only 
indicated near the archaeopyle and cingulum, whereas the sulcus is only marked by a 
shallow depression. Because of the number and clarity of the differences we found it 
necessary to erect a new genus. It differs from most other peridinioid genera by its 3I 
archaeopyle. Other known genera with a 3I archaeopyle are the Cretaceous to Early 
Palaeocene Trithyrodinium and Palaeocene to Oligocene Vozzhennikovia, but both these 
genera are cavate. Typically, the apical and antapical horns of these genera are made up of 
the periphragm, while N. umbiliphora only has an autophragm (see Figure 3). Other brown 
scabrate dinoflagellate cyst species from the present-day Southern Ocean are 
�elenopemphi� antarc�ca Marret and De Vernal (1997), Brigantedinium pynei Hannah et 
al., 1998 and Cryodinium meridianum Esper and Zonneveld, 2002. Cryodinium meridianum 
also has low, some�mes dendri�c ridges, but most of these crests reflect tabula�on. 
Furthermore, C. meridianum lacks the pentagonal outline and dorsoventral compression, 
and has a 2I archaeopyle. Brigantedinium pynei is reminiscent of C. meridianum, but its 
rugulose surface does not reflect tabula�on and it has an I archaeopyle (Clowes et al., 
2016). �elenopemphi� antarc�ca does not have ridges, has an I-type archaeopyle and the 
width of the cyst is much larger than its height, so that it typically appears in (ant)apical 
view on microscope slides. Nucicla umbiliphora was found in Quaternary sediments of the 
Ross Sea together with a similar-looking Dinocyst sp. B (Wrenn et al., 1998). Because 
Dinocyst sp. B of  Wrenn et al. (1998) has antapical ‘horns’ with acute �ps, and the number 
of intercalary plates that comprise the archaeopyle is uncertain, it is not included in N. 
umbiliphora.  
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Plate 2 (next page): Light microscope photographs of the archaeopyle of Nucicla umbiliphora. Symbols and 
coloured lines correspond to plate �unc�ons and the upper archaeopyle margin as indicated in Figure 2. 
Figure 1. JPC42, 295 cm depth, slide 2, E.F.: O35.4, ventral side up (archaeopyle mirrored). 
Figure 2. JPC42, 953 cm depth, slide 2, E.F.: G28.4, ventral side up (archaeopyle mirrored), sinistral side is 
torn. 
Figure 3. JPC41, 1752 cm depth, slide 1, E.F.: P41.1, ventral side up (archaeopyle mirrored), focus on the 
upper archaeopyle margin. 
Figure 4. JPC41, 1752 cm depth, slide 1, E.F.: P41.1, ventral side up (archaeopyle mirrored), focus on the 
lower archaeopyle margin. 
Figure 5. JPC41, 1004 cm depth, slide 1, E.F.: T40.3, dorsal side up. 
Figure 6. Holotype, JPC42, 468 cm depth, slide 1, E.F.: U29.2, dorsal side up, operculum a�ached but 
outline of the archaeopyle visible. 

 

Figure 2: Schema�c drawings of the plate boundaries of Nucicla umbiliphora. Top le�: dorsal view. 
Top right: ventral view. �o�om le�: apical view. �o�om right: antapical view. Uninterrupted lines 
indicate archaeopyle (thick), cingulum and sulcal outlines (thin). �o�ed lines are hypothe�cal, based 
on the standard protoperidinioid plate con�gura�on and deduced from the archaeopyle outline and 
presumed sutural sulcal ridges. �rchaeopyle plate �unc�ons are marked by symbols. The upper 
archaeopyle margin is indicated by coloured lines. This coding of lines and symbols corresponds to 
that used in Plate 2. 
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Discussion 
4.1 Taxonomy 

We placed N. umbiliphora within the family Protoperidiniaceae based on the visible 
tabula�on, the absence of cava�on and the brown colour. It lacks plate boundaries 
between the cingular plates which hampers definite placement within Protoperidiniaceae. 
However, several modern-day cysts with a pentagonal outline and an intercalary 
archaeopyle but without plate boundaries between the cingular plates do produce 
Protoperidinium thecae, such as Votadinium, Lejeunecysta, Selenopemphix and 
Trinovantedinium (Head, 1996; Matsuoka and Head, 2013; Mertens et al., 2017). In 
addi�on, N. umbiliphora does not show green autofluorescence, like many 
Protoperidinium cysts (Brenner & Biebow, 2001; Anderson et al., 2003). Currently, the 
mo�le stage of N. umbiliphora is unknown. 

4.2 Ecology 
Nucicla umbiliphora occurrences are all near the Antarc�c margin and except for 

site AS05-10 only in sediments from the shelf or inland �ords. This strongly suggests it is 
be endemic to the Antarc�c shelf. All sample areas experience at least 9 months of yearly 
sea-ice cover (Figure 1; Arrigo et al., 2008). Considering that all modern-day dinoflagellates 
that produce brown cysts are heterotrophic, it is likely that the mo�le stage of N. 
umbiliphora is heterotrophic as well (see Ellegaard et al., 2013). In the coastal waters of 
Antarc�ca, the phytoplankton blooms in the highly stra�fied surface waters a�er sea-ice 
retreat could be an important food source for N. umbiliphora (Kang and Fryxell, 1993; 
Clarke and Leakey, 1996; Arrigo et al., 1998b; Smith Jr. et al., 2000; Hiscock et al., 2003; 
Smith Jr. et al., 2006; Peloquin and Smith Jr., 2007; Arrigo et al., 2008). At the Antarc�c 
shelf, these condi�ons typically arise within the marginal ice zone in late summer (Fitch 
and Moore, 2007; Arrigo et al., 2008) and within coastal polynyas (Arrigo et al., 1999; 
Arrigo and van Dijken, 2003). Notably, the occurrence of N. umbiliphora at Hole U1357B 
confirms a preference for polynya environments, as U1357B has been drilled directly 
downwind and downcurrent of the Mertz �lacier Polynya (Expedi�on 318 Scien�sts, 
2011b). 

5 Conclusions 
Nucicla umbiliphora gen. et sp. nov. (Peridiniales, Protoperidinioideae) occurs in 

�uaternary sediments from the East Antarc�c margin and the �oss Sea. It has a 3I 
archaeopyle, which is unique among protoperidinoids. Furthermore, it has a rounded to 
pentagonal outline with a hypocyst twice as large as the epicyst, a sulcus with a dis�nct 
flagellar scar and a posterior sulcal plate posi�oned at the antapex. It has a scabrate wall 
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ornamenta�on �ith lo� some�hat crenula�n� rid�es� �he species is probably endemic to 
the �ntarc�c shel� en�ironment durin� the �olocene and may pro�e to be bound to the 
hi�h primary produc��ity a�er sprin� sea�ice retreat� 

 
 
 
  

 

Figure 3: Benchtop SEM photograph of Nucicla umbiliphora (dorsal view�. No tabula�on pa�ern is visible 
except for the archaeopyle and cingulum. The autophragm with its folded ridges can be seen both 
externally and internally. Scale bar and magni�ca�on in the bo�om le� corner. 
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Abstract 
In reconstruc�ng past Holocene paleoenvironmental condi�ons of the surface waters
around Antarc�ca an o�en used proxy are the siliceous microfossil remains of diatoms
and radiolaria. However, when considering only autotrophic primary producers in
paleoenvironmental studies, our understanding of the implica�ons of clima�c changes,
such as changes in sea-ice cover and surface water temperatures, to marine ecosystems
around Antarc�ca remains limited. It is therefore important to also consider other
microfossil remains to cover a larger part of the ecosystem that is affected by climate
change. With the recovery of Hole U1357B  from the Adélie Basin during Integrated Ocean
Drilling �rogram (IOD�) �xpedi�on 318, a �170 m long Holocene record is available
containing excep�onally preserved organic microfossil remains. In this study, changes in
the palynological content throughout the Holocene at Site U1357 are described, including
the remains of primary producers as well as secondary producers, zooplankton and
detritus-feeding bo�om-dwellers. In addi�on to a ���86-based subsurface water 
temperature reconstruc�on that is presented in this study, paleoenvironmental
reconstruc�ons for the Holocene based on the diatom content from the nearby core
MD03-2601 and a recently published reconstruc�on of meltwater �uxes to Site U1357
allow a direct comparison of the shi�s within the palynological record to known (regional)
paleoenvironmental changes. In this way, a be�er understanding of the ecological
a�ni�es of some of the biological species that produce these organic microfossil remains
is ac�uired. In addi�on, a proxy for reconstruc�ng export produc�vity based on the
palynological remains of foraminifera is introduced. �he �ming of the reconstructed shi�s
within the palynological record matches with reconstructed subsurface water
temperature changes, especially reconstructed spring temperatures, and
paleoenvironmental changes known from core MD03-2601.  
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1 Introduction 
The presence and seasonal amplitude of sea ice play a fundamental role in the 

stability of Antarc�c ice shelves and ice sheets (Rintoul et al., 2018). In places where sea 
ice disappears and the ocean warms, ice shelves are rapidly losing mass (Rintoul et al., 
2018; �udmundsson et al., 2019). In addi�on, seasonal produc�vity pa�erns, linked to 
yearly sea ice dynamics, determine the capability of the Southern Ocean to func�on as a 
carbon source or sink (Sarmiento et al., 2004; Takahashi et al., 2009; Peck et al., 2010; 
Steinacher et al., 2010; Long et al., 2021). Future changes in sea-ice concentra�on under 
con�nued global warming will likely affect Southern Ocean primary produc�vity and 
thereby possibly also its role in the uptake of CO2 (Deppeler and Davidson, 2017; Fan et al., 
2020). Instrumental records have collected a great amount of data on sea-ice dynamics for 
the past few decades, but they are too short to capture the long-term variability (Comiso 
and Nishio, 2008; Turner and Comiso, 2017; Parkinson, 2019), which is needed to improve 
future projec�ons (Arzel et al., 200�; Bracegirdle et al., 2008; Turner et al., 2013; Bintanja 
et al., 2015). 

Studies of the Holocene (~11.5 ka to present day) have shown that the Antarc�c 
climate may have responded differently to quasi-global climate shi�s than the Northern 
Hemisphere, specifically during two major quasi-global clima�c events: the 8.2 ka event, 
which is characterized by a short-lived (century-long) cooling (3-5 �C) episode, par�cularly 
over the North Atlan�c (Alley and �g�stsd��r, 2005), and the 4.2 ka event, which is 
characterized by strong aridifica�on in par�cularly the low- and middle Northern la�tudes 
(Booth et al., 2005; Walker et al., 2012). These events have been used to informally 
subdivide the Holocene into an early (11.7–8.2 ka), middle (8.2–4.2 ka), and late (4.2–0 ka) 
period. Instead, the Holocene Antarc�c climate has a strong and variable seasonality 
depending on the intensity of the summer insola�on (�ones et al., 2023) and on 
mul�decadal �me scales climate variability around Antarc�ca is determined by the 
Southern Annular Mode (SAM) (Thompson and Wallace, 2000; Thompson et al., 2000). 
The SAM affects annual sea-ice advance and retreat, and therefore primary produc�vity 
around Antarc�ca, with posi�ve SAM (westerly winds posi�oned closer to the pole) 
associated with a longer sea-ice season (Stammerjohn et al., 2008; Saba et al., 2014). 
Associated with the annual sea ice cycle are polynya: seasonal cavi�es in the sea ice that 
either result from oceanic sensible heat flux or result from transport of sea ice away from 
the Antarc�c con�nent (Morales Maqueda et al., 2004). They are major produc�on areas 
of phytoplankton as well as sea ice along the Antarc�c coast (Arrigo and van Dijken, 2003; 
Morales Maqueda et al., 2004). The presence and size of especially coastal polynyas are 
associated with the severity of near-surface wind strength, which is determined by a 
combina�on of the pole-to-coast (kataba�c) pressure gradient and the mul�decadal 
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variability of the SAM (Stammerjohn et al., 2008; Campagne et al., 2015; Hazel and 
Stewart, 2019). Changes in sea ice concentra�on due to the variability of the SAM 
determines produc�vity within polynya and has consequences on the en�re marine 
ecosystem (Saba et al., 2014; Campagne et al., 2015; La et al., 2019). 

Understanding Holocene ice-sheet and sea-ice variability and behavior, and primary 
produc�vity pa�erns may aid projec�on of near-future ice mass loss and the poten�al of 
the Southern Ocean to act as a sink for CO2, because of the similarity of Holocene clima�c 
forcings to those in the present and near-future.  

To reconstruct past environmental condi�ons at Antarc�c proximal sites, remains of 
diatoms and radiolarians are o�en used, as these are very abundant and well preserved in 
the Southern Ocean surface sediments. Studies on diatoms and radiolarians have defined 
their modern geographic distribu�on and ecological niches, which allows correla�on to 
surface water environmental parameters (Armand et al., 2005; Crosta et al., 2005b; Lawler 
et al., 2021). For example, diatom assemblage work on core MD03-2601 from the Adélie 
Basin (Fig. 1) has resulted in a detailed reconstruc�on of Holocene environmental changes. 
Core MD03-2601 is about 40 m long, covers a period between 1 ka to 11 ka (Denis et al., 
2009b) and was analyzed at 10-20 yr resolu�on, which is approximately the resolu�on of 
the SAM variability. However, the siliceous microfossil assemblage cons�tutes a frac�on of 
the full biodiversity of polynya ecosystem remains, which can be found in Antarc�c 
sediments. In recent years, palynology, the study of dinoflagellate cysts (dinocysts) and 
other palynomorphs (organic remains of unicellular organisms like algae and zooplankton), 
has become a complementary tool (Chapter 5; Mudie et al., 2021) or even an alterna�ve 
tool to the study of siliceous remains to reconstruct the circum-Antarc�c past environment 
(Houben et al., 2013; Bijl et al., 2018b; Sangiorgi et al., 2018; Hoem et al., 2021a; 
Marschalek et al., 2021). The use of dinocysts for reconstruc�ng Holocene 
paleoenvironmental condi�ons in the Southern Ocean is s�ll underexploited, partly due to 
the scarcity of available sediment records and because species diversity, at least in modern 
surface sediment samples, is low close to the Antarc�c coast (�sper and Zonneveld, 2002, 
2007; Prebble et al., 2013; Zonneveld et al., 2013; Marret et al., 2020; Thöle et al., 2023). 
Therefore, including also other palynomorphs in paleoenvironmental reconstruc�ons 
could poten�ally enlarge the toolbox to reconstruct paleoenvironmental change near the 
Antarc�c coast. Chapter 2 provides a qualita�ve overview of the palynological content of a 
Holocene record at Integrated Ocean Drilling Program (IODP) Site U1357, in the Adélie 
Basin. This sequence contains the excep�onally well-preserved organic remains of three 
eukaryo�c kingdoms, and various trophic levels, both from benthic and pelagic organisms, 
and thus provides a good representa�on of the lower trophic levels of the ecosystem.  
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In this study, we examine the Adélie Holocene record from Site U1357 (Hole B) for 
palynology at a near-centennial resolu�on and pair our analyses with a TEX86-based sea 
water temperature reconstruc�on and recently published reconstruc�ons of the 
meltwater flux to the site (Hole U1357B, Ashley et al., 2021). In addi�on, the proximity of 
Hole U1357B to site MD03-2601 allows direct comparison of the palynological content to 
reconstructed environmental condi�ons based on diatoms from MD03-2601. With 10 to 
30 laminae deposited every 100 year the record from Hole U1357B can poten�ally resolve 
Holocene climate variability for the East Antarc�c coastal margin on decadal �mescales. 
Millennial-scale temperature shi�s of up to 3°C change have been reconstructed for the 
Holocene from both Antarc�c ice cores and Southern Ocean climate proxy records 
(Masson et al., 2000; Hodell et al., 2001; Masson-Delmo�e et al., 2004; Nielsen et al., 
2004; Crosta et al., 2008; Divine et al., 2010; Shevenell et al., 2011; Kim et al., 2012a; 
Prebble et al., 2017; Jones et al., 2023), allowing insight into ecosystem response to 
warmer-than-present-day condi�ons. To this end, we first provide an overview of the 
expression of key Holocene events in the Southern Ocean, then we report previous work 
done on Holocene paleoenvironmental reconstruc�ons in the Adélie Basin, and ul�mately, 
we present our palynological study. 

2 Background information 
2.1 Expression of the Northern Hemisphere 8.2 ka and 4.2 ka 

events in the Southern Ocean 
The 8.2 ka event is linked to a freshwater outburst from the Lauren�de lakes Agassi� 

and Ojibway a�er reduc�on of the Lauren�de Ice Sheet, which have significantly reduced 
the forma�on of North Atlan�c Deep Water (NADW), a�ec�ng ocean heat transport 
(Barber et al., 1999; Teller et al., 2002). Coupled ocean-atmosphere-biosphere climate 
model experiments show a warming Southern Ocean in response to the freshwater release 
in the North Atlan�c due to the so-called �bipolar seesaw e�ect’ (Bauer et al., 2004; 
Wiersma et al., 2011). However, the Vostok deuterium record is perhaps the only record 
showing a warming pulse of about 2°C around 8.2 ka, as there is li�le other evidence for a 
Southern Hemisphere warming (Ljung et al., 2008; Wiersma et al., 2011), even from West 
Antarc�ca (Jones et al., 2023). This is consistent with modeling results, as the magnitude 
of warming in the Southern Hemisphere resul�ng from the 8.2 ka event is predicted to be 
too small to exceed the natural variability in the proxy records (Wiersma and Renssen, 
2006). Only one other warming event recorded around 8.5 ka BP in Lake Terrasovoje, 
Amery Oasis, East Antarc�ca, has been linked to the 8.2 event (Cremer et al., 2007). In 
general, the circum-Antarc�c during the early Holocene was characteri�ed by rela�vely 
warm period around 11 ka, which is known as the Early Holocene Clima�c Op�mum 
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(EHCO) (Nielsen et al., 2004; Bentley et al., 2009; Divine et al., 2010). This period of 
(summer) sea surface temperature (SST) warming and (winter) sea-ice retreat is related to 
a poleward migra�on of the westerlies (Divine et al., 2010). Between 10 and 8 ka, ice core 
sea salt and micropaleontological data show an increase of (winter) sea-ice extent 
between 10 and 8 ka (Divine et al., 2010; Mezgec et al., 2017; Melis et al., 2021; Winski et 
al., 2021).  

In the southern high and mid-la�tudes, a short-lived cooling event has been 
associated with the 4.2 ka event, which is recorded in surface water proxies from marine 
sediment cores (Moros et al., 2009) as well as from ice cores from the east �ntarc�c 
con�nent (Masson-Delmo�e et al., 2004). However, most reconstructed SST trends 
derived from marine records show a more gradual temperature shi� between 5 and 3 ka. 
Notably records from between 45 and 55°S in the �tlan�c sector of the Southern Ocean 
show a gradual warming a�er a rela�vely cool mid-Holocene period (Nielsen et al., 2004; 
Denis et al., 2010; Xiao et al., 2016a), while a gradual cooling a�er a rela�vely warm mid-
Holocene period is recorded in sedimentary cores obtained south of 55°S around 
�ntarc�ca (Domack et al., 2001; Crosta et al., 2004, 2007, 2008; Bentley et al., 2009; Denis 
et al., 2010; Melis et al., 2021), resul�ng in more consolidated pack-ice condi�ons at 
�ntarc�c coastal margins (Mezgec et al., 2017). � new record from the Divide ice core from 
West �ntarc�ca (�ones et al., 2023) shows a warming summer temperature trend 
throughout the early and mid-Holocene, with peak warming at 4.1 ka, and then a cooling 
during the late Holocene, while winter temperatures remain rela�vely stable. 

The �ming and expression of the warming/cooling trends during the mid-Holocene 
apparently varies strongly between the various marine and ice-core records (Masson et al., 
2000; Domack et al., 2001; Crosta et al., 2008; Bentley et al., 2009; Divine et al., 2010; 
�rebble et al., 2017). The differences in the �ming of peak warmth and reduced sea-ice 
extent during the mid-Holocene have in part been a�ributed to the fact that the different 
proxies used for environmental reconstruc�on are biased towards different seasons 
(Renssen et al., 2005; Crosta et al., 2008). Because changes in orbital parameters over the 
course of the Holocene result in a decrease in winter insola�on as well as an increase in 
summer insola�on (Laskar et al., 2004), proxies re�ec�ng different seasons can show 
opposing trends, par�cularly in sedimentary records that cannot capture a seasonal 
resolu�on. Notably, it has been demonstrated recently that the mid-Holocene Thermal 
Maximum is likely an ar�fact, resul�ng from the temperature proxies being biased towards 
seasonal (summer) temperatures (Bova et al., 2021). In addi�on, during the Holocene the 
winter La�tudinal Insola�on Gradient (LIG) decreased, while the summer LIG increased 
(Davis and Brewer, 2009). Because the summer and winter LIG are in an�phase, this results 
in a la�tudinal temperature gradient (LTG) that evolves over �me differently for each 

4



Chapter 4 

124 
 

season (Davis and Brewer, 2009). Therefore, the late Holocene southern high la�tudes did 
experience both a summer strengthening of the westerlies and the associated intrusion of 
rela�vely warm nutrient-rich Modi�ed Circumpolar Deep Water (MCDW) onto the 
Antarc�c shelf (Denis et al., 2010; Shevenell et al., 2011; �im et al., 2012a), as well as a 
winter decrease in westerly wind strength, which promotes sea-ice expansion (Denis et al., 
2010). The seasonal environmental changes have been well-studied in the Adélie Basin 
(Crosta et al., 2005a; Denis et al., 2006; Crosta et al., 2007, 2008; Denis et al., 2010; 
Maddison et al., 2012; Ashley et al., 2021), allowing for a comparison to the organic 
proxies from U1357B without a seasonal bias. 

2.2 Holocene environmental conditions in the Adélie Basin (East 
Antarctica)  
Holocene environmental condi�ons and climate variability near the �ast Antarc�c 

Ice Sheet has been studied extensively by using material obtained from core MD03-2601 
from the Adélie Basin. Paleoclimatological reconstruc�ons include seasonal SST and sea-
ice extent reconstruc�ons based on diatoms and diatom biomarkers (Crosta et al., 2005a; 
Denis et al., 2006; Crosta et al., 2007, 2008; Denis et al., 2010), a subsurface temperature 
record (�im et al., 2012a), reconstruc�ons of paleoproduc�vity and nutrient u�liza�on 
(Crosta et al., 2005a; Denis et al., 2009b; Panizzo et al., 2014), and reconstruc�ons of deep 
water forma�on (Denis et al., 2009a). More recently, biomarker data (deuterium isotopes 
of C18 fa�y acids and highly branched isoprenoids (HBI)) and sedimentological data (grain 
size, natural gamma radia�on and biosiliceous mass accumula�on rates) has become 
available from IODP (Integrated Ocean Drilling Program) record from Site U1357 (Fig. 1) 
covering the en�re Holocene (Ashley et al., 2021). They have been used to reconstruct 
fresh meltwater fluxes to the Adélie Coast coming either from local glaciers or transported 
an�-clockwise via the Antarc�c Coastal Current from the �oss Sea, where glacial retreat 
persisted un�l 3 ka (Ashley et al., 2021). A summarizing �gure of the reconstructed surface 
water condi�ons at MD03-2601 and U1357 is shown in Fig. 2.  

Like today, diatoms were the most dominant phytoplankton group in the Adélie 
Basin, as the close correspondence between the organic carbon content and the biogenic 
silica content of M03-2601 suggests (Crosta et al., 2005a). Based on the diatom content of 
M03-2601 warm and cold periods are dis�nguished. Most no�ceable is a shi� in 
dominance between the open-ocean species Fragilariopsis kerguelensis and the sea-ice-
loving Fragilariopsis curta group (combined Fragilariopsis species with similar 
environmental preferences, such as Fragilariopsis curta and Fragilariopsis cylindrus) at 
around 4.5 ka. It marks the transi�on from the mid-Holocene to the late Holocene (Crosta 
et al., 2005a, 2007). Based on the rela�ve abundance of these sea-ice loving diatom 
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species and open-ocean loving species the Holocene period in the Adélie Basin has been 
subdivided in four clima�c stages� the warmer Hypsithermal 1 (~11 to 8.4 ka); a rela�vely 
cold period at the end of the early Holocene (~8.4 – 7.4 ka); Hypsithermal 2, which is 
equivalent to the mid-Holocene (~7.4 – 4.5 ka) and the colder Neoglacial or late Holocene 
(~4.5 – 1.0 ka) (Denis et al., 2009a). It should be noted that the age model for MD03-2601 
was recently updated by Ashley et al. (2021), which implies that the �ming of 
environmental changes based on the proxy data differs from that in the original 
publica�ons. �he reviewed age model affects par�cularly the data younger than 6.3 ka and 
therefore includes the onset of the Neoglacial (late Holocene), which was originally dated 
at ~3.5 ka. 

�eriods of increased paleoproduc�vity have been recogni�ed based on total organic 
carbon (Corg), total organic nitrogen (Norg) and biogenic silica (BSi) fluxes (Denis et al., 
2009b). In general, there appears to be a posi�ve correla�on between these 
paleoproduc�vity proxies and the rela�ve abundance of summer diatom species, incl. F. 
kerguelensis, that grow in the summer season, as well as the setae diatom group, which 
are associated with nutrient-rich mixed surface waters in the Adélie Land region (periods 
around 2.0, 4.8, 6.0, 7.5 and 8.3 ka; Fig. 2b.3 and 2b.4) (Denis et al., 2009b). Instead, a 
nega�ve correla�on to Corg, Norg and BSi fluxes was shown for Chaetoceros res�ng spores 
(�S), which are indica�ve of high spring produc�vity in stra�fied surface waters and 
nutrient limita�on, and �15Nbulk, which reflects rela�ve nutrient u�li�a�on (Denis et al., 
2009b). �his suggests that (1) par�cularly the slow summer diatom produc�on is 
responsible for organic ma�er burial in the Adélie Basin and not the spring blooms, and (2) 
rela�ve nutrient u�li�a�on seems to be determined by nutrient availability due to 
upwelling of nutrient-rich modified Circumpolar Deep Water (Denis et al., 2009b).  
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3 Material and age model 
A 172.44 m-long core from Site U1357 (Hole U1357B) was recovered during 

Integrated Ocean Drilling Program (IODP) �xpedi�on 318 in 2010 and lies downwind and 
downcurrent from the Mertz Glacier Polynya in the Adélie Basin (66°24.799’S, 
140°25.571’�), �ast Antarc�ca (Fig. 1), at 1017 meters water depth. Reaching a depth of 
170.7 meter below sea floor (mbsf), a total of 172.44 m core length was obtained. Almost 
the en�re core consists of an alterna�on of cen�meter-scale dark olive-brown and light 
greenish brown laminae, which consist of 80-99% diatom ooze. The few cen�meters below 
170.25 mbsf are characterized by an abrupt downward increase in the clay, silt and sand 
content (�scu�a et al., 2010). These light and dark diatomaceous lamina�ons are a 
common facies for Antarc�c shelf deposits and are interpreted as annual spring and 
summer bloom deposits (�eventer et al., 2002; S�ckley et al., 2005; Denis et al., 2006; 
Maddison et al., 2012).  

An age model for U1357B was developed by Ashley et al. (2021) based on 87 14C 
analyses on bulk organic carbon and using BACON, a Bayesian itera�on scheme. 

For palynological analysis a total of 56 samples were taken. The shallowest sample 
(U1357B-1H-1W 11-13 cm) was taken from a soupy mixed part of the core. The other 55 
samples were taken from single lamina: 12 samples from light-colored lamina, 43 samples 
from dark-colored lamina. 

A total of 173 samples were taken for GDGT analysis. Of these samples 89 samples 
were taken from light laminae and 83 samples were taken from dark laminae. One sample 
(U1357B-19H-1W 8-9 cm) was taken from a more orange-colored lamina below a light-
colored lamina.  

4 Methods and statistical analyses for the interpretation 
of palynological proxies 

4.1 Palynological processing and counting 
 A total of 56 samples taken for palynological analysis were freeze-dried and 

grinded manually a�er which a Lycopodium clavatum tablet (containing 18583 ± 762 
spores; batch number 483216) was added with some Agepon (1:200) for calcula�ng 
palynomorph concentra�ons (Wood et al., 1996). Standard palynological treatment (10% 
HCl, unheated 40% HF and no oxida�on) was applied. The treated material was sieved 
using a 10-μm mesh sieve and clumps of residue were disaggregated using ultrasound. 
Heavy minerals were removed by pouring the residue from the sieve into an evapora�ng 
dish that is kept floa�ng in the ultrasonic bath and decan�ng this back into the sieve a�er 
5 minutes. The frac�on � 10-μm was concentrated to �1 ml of glycerin-water and a 
frac�on hereof was mounted on a microscope slide using glycerine jelly. Slides were 
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analysed un�l a minimum of 200 palynomorph counts was reached (on average a number 
630 palynomorphs were counted per slide). The major palynomorph groups considered 
were� dinocysts, �n�nnid loricae, prasinophytes, acritarchs and reworked palynomorphs, 
including dinocysts, pollen and spores (for a list of species within each group see Appendix 
A). Subse�uently, the rela�ve abundance of each species or group of palynomorphs was 
calculated (in %) with respect to the total number of palynomorphs. �n addi�on, rela�ve 
abundances (%) of dinocyst species were calculated with respect to the total number of 
dinocysts counted. We also considered two main groups of dinocysts based on the trophic 
strategy of the dinoflagellate producing the cyst (i.e., autotrophic or heterotrophic). 
Similarly, the rela�ve abundance of �n�nnid (�ooplankton) species was calculated with 
respect to the total number of �n�nnid loricae. The rela�ve abundances of dinocysts and 
�n�nnid loricae are considered separately, as these are the most abundant organic-walled 
micro-organisms. Considering these micro-organism groups separately, allows for studying 
shi�s in the dinocysts and �n�nnid loricae assemblages and be�er comparison to the 
available literature, as generally rela�ve abundances are described per microfossil group.  

4.2 Identification of palynomorphs, grouping and environmental 
interpretation  
Dinoflagellate cyst (dinocyst) taxonomy follows that cited in Williams et al. (2017). 

An extensive review on the palynomorph species found in the sediments of Hole U357B is 
published, including also ecological data for interpre�ng the palynological record is given 
in Chapter 2. We use this overview to interpret the assemblage shi�s recorded in Hole 
U1357B. �ndividual species of dinocysts and �n�nnids are considered here. Moreover, we 
have grouped the �yma�osphaera-type prasinophytes with polygon-forming alae as 
�yma�osphaera spp. (P. cristatum, P. polygonum, P. marginatum, P. a�. re�culatum, and 
�yma�osphaera sp. 1) for two reasons. �irstly, differen�a�on between some of these 
species is based on the presence of pores, which can be either too small to iden�fy 
underneath the light microscope or absent in early developmental stages of the phycoma 
(Parke et al., 197�). Secondly, the ecological a�ni�es of these prasinophytes (green algae) 
are unknown at species level (see Chapter 2). This is also the reason why publica�ons 
o�en considered them as one group (�yma�osphaera spp.) (e.g., Hannah et al., 2000; 
Mudie et al., 2002; Piasecki et al., 2002; Riding and Hubbard, 1999; Warny et al., 2006) and 
taken to represent increased stra��ca�on due to the presence of seasonal sea ice and/or 
meltwater runoff. Similarly, the prasinophyte Pterosperma parallelum-type phycomata 
with parallel alae (P. parallelum and P. cf. parallelum) were grouped under P. parallelum.  

Various types of benthic foraminifer inner wall linings have been recorded. We 
dis�nguish between uniserial, triserial and trochospiral foraminifer linings. Trochospiral 
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foraminifers are commonly epifaunal species, while uniserial and triserial forms are 
generally infaunal species (Corliss, 1991). It has been shown that the rela�ve amount of 
infaunal species increases with respect to the epifaunal species during �mes of increased 
produc�vity (Thomas et al., 1995). We therefore define a paleoproduc�vity proxy as the 
ra�o of uniserial and triserial foraminifer linings over all foraminifer linings, which 
approximates the ra�o of all infaunal foraminifers over all foraminifers. We call this proxy 
infaunal foraminifer linings ra�o (IF� ra�o). 

Of the larger zooplankton remains only the copepod remains will be discussed. 
However, it must be noted that as most remains are fragmentary, they are hard to 
�uan�fy. To avoid overes�ma�on, counts are limited to the amounts of setae (hair-like 
structures) with their pointy ends intact. The sum of copepod remains includes these 
intact setae, copepod eggs, spermatophores and mandibular gnathobases. 

4.3 Constrained cluster analysis: turnover events in the 
palynological record 
We performed a constrained cluster analysis on all palynomorphs produced by 

species living in the surface waters to define intervals based on turnover events in the 
assemblages (Fig. 3). Organic walled dinocysts, �n�nnid loricae (forms within the same 
species have been grouped together, thereby taking into account intraspecific varia�on of 
the �n�nnid lorica (Agatha et al., 2013)) and lorica sacs, prasinophytes, the acritarch 
Leiosphaeridia spp. (leiospheres) and the acritarch Mecsekia (see Chapter 2, Plate 7, 4-9) 
were considered. The acritarch �alaeostomocys�s is not included in this analysis, as it has 
an unknown biological origins (see Chapter 2). The cluster analysis has been performed 
using the Morisita overlap index as a similarity measure (values between 0 and 1, with 1 
indica�ng highest similarity). This index places emphasis on shi�s in dominance of 
common species, which is the focus of this study, and almost neglects the turnover of rare 
species (Barwell et al., 2015). The dendrogram was constructed using the so�ware PA�T 
(Hammer et al., 2001). A cutoff value of 0.55 for the Morisita similarity index was 
arbitrarily chosen at about one third of the similarity index range (0.35-1), such that the 
resul�ng clusters are rela�vely more dissimilar with respect to each other (closer to 0) 
than they are similar (closer to 1).  
  

Figure 3 (next page)� �ela�ve abundances of surface water dwelling palynomorphs (on the le�) used for 
cluster analysis based on the Morisita similarity index (on the right). Interval boundaries were established 
by using a cut-off value of 0.55 (red line). 
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4.4 Detrended correspondence analysis 
We used the so�ware program PAST (Hammer et al., 2001) for mul�variate 

analyses and used a detrended correspondence analysis (DCA) to detect whether the 
variability in the palynological content is linked to the type of sediment lamina (dark versus 
light). The DCA was performed on all palynomorphs known to be derived from planktonic 
organisms by grouping them according to their higher order taxonomic group, trophic level 
and endemism. The groups used in the DCA analysis are: �alaeostomocys�s, autotrophic 
dinocysts, heterotrophic dinocysts, endemic �n�nnids, non-endemic �n�nnids, 
prasinophytes, and leiospheres. As described in Chapter 2, the endemic �n�nnids include 
species that are typically abundant south of the winter sea ice edge (WSIE) and/or living 
within sea ice (i.e., C. glacialis, C. convallaria, and L. naviculaefera). The non-endemic 
�n�nnids include cosmopolitan species and/or species more common in the Polar Frontal 
Zone (i.e., C. pusilla and dictyocys�d lorica sacs). Furthermore, DCAs have also been 
performed on the composi�on of all known planktonic heterotrophic species (all �n�nnids 
and heterotrophic dinoflagellates) and all known planktonic autotrophic species (all 
prasinophytes, leiospheres and autotrophic dinoflagellates). The dis�nc�on between 
Selenopemphix antarc�ca and Selenopemphix sp. 1 sensu Esper & Zonneveld (2007) is 
maintained. Biologically these dinoflagellate cysts could belong to the same species, as 
Selenopemphix sp. 1 appears to be a larger version of S. antarc�ca with a more 
pronounced, depressed sulcus and larger conical apical complex (Esper and Zonneveld, 
2007). However, such morphological differences could be important, as cyst morphology 
could be dependent on the environment (Mertens et al., 2009). Therefore, environmental 
and/or ecological condi�ons could also play a role in the size of Selenopemphix sp. 1 versus 
S. antarc�ca as well as the presence or absence of septae on Cryodinium (C. meridianum 
versus Cryodinium sp. 1) (Chapter 2, Plate 1). Indeed, Selenopemphix sp. 1 and S. 
antarc�ca seem geographically separated (Th�le et al., 2023). In addi�on, two size classes 
of acritarch leiospheres are considered here: Leiosphaeridia sp. 1 and sp. 2 of Chapter 2 
grouped together (<30  μm in diameter) and Leiosphaeridia sp. 3 of Chapter 2 (>70 μm in 
diameter). Because of the dis�nct size difference between Leiosphaeridia sp. 3 and the 
other leiospheres, it is likely that these are produced by different phytoplankton species 
with possibly different ecological preferences. 

4.5 GDGT analysis 
For �D�T extrac�on, couplets of samples (1�3 in total) have been taken about 

every two meters from both a light and a dark lamina�on in order to compare seasonal 
differences. Samples were then freeze-dried, manually mortar-grinded for 
homogeniza�on, and extracted with an accelerated solvent extractor (ASE) using 
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dichloromethane (DCM) and MeOH (9:1 v/v) at 100°C and 7.6 x 106 Pa. An internal 
standard for GDGT �uan�fica�on was added to the total extracts. Using Pasteur pipe�es 
column filled with ac�vated Al2O3, the extract was separated into apolar, ketone and polar 
frac�ons by elu�ng it with hexane/DCM (9:1 v/v), hexane/DCM (1:1 v/v) and DCM/MeOH 
(1:1 v/v), respec�vely. The polar frac�ons containing the GDGTs were analyzed according 
to the procedure described by Schouten et al. (2007). The polar frac�ons were dried down 
under nitrogen and subse�uently redissolved by sonica�on using hexane/isopropanol 
(99:1 v/v) to a concentra�on of 2 mg/ml and filtered through a 0.45 μm PTFE filter 
a�ached to a 1 ml syringe. Analysis of the GDGTs was performed using high performance 
li�uid chromatography-atmospheric pressure chemical ioniza�on mass spectrometry 
(HPLC-APCI-MS). Iden�fica�on of the di�erent GDGT isomers was carried out via single ion 
monitoring (SIM, [M+H]+ ions at m/z 1302, 1300, 1298, 1296, 1292, 1050, 1036 and 1022, 
and dwell �me of 237 ms. �uan�fica�on of the GDGT compounds was achieved by 
integra�ng the peak areas and using the C46 GDGT internal standard according to Huguet 
et al. (2006). 

4.6 TEX86, TEX86H and TEX86L proxies and calibrations 
Temperatures were calculated using the TEX86 index. The TEX86 index and its 

deriva�ves TEX86
H

 and TEX6
L use the ra�o of di�erent isoGDGTs, which are produced by 

Thaumarchaeota (Schouten et al., 2002; Kim et al., 2010). The rela�onship between TEX86 
and sea-surface temperature is non-linear due to the large sca�er at the lower 
temperature end of the calibra�on. TEX86

H and TEX86
L have been developed as a means to 

overcome this non-linearity (Kim et al., 2010). The TEX86
H proxy is the logarithmically 

transformed version of the TEX86 proxy, but it is calibrated to sea surface temperature (SST) 
by excluding all (sub)polar core-tops, thereby elimina�ng the sca�er at the lower 
temperature end of the calibra�on (Kim et al., 2010). This makes TEX86

H unsuitable for 
reconstruc�ng SSTs at the higher la�tudes. Furthermore, it has been shown that exclusion 
of the (sub)polar core-top values for the TEX86

H calibra�on has led to the exclusion of most 
shallow water core-top sites (Taylor et al., 2013). Because Thaumarchaeota living in the 
deeper waters (>1000 m) synthesize GDGTs at a di�erent ra�o than Thaumarchaeota in 
shallow waters (Kim et al., 2015; Villanueva et al., 2015), this may have introduced a water-
depth dependency limi�ng TEX86

H to deep-water sites (>1000 mbsl) (Taylor et al., 2013). 
Considering that the Adélie Basin is ~ 1000 m deep, this may play a role at Site U1357. We 
shall therefore not consider TEX86

H for reconstruc�ng SSTs at Site U1357.  
In the study of Kim et al. (2010), the TEX86

L showed the best correla�on to the 
lower SST values and was established by removing the crenarchaeol regioisomer (Cren’) 
from the TEX86

H e�ua�on and the exclusion of GDGT-3 from its nominator. However, it has 
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subsequently been shown that TEX86
L is very sensi�ve to changes in the GDGT-2/GDGT-3 

ra�o (�2�/�3�) (Taylor et al., 2013; Hern�ndez-S�nchez et al., 2014). The ‘deep water’ 
community of Thaumarchaeota typically synthesize higher concentra�ons of GDGT-2 
rela�ve to GDGT-3 (Kim et al., 2015; Villanueva et al., 2015). Although highest isoGDGT 
export to the seafloor is linked to highest organic ma�er, opal (diatom frustules) and 
lithogenic par�cle fluxes from the surface and shallow subsurface waters (0-200 mbsl) 
(Yamamoto et al., 2012; Mollenhauer et al., 2015), a decrease of this export could increase 
the rela�ve export of isoGDGTs from the deeper waters to the seafloor. Therefore, we 
consider TEX86

L also unsuitable for reconstruc�ng SSTs at Site U1357.  
As neither TEX86

L nor TEX86
H appears to be suited for Site U1357, we limit ourselves 

to TEX86. The reliability of TEX86 and derived temperatures can be affected by input of soil, 
input by methanotrophic and methanogenic archaea, and other non-thermal biases (Koga 
et al., 1998; Pancost et al., 2001; Schouten et al., 2013; Elling et al., 2014; Qin et al., 2015). 
We therefore screen the TEX86 values by using Branched and Isoprenoid Tetraether index 
(BIT index) (Hopmans et al., 2004)  to account for soil-derived and non-Thaumarchaeotal 
isoGDGTs (BIT >0.3) (Weijers et al., 2006). Using the Methane Index (MI) (Zhang et al., 
2011) and the GDGT-2/crenarchaeol ra�o (Weijers et al., 2011), the poten�al influence 
methanotrophs has been checked (MI > 0.3 and GDGT-2/crenarchaeol > 0.4). The GDGT-
0/crenarchaeol ra�o is used to iden�fy the poten�al input of isoGDGTs by methanogenic 
archaea (values >2) (Blaga et al., 2009; Sinninghe Damsté et al., 2009). And finally, the Ring 
Index (��RI�) has been applied to inves�gate any other non-thermal biases (values >0.6) 
(Zhang et al., 2016). However, none of these indices exceeded the limits for which TEX86 
becomes less reliable, and this no data were discarded. 

To convert TEX86 into temperature we used the Bayesian spa�ally-varying regression 
model (BAYSPAR) of Tierney & Tingley (2014; 2015). This method renders a local linear 
regression based on TEX86 core-top values and World Ocean Atlas 2009 temperature data 
(Locarnini et al., 2010) within a 20° x 20° grid cell that encompasses the study site (Tierney 
and Tingley, 2014). We used the subT (0-200m) calibra�on because Thaumarchaeota are 
absent in the upper 0-45 m of the water column in the seasonally ice-covered waters of 
the Southern Ocean (Kalanetra et al., 2009).  

Local regression (LOESS) was applied to analyze the long-term (1-kyr) trends. In 
contrast to a 10-point average curve, a LOESS curve generates a confidence interval that 
takes into account uneven sample spacing. 
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5 Results 
5.1 Palynology 

The palynomorph assemblage consists of dinoflagellate cysts (dinocysts), pollen and 
spores, �n�nnid loricae, zooplankton remains, prasinophytes, foraminifer linings, and 
acritarchs (see Chapter 2 for a ta�onomic overview). Based on the sta�s�cal clustering of 
the in situ palynological remains of surface-dwelling organisms, the record has been 
divided into nine intervals (A to J) (Figure 3). By using a cutoff value of 0.55 there are some 
intervals that only consist of one datapoint. We are aware of the fact that these may be 
sta�s�cal outliers and might not be representa�ve of actual environmental condi�ons. We 
are therefore cau�ous in interpre�ng these intervals individually and rather discuss them 
together with the neighboring intervals as part of a trend. 

Firstly, we describe the in situ palynological remains of these surface-dwelling 
organisms for each interval. Ages (in ka) for the interval boundaries are based on the 
average between the age of lowest sample in the upper interval and age of the highest 
sample in the lower interval.  Rela�ve abundances of the palynomorph groups (i.e., 
rela�ve abundances of dinocysts, �n�nnid loricae, prasinophytes, and acritarchs 
(leiospheres and Mecsekia) and total concentra�on of palynomorphs (in number�gram dry 
sediments) are presented in Fig. 4. This figure shows that in general �n�nnid loricae and 
lorica sacs (both remains of planktonic zooplankton) form the dominant part of the 
assemblage throughout most of the core. In Fig. 5 the % of individual dinocyst species 
within the dinocyst assemblage are indicated (e.g., % �elenopemphi� antarc�ca within the 
dinocyst assemblage). Fig. 6 shows the % of individual �n�nnid species within the �n�nnid 
assemblage.  

�econdly, we present the rela�ve abundances of foraminifer lining types (Fig. 7). 
And thirdly, species of �alaeostomoc�s�s and undescribed acritarchs will be presented as 
rela�ve abundances with respect to the total palynomorph assemblage (Fig. 8). 
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Interval J (11.35 – 10.89 ka) 
This interval consists of the deepest two samples taken from Hole U1357B. With 

respect to the younger intervals, interval J is characterized by high rela�ve abundances of 
dinocysts and the lowest rela�ve abundances of �n�nnid remains (Fig. 4). Furthermore, 
leiospheres are also well represented (~46%). Notably, the lowest sample (169.7 – 169.71 
mbsf) does not contain any �n�nnids. The �n�nnid remains that are present in the top 
sample of this interval (165.88 – 165.89 mbsf) are only dictyocys�d lorica sacs (Fig. 6). 
Prasinophytes comprise about 5% of the total assemblage (Fig. 4). The dinocyst 
assemblage consists mostly of Selenopemhix antarc�ca and Gymnodinium 
microre�culatum (Fig. 5). The lower sample of this interval contains high rela�ve amounts 
of Cryodinium meridianum, while the upper sample shows an increase of Selenopemphix 
sp. 1 sensu Esper & Zonneveld (2007) (~23%) and Impaginidium pallidum (~2%) towards 
interval H.  

5.1.1 Interval H (10.89 – 8.31 ka) 
With respect to interval J, interval H shows a significant increase in �n�nnid 

remains and contains significantly less abundant dinocysts. Leiospheres vary strongly 
between 6 and 56% in this part of the record (about 30 m), but par�cularly the top sample 
in this interval is characterized by very high amounts of leiospheres (Fig. 4). Within the 
�n�nnid assemblage in interval H, the dictyocys�d lorica sacs are almost the only �n�nnid�
derived palynomorphs in the assemblage (Fig. 6). The rela�ve abundance of the �n�nnid 
Cymatocylis convallaria shows an increasing trend. The dinocyst assemblage is dominated 
by S. antarc�ca and C. meridianum with rela�ve abundances around 60% and 25%, 
respec�vely (Fig. 5). In the lower part of interval H, there is an increase and decrease of 
both I. pallidum and Selenopemphix sp. 1 sensu Esper & Zonneveld (2007). I. pallidum 
reaches an op�mum of ~8% of the dinocyst assemblage at ~10.1 ka and is almost absent 
above 9.1 ka. The presence of higher rela�ve abundances of I. pallidum coincides with 
slightly elevated abundances of prasinophytes. Selenopemphix sp. 1 reaches an op�mum 
of ~28% at ~10.7 ka and disappears almost en�rely above ~10.1 ka. 

5.1.2 Interval G (8.31 – 3.67 ka) 
The largest part of Hole U1357B falls within this interval (about 75 m). Highest 

rela�ve abundances of �n�nnid loricae are found within this interval and are generally 
above 50% (Fig. 4). The amount of leiospheres is rela�vely low with respect to intervals H 
and J. �n average, the rela�ve amount of dinocysts is somewhat lower in comparison to 
interval H, �uctua�ng between 15% and 40%. The �n�nnid lorica assemblage consists 
almost en�rely out of C. convallaria at the e�pense of the dictyocys�d lorica sacs, which 
show a strong rela�ve decline in the transi�on from interval H to G (Fig. 6). In the lowest 
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part of this interval there are large shi�s in dominance between C. convallaria and the 
dictyocys�d lorica sacs within the �n�nnid assemblage. The composi�on of dinocysts is 
quite constant throughout this interval with S. antarc�ca and C. meridianum showing 
rela�ve abundances of ~50% and ~30%, respec�vely (Fig. 5). However, in the lowest part 
of this interval, C. meridianum abundances reach above 40%, replacing S. antarc�ca. In 
this part of the record also the highest rela�ve abundances of the septa-less Cryodinium 
sp. 1 (Chapter 2, Plate 1) are found. �ela�ve abundances of Echinidinium sleipnerensis 
increase towards the top part of this interval but show occasional sharp peaks throughout 
the interval. Between 5.5 and 4.5 ka some peaks of Cyma�osphaera-type prasinophytes 
(Fig. 4) as well as peaks of the agglu�na�ng �n�nnid species Codonellopsis pusilla, 
Codonellopsis glacialis and Laackmanniella naviculaefera (Fig. 6) occur. Par�cularly the 
sample at 5.1 ka shows high amounts of the prasinophyte Pterosperma aff. re�culatum 
(Chapter 2, Plate 2) and the �n�nnid lorica of C. pusilla. At the uppermost part of this 
interval is the first appearance of Nucicla umbiliphora. Although this species is a minor 
frac�on of the total dinocyst assemblage, its presence is clearly characteris�c for the upper 
part of the record from this point upwards. 

5.1.3 Interval F (3.67 – 3.35 ka) 
This interval, consis�ng of one sample (51.�7 � 51.�9 mbsf) from a dark lamina, 

shows the highest rela�ve amount of prasinophytes recorded in Hole U1357B (47%), all of 
which are Cyma�osphaera-type (Fig. 4). Most of these belong to the species 
Cyma�osphaera sp. 1 as described in Chapter 2 (Plate 2). This increase of prasinophytes 
coincides with a significant drop in the amount of �n�nnid remains and dinocysts, while 
leiospheres remain unchanged transi�oning from interval G to interval F. In contrast to 
interval G, dictyocys�d lorica sacs again dominate the �n�nnid assemblage (Fig. 6), while 
the rela�ve abundance of C. convallaria has dropped. Among the dinocysts, S. antarc�ca 
s�ll dominates the dinocyst assemblage (Fig. 5). However, within the dinocyst assemblage 
there is an increase of E. sleipnerensis when transi�oning from interval G to interval F.  

5.1.4 Interval E (3.35 – 2.75 ka) 
This interval consists of two samples, both from dark laminae (Fig. 4). Both have 

elevated leiosphere (~15%) and low prasinophyte (~4%) abundances (Fig. 4). However, the 
upper sample is dominated by dinocysts (Fig. 4), while the lower sample contains 
significantly less dinocysts. Within the dinocyst assemblage, both samples are dominated 
by S. antarc�ca and show elevated amounts of the larger Selenopemphix sp. 1 sensu Esper 
& Zonneveld (2007) (Fig. 5). E. sleipnerensis is almost absent in this interval and C. 
meridianum has declined significantly in comparison to the intervals F and G. Highest 
abundances within the record (2.3% of dinocysts) of Nucicla umbiliphora are recorded 
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within the upper sample of this interval. Within the �n�nnid assemblage, the rela�ve 
abundance of the dictyocys�d lorica sacs reaches an op�mum of 82% in the lowest sample 
of this interval.  

5.1.5 Interval D (2.75 – 2.53 ka) 
The one sample that represents this interval (43.24 – 43.26 mbsf), which is 

obtained from a light lamina, stands out from the other intervals by the rela�vely high 
amounts of leiospheres (54%) (Fig. 4). Interval D shows increased abundances of dinocysts 
(34%). �o�ceably, the dinocyst assemblage is dominated by �. microre�culatum (87%) at 
the expense of �. antarc�ca (Fig. 5). Percentages of C. meridianum remain very low. 

5.1.6 Interval C (2.53 – 0.13 ka) 
This interval consists of about 35 meters and is characterized by a dominance of 

�n�nnid remains varying mostly between 40 and 80%, while dinocysts are generally less 
than 40% (Fig. 4). �owever, dinocysts are rela�vely abundant here compared to the rest of 
the record, par�cularly at 1.7 ka, which results in a drop in the rela�ve abundance of 
�n�nnids to �20%. The dinocyst assemblage is dominated by �. antarc�ca and to a lesser 
degree by C. meridianum, like interval � (Fig. 5). Characteris�c for this interval is the 
occurrence of E. sleipnerensis, which is common in all samples and reaches its highest 
values in this interval. The �n�nnid assemblage is dominated by C. convallaria and 
dictyocys�d lorica sacs, with the la�er generally less abundant than the former (Fig. 6). 
Peak abundances (up to 11% of the total amount of �n�nnid remains) of Lorica type 1 are 
recorded in the top part of interval C. The rela�ve abundance of leiospheres is rela�vely 
low but increases upcore to about 20% (Fig. 4). Also, there are some peak rela�ve 
abundances of prasinophytes, no�ceably of Pterosperma parallelum (up to 19%), which 
does not peak in any other interval (Fig. 4). 

5.1.7 Interval B (0.13 – 0.03 ka) 
Interval B consists of only one sample (1.9 – 1.92 mbsf), which was taken from a 

dark lamina. This interval is characterized by a rela�vely high abundance of �n�nnid 
loricae (78%) (Fig. 4). The composi�on of the dinocyst is comparable to interval C, but with 
a rela�ve increase of �. microre�culatum. Polarella glacialis makes its first appearance, 
where it reaches 4% abundance (Fig. 5). Within interval B the �n�nnid species L. 
naviculaefera, C. glacialis, and C. pusilla reach peak abundances, which results in a rela�ve 
decrease of dictyocys�d lorica sacs and C. convallaria (Fig. 6). Within acritarchs Mecsekia 
cf. Mecsekia sp. A of Schrank (2003) reaches peak abundances (Fig. 4).  
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Figure 7: Total amount of foraminifer linings per gram sediment (grey) and the infaunal foraminifer 
lining ra�o (�la�� line)� 
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5.1.8 Interval A (0.03 to present-day) 
This interval, which is only the uppermost sample that is analyzed (0.11 – 0.13 

mbsf), consists of the slurry represen�ng modern sediment close to the sediment-water 
interface. Among the remains of planktonic organisms, �n�nnid loricae, leiospheres and 
dinoflagellates contribute about equally (between 28 and 35%) to the palynological 
assemblage (Fig. 4). The dinocyst assemblage changes dras�cally compared to the sample 
below and is dominated by �. microre�culatum, �. antarc�ca, and P. glacialis, each 
comprising about 25% to the total dinocyst assemblage (Fig. 5). P. glacialis shows the 
highest abundances of the en�re record. Within the �n�nnid assemblage C. convallaria, L. 
naviculaefera and dictyocys�d lorica sacs each comprise 30 to 33% (Fig. �). C. glacialis is 
also s�ll present. 

5.1.9 Foraminifer linings 
Both the amount of foraminifer linings per gram as well as the infaunal foraminifer 

lining (IFL) ra�o show rela�vely low values in intervals H and J (Fig. 7). Within interval G the 
amount of foraminifer linings per gram is s�ll rela�vely low except for two samples with 
very high palynomorph content in general (see Fig. 4). However, the IFL ra�o increases 
upcore within interval G.  In intervals A to F both the amount of foraminifer linings per 
gram as well as the IFL ra�o are rela�vely high. In the upper part of interval C the highest 
amounts of foraminifer linings per gram are observed.  The IFL ra�o decreases slightly 
going upcore from interval C to A.  

5.1.10 Copepod remains 
The rela�ve amount of copepod remains generally varies between 2 and 7% (Fig. 4). 

During intervals H and J, the rela�ve abundance of copepod remains is rela�vely low 
(around or below 2%). Within interval G the rela�ve abundance of copepod remains 
increases and reaches its maximum values between 8 and 5.5 ka. During the younger 
intervals the rela�ve amount of copepod remains is at a constant 4%.  

5.1.11 Other frequently observed palynomorphs and reworked material 
The most frequently occurring acritarchs, for which it is uncertain whether they are 

derived from the surface waters and/or represent a single individual, are 
Palaeostomoc�s�s, Type AB-2, Type AB-3, Type AB-4 and Type AB-13 (see Chapter 2). The 
rela�ve abundances of these palynomorphs within the total palynological assemblage of 
Hole U1357B are presented in Fig. 8. Palaeostomoc�s�s sphaerica sensu Warny (2009) is 
the most common species, showing rela�ve abundances of around 2% throughout most of 
the core (Fig. 8). It shows highest rela�ve abundances of almost 10% within interval J. 
However, it is nearly absent in interval H. Other species of  
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�alaeostomoc�s�s are even less common, although �alaeostomoc�s�s cf. �ri�lla is present 
throughout the core with highest abundances in interval A to C, the upper part of interval 
G, and interval J. Among the nameless acritarchs Type AB-3 and AB-4 are par�cularly 
abundant within interval A and C, both reaching nearly 8% of the total palynomorph 
assemblage. Type AB-3 is most common in the lower part of interval C, while Type AB-4 is 
most common in the upper part of interval C. Type AB-2 and AB-13 show increased 
abundances in interval H, but are generally less common in intervals A to G. Within interval 
H, Type AB-2 even reaches rela�ve abundances of more than 10% of all palynomorphs. 

The reworked material includes pollen and spores, dinocysts of Paleogene age, and 
tardigrade eggs, which are likely derived from lichens or lakes on the Antarc�c con�nent 
(see Chapter 2). Together they generally form less than 0.5% of the total palynomorph 
assemblage. Notably, however, both samples that comprise interval J have a reworked 
assemblage higher than 1% of the total palynomorphs assemblage. Peaks of nearly 2% 
reworked material are also present in the upper part of interval C. Furthermore, there are 
elevated amounts of reworked material (nearly 1%) in intervals D to F and the most upper 
part of interval G. 

5.2 TEX86 values and reconstructed subsurface temperatures 
The TEX86 values show a stable long-term trend with an average and standard 

devia�on of 0.416 and 0.026, respec�vely. The highest TEX86 value is at ~5.6 ka, where 
TEX86 reaches a value of 0.49 (see Suppl. Table S1). TEX86-based subTs generated by 
BAYSPAR show an average of 1.2±2.8°C (± 1 s.e.), which is higher than the modern-day 
average spring and summer temperatures of -1.7°C for 0 – 200 m depth (World Ocean 
Atlas data). The BAYSPAR reconstructed subT long-term trend is stable over �me (Fig. 9A). 
However, the LOESS curve shows a long-term subT increase between 8.3 and 6.0 ka and a 
decrease between 6.0 and 3.6 ka. A�er 3.6 ka the long-term subT trend remains rather 
constant around 2°C. The short-term variability generally lies within a 2°C range but is 
higher in some parts of the record: around 1.8 ka, around 5.6 ka with a notable transient 
subT peak of 6.1°C, and from 10 ka to the end of the record.  

Although the TEX86 values obtained from dark and light lamina are not sta�s�cally 
different (F-test p-value = 0.33), the long-term trends reconstructed from the dark 
(summer) and light (spring) laminae are dis�nctly different (Fig. 9B). The long-term subT 
trend obtained from the dark (summer) laminae is at a constant value of 1.3°C, with the 
e�cep�on of the period between 7.0 and 5.0 ka where the long-term subT trend increases 
towards 2.1°C and then decreases back to 1.3°C. In contrast, the long-term subT trend 
obtained from the light (spring) laminae is much more variable. It shows an op�mum of 
about 1.9°C around 6.0 ka, like the summer subT trend, but also shows op�ma of 2.1 and 
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1.�°C around 10.0 and 1.0 ka, respec�vely. The minima in the spring subT trend lie around 
8.5 (0.8°C) and 2.8 ka (0.5°C). The general trend of subT reconstructed from both spring 
and summer laminae does show li�le change through �me, because the summer subT 
trend is rather flat and therefore diminishes the spring subT fluctua�ons. �otably, minima 
in the subT reconstruc�ons seem to co-occur with interval boundaries, par�cularly for the 
spring subT reconstruc�on. �inima in spring subT occur at the boundary between 
intervals C and D-E, and intervals G and H. 

5.3 Variability analyzed by detrended correspondence analysis 
The DCA analysis performed on the higher-order taxonomic plankton groups shows 

that samples derived from the light laminae and the dark laminae do not form separate 
clusters (Fig. 10A). The same holds true for the DCA analysis performed only on all known 
heterotrophic species (Fig. 10B), and the DCA analysis performed on all known autotrophic 
species (Fig. 10C).  

Instead, samples belonging to the same interval, as determined by the constrained 
cluster analysis, form separate clusters in both the DCA analysis performed on the higher-
order taxonomic groups (Fig. 10D) and the DCA analysis performed on all known 
heterotrophic species (Fig. 10E). When looking only at the larger intervals C, G and H in 
both figures, interval C and G plot separate from interval H. 

�ooking at the posi�on of the DCA species in the DCA analysis performed on the 
higher-order taxonomic plankton groups (Fig. 10A, D), autotrophic species (leiospheres, 
prasinophytes and autotrophic dinoflagellates) and heterotrophic species (�n�nnids and 
cysts derived from heterotrophic dinoflagellates) plot on opposite sides of diagonal Φ, 
which is the line where DCA axis-1 is equal to DCA axis-2. In Figure 10D, samples from 
intervals A, D, F and G plot above diagonal Φ, while most of the samples belong to the 
other intervals plot below. 

Considering the DCA analysis performed only on the heterotrophic species (Fig. 
10B, E), the cysts of heterotrophic dinoflagellates plot on the le� side of the diagonal Φ, 
while �n�nnids plot on the right side with the excep�on of �orica type 1. In Figure 10E, 
samples from interval H and J plot above diagonal Φ, while samples from interval A and B 
and most samples from interval G plot below diagonal Φ. Samples from the other intervals 
plot mostly on diagonal Φ. 

In the DCA analysis performed on all known autotrophic species (Fig. 10C, F) all 
samples cluster between �� microre�culatum, C�ma�osphaera�type prasinophytes and 
the two size classes of leiospheres, which are generally the most abundant. The other 
autotrophic species (Impagidinium pallidum, Polarella glacialis and Pterosperma 



Holocene paleoenvironment and paleoclimate at the Adélie Basin 
 

147 
 

parallellum) only occur in a few samples and are therefore posi�oned very distant from 
the samples. 

Discussion 
5.4 Comparison of the constructed subsurface temperature 

trends based on TEX86 to other known records 
Based on the rela�ve abundances of F. curta and F. kerguelensis at site MD03-2601 

it was established that the Neoglacial experienced ~1-2 °C cooler surface water 
temperatures in comparison to Hypsithermal 2 (Crosta et al., 2007). How the Neoglacial 
environmental condi�ons di�er from the preceding Hypsithermal 2 is also evident on a 
seasonal scale (Denis et al., 2006), as spring laminae deposited during Neoglacial period 
are dominated by F. curta, while the spring laminae of Hypsithermal 2 are dominated by 
Fragilariopsis rhombica (Denis et al., 2006), which prefers slightly warmer temperatures 
(�rmand et al., 2005). �lthough, the transi�on from the Hypsithermal 2 into the Neoglacial 
is rather sudden when considering the diatom record, it has been suggested that this 
sudden transi�on is the result of the crossing of an ecological threshold and that the actual 
temperature decline was much more gradual (Crosta et al., 2007). Between ~5.5 and 3.5 ka 
the reconstructed summer and spring subT values from Site U1357 show a gradual decline 
to resul�ng in about 1-2°C cooler for the Neoglacial in comparison to Hypsithermal 2 in 
good agreement with the diatoms. 

�lthough the subT reconstruc�on based on T��86 obtained from the summer 
laminae only shows increased temperatures during Hypsithermal 2 (7.4 tot 4.5 ka), the 
subT reconstruc�on based on T��86 obtained from the spring laminae of Hole U1357B is 
much more dynamic. The spring subT trend also matches the other diatom-based clima�c 
periods� the rela�vely warm Hypsithermal 1 and the rela�vely cool period between 8.4 
and 7.4 ka (Crosta et al., 2008; Denis et al., 2009b). Furthermore, the good fit between the 
maxima and minima in this spring subT record and the palynology-based interval 
boundaries further supports that the reconstructed temperatures reflect a true climate 
signal. No�ceably, the reconstructed spring subT trend also matches the deuterium-based 
atmospheric temperature anomalies reconstructed from the Dome C ice core (Masson-
Delmo�e et al., 2004)� a temperature op�mum is located at 11 to 10 ka, a minimum is 
located at 8 ka, followed by a period of rela�vely stable warm temperatures between ~7 
and ~4 ka, a temperature minimum at 2.5 ka and an op�mum at 1.0 ka.  

�n explana�on for the mismatch between the spring and summer subT trends 
could be that changes in the intensity of late summer storm ac�vity and/or upwelling of 
MCDW has significantly influenced the summer subT record. For example, increased 
upwelling of warmer MCDW during a rela�vely cool period could have nullified the cooling 
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trend seen in spring during the summer, resul�ng in a minor or no change in the 
reconstructed summer subT record. Based on the diatom record from MD03-2601, this 
could be the case for the �eoglacial, where high rela�ve abundances of Proboscia spp. 
suggest increased upwelling of MCDW (Fig. 2B.1) (Kim et al., 2012a). 

So, although reconstructed subT lie about 2-3°C higher than modern-day average 
spring/summer temperatures between 0 and 200 m depth (World Ocean Atlas data), we 
are confident that the reconstructed LOESS-integrated temperature trends reflect the 
regional long-term Holocene seasonal surface water temperature trends. 

5.5 Short- and long-term variability within the palynological 
record 
The DCA analyses on the different groups of species (higher-order taxonomic 

plankton groups, heterotrophic species and autotrophic species) show that variability is 

Figure 9: TEX86-based subsurface temperatures with a thin black line (A) or black and grey dots (B) 
represen�ng the original data and the thick lines represen�ng the LOESS curves with 90% confidence 
intervals (do�ed thick lines). A) TEX86-based BAYSPAR subT reconstruc�on (black line) with 90% 
confidence interval (light grey area). B) TEX86-based BAYSPAR subT values separated based on light 
(spring) lamina�ons (plo�ed in grey) and dark (summer) lamina�ons (plo�ed in black). 
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mostly determined by the rela�ve amount of heterotrophic versus autotrophic species 
and�or the rela�ve amount of (heterotrophic) dinocysts versus (heterotrophic) �n�nnid 
loricae, independent from the type of lamina where the sample was taken from. 
Therefore, there is no significant difference between the palynological content of light 
versus dark colored laminae. This means that if each lamina represents a season, short-
term (seasonal) variability is not directly reflected by the palynological content. 
Conse�uently, parts of the core in which rela�vely more samples are taken from dark 
(light) laminae, are therefore not significantly biased towards the summer (spring) season.  

Instead, the intervals, as determined by the constrained cluster analysis, are 
reflected in the sample clustering in the DCA-analysis, meaning that most of the variability 
along the DCA axes 1 and 2 is the result of long-term variability.  

5.6 Interpretation of the DCA analyses 
In the DCA analysis performed on the higher-order taxonomic groups (Fig. 10A, D) 

the separa�on of autotrophic species above diagonal Φ and heterotrophic species below 
diagonal Φ can be interpreted in terms of primary produc�vity. In that case, samples from 
intervals A, D, F and G that contain rela�vely less heterotrophic species with respect to 
autotrophic species (plo�ng above diagonal Φ in Fig. 10D), can be interpreted as periods 
with rela�vely lower primary produc�vity. Intervals B, C, E and G would then be periods of 
rela�vely higher primary produc�vity. �otably, peak amounts of palynomorphs per gram 
sediment are recorded within intervals C and G. 

The posi�on of mostly dinocyst species above diagonal Φ and �n�nnid species 
below diagonal Φ in the DCA analysis performed on the cysts derived from heterotrophic 
species (Fig. 10B, E) can have various reasons as dinoflagellates and �n�nnids may depend 
on other types of available prey, water temperature and salinity. Whatever the 
determining paleoenvironmental factors are, this DCA analysis shows that the 
palynological content, and therefore also the paleoenvironmental condi�ons of intervals C 
and G are similar (showing overlap in Fig. 10D, E), while interval H differs from these 
intervals (forming a separate cluster in Fig. 10D, E). The similarity of intervals C and G is 
related to the dominance of C. convallaria, as is also obvious from Fig. 3. Apart from an 
environmental interpreta�on, the rela�ve abundance of dinocysts versus �n�nnid lorica 
can also be the result of a different sensi�vity of the walls of the two groups of organisms 
to oxygen degrada�on. The proteinaceous �n�nnid loricae degrade more easily than the 
organic wall of dinocysts (Agatha and Simon, 2012; Dolan et al., 2013a; Bogus et al., 2014), 
which is also the reason that �n�nnid loricae are not commonly used for 
palaeoenvironmental reconstruc�ons, while dinocysts are (see Chapter 2).  A preserva�on 
bias in the palynological record can therefore not be excluded. 
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5.7 Preservation bias in the palynological record 
The preserva�on poten�al for agglu�nated and organic�walled �n�nnids in general 

is quite low, as they are only seldom found in the fossil record while they can be found 
abundantly in surface sediments (Lipps et al., 2013). Records that contain �n�nnid lorica 
generally do not consider individual taxa (Roncaglia, 2004a; Cromer et al., 2005). Even in 
anoxic bo�om�waters where there is a greater poten�al of �n�nnid preserva�on, 
fragmenta�on of the lorica during the lithifica�on process also results in �n�nnid loricae 
being rare in palynological records (Cromer et al., 2005). Notably, whole loricae are only 
seldom found within the samples of Hole U1357B. Likely, too small lorica pieces get lost 
during sieving when processing the palynological samples.  

The size of the lorica and the wall texture (monolaminar versus trilaminar) could 
play a role in the resistance to lithifica�on. This seems to be confirmed by the dominance 
of hyaline �n�nnid C. convallaria in the �n�nnid assemblage record of Hole U1357B versus 
C. glacialis and L. naviculaefera, which are par�cularly dominant in the upper two 
palynological samples (intervals A and B). All formae of C. convallaria are larger than C. 
glacialis and L. naviculaefera. In addi�on, C. convallaria has a trilaminar wall texture with 
thick inner and outer layers (in par�cular the posterior ends, which are used for coun�ng 
in this study), while the wall textures of Laackmanniella and Codonellopsis gaussi (of which 
C. glacialis is possibly a junior synonym (Balech, 1958a, 1973; Alder, 1999) are 
monolaminar with alveoli (Wasik, 1998; Agatha et al., 2013). It seems plausible that a 
trilaminar wall texture would make a lorica much more resistant against lithifica�on 
processes. Hence, the much lower abundances of monolaminar �n�nnid species below ~2 
mbsf. Notably, the �n�nnid species with a monolaminar lorica wall (C. glacialis and L. 
naviculaefera) plot to the far right of the DCA plots in Fig. 10B and E, while C. convallaria 
with a trilaminar lorica wall plots to the le�, closer to the more oxygen resistant dinocysts. 
The only other known �n�nnid lorica that did preserve further down the record is the 
agglu�nated lorica of C. pusilla. The wall texture of this species is not known, but under 
the light microscope it seems to have a thicker hyaline wall in comparison with the 
agglu�nated loricae of C. glacialis and L. naviculaefera. This could make the lorica of C. 
pusilla more resistant to lithifica�on processes. The same could be true for the dictyocys�d 
lorica sacs and Lorica sp. 1. The con�nuous presence of par�cularly the lorica sacs does 
suggest that these have a high preserva�on poten�al. It is, however, unknown what the 
lorica sac is composed of. Lorica sp. 1 is an unknown species and its assignment to the 
Tin�nnida is simply based on overall shape and the presence of a large oral opening. It 
could very well be that this palynomorph is not a �n�nnid lorica and that it does not 
consist of crystalline proteins (Agatha et al., 2013), but of something more resistant. 



Holocene paleoenvironment and paleoclimate at the Adélie Basin 
 

153 
 

Organic walls of dinocyst are hypothesized to be composed of resistant biopolymers 
(e.g. Bogus et al., 2012). Although these biopolymers are highly resistant to degrada�on, 
also given the fact that dinocysts are found in sediments as old as the late Triassic, there 
seems to be some varia�on in the structure between walls of protoperidinioid cysts, 
generally produced by heterotrophic dinoflagellates, and gonyaulacoid cysts, generally 
produced by autotrophic dinoflagellates (Versteegh and Zonneveld, 2002; Bogus et al., 
2014) and even within genera (Bogus et al., 2012, 2014). Given the fact that the dinocyst 
composi�on of the samples is dominated by protoperidinioids, oxygen degrada�on likely 
did not strongly affect the dinocyst assemblage throughout the record. The only excep�on 
to this is the upper two samples of the palynological record, where cysts of P. glacialis have 
been found. The cyst of P. glacialis, found within the sea-ice (Montresor et al., 1999), has 
been rarely found in surface sediments and never below the upper few cen�meters of 
sediment cores (Ichinomiya et al., 2008; Boere et al., 2009; Heikkilä et al., 2014). Although 
its small size (~ 12-17 microns) could be a reason that it passes through sieving during 
sample prepara�on when samples are sieved at 15 or 20 microns, it has also been 
suggested that the lack of resilient biopolymers in the cysts of P. glacialis is the reason for 
its absence in sediment cores (Montresor et al., 1999).  

In conclusion, preserva�on of palynomorphs at Hole U1357B is very good, but even 
more excep�onal in the upper 1,90 mbsf (intervals A and B), as is evident from the 
rela�vely high abundance of P. glacialis, C. glacialis, and L. naviculaefera. When 
interpre�ng intervals A and B in terms of environmental changes, this preserva�on bias 
should also be considered. �ue to the low preserva�on poten�al of these three species, it 
is possible that these were lost from intervals C-J. There is no evidence that other species 
are signi�cantly influenced by oxygen degrada�on throughout the record. These should 
therefore reflect primarily a palaeoenvironmental signal. 

5.8 Regional environmental changes and palynological signature  
Here, we compare our palynological and subT results with the previously published 

paleoenvironmental data from the region (Fig. 2). The goal here is to provide 
paleoenvironmental context to the shi�s in species composi�on at Hole U1357B, as 
reflected in the intervals obtained by cluster analysis of the palynological record. A 
detailed paleoenvironmental reconstruc�on based on palynology alone would be difficult 
as ecological preferences of the various dinoflagellates and �n�nnids is very limited (see 
Chapter 2). In general, most heterotrophic dinocyst species encountered in Hole U1357B 
have been reported as endemic to south of the Antarc�c Polar Front (APF) and are 
indica�ve of high-produc�vity surface waters related to the seasonal waxing and waning of 
sea ice (Chapter 2, Zonneveld et al., 2013). Other species of dinocysts, such as cysts of 
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Gymnodinium and Impagidinium pallidum, but also prasinophytes and leiospheres have 
been associated with meltwater discharge and/or surface water stra��ca�on (Chapter 2; 
Mudie, 1992; Hannah, 2006; Warny et al., 2006; Ribeiro et al., 2016). Also the presence of 
the dinocyst Islandinium minutum in surface sediments has been correlated to overlying 
high-nutrient, low-salinity surface waters but seems to be present mainly in the southern 
Atlan�c �cean (Th�le et al., 2023) and has not been found at Site U1357. Tin�nnid lorica 
have not been used in paleoenvironmental reconstruc�ons on a species level before and 
dictyocys�d lorica sacs have not been reported from other records. Therefore, we will 
describe the intervals and interval boundaries in rela�on to known paleoenvironmental 
data in a more general sense.  

Con�rma�on that the palynological content of Hole U1357B indeed reflects the 
long-term environmental condi�ons in the Adélie Basin comes from the fact that the 
interval boundaries of intervals C to J occur on or close to the boundaries between the 
Hypsithermal and the Neoglacial periods in core MD03-2601 (Fig. 2B). In addi�on, minima 
in the reconstructed spring subT occur consistently at interval boundaries (Fig. 9). 
Furthermore, changes in the diene/triene ra�o as well as the �2H of fa�y acids obtained 
from Hole U1357B seem to be reflected in the palynology-based intervals of Hole U1357B 
(Fig. 2A). A more detailed comparison follows below. Unfortunately, we cannot compare 
the palynological content of U1357B between 0 and 1 ka to the environmental 
reconstruc�ons from core MD03-2601, because this core does not contain samples 
younger than 1 ka.  

5.8.1 Early Holocene / Hypsithermal 1 (intervals J and H) 
Intervals J and H are considered together as a comparison of interval J to exis�ng 

paleoenvironmental data is limited, because no data exists from core MD03-2601 prior to 
11 ka. Interval J differs mostly from interval H by the (near) absence of �n�nnid lorica (Fig. 
4). Notably, it also contains the most reworked palynomorphs (Fig. 6). The fact that 
reworked palynomorphs are limited to interval J during the early Holocene is in line with 
the sedimentology at Site U1357.  The rela�vely high terrigenous component, increased 
sor�ng of the terrigenous sediments and the lack of ice-ra�ed debris (IRD) between 11.4 
and 11 ka at Site U1357 (Ashley et al., 2021) indicates some influence of local glacial 
meltwater input from local glaciers at the beginning of Hypsithermal 1. However, based on 
the sedimentology (higher IRD content) and geometry of the Adélie Dri�, the grounding 
line retreat of local glaciers and their contribu�on as a meltwater source is much reduced 
when compared to the period prior to 11.4 ka (Ashley et al., 2021). 

A grounding-line retreat and the associated southward migra�on of the sea-ice 
front in the Adélie Basin would have resulted in an increased meltwater flux to the Adélie 
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Basin. In general, both core MD03-2601 as well as Site U1357 show that the Adélie Basin 
was highly stra��ed due to meltwater.  At Site U1357, this meltwater flux is evidenced by 
compound-speci�c hydrogen isotopes of fa�y acids (δ2HFA). Between 11.4 and 8 ka, the 
δ2HFA values indicate a large influx of Antarc�c meltwater, as Antarc�c glacial ice is highly 
depleted in 2H compared to ocean water (Ashley et al., 2021). As the meltwater 
contribu�on from local glaciers is much reduced a�er 11.4 ka, it is hypothesized that 
during Hypsithermal 1 meltwater is likely increasingly derived from the east, i.e. the Ross 
Sea, via the Antarc�c Coastal Current (Ashley et al., 2021). In addi�on, warmer condi�ons 
combined with fewer storms would result in earlier and more rapid sea-ice break-up 
leading to increased surface water stra��ca�on. At site MD03-2601, this has promoted 
Chaetoceros (Hyalochaete) blooms and subse�uently the forma�on of res�ng spores when 
nutrient availability becomes limited, resul�ng in the deposi�on of rela�vely high amounts 
of Chaetoceros RS between 11 and 9 ka (Fig. 2B.6) (Denis et al., 2006; Crosta et al., 2008). 

In our palynological data from Site U1357B, this high increased meltwater flux is 
during Hypsithermal 1 is reflected in the rela�vely high amounts (between 20 and 60%) of 
leiospheres in interval J and H in comparison to other intervals and the slightly elevated 
abundances of prasinophytes (~5%). Leiospheres and prasinophytes have been associated 
with low-salinity surface meltwater in both the Arc�c and the Antarc�c (Chapter 2; Mudie, 
1992; Warny et al., 2006).  

At site MD03-2601, Hypsithermal 1 is characterized by a decreasing trend of 
rela�ve abundances of F. curta versus increasing rela�ve abundances F. kerguelensis, 
indica�ng progressively ice-free surface waters (Fig. 2B.7) (Crosta et al., 2008; Denis et al., 
2009a). The low sea-ice concentra�ons, especially with respect to the Neogene, is also 
evidenced by the low diene�triene ra�o (di-unsaturated versus tri-unsaturated Highly-
Branched Isoprenoids) at Site U1357 (Ashley et al., 2021). On the other hand, with respect 
to the mid-Holocene the rela�ve abundance of diatom species that bloom in summer is 
rela�vely low at site MD03-2601 (Fig. 2B.4) (Denis et al., 2009b), sugges�ng that summers 
were not sea-ice free and rela�vely cold. With average temperatures of 1±2.8°C, our TEX86-
based subT support rela�vely cold summers during interval H and J with respect to the 
mid-Holocene TEX86-based subT of ~2°C (Fig. 9). Furthermore, spring sub-surface 
temperatures show a declining trend during interval H. In our palynological record, the 
transi�on from interval J to interval H is marked by a strong increase in �n�nnid remains at 
the expense of the dinoflagellates (mostly �. antarc�ca) and leiospheres. At species level 
the �n�nnid assemblage of interval H is dominated (nearly 100%) by the dictyocys�d lorica 
sacs, sugges�ng that the �n�nnid species that produce these lorica sacs are truly endemic 
to the Antarc�c, cold, sea-ice covered, low-salinity surface waters in comparison to other 
�n�nnid remains.  
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At site MD03-2601, reconstruc�ons based on Corg, Norg and BSi fluxes indicate low 
paleoproduc�vity and�or burial of organic ma�er during Hypsithermal 1 (Denis et al., 
2009b). Based on these proxies, only a short period between approximately 10.5 and 10 ka 
has been iden�fied as a period of increased biological pump ac�vity and nutrient supply 
through deep water mixing (Fig. 2B.5, PE1 in (Denis et al., 2009b)). Peak abundances of the 
dinoflagellates Selenopemphix sp. 1 and I. pallidum around this period of increased 
nutrient supply, which may suggest a preference to these condi�ons. For I. pallidum this is 
in line with its bipolar distribu�on in regions with high-nutrient-low-chlorophyll surface 
waters with seasonally reduced salini�es and sea-ice cover (Zonneveld et al., 2013). As an 
autotrophic species, I. pallidum may have profited directly from the increased nutrient 
supply around 10 ka. Instead the heterotrophic Selenopemphix sp. 1, which has been 
suggested to be a larger species end member of S. antarc�ca (Esper and Zonneveld, 2007), 
would have profited from the increased produc�vity of diatoms, such as Chaetoceros 
Hyalochaete. S�ll, as we compare cores from two di�erent sites although in the proximity 
of each other, conclusions need to be drawn carefully.  

Export produc�vity at Site U1357 seems to have been rela�vely low, based on the 
number of foraminifers per gram sediment as well as the rela�vely low amount of infaunal 
versus epifaunal foraminifer linings (IFL ra�o) in interval � and H. The foraminiferal remains 
do not show any indica�on of increased export produc�vity around 10.5 ka. A low export 
produc�vity in a polynya environment is, however, consistent with observa�ons in the 
Amundsen Sea Polynya where despite high produc�vity in the surface waters, intrusion of 
Circumpolar Deep �ater (CD�) prevents se�uestra�on of carbon at the seafloor (Lee et 
al., 2017).  

5.8.2 Middle Holocene / Hypsithermal 2 (interval G) 
Based on our palynological and subT data, this interval has rela�vely high 

abundances of the �n�nnid C. convallaria and rela�vely warm spring and summer 
subsurface temperatures of ~2°C (Fig. 9). The warmer subsurface temperatures are in line 
with summers becoming more ice-free (Fig. 2B.4) and lower sea-ice concentra�ons in 
general (Fig. 2B.7), as is suggested based on the diatom assemblages of MD03-2601 
(Crosta et al., 2007). Furthermore, following Hypsithermal 1, the long-term decreasing 
amounts of Chaetoceros RS at site MD03-2601 suggest increasingly less stable surface 
waters and lower primary produc�vity during spring (Fig. 2B.6) (Crosta et al., 2005a, 2008). 
At Site U1357, δ2HFA is generally higher during Hypsithermal 2 than during Hypsithermal 1 
in line with a reduced influx of low-salinity meltwater. However, the period between 6 and 
4.5 ka is characteri�ed by a nega�ve δ2HFA excursion (Fig. 2A), which is interpreted as 
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enhanced glacial meltwater flux to the site, related to the final retreat of the ice-sheet 
grounding line in the Ross Sea (Ashley et al., 2021).  

While spring produc�vity decreases, summer produc�vity increases as summers 
become more ice-free, which results in a higher rela�ve nutrient u�liza�on (Fig. 2B.2). 
Short periods of decreased nutrient u�liza�on are generally linked to increased nutrient 
supply due to surface water mixing, MCDW upwelling and increased biological pump 
ac�vity (Fig 2B, around 7.3, 6.0 and 5.0 ka) (Denis et al., 2009b).  

Heterotrophic species that are rela�vely more abundant in interval G of our 
palynological record, such as the �n�nnid C. convallaria and the dinocyst C. meridianum, 
seem to profit from the increased summer produc�vity. Considering C. meridianum is 
considered endemic to the Antarc�c Circumpolar Current south of the Antarc�c �olar 
Front (Zonneveld et al., 2013), it is not a typical species for the Antarc�c margin. �otably, 
C. meridianum is par�cular abundant at Site U1357 during the transi�on from interval H to 
interval G, which is iden�fied as a rela�vely cool period prior to Hypsithermal 2 based on 
equal amounts of F. curta and F. kerguelensis (Fig. 2B.7) (Crosta et al., 2008). In support of 
this, the TEX86-based subT record of U1357B shows lower spring temperatures during this 
�me interval. This suggests that these cooler spring temperatures, but ice-free summers 
are surface water condi�ons that promote C. meridianum or rather promote the 
autotrophic species that C. meridianum feeds on. When the rela�ve abundances of C. 
meridianum decline at the onset of Hypsithermal 2 with surface water condi�ons 
becoming warmer and more ice-free, the dinoflagellate assemblage is dominated again by 
�. antarc�ca similar as during Hypsithermal 1. 

The increased summer produc�on during Hypsithermal 2 is considered to be mainly 
responsible for the increased export of organic ma�er to the seafloor (Denis et al., 2009b). 
However, at Site U1357, export produc�vity remains rela�vely low at the beginning of 
interval G, based on the IF� ra�o. Instead, copepod remains are par�cularly abundant 
between 8 and 5.5 ka (Fig. 4), sugges�ng that the high produc�vity in the surface waters 
due to lower sea-ice concentra�ons has been beneficial for zooplankton. This is consistent 
with observa�ons of zooplankton abundance, primary produc�vity and sea ice 
concentra�ons in the Amundsen Sea polynya in rela�on to SAM (�a et al., 2019). 
Scavenging by zooplankton may have prohibited export of carbon to the seafloor in 
addi�on to intrusion of CDW (�ee et al., 2017). �im et al. (2012) have suggested that high 
rela�ve abundances of Proboscia spp. correspond to increased upwelling of modified CDW 
at site MD03-2601. �otably, the IF� ra�o increases towards the end of interval G with 
highest values between 5.0 and 4.0 ka when also the influence of modified CDW at site 
MD03-2601 diminishes. In addi�on, highest primary produc�vity and biological pump 
ac�vity based on �org, Corg and BSi is observed around 5.0 ka in core MD03-2601. Increased 
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produc�vity and reduced influence of CDW could explain the increased export produc�vity 
at Site U1357. 

5.8.3 Late Holocene / Neoglacial (upper part of interval G to interval C) 
The onset of the Neoglacial period at 4.5 ka in Hole U1357B is marked by an 

increase in the rela�ve abundances of di-unsaturated versus tri-unsaturated Highly-
Branched Isoprenoids (diene�triene ra�o in Fig. 2A), rela�vely higher δ2HFA and a peak in 
the Ba�Ti ra�o (Ashley et al., 2021). These proxies suggest denser sea-ice cover, an 
increased influx of meltwater and increased primary produc�vity, poten�ally driven by 
meltwater-induced stra��ca�on. At site �D03-2�01 diatoms suggest Neoglacial surface 
water condi�ons are cooler with higher concentra�ons of sea ice in spring (high 
concentra�ons of F. curta versus F. kerguelensis). It has been recently proposed that the 
Neoglacial cooling and sea-ice expansion is the result of the forma�on of a cool, 
freshwater mass formed on the con�nental shelf in the ice shelf cavi�es of large glaciers, 
such as the Ross Sea Ice Shelf (Ashley et al., 2021). The forma�on of such a cool water 
mass feeding into the Antarc�c Surface Waters is only possible once the ice shelf cavi�es 
become sufficiently large due to grounding-line retreat, such that intrusion of warmer 
CDW onto the con�nental shelf is prevented (Ashley et al., 2021). Furthermore, diatoms at 
site �D03-2�01 suggest rela�vely warmer and stormier condi�ons during the 
summer�autumn months from 4.5 ka onwards (lower concentra�ons of Thalassiosira 
antarc�ca and higher concentra�ons of setae diatoms), which would have resulted in 
increased mixing (Fig. 2B.3) and high nutrient supply to the surface waters (Fig. 2B.2) 
(Denis et al., 2009b). 

Cluster analysis of the palynological record of Hole U1357B did not result in the 
placement of an interval boundary at the onset of the Neoglacial. Instead, the boundary 
between intervals G and F is at 3.5 ka and thus follows 1 kyr a�er the onset of the 
Neoglacial. The period between 4.5 and 3.5 ka does, however, show increasing rela�ve 
abundances of leiospheres, which has been associated with increased meltwater influx. 
Among the dinocysts, the Neoglacial period can be dis�nguished by the near con�nuous 
presence of E. sleipnerensis. The rela�ve abundance of this species starts increasing prior 
to the interval boundary of intervals G and F. In addi�on, the dinocyst N. umbiliphora 
starts appearing just prior to this interval boundary. It seems therefore that these species 
are indica�ve of the denser sea ice cover and�or increased late summer mixing and 
nutrient availability of the Neoglacial period, as their prey might have become more 
available. Notably, a recent study shows that spiny dinocysts such as E. sleipnerensis and 
the very similar Islandinium spp. show a preference for low-salinity surface waters around 
Antarc�ca (Th�le et al., 2023). Among the �n�nnids, the dyc�ocys�d lorica sacs start 
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increasing around 4.5 ka, and is generally more abundant during the Neoglacial than 
during Hypsithermal 2, but not as dominant as during Hypsithermal 1. The presence of 
these lorica sacs during the Neoglacial as well as Hypsithermal 1, supports a preference of 
the �n�nnid species that makes these lorica sacs, to the cooler, low-salinity waters and 
denser sea-ice cover of the Neoglacial.  

Between 3.5 and 2.5 ka the palynological record is divided into mul�ple intervals 
that consist of only one or a few samples (intervals D, E and F). This part of the 
palynological record, and intervals D and F in par�cular, is dominated by peaks of 
leiospheres, Pterosperma, and Gymnodinium. Therefore, it seems that environmental 
condi�ons during this period promoted blooms of autotrophic species, while the rest of 
the Neoglacial period is dominated by heterotrophic species. Based on the increasing δ2HFA 
during this period the influx of meltwater to Site U1357 was much reduced (Ashley et al., 
2021). This has been linked to the grounding line of the Ross Sea glaciers reaching their 
modern-day loca�on by �3.5 ka (Ashley et al., 2021). �n addi�on, the spring cooling during 
the Neoglacial may have limited meltwater release and therefore surface water 
stra��ca�on (Crosta et al., 200�). However, increased Chaetoceros RS (Fig. 2B.6) and 
decreased setae diatoms (Fig. 2B.3) at site MD03-2601 suggest a period of increased 
stra��ca�on in spring and reduced mixing around 3.0 ka, which would suggest a short 
period of increased meltwater flux to the Adélie Coast.  This short period of increased 
meltwater influx is not visible in the LOESS regression curve of the δ2HFA record of U1357 
due to the rela�vely low resolu�on, but individual datapoints of the δ2HFA record in 
intervals E and F are rela�vely low (Fig. 2A), sugges�ng there may be some meltwater 
signal there. Nevertheless, this increased meltwater flux seems to be recorded in the 
palynological record as blooms of prasinophytes, leiospheres and G. microre�culatum, 
which all have been associated with low salinity surface waters and stra��ca�on (Chapter 
2; Mudie et al., 2002). Based on the diene/triene ra�o of Site U1357, the prasinophytes 
(Fig. 4) seem to prefer the sudden reduc�on in coastal sea ice during interval F (Fig. 2A), 
while the peaks of leiospheres (Fig. 4) and G. microre�culatum (Fig. 5) coincide with peak 
coastal sea-ice concentra�ons during interval D (Fig. 2A). Furthermore, the highest rela�ve 
abundance of dictyocys�d lorica sacs in interval E (Fig. 6) supports the hypothesis that this 
palynomorph is a good indicator of surface water stra��ca�on. �n contrast, E. 
sleipnerensis, which was more abundant at the onset of the Neoglacial has disappeared 
during this interval, even though other spiny brown dinocysts, such as I. minutum have 
been associated with low-salinity surface waters (Thöle et al., 2023). As surface water 
mixing was somewhat diminished during this interval, it is possible E. sleipnerensis and/or 
its prey prefer the higher nutrient condi�ons resul�ng from mixing of the surface waters.  
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As discussed earlier, the reconstructed subT values from Site U1357 are also about 
1°C cooler for the Neoglacial in comparison to Hypsithermal 2 in agreement with the 
diatom-based temperature reconstruc�ons. During intervals D, � and F, spring 
temperatures even drop by 2°C to values of around 0.5°C, which might be related to the 
presence of a cool meltwater lens during this period. 

�nterval C is characterized by a notable increase of the rela�ve abundance of the 
dinocyst E. sleipnerensis, in line with the decreased δ15Nbulk and increased abundance of 
setae diatoms at site MD03-2601, indica�ng increased nutrient availability (Fig. 2B.2) 
through mixing (Fig. 2B.3) (Denis et al., 2009b). Although its biological origin is unknown, 
highest rela�ve abundances of AB-3 and AB-� within interval C, while their abundances are 
much lower or absent during the preceding intervals, suggests the producers of these 
palynomorphs also respond well to the increased availability of nutrients (Fig. 8). The 
resul�ng increase in primary produc�vity is supported by increased biological pump 
ac�vity (Fig. 2B.5) in this period (Denis et al., 2009b). At Site U1357 it seems that export 
produc�vity based on the �F�-ra�o has remained rela�vely high since the onset of the 
Neoglacial, but shows a slight decline towards present-day (Fig. 7). �ncreased rela�ve 
abundances of Proboscia spp. at site MD03-2601 would suggest an increased influence of 
modified CDW at the study site (Kim et al., 2012a), reducing export produc�vity (�ee et al., 
2017). However, nearer to the Antarc�c coast at Site U1357 it is possible that higher sea-
ice concentra�ons have promoted deep-water forma�on over Site U1357 thereby 
reducing the intrusion of CDW, and thus allowing more carbon se�uestra�on and burial at 
the seafloor than expected based on the abundances of Proboscia spp. at site MD03-2601. 

As discussed, intervals A and B are characterized by palynomorphs that do not 
easily preserve. Apart from these easily degradable palynomorphs, the two samples that 
make up this part of the record do not show a significant difference with interval C. 

6 Conclusions 
Based on the above we show that palynology can be a valuable tool in 

reconstruc�ng Holocene surface water condi�ons around Antarc�ca. With the cluster 
analysis performed on the surface water dwelling palynological species, interval 
boundaries based on faunal turn-over events were established that seem to fit to known 
clima�c shi�s and local environmental changes. Nevertheless, a preserva�on bias should 
always be considered, as demonstrated by the less oxygen-resistant monolaminar �n�nnid 
loricae and the dinocyst Polarella glacialis. The transi�on from the early Holocene to a 
warmer mid-Holocene with lower sea-ice concentra�ons matches the boundary between 
intervals H and �. The transi�on from the mid-Holocene to the late Holocene is not 
marked by an interval boundary, although increases in the dinocyst species E. sleipnerensis 
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and N. umbiliphora could be indica�ve of the onset of the late Holocene. Instead, faunal 
turn-over events as marked by the interval boundaries between intervals G to C occur 
around 3.0 ka and are characterized by a decrease in meltwater flux to the site and 
increased surface water mixing and nutrient availability, leading to increased biological 
pump ac�vity.  

With this study we have gained a be�er understanding of the rela�on between 
environmental condi�ons in the surface water and the presence of certain palynomorphs 
in the sediments. Although addi�onal studies at other sites around Antarc�ca are needed 
to confirm these rela�onships, we have established the following: 

• A rela�on between the presence of leiospheres, prasinophytes, Gymnodinium 
microre�culatum and an increased meltwater flux and stra�fica�on, as suggested in 
previous studies, seems to be confirmed.  

• A rela�on between the presence of dictyocys�d lorica sacs and cold, low-salinity 
surface water condi�ons and rela�vely high sea-ice concentra�ons is established. 
The dinocysts Echinidinium sleipnerensis and Nucicla umbiliphora also seem to 
prefer these condi�ons but rely on increased nutrient availability due to late 
summer mixing too. 

• Ice-free summers promote Cymatocylis convallaria and Cryodinium meridianum, 
the la�er showing an addi�onal preference to cool springs. 

• There seems to be a rela�on between the dinocysts Selenopemphix sp. 1 and 
Impagidinium pallidum and nutrient-rich, low-salinity surface waters. 

• �ooplankton remains are most abundant when sea-ice concentra�ons are rela�vely 
low and (summer) primary produc�vity is high. 

• Considering the acritarchs with unknown biological origin, it seems that mainly AB-
3 and AB-4 show a strong response to the increased sea-ice concentra�ons and 
increased nutrient availability of the late Holocene. 

�urthermore, we have introduced a proxy for export produc�vity based on the ra�o 
of infaunal versus epifaunal foraminifer linings. Although further tes�ng of this proxy is 
necessary to establish its use, the reconstructed export produc�vity at �ite �13�� seems 
limited during the mid- and late Holocene (lower part of interval G to interval J), while the 
rela�vely higher amounts of heterotrophic species in intervals C and G suggest that these 
periods experienced highest primary produc�vity (in accordance with highest biological 
pump ac�vity reconstructed for site MD03-�601). �ossibly, export produc�vity was 
influenced by the intrusion of (Modified) Circumpolar Deep Water, limi�ng carbon 
se�uestra�on and burial at the study site during interval G.  
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Lastly, we have established that TEX86-based summer and spring subsurface 
temperatures do not follow the same long-term trend. Specifically, the spring temperature 
trend shows a strong rela�on to faunal turn-over events indicated by the interval 
boundaries that were established by cluster analysis. 

Altogether, future changes in surface water temperature, meltwater flux from the 
Antarc�c mainland and sea-ice concentra�ons will have implica�ons for marine 
ecosystems around Antarc�ca, including primary and secondary producers, zooplankton 
and bo�om-dwelling organisms. 
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Supplementary information of chapter 4 
Appendix A: List of taxa 

Dinocysts (in situ) 
�ymnodinium microre�culatum 
Selenopemphix antarc�ca 
Selenopemphix sp. 1 sensu Esper & Zonneveld (2007) 
Cryodinium meridianum 
Cryodinium sp. 1 sensu Hartman et al. (2018a) 
Polarella glacialis 
Echinidinium sleipnerensis 
Impagidinium pallidum 
Nucicla umbiliphora 
 
Dinocysts (reworked) 
Vozzhenikovia apertura 
Vozzhenikovia netrona 
Eneadocysta dictyos�la 
Spinidinium colemanni 
 
�in�nnids 
�emains of dictyocys�d lorica sacs 
Codonellopsis pussilla 
Codonellopsis glacialis 
Cymatocylis convallaria (-affinis) 
Laackmanniela naviculaefera 
Lorica type 1 sensu Hartman et al. (2018a) 
 
Prasinophytes 
�yma�osphaera-type phycoma of: 
Pterosperma cristatum 
Pterosperma marginatum 
Pterosperma polygonum 
Pterosperma re�culatum 
Cyma�osphaera sp. 1 sensu Hartman et al. (2018a) 
Pterosperma parallelum-type phycoma of: 
Pterosperma parallelum 
Pterosperma cf. parallelum sensu Hartman et al. (2018a) 
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Acritarchs 
Leiosphaeridia spp.  (sp. 1, 2 and 3 sensu  Hartman et al. 2018a) 
Mecsekia cf. Mecsekia sp. A sensu Schrank (2003) 
�a�aeosto�oc�s�s cf. �ri���a 
�a�aeosto�oc�s�s cf. re�cu�ata 
�a�aeosto�oc�s�s sphaerica sensu Warny (2009) 
�a�aeosto�oc�s�s sp. B sensu Hartman et al. (2018a) 
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Appendix B: TEX86 data 
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Abstract 
While Pleistocene glacial-interglacial cycles are commonly associated with strong waxing
and waning of Northern Hemisphere ice sheets, the response of the Antarc�c ice sheet 
and regional changes in oceanographic and environmental condi�ons to Pleistocene
climate dynamics remain poorly constrained. We present a reconstruc�on of sea-ice cover, 
sea surface temperature and primary produc�vity o� the Ross Sea margin (Adare Basin at 
the slope of the Drygalski Basin) during the marine isotope stages (MIS) 9 to 5 (350-70 
thousands years ago, encompassing Termina�ons IV to II). �ur mul�proxy study relies on
micropaleontology (diatoms, dinoflagellate cysts, benthic foraminifers), organic and 
inorganic geochemistry proxies (carbon and nitrogen isotopes, lipid biomarkers, XRF-
data), and sedimentology (IRD) obtained from deep-sea core AS05-10. For each glacial-
interglacial transi�on a clear succession of events can be observed: (near-)permanent sea 
ice cover during glacial stages is followed by ice-shelf break-up with episodic ice-free areas 
and surface water stra�fica�on. Notably, ice-shelf break-up precedes the increase in air
temperature as measured in the Vostok ice core for each glacial-interglacial transi�on. 
Generally, air temperature over Vostok starts rising once sea-ice cover at site AS05-10 has 
significantly decreased, becoming seasonal, as indicated by the diatom species
composi�on. This is also reflected by the high diatom produc�vity and increased water
mixing at site AS05-10, which is indica�ve of its proximity to the Marginal Ice Zone. At the
onset of Termina�on II (MIS� to 5), high export produc�vity and dysoxic bo�om water
condi�ons occurred, while water temperature increased about 5°C. During each
interglacial spring/summer sea-ice cover is most reduced, and highest produc�vity occurs.
Following each interglacial, the warm and cold fluctua�ons match the sawtooth character
of the temperatures over Vostok. This record illustrates that at the Ross Sea margin, sea
surface condi�ons and (export) produc�vity were strongly influenced by the natural
climate variability of the Pleistocene. In light of this, current global warming may lead to
increased ice-shelf break-up, water column stra�fica�on and shi�s in the posi�on/si�e of
the Marginal Ice Zone with implica�ons for algal species composi�on and diversity, and
for primary produc�vity. 
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1 Introduction 
Antarc�c sea ice plays a key role in regional polar climate and biology, and global 

ocean circula�on. It forms a regional physical barrier between the atmosphere and the 
ocean, limi�ng gas e�change (Stephens and Keeling, 2000), and between warm ocean 
waters and the ice sheet (�intoul, 2018). Its reflec�ve surface, which covers 18.2*106 km2 
at its ma�imum e�tent (1981-2010 monthly mean, Na�onal Snow and Ice Data Center), is 
fundamental for Earth’s albedo. In addi�on, the seasonal mel�ng of sea ice and release of 
nutrients is responsible for up to 35% of the total primary produc�on (PP) in the Southern 
Ocean (Garrison and Close, 1993; Lizo�e, 2001). The PP within the sea ice also ‘seeds’ 
surface waters upon mel�ng and the en�re polar ecosystem depends on the annual cycle 
of mel�ng and forma�on of sea ice (Stoecker et al., 2000; Lizo�e, 2001; Garrison et al., 
2005; Murphy et al., 2017). While, over the last decades, global warming is clearly 
nega�vely affec�ng the sea-ice e�tent in the Arc�c (Comiso and Nishio, 2008; Kay et al., 
2011; Notz and Marotzke, 2012), sea-ice e�tent around Antarc�ca is more variable and 
shows strong local differences (Comiso and Nishio, 2008; Turner et al., 2009; Parkinson and 
Cavalieri, 2012; Parkinson, 2019). The lack of a clear trend in recent �mes makes future 
Antarc�c sea-ice projec�ons highly uncertain (Arzel et al., 2006; Bracegirdle et al., 2008; 
Bintanja et al., 2015). In recent years (2016-2017) sea ice has reached a spring�me low 
(Turner et al., 2017), par�cularly in the �oss Sea sector, that includes the Adare Basin 
(Parkinson, 2019). Sea ice decline will likely act as a posi�ve feedback to current global 
warming (e.g., Serreze & Barry 2011; Park et al. 2015; Abe et al. 2016; Haumann et al. 
2016; Andry et al. 2017), which increases the relevance of understanding future sea ice 
condi�ons.  

The biological response to sea ice decline is difficult to project (Sarmiento et al., 
2004). Increased sea ice meltback will promote primary produc�vity (PP) by increasing 
available light and nutrient release, so that CO2 uptake through photosynthesis acts as a 
nega�ve feedback to global warming (Peck et al., 2010; Fernandez-Mendez et al., 2015). 
However, with a retrea�ng sea-ice margin, global displacement of high-produc�vity areas 
to higher la�tudes will reduce their size (Sarmiento et al., 2004). Furthermore, 
stra��ca�on (by mel�ng) and reduced mi�ing could limit nutrient availability and promote 
ecosystem changes, which reduces CO2 drawdown to the ocean floor (Arrigo et al., 1999; 
Steinacher et al., 2010; Vancoppenolle et al., 2013).  

One way to understand the response of PP and sea-ice changes to different climate 
condi�ons is to reconstruct these parameters for past warmer than present periods, using 
sediment records. The Last Interglacial (LIG, 130-116 ka) or Marine Isotope Stage (MIS) 5e 
is the most recent of these periods. During the LIG, the ocean-area-weighted average sea 
surface temperature (SSTs) was about 0.7±0.6°C warmer than preindustrial temperatures 

5



Chapter 5  

176 
 

(McKay et al., 2011). The LIG may not be the perfect analogue for future climate, because 
global warmth was induced by �arth�s orbital configura�on rather than higher atmospheric 
CO2 (Pe�t et al., 1999; L�thi et al., 2008; Berg et al., 2011). S�ll, the response of sea-ice 
concentra�ons to warmer air and seawater temperatures during the LIG and in a future 
2°C-warming scenario is likely very similar because of a (near) e�ual geographic se�ng, ice 
sheet configura�on and oceanography. Tracking the summer sea-ice extension and the 
associated Marginal Ice Zone (MIZ), defined as the region experiencing most recent sea-ice 
mel�ng�retreat, across MIS5e is par�cularly interes�ng because the MIZ is the region in 
the Southern Ocean with the highest summer PP (Fitch and Moore, 2007; Arrigo et al., 
2008). The la�tudinal posi�on of the summer sea-ice edge is therefore important for the 
size of the high-produc�vity area associated with the MIZ. Changes in the posi�on of the 
sea-ice edge in the late Pleistocene have affected the total Southern Ocean PP, as is clear 
from paleoproduc�vity reconstruc�ons� PP was enhanced north of the Polar Front (PF) 
during glacial �mes, and south of the PF during interglacial �mes (Mortlock et al., 1991). A 
shi� of the summer sea-ice edge (SS�) towards higher la�tudes or changes in the size of 
the MIZ will also likely affect PP in the future (Sarmiento et al., 2004; Arrigo et al., 2008; 
Deppeler and Davidson, 2017). However, many Southern Ocean sea-ice reconstruc�ons 
have focused on the winter sea ice edge (WS�) during glacial �mes instead (Gersonde and 
Zielinski, 2000; Bianchi and Gersonde, 2002; Howe et al., 2002; Crosta et al., 2004; 
Gersonde et al., 2005; Ferry et al., 2015), because sea ice expansion and related 
stra�fica�on have been proposed as a mechanism for glacial CO2 reduc�on by prohibi�ng 
the air-sea CO2 exchange during glacial periods (Stephens and Keeling, 2000; Sigman et al., 
2004, 2010, 2021; Mar�nez-Garcia et al., 2009; Ferrari et al., 2014). 

In this paper we use sediment core AS05-10 collected off the Ross Sea con�nental 
slope (Fig. 1) to reconstruct the posi�on of the SS� and the MIZ over the late Pleistocene 
glacial-interglacials and its influence on PP in the Adare Basin. The core is studied at high 
resolu�on (1-3 cm intervals) with paleobiological (diatoms, dinoflagellate cysts, benthic 
foraminifera), geochemical and sedimentological proxies. It straddles an interval between 
~350 and 70 ka (see the age model below and Supplementary Informa�on) and thus 
allows reconstruc�ng the stepwise evolu�on of each glacial and interglacial stage.  

High-resolu�on records close to the Antarc�c margin, covering mul�ple glacial and 
interglacial stages have only become available over the last decade (Hillenbrand et al., 
2009; Xiao et al., 2016b; Wilson et al., 2018), but none are from the Ross Sea area. With 
only one previously published low-resolu�on record from the Ross Sea (Ceccaroni et al., 
1998), the record of AS05-10 thus substan�ally increases our knowledge on sea-ice 
variability and paleoproduc�vity for this area on glacial-interglacial �mescales. 
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2 Oceanographic and geological setting 
Core AS05-10 was drilled at the con�nental slope o�shore the �rygalski Basin, 

which is called the Adare Basin, western Ross Sea (173.065°E, 70.835°S), at a water depth 
o� 2377 m (�ig. 1) during the �� Antarc�c �talian Cruise (01/15/2005-02/27/2005). 
�n�es�ga�ons are within the �rame o� the ��RA (Antarc�c �talian �a�onal Research 
�rogram) pro�ects 200�/�.08 “Bo�om water produc�on in the Ross Sea during the Late 
Quaternary: a geochemical and micropaleontological study” and 2009/A2.01 “Sub-
milanko�ian paleoclima�c �aria�ons and deep circula�on linkages during the Late 
Quaternary (��S 5-7) in the Ross Sea slope (Antarc�ca)”.  

 

Figure 1: Map of the study site. Details of the bathymetry and topography of the pink area are shown. 
��� front � �ntarc�c �ircumpolar �urrent front� PF � Polar Front� ��F � �ubantarc�c Front ��rsi et al., 
1995) 
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Today, the drill site of core AS05-10 is overlain by Circumpolar Deep Water (CDW) 
(Orsi and Wiederwohl, 2009), and influenced by occasional gravity currents that flow along 
the Drygalski Basin slope (Gordon et al., 2009). These gravity currents form through local 
mixing of rela�vely warm oceanic thermocline waters with rela�vely cold Modified CDW 
(MCDW; CDW that has been mixed with Ross Sea shelf waters) and High Salinity Shelf 
Water (HSSW) (Orsi and Wiederwohl, 2009). This very dense HSSW forms in the western 
sector of the Ross Sea as a result of the ongoing forma�on and removal of new sea ice in 
the Terra Nova Bay Polynya (Jacobs et al., 1985; Budillon et al., 1999), due to strong 
kataba�c winter winds blowing over the Ross Ice Shelf (Bromwich and Kurtz, 1984). HSSW 
flows northward over the shelf and mixes with surface waters and MCDW at the shelf edge 
to form Antarc�c Bo�om Water (AABW) (Jacobs et al., 1970; Jacobs, 1991; Budillon et al., 
2002, 2003; Bergamasco et al., 2004; Orsi and Wiederwohl, 2009). Surface and shelf 
waters in the Ross Sea are characterized by rela�vely high oxygen concentra�ons and low 
dissolved silica (DSi), and also determine the oxygen and DSi concentra�ons of the HSSW 
and AABW through bo�om-water forma�on (Jacobs, 1989). Submarine canyons and 
basins, such as the Drygalski Basin, serve as conduits for bo�om-water forma�on (Jacobs, 
1989; Davey and Jacobs, 2007).  

Spring warming and seaward winds cause northward sea ice retreat along the 
western Ross Sea coast (Spreen et al., 2008; Smith et al., 2012), while the offshore sea-ice 
melt-back progresses southward. These two open water systems connect early January 
(Spreen et al., 2008), so that, by defini�on, the Marginal Ice Zone (MIZ) is overlying AS05-
10 in January (Fitch and Moore, 2007). Water column stra�fica�on, low wind speeds and 
nutrient release a�er sea-ice retreat trigger large phytoplankton blooms (Fitch and Moore, 
2007; Arrigo et al., 2008; Smith et al., 2012). Together with the MIZ, the Ross Sea shelf 
surface waters are among the most produc�ve areas of the Southern Ocean, with the shelf 
area alone contribu�ng one third of the Southern Ocean total primary produc�on (PP) 
(Arrigo et al., 2008; Smith et al., 2012). Phaeocys�s antarc�ca, which is able to maintain 
high photosynthe�c rates in the deeply-mixed Ross Sea polynya (Arrigo et al., 1999, 2003; 
Sedwick et al., 2000; Peloquin and Smith Jr., 2007), is responsible for the bulk of this high 
PP. However, when surface waters stra�fy due to the mel�ng sea ice in summer, diatoms 
replace P. antarc�ca (Arrigo et al., 1999, 2003), taking advantage of the iron release from 
the mel�ng sea ice (Arrigo et al., 2003; De Jong et al., 2013; McGillicuddy et al., 2015). 

Figure 2 (previous page)� �ithology of core AS0��10, including IR� (le�). Rela�ve air temperature change 
recorded in the Vostok ice core (Pe�t et al., 1999). The dark and light shaded areas mark the interglacials 
versus the interstadials, respec�vely, following Past Interglacial Working Group of PAGES (2016) with 
nomenclature following Railsback et al. (201�). Termina�ons (T) are marked in blue. Red lines mark the 
posi�on of the onset of each �arine Isotope Stages (�IS) within the lithology based on the age model 
(Suppl. Inf.). 
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Similar to today, the surface waters of Site AS05-10 may have experienced shi�s towards 
diatom-dominated PP during past interglacials. 

About 90% of the total carbon and 30% of total biogenic silica produc�on by P. 
antarc�ca and diatom blooms is seasonally recycled in the upper water column (Nelson et 
al., 1996). S�ll, organic carbon (OC) and biogenic silica (BSi) export to the seafloor is large 
in the Ross Sea, but varies strongly between years (Nelson et al., 1996; Smith Jr. et al., 
2011) and regions (Nelson et al., 1996). OC export in the central Ross Sea occurs mainly 
through aggregate and fecal pellet forma�on (Asper and Smith, 1999; Smith Jr. et al., 
2011). While high sinking rates of these fecal pellets imply that most sedimentary OC 
originated from the surface waters overlying Site AS05-10, part is shown to be derived 
from resuspended sediments from shallow banks (Nelson et al., 1996) through gravity 
flows (Gordon et al., 2009). Out of all the material that reaches the Ross Sea floor, another 
~95% of OC and 80% of BSi gets remineralized (Nelson et al., 1996) under the influence of 
the high-oxygen low-�Si bo�om waters (Jacobs, 1989).  

3 Material  
Core AS05-10 recovered 750 cm of fine-grained sediment. The top 40 cm is an 

alterna�on of brown and yellow clays; the rest of the core is homogeneous greyish clay 
with occasional clasts (>1 cm) (Fig. 2). The core has always been kept at -20°C. At ISMAR-
CNR Bologna laboratory the sec�ons of the core have been subse�uently cut frozen in 
slices ca. 1 cm thick (Asioli and Langone, 2010). 

4 Construction of the age model and terminology used 
Comparison between the whole-core magne�c suscep�bility (MS) in core AS05-10 

and in the nearby core ANTA91-8 (Fig. 1 for its loca�on) previously published at lower 
resolu�on (Ceccaroni et al., 1998) suggests our core contains at least MIS5 and MIS7.  

We studied the sec�on between 180 and 750 cm below sea floor (cmbsf) at high 
resolu�on and constructed an age model for this interval. The age model is based on two 
diatom datums: the last occurrence (LO) of Rouxia leventerae (0.138 Ma; the end of MIS6; 
Xiao et al., 2016b) at about 388±20 cmbsf; and the LO of Rouxia constricta (0.28 Ma; mid-
MIS8; Zielinski and Gersonde, 2002) at about 594±19 cmbsf. The posi�on of Termina�on I 
(18�11.5 ka) was es�mated from a marked decrease in the %BSi and a sharp increase in 
the MS record between 115 and 147 cmbsf (see Supplementary Informa�on). 

The cyclic behavior of measured parameters in core AS05-10 has been used to 
improve da�ng by correla�ng these cycles to known orbital parameters and glacial-
interglacial cyclicity. In the Southern Ocean records south of the Polar Front (PF), cycles of 
biogenic barium (Babio) and %BSi are �ghtly linked, represen�ng glacial-interglacial changes 
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in PP with higher values during the interglacials (Shimmield et al., 1994; Bonn et al., 1998; 
Pudsey and Howe, 1998; Hillenbrand and F��erer, 2001; Hillenbrand et al., 2003, 2009; 
Wilson et al., 2018). Other geochemical elements have also shown a rela�on with glacial-
interglacial varia�on related to provenance or terrigenous supply (Bertram et al., 2018; 
Jimenez-Espejo et al., 2020). In several other Southern Ocean records, glacial-interglacial 
cyclicity has been observed in MS� high BSi produc�on dilutes lithogenic detritus input, 
which results in an�-correla�on of MS with BSi (and Babio) (Hillenbrand et al., 2009; Collins 
et al., 2012; Xiao et al., 2016b). In addi�on, some siliceous microfossils, such as the diatom 
��ca��ia anta�c�ca, show cyclic glacial-interglacial varia�on in rela�ve abundance 
(Burckle and Cooke 1983; Burckle and Burak, 1988; Collins et al., 2012; Xiao et al., 2016b).  

To build an age model for core AS05-10, we have tested several proxies for orbitally-
driven cyclicity, using the diatom event datums and the posi�on of Termina�on I for a first-
order age model (see Suppl. Inf.). Successively, the Ti/Al record was used to tune core 
AS05-10 to the 19-kyr precession by using evolu�ve harmonic analysis (EHA) and evolu�ve 
spectral misfit analysis (e-ASM) of the Astrochron program in R (Meyers and Sageman, 
2007; Meyers et al., 2012). The Ti/Al record was chosen as the cyclici�es obtained from 
this record matched the expected astronomical cycle lengths based on the microfossil 
occurrence datums best. In addi�on, Al and Ti are found mainly in aluminosilicates and 
heavy minerals (Calvert and Pedersen, 2007), although both elements can be concentrated 
in diatom frustules, which means that at site AS05-10 the Ti/Al is likely influenced by the 
diatom export produc�vity in addi�on to a lithogenic signal. Nevertheless, Ti and Al are 
poorly mobilized during diagenesis, which means this proxy is least suscep�ble to changes 
in post-deposi�onal remobiliza�on and/or bo�om-water oxygena�on in comparison to for 
example Babio and BSi. A final age model was obtained by tuning the obliquity pacing in the 
Ti/Al record to that within the deuterium-based air temperature reconstruc�ons (ΔTs) of 
the Vostok ice core (Pe�t et al., 1999). The Vostok ice core ΔTs age model is based on the 
Antarc�c Ice Core Chronology (AICC2012), which is based on a mul�-proxy synchroniza�on 
of mul�ple ice cores (Bazin et al., 2013; Veres et al., 2013). In our approach, we note that 
the 19-kyr precession signal within the Ti/Al record follows the precession signal of local 
(70.8�S) insola�on (see Suppl. Inf.). 

Names and ages for the individual marine isotope stages and glacial termina�ons 
were adopted from Railsback et al. (2015). Notably, this results in the designa�on of MIS9a 
to what is also known as MIS8.5. The rela�on between our stra�graphic record, the marine 
isotope stages according to Railsback et al. (2015), the ΔTs record from the Vostok ice core, 
and the glacial Termina�ons in the ΔTs record is shown in Figure 2. 

Core AS05-10 con�nuously covers an interval between �350 and 70 ka and thus 
allows reconstruc�ng oceanographic condi�ons of each glacial and interglacial stage in 
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that interval and comparing the late Pleistocene interglacials. The de�ni�on of an 
interglacial is based on the compara�ve study of interglacials of the past 800 kyr by the 
Past Interglacials Working Group of PAGES (2016). Interglacials thus include MIS 9e, 7e, 7a-
c and 5e. Following Cheng et al. (2009), the glacial Termina�on prior to MIS7a-c is termed 
Termina�on IIIa. We use the terms �(glacial) Termina�on� and �(onset of) Marine Isotope 
Stage, MIS� as the rapid shi� from a glacial to an interglacial period marked by the steep 
temperature shi� recorded in the �ostok ice core. The term �glacial-interglacial transi�on� 
indicates the environmental changes related to the transi�on from a cold to a warm 
period, not necessarily synchronous to the Termina�on. We will describe several phases of 
each glacial-interglacial transi�on based on the pro�y data. 

5 Methods and proxy interpretations 
5.1 Magnetic susceptibility 

The gravity core AS05-10 was frozen at -20�C immediately a�er collec�on and 
scanned onboard for the magne�c suscep�bility by means of a Bar�ngton ring sensor for 
whole-core magne�c suscep�bility with measurements at 2-cm steps.  

Magne�c suscep�bility is determined by the grain size and concentra�on of 
ferromagne�c minerals, which is determined by the source of the terrigenous material as 
well as the degree of dilu�on by biogenic input (Pudsey and Howe, 1998; Collins et al., 
2012). Magne�c suscep�bility has been used to correlate marine sediment cores as well as 
ice cores on glacial-interglacial �mescales (Pudsey and Camerlenghi, 1998; Pudsey and 
Howe, 1998; Pugh et al., 2009; Xiao et al., 2016b). 

5.2 X-ray fluorescence analyses 
Geochemical analyses of 255 bulk sediment samples have been performed by X-ray 

fluorescence (XRF) located at the Department of Geosciences of Padova University (Italy). 
Dried sediment samples (1.5 g) were ground with an agate mortar and fused with lithium 
tetraborate (1:10; sample:lithium tetraborate). The obtained panes were analyzed with a 
Philips PW2400 spectrometer to measure the concentra�ons of the chemical elements by 
using several interna�onal geologic standards. �oss on igni�on (��I) was measured a�er 
hea�ng samples to 980�C. The instrumental precision is within 0.6% for the major 
elements and within 3% for trace elements. 

Subsequently, biogenic barium (Babio) was calculated as the concentra�on of barium 
e�ceeding the detrital contribu�on observed in shales (Dymond et al., 1992). Barium is 
generally considered a pro�y for paleoproduc�vity (Bonn et al., 1998; Ceccaroni et al., 
1998; Pudsey and Howe, 1998; Hillenbrand et al., 2003, 2009; Xiao et al., 2016b). However, 
in some cases barium records are influenced by detrital input (Klump et al., 2000) and/or 
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changes in redo� condi�ons (McManus et al., 1998). To account for this, elemental ra�os 
considered in this paper are V/Cr, Ni/Co, and U/Th, which are indica�ve of bo�om-water 
o�ygena�on (�ones and Manning, 1994), and �r/Rb, which re�ects the rela�ve grain size 
(Dypvik and Harris, 2001) of the sediments and is indica�ve of increased detrital input at a 
lower shelf se�ng such as AS05-10. Because of low uranium concentra�ons a cut-o� value 
of 2 ppm for was used for uranium to construct the U/Th record. 

5.3 Biogenic silica  
Biogenic silica was measured on 162 samples at ISMAR-CNR Bologna, following the 

dissolu�on method of DeMaster (1981) and the colorimetric analysis of Strickland and 
Parsons (1972) using a 0.5 M NaOH solu�on as e�trac�ng agent with an uncertainty of 
about 10%. 

Changes in paleoproduc�vity in the Southern Ocean have been determined by 
measuring biogenic silica (BSi) (Shimmield et al., 1994; Bonn et al., 1998; Ceccaroni et al., 
1998; Pudsey and Howe, 1998; Hillenbrand and F��erer, 2001; Hillenbrand et al., 2003, 
2009; Xiao et al., 2016b), o�en in combina�on with Babio. Here, BSi is also considered a 
pro�y for paleoproduc�vity. 

5.4 Organic carbon, total nitrogen and δ15N 
Total organic carbon (OC) and total nitrogen (TN) contents, and their stable isotope 

composi�ons were measured at ISMAR-CNR Bologna on 2 di�erent aliquotes by a Finnigan 
DeltaPlus XP mass spectrometer directly coupled to a FISONS NA2000 Element Analyzer 
via a Con�o III interface for con�nuous �ow measurements (Tesi et al., 2007). Samples for 
OC analysis were �rst decarbonated in silver capsules a�er acid treatment (HCl 1.5 M). 
Samples for OC and TN contents and δ15N were weighted in �n capsules and directly 
inserted in the EA autosampler. The average standard devia�on of each measurement, 
determined by replicate analyses of the same sample, was ±0.07% for OC and ±0.009% for 
TN. The isotopic composi�on of nitrogen is presented in the conven�onal δ nota�on and 
reported as parts per thousand (‰). The internal standard for 15N isotopic measurements 
was IAEA-N-1 (ammonium sulfate, +0.4‰ vs. air). Errors for replicate analyses of the 
standards were ±0.2‰. 

The %OC and %TN in the sediments re�ect the rela�ve abundance in weight 
percentage of organic ma�er in the sediments. High %OC and %TN could either be the 
result of increased primary produc�vity or increased preserva�on. 

Nitrogen frac�ona�on by phytoplankton in the surface waters due to preferred 
uptake of 14N over 15N, makes δ15N a pro�y for surface water nutrient u�liza�on; u�liza�on 
being the ra�o between phytoplankton uptake and nutrient supply (Altabet and Francois, 
1994, 2001). The higher the δ15N value, the higher the nutrient u�liza�on is. Post-
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deposi�onal altera�on of the δ15N value due to early diagenesis at the sediment-water 
interface may, however, result in an increase of the bulk δ15N value in the sediments, 
par�cularly at oxic pelagic sites with low accumula�on rates (Robinson et al., 2012). 
However, empirical data across a range of sedimenta�on rates and sediment composi�ons 
at different water depths, suggest that even in slowly accumula�ng regions the study site 
bulk sedimentary δ15N records will primarily reflect changes in the δ15N of exported 
nitrogen in most cases. For example, in sediments with poor organic ma�er preserva�on, 
such as the Mediterranean marls (Higgins et al., 2010), or in millions-of-years-old 
sediments, such as the Cretaceous black shales (Higgins et al., 2012), the bulk δ15N values 
are indica�ve of the biogeochemical cycling of nitrogen. Nevertheless, a bias due to the 
presence of inorganic nitrogen or input of terrestrial organics can be detected in a %OC-
versus-%TN plot as a nonzero y-intercept of the linear regression line (Robinson et al., 
2012). 

5.5 Archaeal lipid (GDGT) processing and analyses 
A total of 39 samples covering the period between 90 and 313 ka (243 – 665 cmbsf) 

were processed for analysis of glycerol dialkyl glycerol tetraethers (GDGTs) to derive TEX86-
based temperatures (Schouten et al., 2002). Sample processing involved extrac�on of 
freeze-dried and manual powdered sediments through accelerated solvent extrac�on 
(ASE; with dichloromethane (DCM)/methanol (MeOH) mixture, 9:1 v/v, at 100°C and 7.6 x 
106 Pa). The polar GDGTs were separated from non-polar molecules through Al2O3 column 
chromatography using hexane/DCM (9:1, v/v), hexane/DCM (1:1, v/v) and DCM/MeOH 
(1:1, v/v) for separa�ng apolar, ketone and polar frac�ons, respec�vely. The polar frac�ons 
were dried under N2, dissolved in hexane/isopropanol (99:1, v/v) and filtered through a 
0.45 �m 4 mm diameter polytetrafluorethylene filter. A�er that, the dissolved polar 
frac�ons were in�ected and analyzed by ultra-high performance liquid 
chromatography/mass spectrometry (UHPLC/MS) at Utrecht University according to the 
method described by Hopmans et al. (2016). GDGT chromatogram peaks were integrated 
using Chemsta�on so�ware. All samples containing low concentra�ons of GDGT-3 (below 
3*103 mV) were not used for TEX86-based temperature reconstruc�ons and �ranched and 
�soprenoid Tetraether (��T) index calcula�ons (Hopmans et al., 2004).  

For the TEX86-based subsurface sea water temperature reconstruc�on we used the 
�A�SPAR calibra�on of Tierney and Tingley (2014), which gives a depth-integrated 
temperature es�mate for the top 200 m of the surface water column based on surface 
sediment samples with a 90% confidence interval based on a linear regression with a slope 
and intercept specific for the region (a 20°x20° grid box) of our study. We have chosen this 
calibra�on as Thaumarchaeota are virtually absent in the upper 0-45 m (Kalanetra et al., 
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2009), and reconstructed temperatures thus likely reflect a subsurface signal (Kim et al., 
2012a). Based on Tierney & Tingley (2015), the expected slope and intercept of the TEX86-
subT calibra�on curve for our study area are 0.012 and 0.37 respec�vely, with a standard 
error (1σ) of 7.2°C. The standard error depends on the number of core tops used in the 
calibra�on. The number of available surface sediment samples used in the calibra�on at 
high southern la�tude is low, which gives a high standard error. Despite this, reconstructed 
trends are reliable, as globally there is li�le varia�on in slope (values between 0.005 and 
0.016) and intercept (values between 0.3 and 0.4) (Tierney and Tingley, 2015).  

The (expected) normal pelagic marine distribu�on of isoprenoideal GDGTs (iGDGTs) 
in the sediments, and therefore TEX86 values, can be affected by the iGDGT input of 
methanogenic or methanotrophic archaea (Koga et al., 1998), or other non-temperature 
related biases, such as archaeal growth phase (Elling et al., 2014), oxygen concentra�ons 
(�in et al., 2015), and ammonia oxida�on rates (Hurley et al., 2016). To search for possible 
biases, several indices have been developed, which we applied to our samples. These 
include the methane index (MI) (Zhang et al., 2011), the GDGT-0/crenarchaeol ra�o (Blaga 
et al., 2009; Sinninghe Damsté et al., 2009), the GDGT-2/crenarchaeol ra�o (Weijers et al., 
2011) and the Ring Index (|ΔRI|) (Zhang et al., 2016) (Suppl. Table S1).  

In addi�on, we explore other proxies related to in situ produc�on of branched 
GDGTs (brGDGTs). While ini�ally considered purely soil-derived (Hopmans et al., 2004; 
Dearing Crampton-Flood et al., 2019), it was subsequently shown that brGDGTs are also 
produced within marine sediments (Peterse et al., 2009) and the water column (Zell et al., 
2014). The rela�ve abundance of brGDGTs versus iGDGTs is known as the BIT index, which 
is defined as (brGDGT-I + brGDGT-II + brGDGT-III) / (brGDGT-I + brGDGT-II + brGDGT-III + 
Crenarchaeol) (Hopmans et al., 2004). Other proxies based on brGDGTs, such as the 
degree of cycliza�on, have been suggested as indicators of in-situ sedimentary GDGT 
produc�on versus soil-derived input of brGDGTs (Weijers et al., 2014; Sinninghe Damsté, 
2016). The degree of cycliza�on within tetramethylated brGDGTs is called #ringstetra, is 
defined as ([brGDGT-Ib] + 2*[brGDGT-Ic]) / ([brGDGT-Ia] + [brGDGT-Ib] + [brGDGT-Ic]) 
(Sinninghe Damsté, 2016) and is par�cularly varying as a func�on of in situ produc�on.  

5.6 Palynology 
A total of 49 samples taken between 71 and 313 ka (195 and 665 cmbsf) were 

prepared for examina�on of palynomorphs by using established palynological processing 
methods. Samples were freeze-dried and a known amount of Lycopodium clavatum spores 
was added to c.a. 10 g of material. Samples were treated with 30% HCl to remove the 
carbonates and with 38% cold HF to remove silicates. A�er each acid treatment, samples 
were washed with water, le� standing for 24 h to let the material se�le, and subsequently 
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decanted. The HF treatment included 2 h of shaking at ~250 rpm and adding of 30% HCl to 
remove fluoride gels. The residue was then sieved through a 10-μm mesh sieve and 
subsequently placed in an ultrasonic bath to break up clumps of organic ma�er and 
removal of heavy minerals. The remaining material was concentrated in ~1 ml of glycerin 
water used to make microscope slides. At least 200 dinoflagellate cysts were counted for 
each sample, if possible.  

Dinoflagellate cysts can be used for reconstruc�ng the presence of sea-ice (De 
Vernal and Hillaire-Marcel, 2000; Esper and Zonneveld, 2007; Bonnet et al., 2010; De 
Vernal et al., 2013) and primary produc�vity (�adi and De Vernal, 2008; Prebble et al., 
2013). Moreover, based on the link between dinoflagellate cyst assemblages and the 
Antarc�c and Polar Front Zones (Marret and De Vernal, 1997; Marret et al., 2001; Esper 
and Zonneveld, 2002; Prebble et al., 2013), dinoflagellate cysts have been used as an 
indicator of glacial-interglacial shi�s of the Polar Front (Howe et al., 2002; Esper and 
Zonneveld, 2007). Dinoflagellate cysts are here grouped as being gonyaulacoid or 
protoperidinioid. It has been shown by infrared analysis that the cyst wall chemistry of 
phototrophic usually transparent gonyaulacoid dinoflagellates is dis�nctly different from 
that of the brown, heterotrophic protoperidinioids, and probably determined by the 
different feeding strategy of the dinoflagellates that produced the cyst (Ellegaard et al., 
2013). Abundances of gonyaulacoid dinoflagellate cysts are typically less than 20% in 
surface sediments south of the PF and mostly represented by Impagidinium pallidum 
(Marret and De Vernal, 1997; Esper and Zonneveld, 2007; Prebble et al., 2013; Marret et 
al., 2020). High abundances of I. pallidum are associated with seasonal sea-ice in both the 
Arc�c and Antarc�c (Marret and De Vernal, 1997; De Vernal et al., 2001; Kunz-Pirrung et 
al., 2001; Esper and Zonneveld, 2007; Bonnet et al., 2010; Pieńkowski et al., 2013b; 
Zonneveld et al., 2013; Marret et al., 2020). Around Antarc�ca it is most dominant in 
nutrient-rich waters south of the PF and the seasonal sea-ice zone (SSIZ) upon seasonal 
mel�ng of sea ice (Marret and De Vernal, 1997; Marret et al., 2001; Esper and Zonneveld, 
2007).  

Protoperidinoid cysts are dominant in present-day Subantarc�c and Antarc�c 
surface sediments where sea ice coverage and produc�vity are high (Marret and De 
Vernal, 1997; Esper and Zonneveld, 2002; Pieńkowski et al., 2013b; Prebble et al., 2013; 
Zonneveld et al., 2013). Protoperidinioid cysts are more sensi�ve than gonyaulacoid cysts 
to degrada�on in o�ic environments (Versteegh and Zonneveld, 2002; Zonneveld et al., 
2010). High abundances of protoperidinioid cysts in an assemblage could be 
representa�ve of a high primary produc�vity environment as well as decreased bo�om 
water o�ygena�on, which enhances their preserva�on. A way to at least par�ally 
circumvent this bias is the use of the concentra�on of protoperidinioid cysts (cysts/gram 
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sediment) and/or of total dinocysts as proxy for primary produc�vity (Reichart and 
Brinkhuis, 2003).  

Other palynomorphs considered here include the gymnodinioid dinoflagellate cyst 
Gymnodinium spp., the prasinophycean alga �yma�osphaera spp. and the acritarch 
Leiosphaeridia spp. �yma�osphaera spp. is considered to be the phycoma of the 
chlorophyte Pterosperma (Mudie et al., 2010; Chapter 2). Gymnodinium spp., 
�yma�osphaera spp., and Leiosphaeridia spp. have all been associated with surface water 
stra��ca�on due to fresh (melt)water (Mudie, 1992; Hannah, 2006; Warny et al., 2006, 
2016; Ribeiro et al., 2016; Chapter 2). 

5.7 Benthic foraminifers 
The 103 samples between 180 and 578 cmbsf were treated in the laboratory for the 

analysis of foraminiferal assemblages and IRD. The samples were washed with a 0.063-mm 
mesh sieve, and thoroughly examined while they were wet with Leica M165C (11.7-192x) 
reflec�ve op�cal stereomicroscope. The distribu�on of foraminifers is expressed in terms 
of absolute abundances (number of individuals/10 cc).  

Benthic foraminifera are indica�ve of export produc�vity from the surface waters to 
the sea floor (Jorissen et al., 1995, 2007; Thomas and Gooday, 1996). Here, two species of 
benthic foraminifer are considered: Mar�no�ella nodulosa and Eggerella bradyi. These 
species have been reported at nearby surface sediment sample sites and core sites (Asioli, 
1995; Barbieri et al., 1999). The occurrence of M. nodulosa seems to be linked to the 
availability of well-sorted quartz grains that it needs for construc�ng its test (Lindenberg 
and Auras, 1984). M. nodulosa is likely an infaunal species as its close rela�ve, 
Mar�no�ella communis, has been shown to live at 1–3 cm sediment depth (�abba�ni et 
al., 2004). E. bradyi appears to be epifaunal with occurrences of living specimens in the 0–
0.5 cm depth range (Asioli, 1995; Asioli and Langone, 2010). 

5.8 Ice Rafted Debris (IRD) 
The frac�on larger than 0.500 mm in the 120 samples washed for foraminifera were 

dried and examined for IRD content with the same microscope used for the foraminifer 
study. Three frac�ons were chosen (�2 mm, 1-2 mm, and 0.5-1 mm), coun�ng only the 
lithic clasts and excluding all remains of organisms. The content of the three frac�ons is 
expressed as a concentra�on (number of clasts/10 cc).  
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IRD is indica�ve of icebergs reaching the deposi�onal site and thus can be expected 
at ice-proximal sites. In the �orth Atlan�c, high concentra�ons have been associated with 
glacial collapse as well as ice sheet growth (Heinrich, 1988; Cofaigh, 2012). Around 
Antarc�ca, however, a rela�on between glacial collapse and IRD is not as evident as in the 
northern hemisphere (Cofaigh, 2012) and in some records lags glacial Termina�ons (Grobe 
and Mackensen, 1992). �otably, increased IRD concentra�ons can simply be the result of 
decreased sedimenta�on rates and winnowing (Cofaigh et al., 2001). However, in the 
absence of high-energy bo�om currents, increased IRD concentra�ons deposited in 
hemipelagic muds with biogenic material have been related to both periods of ice sheet 
advance and periods of intense calving and ice-shelf break-up around the Antarc�c 
Peninsula (Pudsey and Camerlenghi, 1998; Lucchi et al., 2002; Minzoni et al., 2015). 
Furthermore, IRD layers have been associated with rapid ice-shelf break-up of the George 
VI ice shelf and associated iceberg release during the Holocene (Bentley et al., 2005). 

5.9 Diatoms 
Diatoms were processed according to the standard method, as described by 

Bernárdez et al. (2008) and Rigual-Hernández et al. (2017). A fixed amount of 0.5 g of 
sediment was placed in 600 ml beakers and treated with HCl and H2O2 in order to remove 
carbonate and organic ma�er. Bi-dis�lled water was added and le� to se�le over a night. 
The excess of liquid was removed with a vacuum pump. This process was repeated several 
�mes, un�l a neutral pH was achieved. For each sample, total volume and suspension 
volume used to mount the slides were known. For slide prepara�on, suspension was 
strewn evenly onto cleaned 18x18 mm cover slips placed in a Petri dish, a�er s�rring the 
solu�on for homogeniza�on. Slides were mounted with a toluene based synthe�c resin 
moun�ng medium (PermountTM, Fisher Scien�fic). 

A total of 193 samples was analyzed at Salamanca University using a Leica DMLB 
microscope with phase contrast illumina�on at x1000 magnifica�on for coun�ng diatoms. 
Samples have been taken about every 5 cm, except for the interval between 428 and 472 
cmbsf (168 – 197 ka), where sample spacing is about 10 cm, followed by a gap between 
472 and 518 cmbsf (197 – 225 ka). The counts were performed following the method of 
Schrader and Gersonde (1978). A minimum of 400 valves was counted for each sample, 
where possible. For samples with a high amount of Chaetoceros res�ng spores (RS) at least 
100 valves of non-dominant taxa were counted (Schrader and Gersonde 1978). The state 
of preserva�on of the fossil associa�on was es�mated by visual examina�on. 

Diatom rela�ve abundances are used to reconstruct sea-ice and temperatures in 
Southern Ocean sedimentary records (e.g., Bárcena et al., 1998, 2002; Crosta et al., 2008; 
Denis et al., 2010; Esper and Gersonde, 2014). To be able to reconstruct sea-ice dynamics 
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in this study, species with the same cryophylic and open-ocean ecological requirements 
were grouped: the seasonal sea-ice group and open-ocean group, respec�vely. Other 
species that are considered here are Eucampia antarc�ca, Chaetoceros res�ng spores (RS), 
Fragilariopsis rhombica and Fragilariopsis kerguelensis. 

E. antarc�ca is a proxy for sea-ice cover, as it forms long chains of diatom valves 
during winter or in areas with extensive sea-ice cover (Kaczmarska et al., 1993).  In the 
Atlan�c sector of the Southern Ocean, percentages in surface sediment samples south of 
the SSE lie between 5 and 12.5% (Esper et al., 2010). Although increased abundances of E. 
antarc�ca have been associated with surface water temperatures up to 5.5°C within the 
Polar Frontal and Subantarc�c Frontal Zones (Zielinski and Gersonde, 1997; Esper et al., 
2010), this is likely because no dis�nc�on was made between E. antarc�ca var. antarc�ca 
and E. antarc�ca var. recta, the former being associated with the SSIZ (Fryxell and Prasad 
1990; Esper et al. 2010). As of yet, a sediment distribu�on pa�ern for the two varie�es for 
the Southern Ocean has to be documented (Armand et al., 2005, 2008). However, based 
on a study of the Amundsen and �eddell Seas the distribu�on of the two varie�es o�er a 
promising poten�al as quan�ta�ve proxy for austral summer SSTs (Allen, 2014). This study 
shows that core tops with high rela�ve abundances of E. antarc�ca, as well as rela�vely 
high amounts of symmetrical and terminal valves, typical for the short colonies of E. 
antarc�ca var. recta, are associated with SSTs below 0.5°C and 10 to 12 months sea-ice 
cover (Allen, 2014). 

In today’s surface sediments Chaetoceros valves and RS show a bimodal 
distribu�on, because Chaetoceros species do not all have the same environmental 
preferences (Esper et al., 2010). Although certain species of Chaetoceros prefer near shore 
sea-ice environments (Garibo� et al., 2005), fossil Pleistocene Chaetoceros RS cannot 
easily be dis�nguished at species level (Gersonde and Zielinski, 2000; Esper et al., 2010), 
making them unsuitable as a proxy for sea ice. Generally, however, high percentages of 
Chaetoceros RS are associated with stra�fica�on of the surface waters, either through 
glacial runo� and sea-ice mel�ng close to the Antarc�c margin or through iceberg mel�ng 
in the open ocean (Crosta et al., 1997). Chaetoceros subgenus Hyalochaete is known to 
overwinter in sea ice and may be able to seed the water column once the sea ice melts, 
leading to early-season blooms un�l nutrients are depleted (Alley et al., 2018). The 
forma�on of Chaetoceros RS is typically associated with nutrient deple�on a�er 
phytoplankton blooms (Leventer et al., 1996). The highly silicified RS are highly resistant to 
water column and surface sediment dissolu�on (Crosta et al., 1997) and sink rapidly down 
the water column, thereby avoiding grazing (Rembauville et al., 2015). This makes them 
important contributors to carbon export to the ocean floor (Rembauville et al., 2016). 
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The seasonal sea-ice group is composed of Fragilariopsis curta, F. cylindriformis, F. 
cylindrus, F. obliquecostata, F. ritscheii, F. sublinearis, and F. vanheurkii, which are all 
commonly found in the sea ice and highest in abundance (more than 20%) in surface 
sediments close to the summer sea-ice edge (SSE) with 9 – 11 months/yr sea-ice cover 
(e.g., Gersonde and Zielinski, 2000; Armand et al., 2005; Esper et al., 2010). The diatom 
species within the seasonal sea-ice group, such as F. curta and F. cylindrus, bloom during 
late summer and dominate the surface waters south of the PF and are par�cularly 
associated with the MIZ (Gersonde and Zielinski, 2000; Grigorov et al., 2014; Malinverno et 
al., 2016). It has been suggested that in an upper water column that is stabilized by the 
overlying meltwater lens from mel�ng sea ice, F. curta and other seasonal sea-ice diatoms 
have an advantage over other diatoms due to a combina�on of their small size and low 
se�ling rates, while other species require mixing to stay in suspension (Leventer, 1998). 
However, because these seasonal sea-ice diatoms are very suscep�ble to dissolu�on 
(Grigorov et al., 2014), abundances are rela�vely low in the surface sediments underlying 
the high-produc�vity surface waters. Generally, their abundances increase towards 
Antarc�ca, which makes them good indicators of high annual sea-ice cover (Zielinski and 
Gersonde, 1997; Bárcena et al., 1998, 2002; Gersonde and Zielinski, 2000; Armand et al., 
2005), also within fossil diatom records (Leventer et al., 1996; Leventer, 1998; Gersonde 
and Zielinski, 2000; Gersonde et al., 2003; Crosta et al., 2007, 2008; Riesselman and 
Dunbar, 2013). In par�cular, rela�ve abundances of 3% F. curta and F. cylindrus have been 
used to trace the WSE in various Southern Ocean sediment cores (Gersonde and Zielinski, 
2000; Bianchi and Gersonde, 2002). 

F. rhombica is considered separately from the other seasonal sea-ice diatoms. 
Although generally very low in abundance in modern surface sediments, this species 
shows rela�vely highest abundances within the SSIZ, preferring slightly warmer summer 
SSTs in comparison to F. curta (Armand et al., 2005; Esper et al., 2010). An increased 
abundance of F. rhombica with respect to F. curta has been interpreted as a reduced 
compe��veness of F. curta due to slightly warmer temperatures and/or a reduc�on of sea 
ice during spring/summer (Denis et al., 2006; Crosta et al., 2007, 2008). 

In Southern Ocean surface sediments, F. kerguelensis can be found in highest 
abundances north of the SSE (Crosta et al., 2005b). Surface-sediment abundances of F. 
kerguelensis increase sharply when summer SSTs reach values above 1°C (Crosta et al., 
2005b, 2007). Instead, surface-sediment abundances of F. curta decrease sharply when 
summer SSTs reach values above 1°C (Armand et al., 2005), which is the reason that shi�s 
between F. curta and F. kerguelensis have been interpreted as SST change (Crosta et al., 
2007). Furthermore, high (>20%) surface-sediment abundances of F. kerguelensis are 
associated with <9 months of annual sea-ice cover, while highest abundances of F. curta 
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(20 – 30% in the Ross Sea sector of the Southern Ocean) are found between 9 and 11 
months of sea ice (Armand et al., 2005; Crosta et al., 2005b). The shi� in dominance 
between these two species therefore seems to mar� the posi�on of the SSE (Esper et al., 
2010; Esper and Gersonde, 2014). 

The open-ocean group is composed of Thalassiosira eccentrica, Shionodiscus 
gracilis (=Thalassiosira gracilis), T. len�ginosa, Shionodiscus oestrupii, T. oliverana, and T. 
tumida, as the genus Thalassiosira is typically associated with open water condi�ons 
(generally less than 4 months sea ice per year) during the growing season (Johansen and 
Fryxell, 1985; Crosta et al., 2005b; Campagne et al., 2016). However, differences between 
species within this group are important for our study. Highest rela�ve abundances (>8%) of 
S. gracilis are par�cularly found in surface sediments underlying the SS�� where it prefers 
much higher sea-ice condi�ons, while highest rela�ve abundances (>12%) of T. len�ginosa 
(and highest rela�ve abundances of other Thalassiosira species) are found north of the 
WSE (Esper et al., 2010). Notably, Thalassiosira species in general show increased rela�ve 
abundances within the sediments when summer SSTs lie above ~1°C, with the excep�on of 
S. gracilis which is associated with summer SSTs lying between -1°C and 1°C (Crosta et al., 
2005b; Esper et al., 2010). 

6 Results 
6.1 Magnetic susceptibility 

Pronounced magne�c suscep�bility (MS) minima correspond to pronounced 
biogenic silica (BSi) maxima, which precede each interglacial stage (Suppl. Fig. S1). This 
an�-correla�on between MS and BSi records is in line with expecta�ons, as increased 
biogenic input dilutes the terrigenous magne�c component of the sediment (Pudsey and 
Howe, 1998; Collins et al., 2012; Xiao et al., 2016b). High maximum values of MS are 
recorded at 722 cmbsf, 455 cmbsf and 291 cmbsf (Suppl. Fig. S1). The MS record is mainly 
used for age model reconstruc�on (see Suppl. �nf.) and will not be further discussed here. 

Figure 4 (next page): (A) Ternary diagram of the rela�ve abundances of tetra-, penta-, and hexamethylated 
brGDGTs in samples obtained from core AS05-10 compared to global soils and peats, and sediments obtained 
from the Svalbard shelf. (B) iGDGT and brGDGT data and a TEX86-based subsurface temperature 
reconstruc�on obtained from core AS05-10. Error bars of the subsurface temperature reconstruc�on show the 
width of the 10%-confidence interval according to the BAYSPAR calibra�on method. The blue shading mar�s 
the posi�on of the Termina�ons (as in Fig. �). 
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6.2 Ice-rafted debris 
Ice-Ra�ed Debris (IRD) is present throughout the core (Fig. 2). High abundances of 

IRD (up to 135 clasts/10 cc) occur at 225, 383, 404, 499, 519, 584 and 743 cmbsf (~83, 140, 
152, 213, 226, 265, and 360 ka, respec�vely). Peaks in the largest rela�ve grain si�e (more 
than 5% of the IRD is larger than 2 mm) are located at 193, 233, 278, 395, 546 and 654 
cmbsf (~70, 86, 103, 147, 242, and 307 ka, respec�vely). In general, the amount of IRD per 
10 cc of sediment is higher during the glacial periods. 

6.3 XRF: Biogenic barium (Babio) and elemental ratios 
Babio concentra�ons were never below 230 ppm. Babio shows no significant 

correla�on with elemental ra�os most sensi�ve to detrital input (Zr/Rb) or redox 
condi�ons (V/Cr, Ni/Co, U/Th) (Suppl. Fig. S13). Therefore, this proxy is a reliable indicator 
of biogenic produc�on. The elemental ra�os for bo�om water oxygena�on V/Cr, Ni/Co and 
U/Th are generally within the oxic field defined by Jones and Manning (1994) (respec�vely 
below 2.0, 5.0, and 0.75, Suppl. Fig S13)).  However, the V/Cr and U/Th values occasionally 
cross the oxic-dysoxic threshold, sugges�ng dysoxic bo�om-water condi�ons around 96, 
112, 138, 244, and 337 ka (Fig. 3). Ni/Co never shows values above the oxic-dysoxic 
threshold as defined by Jones and Manning (1994) (Suppl. Fig. S13). Within these intervals 
where V/Cr and U/Th ra�os suggest dysoxic bo�om waters, Babio might be reduced due to 
post-deposi�onal remobili�a�on (McManus et al., 1998). 

The reliability of Babio as a proxy for paleoproduc�vity is confirmed by the 
resemblance of the Babio record to the BSi record, especially in the lower part of the core 
(Fig. 3). The �ght link between Babio and BSi has been used for reconstruc�ng 
paleoproduc�vity at other Southern �cean sites, with increased Babio and BSi values during 
interglacials south of the PF (Bonn et al., 1998; Pudsey and Howe, 1998; Hillenbrand and 
F��erer, 2001; Hillenbrand et al., 2003, 2009). Interes�ngly, our record shows that the 
�ming of each Babio peak lags that of the BSi around the onset of each interglacial (MIS 9e, 
7e, 7a-c and 5e, Fig. 3). The largest lag can be observed around the onset of MIS5e. 

6.4 Biogenic silica 
Biogenic silica (BSi) weight percentages vary between 4% and 23%. Maxima are 

recorded during Termina�ons (Fig. 3). Highest values are recorded during T-III (~248 ka) 
and T-II (~137 ka), but also during MIS5c (~90-100 ka) and MIS5a (~81 ka). 
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6.5 Organic carbon and nitrogen content and isotopes 
Trends in weight percent organic carbon (%OC) and total nitrogen (%TN) are very 

comparable and show highest percentages at the onset of each interglacial stage. Peak 
values in both %OC and %TN coincide with maxima in BSi and/or Babio (Fig. 3).  

δ15N values range between 3.4 and 6.8‰. Minima in δ15N generally coincide with 
the onset of each major interglacial stage (MIS9e, MIS7e, MIS7a-c, MIS5e). Apart from 
those, three addi�onal minima can be recogni�ed at the onset of MIS9c (~310 ka), MIS5c 
(~110 ka), and MIS5a (~90 ka), respec�vely. 

The intercept with the y-axis of the linear regression line of the %OC versus %TN 
plot lies at 0.013 %TN (Suppl. Fig. S14), indica�ng no signi�cant influence on the δ15N value 
due to the presence of inorganic nitrogen or due to terrestrial input. 

6.6 Branched versus isoprenoid GDGTs and TEX86-based 
subsurface temperatures 
Maximum iGDGT concentra�ons around 140 ka (between 375 and 380 cmbsf) co-

occur with maximum %OC values (Fig. 3; Fig. 4B). As abundances of branched GDGTs 
(brGDGTs) are rela�vely constant throughout the record, iGDGT concentra�ons determine 
the BIT index. The BIT shows a strong minimum of around 140 ka, otherwise being 
generally above 0.3 (Fig. 4B). The ternary diagram (Fig. 4A) shows that brGDGT 
composi�ons are very similar to those found on the Svalbard shelf (De Jonge et al., 2014; 
Sinninghe Damsté, 2016; Naafs et al., 2017; Dearing Crampton-Flood et al., 2019). In 
addi�on, the rela�ve abundance of 6-methyl hexamethylated brGDGTs is high (between 
56% and 94% of the total hexamethylated brGDGTs), which has been suggested to 
represent an adapta�on to environments with a higher p� (i.e. sea water) (De Jonge et al., 
2014), although such high rela�ve abundances of 6-methyl brGDGTs are not commonly 
observed in a marine se�ng (values generally below 70%) (Sinninghe Damsté, 2016). 

The composi�on of brGDGTs suggests that all brGDGTs are produced either in situ 
or have been transported from the Ross Sea shelf and are not derived from Antarc�c soils. 
This was not unexpected, as soil produc�on in glacial se�ngs is low (Peterse et al., 2009). 
Nevertheless, our record shows #ringstetra values increasing and decreasing during 
interglacial and glacial periods, respec�vely (Fig. 4).  

Only 12 of 38 samples selected contained sufficient iGDGTs to calculate a reliable 
TEX86 value. Most of these samples lie between 170 and 130 ka. The iGDGT data shows no 
indica�ons of input from methanogenic or methanotrophic archaea (GDGT-0/Cren < 2 
following Blaga et al. (2009), GDGT-2/Cren < 0.4 following Weijers et al. (2011), and MI < 
0.5 following Zhang et al. (2011)) or other non-temperature related biases (|ΔRI| < 0.6 
following (Zhang et al., 2016)) (see Suppl. Table S1). Because all brGDGTs are produced in 
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situ, no samples have been discarded, because of high BIT values. TEX86 values range 
between 0.34 and 0.44. When converted to subsurface temperatures using the BAYSPAR 
calibra�on, temperatures vary between -2.4�C and 2.7�C with a 90%-confidence interval of 
�5.8�C (Fig. 4). Notably, our temperature reconstruc�on shows a minimum prior to 
Termina�on II and an increase towards the onset of MIS5e. Considering the much higher 
concentra�ons of iG�GTs in this interval compared to the rest of the record, these 
reconstructed temperatures are most reliable and most likely reflect subsurface warming 
at the onset of MIS5e. 

6.7 Palynology 
Only trace amounts of palynomorphs have been found: 34 out of 49 samples 

contain less than a 1000 palynomorphs per gram sediment. Four samples were completely 
barren. The in situ protoperidinioid dinoflagellate cysts in our samples include Cryodinium 
meridianum, Nucicla umbiliphora (Chapter 3), Selenopemphix antarc�ca and 
Selenopemphix sp. 1 sensu Esper and Zonneveld (2007). In situ gonyaulacoids include 
Impagidinium aculeatum, I. pallidum and I. variaseptum. Generally, increased amounts of 
in situ palynomorphs co-occur with increased %OC (see Fig. 5). Notably, there is one 
prominent peak of dinoflagellate cyst (dinocyst) abundance between 143 and 134 ka 
(preceding the onset of MIS5e), coinciding with maximum %OC. Between 141 and 137 ka 
this peak is dominated by protoperidinioid (heterotrophic) dinocyst species: mainly 
Selenopemphix antarc�ca and Cryodinium meridianum. Apart from these 
protoperidinioids, also increased gonyaulacoid (mainly Impagidinium pallidum) and 
gymnodinioid (Gymnodinium spp.) dinoflagellate cysts are found in this interval, however 
in much lower absolute abundances (Figs. 5 and 7). Peak abundances of I. pallidum are 
also present downcore, in par�cular around 255 ka. Abundances of protoperidinioid 
dinocysts remain below 100 specimens/gram outside the 143–134 ka interval. Intervals 
with high abundances of the autotrophic species I. pallidum also show increased absolute 
abundances of Leiosphaeridia spp. and the prasinophyte Cyma�osphaera spp. (Fig. 5). 
Furthermore, several intervals with increased abundances of reworked Paleogene 
dinoflagellate cysts occur (Vozzhenikova apertura and Spinidinium macmurdoense (Bijl et 
al., 2013b)), as well as Paleogene pollen and spores. Generally, these high abundances of 
reworked material precede the peaks of I. pallidum, Cyma�osphaera spp. and 
Leiosphaeridia spp. 

6.8 Benthic foraminifers 
�ow numbers of agglu�nated foraminifer species have been found in parts of the 

record associated with interglacial deposi�on. Most dominant species are E. bradyi and M. 
nodulosa. E. bradyi shows highest values during MIS5e. M. nodulosa is most abundant in 
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the interval before MIS5e (Termina�on II). In comparison to E. bradyi, M. nodulosa is also 
more abundant during MIS7 (Fig. 5). 

6.9 Diatoms 
Absolute diatom valve counts show peak values at 137 and 245 ka, coeval with 

highest percentages of biogenic silica during Termina�on III and II (Fig. 6). Just prior to 
Termina�on IIIa diatom counts also peak, but there is no diatom data available for the 
period that encompasses Termina�on IIIa and interglacial 7a-c. Instead, diatom counts 
during Termina�on I� are rela�vely low, while BSi percentages are rela�vely high. Diatom 
valve counts only reach higher abundances during MIS9c and MIS9a. Diatom assemblages 
are dominated by alterna�ng Euca�pia antarc�ca and Chaetoceros res�ng spores (RS) 
(Fig. 6).  

In core AS05-10 the highest abundances of E. antarc�ca are typically associated 
with the glacials, when also diatom abundance is low. Of the two varie�es of E. antarc�ca 
only E. antarc�ca var. recta were found and no specimens of E. antarc�ca var. antarc�ca. 
E. antarc�ca in our paper thus refers to var. recta. %E. antarc�ca during MIS8 are lower 
than during MIS6, and the onset and termina�on of glacial MIS8 are also less pronounced 
in comparison to MIS6. Following the high %E. antarc�ca during the glacials, each glacial-
interglacial transi�on is characteri�ed by a clear sequence of increased rela�ve 
abundances of individual diatom species (Fig. 6)� reduc�on of %E. antarc�ca, an increase 
in %Chaetoceros RS, increase of %seasonal sea-ice diatom group, and finally increased 
%Fragilariopsis kerguelensis and %�halassiosira len�ginosa. In general, this sequence of 
diatom species abundances is reversed when transi�oning from an interglacial to a glacial 
state. 

%Chaetoceros RS are always higher than 10%, but generally highest during and 
preceding maxima of diatom valve counts (Fig. 6). These peak values precede each glacial-
interglacial transi�on, where declining %E. antarc�ca are replaced by a dominance of 
Chaetoceros RS, rising above 40%. A�er or coincident with the increase in %Chaetoceros 
RS preceding each interglacial, the seasonal sea-ice diatom group reaches values of 20% or 
higher (Fig. 6). S�ll Chaetoceros RS make up the largest part of the diatom assemblage. 
Notably, maxima in the seasonal sea-ice diatom group are coeval with maxima in the 
absolute diatom abundance and its overall trend is dominated by the changes in 
%Fragilariopsis curta, especially during T-II and T-III.  

Following peak %F. curta, the %Fragilariopsis kerguelensis (>10%) rises to a 
maximum together with or followed by the open-ocean group (>15%) during each 
interglacial. Although the open-ocean diatom group follows the distribu�on pa�ern of F. 
kerguelensis during MIS5e, they peak a�er F. kerguelensis during MIS9e and MIS7e. This 
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group mainly consists of �halassiosira len�ginosa. Notably, there are also increased % 
Shionodiscus gracilis during MIS5e, while it is generally very low in abundance in the rest 
of the record.  

The glacial incep�on following each interglacial is characterized by increased 
%Fragilariopsis rhombica. Par�cularly high abundances occur during MIS5d and MIS5c. 
Minor peak abundances occur during the glacial stages. 

7 Discussion 
7.1 Glacial-interglacial sea-ice variability and primary 

productivity 
7.1.1 Glacial phases 

The low diatom valve abundances in combina�on with high rela�ve abundance of 
�ucampia antarc�ca during glacial periods at site AS05-10 (Figs. 6 and 7), especially MIS6, 
is consistent with other Southern Ocean records (Kaczmarska et al., 1993; Xiao et al., 
2016b). �� antarc�ca percentages in our record exceed those found in surface sediment 
samples south of the winter sea ice edge (WSE) within the seasonal sea-ice zone (SSIZ) 
(2%) (Zielinski and Gersonde, 1997; Esper et al., 2010), and even those found in surface 
sediment samples at or south of the summer sea-ice edge (SSE) (5%) (Esper et al., 2010). 
The high abundances of �� antarc�ca characterize what we define as the glacial phase in 
core AS05-10 (see Fig. 7) and suggest that the site was nearly permanently covered by sea 
ice during this phase. In support of this are the rela�vely high and/or increasing δ15N 
values during the glacial phases of MIS6 and MIS8 (and the onset of MIS4) that coincide 
with rela�vely low Babio values and BSi percentages (Fig. 7). This suggests high nutrient 
u�liza�on during periods of low export produc�vity, indica�ng the δ15N record reflects 
decreased nutrient supply, during glacial periods. A similar rela�on between δ15N and 
glacial-interglacials was recorded in other loca�ons south of the PF and is interpreted as 
reduced ver�cal deep-water nutrient supply resul�ng from (surface-water) stra�fica�on 
(François et al., 1997; Studer et al., 2015). A reduced nutrient availability is also supported 
by the low amounts of diatom valves/gr deposited during the glacial stages. 

The presence of Chaetoceros RS during glacial phases (Fig. 7) suggests that despite 
the presence of sea ice, diatoms occasionally bloomed in – likely stra�fied – rare open-
water condi�ons. Because Chaetoceros RS is characterized by high growth rates and high 
preserva�on poten�al (�rosta et al., 1997; Rembauville et al., 2015), occasional intense 
blooms would s�ll allow the preserva�on of RS within the sediments resul�ng in 
Chaetoceros being the most abundant species a�er �� antarc�ca during the glacials. The 
rela�vely low Babio values and BSi percentages are in accordance with rare open-water 
condi�ons that allow for primary produc�vity. �onsidering that Antarc�c ice sheet 
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reconstruc�ons during the Last Glacial Maximum (LGM) suggest that the ice shelf edge 
was close to site AS05-10 (Denton and Hughes, 2002), such rare open-water condi�ons 
could be early-spring, ice-free areas that formed through spring warming and advec�on of 
sea ice from the ice shelf edge by kataba�c winds or possibly polynya forma�on, which 
would allow for occasional diatom blooms of especially �� antarc�ca and Chaetoceros. 
Support for polynya forma�on near AS05-10 comes from a nearby sedimentary record of 
the LGM where the presence of the planktonic foraminifer Neogloboquadrina pachyderma 
has been interpreted as related to a polynya-driven environment (Bonaccorsi et al., 2007; 
Smith et al., 2010). Polynyas at the shelf edge may in general have been more frequent 
during glacial phases than today, due to the proximity of upwelling intermediate waters at 

 

�igure �� �he pro�ies that are indica��e of temperature, sea ice and produc��ity combined and related to 
the air temperature record of the Vostok ice core and local insola�on� �he blue shading marks the 
posi�on of the �ermina�ons (as in �ig� �)� �he phases of each glacial (gl�) � interglacial (int�) transi�ons 
(see te�t) are indicated at the top of the �gure� �o�ed �er�cal lines correspond to warm (w) and cold (c) 
oscilla�ons of the glacial incep�on following interglacial condi�ons� 
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the Antarc�c slope and strong kataba�c winds that are funneled along depressions in the 
nearby paleo-ice sheet surface (Smith et al., 2010). However, the data do not indicate a 
permanent and/or efficient polynya present over AS05-10, because the rela�ve abundance 
of Chaetoceros RS and high δ15N values do not support upwelling of deeper waters at 
AS05-10 during the glacials (Denis et al., 2009b). Moreover, a diatom assemblage of an 
efficient latent-heat polynya would contain higher abundances of F. curta (Mezgec et al., 
2017). We therefore interpret the E. a�tarc�ca/Chaetoceros RS dominated diatom 
assemblages as evidence for occasional wind-driven open-water condi�ons at the shelf 
edge in early spring (Fig. 8). The presence of generally high concentra�ons of IRD during 
the glacial phases (Fig. 7) supports a nearby ice shelf, although such high concentra�on 
could also be the result of the lower sediment accumula�on rates during the glacials 
(Cofaigh et al., 2001).  

The reconstructed low produc�vity during the glacial phases (MIS6 and MIS8 in Fig. 
3) seems to disagree with the rela�vely high %OC and %TN found during the periods of 
glacial incep�on (MIS7a-b and MIS9a-d in Fig. 3). This could be the result of a closed sum 
e�ect resul�ng from the decreased influx of biogenic and terrigenous siliciclas�cs during 
glacials. Alterna�vely, the transport of OC and TN to the seafloor might be enhanced 
during the glacial phase with respect to the period of glacial incep�on due to the short 
intense blooms and the e�ec�ve transport of the heavy silicified diatom species E. 
a�tarc�ca and Chaetoceros RS, that dominate the glacial assemblages. Chaetoceros and E. 
a�tarc�ca RS have been shown to contribute substan�ally to the organic ma�er flux to the 
sea floor at other Southern Ocean sites (Salter et al., 2012; Rembauville et al., 2015, 2016). 
The rela�vely high OC and TN could also be origina�ng from an increase of organic ma�er 
derived from reworked (non-marine) sediments from �mes when Antarc�ca was 
vegetated. Indeed, part of the reworked palynomorph assemblage consists of reworked 
pollen and spores, which represent up to 40% of the total palynomorph assemblage during 
glacials. However, as the intercept with the y-axis in the %OC versus %TN plot equals 
nearly 0 (Suppl. Fig. S14), a substan�al influence of (non-marine) reworked organic ma�er 
can be excluded. 

During the glacial, quite surprisingly, sufficient iGDGTs were found in the samples, 
which allowed to reconstruct water temperature based on TEX86 (Fig. 4). It is possible that 
during the glacials at site AS05-10, some of the occasional diatom blooms allowed for 
sufficient transporta�on of iGDGTs and their preserva�on within the sediments. Diatom 
blooms in general have been shown to contribute to the transporta�on and preserva�on 
of iGDGTs within surface sediments (Yamamoto et al., 2012; Schouten et al., 2013; 
Mollenhauer et al., 2015). Subsurface temperatures between -2°C and 1°C (with a 90%-
confidence interval of ±5.8°C) have been reconstructed for the glacial periods (Figs. 4 and 
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7). However, the highest temperatures are derived from sediments with low iGDGTs 
concentra�ons and may therefore be less reliable. The �. antarc�ca assemblage only 
consists of the symmetrical valves of the variety recta. As high rela�ve amounts of 
symmetrical and terminal valves of �. antarc�ca var. recta versus asymmetrical and 
intercalary valves have been associated with SST values below 0.5°C (Allen, 2014), diatom 
findings support the TEX86-based temperature reconstruc�ons.  

A comparison between the glacial phases of MIS8 and MIS6 shows that MIS8 has 
higher Babio and %BSi and is characterized by rela�vely lower abundances of �. antarc�ca 
and higher abundances of F. kerguelensis, in agreement with other Southern Ocean diatom 
records (Kaczmarska et al., 1993; Xiao et al., 2016b). This suggests that MIS8 may have 
been characterized by milder condi�ons in comparison to MIS6, allowing for more 
frequent open water, either through the retreat of the SSE to the glacial Ross Sea ice edge 
or through more e�cient polynya ac�vity (Mezgec et al., 2017). As a final remark, values 
for Babio, %BSi and %�. antarc�ca during the glacial phase of MIS8 are very similar to those 
of MIS7d, also considered a glacial phase. 

7.1.2 The glacial-interglacial transitions 

We recognize three recurrent phases during each glacial-interglacial transi�on, 
represen�ng a shi� from dense sea-ice cover to seasonal sea ice: (1) ice-shelf break-up, (2) 
freshwater discharge and (3) the establishment of the MIZ over site AS05-10 (Figs. 7 and 
8). The �ming of these transi�ons coincides with air temperatures warming in the Vostok 
record of ~4°C warming (Fig. 7).  

Phase 1: the diatoms show a shi� from an �. antarc�ca-dominated assemblage to 
an assemblage dominated by Chaetoceros RS, indica�ve of nutrient depleted waters 
(�eventer et al., 1996). Peaks in ice-ra�ed debris (IRD) and in the concentra�on of 
reworked dinoflagellate cysts during (but also �ust prior and a�er) this phase (Fig. 7), 
suggest ice shelf break-up and transport of sediments from the Antarc�c shelf towards the 
coring site, possibly aided by iceberg ra�ing. In support, the reworked palynomorphs 
recovered from AS05-10 are of Eocene-Oligocene age. Sediments of this age are known to 
be exposed at the seafloor in the Ross Sea (Wilson et al., 1998; Hannah and Fielding, 
2001). Furthermore, high concentra�ons of IRD and low diatom concentra�ons have been 
associated with ice-shelf break-up and associated iceberg release (Bentley et al., 2005; 
Minzoni et al., 2015). Peak δ15N values during phase 1 (and phase 2 prior to MIS5e) also 
suggest higher nutrient u�liza�on. Icebergs can supply iron and are known to fer�lize the 
Southern Ocean (Duprat et al., 2016). As the growth of Chaetoceros RS is iron limited 
(Salter et al., 2012; Rembauville et al., 2015, 2016), stra�fied waters and iron fer�liza�on 
through the break-up of the Ross Sea ice shelf would provide an ideal environment for 
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Chaetoceros blooms, in line with our results (Fig. 8).  Likely, increased stra��ca�on 
resul�ng from the increased input of freshwater due to the retreat of local glaciers and the 
associated break-off of large icebergs from ice shelves prohibits nutrient replenishment 
through ver�cal mixing. Enhanced nutrient u�liza�on due to increased produc�vity is 
instead induced by a higher light penetra�on due to a decrease in sea ice cover. We 
interpret the combina�on of the proxy trends as an early warming signal. Although a direct 
rela�on with local insola�on cannot be proven, phase 1 remarkably coincides with a 
period of increasing local insola�on. Interes�ngly, this ini�al warming in our record 
precedes the atmospheric warming as recorded in the Vostok ice core, which could mean 
that ice shelf break-up was ini�ated by warming of the ocean waters. Although the Earth’s 
climate is currently in a different state, the process of ice-shelf thinning and iceberg break-
off due to basal warming occurs also today (Liu et al., 2015; Paolo et al., 2015) and results 
in an increased freshwater release, which seems to be promo�ng expansion of the sea-ice 
covered area around Antarc�ca (�intan�a et al., 2013).  

Phase 2 is characterized by increasing fresh- and brackish water palynomorphs 
(C�ma�osphaera spp. and Leiosphaeridia spp.), while Chaetoceros RS reach peak 
abundances (Figs. 5 and 7). Although the taxonomic a�ni�es of leiospheres are unknown, 
they have been associated with extensive presence of sea ice in paleoclima�c 
reconstruc�ons (Wrenn et al., 1998; Troedson and Riding, 2002; Chapter 2). High 
abundances are associated with a freshwater surface layer: the summer sea-ice margin 
and disintegra�ng pack ice during spring (Mudie, 1992; Mudie and Harland 1996). 
Similarly, C�ma�osphaera spp. are typically associated with normal-to-low salinity and 
nutrient-rich surface waters and stra��ed waters (Mudie, 1992; Mudie et al., 2011) and 
have been interpreted as freshwater indicators in Antarc�c paleo-reconstruc�ons (Wrenn 
et al., 1998; Hannah, 2006). During this second phase, the gonyaulacoid autotrophic 
dinoflagellate cyst Impagidinium pallidum increased its abundances (Fig. 7).  I. pallidum 
has been found in surface sediments underlying recently collapsed ice shelves (Pieńkowski 
et al., 2013b) and is known to withstand low-salinity waters (Zonneveld et al., 2013). This 
ecological niche may explain its absence during the interglacial phase, when longer open 
water condi�ons may favor other autotrophic dinoflagellates. �ompared to phase 1, 
palynology and the rela�vely high amounts of Chaetoceros RS suggest the spring/summer 
melt and likely the retreat of the Ross Sea ice shelf results in a more frequent 
establishment of highly stra��ed fresh-brackish water lenses, promo�ng blooms of 
Chaetoceros and I. pallidum (Fig. 8). However, similar to phase 1, the rela�vely low 
abundance of seasonal sea-ice diatoms and the presence of IRD and reworked 
palynomorphs suggest that surface waters were s�ll influenced by the presence of sea-ice 
and icebergs throughout most of the year. Such sea-ice coverage would have limited 
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produc�vity, which is confirmed by low total diatom abundances (valves/g, Fig. 7). 
Periodical freshening of the surface waters and stra�fica�on during phase 2 may have 
favored the forma�on of sea ice in the Ross Sea (Zhang, 2007). Notably, modern-day sea-
ice concentra�ons in the Ross Sea show a non-linear, but on average increasing trend prior 
to 2014 (Comiso and Nishio, 2008; Parkinson, 2019), while the different water masses of 
the Ross Sea have also been freshening prior to 2014 (Castagno et al., 2019).   

Phase 3: total diatom abundances (valves/g) and %BSi increase to a maximum 
during this phase (Fig. 7). Chaetoceros RS is s�ll the dominant diatom species. Chaetoceros 
RS are heavily silicified and account for most of the high total diatoms in the sediment, 
being likely responsible for the peak in %BSi. During this phase, Chaetoceros RS is 
accompanied by peak abundances of the seasonal sea-ice diatom group, in par�cular F. 
curta. At present, this group appears during early spring when the sea ice is s�ll present 
and dominates the surface waters during summer, par�cularly in the Marginal Ice Zone 
(MIZ) (Gersonde and Zielinski, 2000; Armand et al., 2005; Grigorov et al., 2014; Malinverno 
et al., 2016), the most produc�ve ecological province of the Southern Ocean today (Fitch 
and Moore, 2007; Arrigo et al., 2008). F. curta and other seasonal sea-ice diatoms are 
small and they can easily float in stra�fied waters (�eventer, 1998). However, because of 
their small size, these seasonal sea-ice diatoms are very prone to dissolu�on (Grigorov et 
al., 2014), and only a high-produc�vity environment, like that of the MIZ, will favor their 
high occurrence in the sediment. The proximity of our site to the MIZ and therefore to the 
SSE during phase 3 is supported by the high total diatom abundance, %BSi and increasing 
Babio. Today, the seasonal spring diatom blooms of the MIZ are suppressed by seasonal 
mixing of the surface waters during late summer due to increased winds (Arrigo et al., 
1998a; Fitch and Moore, 2007). Disrup�on of the pycnocline allows for the se�ling and 
preserva�on of these dissolu�on-suscep�ble diatom species (Denis et al., 2006). Increased 
mixing of deeper waters with the surface waters during this phase is reflected in the 
decrease in δ15N values, which is par�cularly clear during the MIS6/MIS5 glacial-
interglacial transi�on. The drop in δ15N values suggests decreased nutrient u�liza�on 
during this phase, and probably an increased nitrogen supply from mixing with deeper 
waters. In contrast to phase 2, the rela�vely low amounts of IRD during phase 3, suggest 
surface water stra�fica�on during phase 3 are much less the result of the retreat of the 
Ross Sea ice shelf. Instead, the presence of F. curta in combina�on with high total diatom 
abundances and low δ15N values suggests approximately three months of ice-free surface 
waters (Armand et al., 2005) and stra�fica�on due to the seasonal meltback of sea ice in 
spring/summer, then disrupted by (late) summer mixing (Fig. 8).  

For the glacial-interglacial transi�on related to Termina�on IIIa (the onset of MIS7c), 
we lack the diatom data to fully recognize all three phases of the transi�on. Phase 1 and 2 
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could be recognized based on high amounts of reworked palynomorphs together with IRD 
and high increased abundances of I. pallidum, respec�vely. Notably, �ermina�on IIIa has 
been associated with ice-shelf break-up in the northern hemisphere as well, due to 
unusually high summer insola�on following unusually low summer insola�on at 65�N 
(Cheng et al., 2009). 

Assuming we have recovered the full extent of the MIS10/MIS9 transi�on star�ng 
with the sharp drop in E. antarc�ca abundances around 355 ka, this glacial-interglacial 
transi�on differs in some respects from the MIS8/MIS7 and MIS6/MIS5 transi�ons. Surface 
water stra�fica�on appears to have been less intense/permanent prior to �ermina�on I� 
(rela�vely low amounts of Chaetoceros RS and δ15N values). Possibly, surface waters were 
already seasonally ice-free during MIS10 and/or meltwater release from the retreat of the 
ice shelf was less during this glacial-interglacial transi�on. S�ll increased IRD around 355 ka 
indicates ice-shelf break-up at that �me, although the amounts are rela�vely low in 
comparison to the other glacial-interglacial transi�ons (Fig. 7).  

During the MIS10/MIS9 transi�on, sea ice-free waters seem to have been reached 
very rapidly in spring, as E. antarc�ca is replaced by very high rela�ve abundances of T. 
len�ginosa, which is a spring bloomer preferring low sea-ice concentra�ons (Crosta et al., 
2005c; Esper et al., 2010). However, as T. len�ginosa produces large highly silicified valves 
(Shemesh et al., 1989), the record may be affected by preserva�on bias if silica dissolu�on 
or high bo�om-water strength have removed the smaller (e.g., Chaetoceros RS, E. 
antarc�ca) and more dissolu�on-suscep�ble (e.g., F. kerguelensis, F. curta) diatom valves.  

Both glacial-interglacial transi�ons related to �ermina�on II (MIS6/MIS5) and III 
(MIS8/MIS7) show signs of oxygen-depleted bo�om-water condi�ons (high �/Cr ra�os, 
high %�C and high %�N; Fig. 3) in associa�on with increased surface-water PP. But several 
differences between the MIS6/MIS5 and MIS8/MIS7 transi�ons suggest that bo�om-water 
condi�ons at the onset of �ermina�on II were more oxygen-depleted (Fig.7): 

1) %BSi starts increasing during phase 1 comparably, reaching a maximum during 
phase 3, while Babio shows a different trend, with a plateau during phase 3 of the 
MIS6/MIS5 transi�on, while rising sharply during phase 3 of the MIS8/MIS7 
transi�on. �ow oxygen condi�ons can result in post-deposi�onal remobiliza�on of 
barium (McManus et al., 1998). 

  

Figure 8 (next page)� �n illustra�on the en�ironmental condi�ons o�er site ���5��� for the different phases 
of the glacial�interglacial transi�on described in the text based on the combined proxy records (see Fig. 7) 
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2) Only phase 3 of the MIS6/MIS5 transi�on shows a peak in the concentra�on of 
heterotrophic protoperidinioid cysts. Protoperidinioid cysts are sensi�ve to oxic 
degrada�on (�ersteegh and Zonneveld, 2002; Reichart and Brinkhuis, 2003), which 
also explains their absence in most of the record, while they typically dominate 
Southern Ocean surface sediments south of the PF (Esper and Zonneveld, 2002; 
Zonneveld et al., 2013). 

3) BIT values show a decrease, reaching minimum values, during the transi�on phases 
preceding Termina�on II and not during the transi�on phases preceding 
Termina�on III. iGDGTs degrade more easily than brGDGTs (which, in our record, are 
exclusively marine-produced) in oxygen-rich environments (Huguet et al., 2008, 
2009). Increasing iGDGT concentra�ons preceding Termina�on II, while 
concentra�ons of brGDGTs show li�le change (Fig. 4), therefore suggest increased 
organic ma�er preserva�on.  

The abundant presence of iGDGTs during the second and third phase of the 
MIS6/MIS5 transi�on allows for the reconstruc�on of subsurface (0-200 m) temperatures 
(subT) based on TEX86. Temperature increases from -2.4 to 2.3 (with a 90%-confidence 
interval of ±5.8°C) (Fig. 4, 7). GDGTs are here interpreted to represent a spring/summer 
temperature signal, because archaeal communi�es bloom in spring a�er the sea-ice 
retreat (Murray et al., 1998; Church et al., 2003). Furthermore, GDGTs ac�uire pelle�ng to 
sink effec�vely to the sea floor (Schouten et al., 2013), and highest sedimentary GDGT 
fluxes are closely linked to highest organic ma�er, opal (diatom frustules) and lithogenic 
par�cle fluxes during the spring/summer season (�amamoto et al., 2012; Mollenhauer et 
al., 2015). Today the difference between the summer SST and the 0-200 m depth-
integrated temperature is 2°C. Assuming this difference has remained constant, 
reconstructed summer SSTs rose from -0.4 to 4.3°C during Termina�on II. The high 
abundances of F. curta and Chaetoceros RS in this interval would suggest sea surface 
temperatures between -1.5 and 1°C (Armand et al., 2005), in agreement with 
reconstructed TEX86-based temperatures. The reconstructed (sub-)surface temperatures 
preceding peak warmth of MIS5e are 2.5°C warmer than (sub-)surface temperatures today 
(�ocarnini et al., 2010). The few temperature es�mates around the �me of the MIS8/MIS7 
transi�on show similar subsurface temperature es�mates as those reconstructed for the 
MIS6/MIS5 transi�on (between 0 and 2°C with a 90%-confidence interval of ±5.8°C), 
although these subTs are based on much lower iGDGT concentra�ons and could therefore 
be less reliable.  



Sea�ice, �ri�ar� �ro�uc��it� � te��eratures at �ntarc�c �arginal zone, late Pleistocene 

209 
 

7.1.3 Interglacial phase 

Maximum atmospheric temperatures over Vostok during peak interglacials coincide 
with decreasing seasonal sea-ice diatom abundances and a sharp rise in F. kerguelensis 
(although never > 25%), and subsequently an increase in open-ocean diatoms (mainly T. 
len�ginosa) (glacial phase in Fig. 7). The transi�on from rela�vely more F. curta to 
rela�vely more F. kerguelensis within the diatom assemblage marks the transi�on to a 
surface-water environment that more frequently experiences a longer sea ice-free season 
and summer SSTs above 1°C (Armand et al., 2005; Crosta et al., 2005b, 2007). Considering 
that F. kerguelensis and T. len�ginosa are early bloomers with respect to F. curta and other 
seasonal sea-ice diatoms (Grigorov et al., 2014), their increased abundances seem to 
reflect an advancement of the spring�summer melt and a prolonga�on of the blooming 
season. Increased annual PP is further supported by peak Babio values, indica�ng increased 
export produc�vity. The longer blooming season and therefore increased export 
produc�vity of biogenic silica to the seafloor has a�ributed to the increased sedimenta�on 
rates during the interglacial phases with respect to the glacial phases, par�cularly for 
MIS5e (see Supplementary Informa�on). For comparison, the depth interval containing 50 
kyr of MIS6 is 60 cm, while the depth interval containing 10 kyr of MIS5e is 75 cm. 
However, this is not reflected in the height of %BSi or the diatom counts per gram, 
probably because of the simultaneous increase in detrital flux. Alterna�vely, other non-
siliceous plankton species than diatoms have contributed to the maximum export 
produc�vity during the interglacial phase. 

The high abundances of F. kerguelensis, which dominates the region north of the 
SSE today (Esper et al., 2010), reflect a more southward posi�on of the SSE during MIS9e, 
MIS7e and MIS5e (no data for MIS7a-c available). The increase of T. len�ginosa during 
MIS9e, MIS7e and MIS5e (o�en coincident with a decrease in F. kerguelensis) could 
represent an even further reduc�on of annual sea-ice cover and proximity of the WSE 
(Crosta et al., 2005b; Esper et al., 2010). S�ll, Chaetoceros RS and the seasonal sea-ice 
diatoms account for at least 40% of the total diatom assemblage, sugges�ng that the 
surface waters overlying Site AS05-10 are s�ll affected by the seasonal melt and lie within 
the SSIZ (Fig. 8).  

Comparing the various interglacial phases, highest abundances of F. kerguelensis 
are found during MIS5e, sugges�ng this interglacial phase experienced furthest-reduced 
sea-ice cover, most-frequently reduced sea-ice cover, or both. However, a notable 
difference of MIS5e with the other interglacials is that a larger frac�on of the open-ocean 
diatom group is composed of S. gracilis (Fig. 6). Although S. gracilis is an early bloomer like 
F. kerguelensis and T. len�ginosa (Grigorov et al., 2014), it is associated with cooler 
summer SSTs (Crosta et al., 2005b; Esper et al., 2010). This would suggest that SSTs during 
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MIS5e might have been cooler than during MIS9e and MIS7e, which is in contrast to 
deuterium-based air temperature reconstruc�ons from the �ostok ice core (�e�t et al., 
1999). However, in contrast to �. len�gin�sa, both S. gracilis and F. kerguelensis also bloom 
later during summer (Grigorov et al., 2014). Therefore, a more likely scenario would be 
that MIS5e experienced a longer blooming season due to more open waters in late 
summer, which allowed for the produc�on and preserva�on of rela�vely more S. gracilis 
and F. kerguelensis versus �. len�gin�sa. 

Alterna�vely, shi�s in rela�ve abundances between the seasonal sea-ice diatoms, F. 
kerguelensis and the open-ocean diatoms �. len�gin�sa and S. gracilis can be caused by 
differences in the suscep�bility of these diatoms to dissolu�on. In general, however, the 
constant presence of dissolu�on-suscep�ble diatoms like F. curta and other seasonal sea-
ice diatoms suggests that large changes in silica dissolu�on have not significant influenced 
the record of site AS05-10.  

The rela�vely high abundances of F. kerguelensis, S. gracilis and �. len�gin�sa 
during MIS5e would suggest summer SSTs of at least 1°C (Crosta et al., 2005b; Esper et al., 
2010). Although we have no TEX86-based temperature reconstruc�on during the peak 
interglacial period, surface temperatures were possibly at or higher than the ~4°C 
reconstructed for Termina�on II. A recent compila�on of several (summer) sea surface 
temperatures of the Southern Ocean for MIS5e, based on various proxies, shows es�mates 
for the modern-day Antarc�c �one (50 - 60°S) between 3.1 and 6.1°C (Chadwick et al., 
2020). One diatom-based temperature es�mate from the SSI� in the Weddell Sea (58.72°S) 
lies around 1.3°C (Bianchi and Gersonde, 2002; Chadwick et al., 2020). Considering the 
la�tudinal posi�on of site AS05-10 (70.835°S), our TEX86-based temperature es�mate for 
MIS5e appears therefore rela�vely high. However, our TEX86-based temperature difference 
of 2.5°C warmer than today is supported by other polar es�mates (McKay et al., 2011), 
which are higher than the 0.7°C global average difference (McKay et al., 2011), in part due 
to the effect of polar amplifica�on. Together with other es�mates, our results would 
contradict the conclusions by Serreze and Barry (2011) who suggested no Antarc�c polar 
amplifica�on in the near future, because surface waters around Antarc�ca probably 
remain cold enough to support sea ice, due to the presence of the Antarc�c ice sheet and 
the cold kataba�c ou�low of surface winds over the coastal waters. In the Ross Sea, 
kataba�c winds are par�cularly strong during winter (Nylen et al., 2004), where they 
control the ongoing forma�on of sea ice in Terra Nova Bay (Bromwich and Kurtz, 1984; 
Jacobs et al., 1985; Budillon et al., 1999). Although our diatom data also support sea ice 
during the winter, the summer temperatures are higher than at present. Seasonality seems 
to have increased during the last interglacial, and may therefore also increase due to 
future warming.  
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7.1.4 The glacial inception 

In line with the study of the Past Interglacials Working Group of PAGES (2016), we 
have termed the period following an interglacial “the glacial incep�on�. Focusing on MIS5, 
the glacial incep�on following MIS5e is characterized by rela�vely lower PP and increased 
sea-ice concentra�ons, as indicated by the increased abundances of Chaetoceros RS, lower 
abundances of F. kerguelensis, and generally lower BSi and Babio values (Figs. 6 and 7). 
During MIS5a-d, warm and cold periods can be inferred by the changes in abundance of 
the various diatom species, Babio and %BSi. Peak Babio and BSi values, high rela�ve 
abundances of F. kerguelensis and open-ocean diatoms, and rela�ve abundances of E. 
antarc�ca reaching a minimum, characterize the warmest phases, while the coldest 
phases are characterized by the opposite (red and blue do�ed ver�cal lines in Fig. 7). �he 
cold and warm phases correspond to stadials (MIS5b and d) and interstadials (MIS5a and 
c) in the �ostok ice core record. However, low rela�ve abundances of E. antarc�ca and 
rela�vely high abundance of seasonal sea-ice diatoms suggest an addi�onal warm�sea ice 
reduced phase during the late part of MIS5c, which coincides with peak solar insola�on. 
�otably, peak local insola�on at site AS05-10 during MIS5c also coincides with the highest 
abundances of F. rhombica (Figs. 6 and 7), a species that has been associated with 
rela�vely warm surface waters and�or low sea-ice concentra�ons compared to other sea-
ice diatoms (Denis et al., 2006; Crosta et al., 2007, 2008). Although the data resolu�on is 
lower, a similar pa�ern of cold and warm oscilla�ons can be observed for MIS9a-d.  

7.2 Productivity at the sediment surface 
Produc�vity at the sediment surface seems to be �ghtly linked to produc�vity in the 

surface waters. Increased abundances of the benthic foraminifer species Mar�no�ella 
nodulosa and Eggerella bradyi occur during the period of highest PP, MIS5e (Figs. 5 and 7). 
Peak abundances of benthic foraminifers, par�cularly M. nodulosa, just prior to MIS5e 
show strong correla�on with the IRD record and the abundance of reworked 
palynomorphs (prior to �ermina�on III, IIIa and II), thus sugges�ng these peak abundances 
are caused by local reworking. 

A dominant associa�on of Eggerella and Mar�no�ella, but in low amounts, is 
generally associated with a deposi�onal environment below the calcite compensa�on 
depth (CCD) as they have high preserva�on poten�al (Mackensen et al., 1990; Harloff and 
Mackensen, 1997). Currently, a very diverse agglu�nated benthic foraminifer assemblage 
dominates the calcareous benthic foraminifer assemblage in the western Ross Sea (Asioli, 
1995). Furthermore, calcareous planktonic foraminifera are common in the western Ross 
Sea in the surface waters (Asioli and Langone, 1997; Bergami et al., 2009 and references 
therin). �he absence in the AS05-10 record of both plank�c and benthic calcareous 
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foraminifer species, as well as the lack of a diverse agglu�nated benthic foraminifer 
assemblage, of which most use some form of calcite to glue their tests, seems to suggest 
carbonate dissolu�on by corrosive bo�om waters.  

In response to increased surface water produc�vity, sedimentary archaeal 
produc�vity was likely also promoted. Indeed, highest brGDGT concentra�ons are 
recorded during peak diatom export produc�vity during Termina�on II (Fig. 4). Increased 
archaeal produc�vity is, however, mostly reflected in the #ringstetra (Figs. 4 and 7). Because 
input of soil-derived brGDGTs can be expected to be very low in glacial se�ngs (Peterse et 
al., 2009) and dust-blown soil-derived brGDGTs have been shown to be of minor 
contribu�on to distal marine se�ngs (�ei�ers et al., 2014), the input on acyclic brGDGTs 
must be very low. Therefore, the recorded trends of increased #ringstetra during the 
interglacials and decreased #ringstetra during the glacials must simply reflect increased 
input of marine brGDGTs at Site AS05-10. Alterna�vely, these marine brGDGTs were 
transported from the Ross Sea shelf to Site AS05-10.  

8 Conclusions and implications for future warming 
Core AS05-10 retrieved from the slope between the Drygalski basin and the Adare 

Basin records the response of the surface-water environment to glacial-interglacial 
variability in the late Pleistocene. �ur mul�proxy study iden��ed three phases in each 
glacial-interglacial transi�on, which reflect the retreat of the seasonal sea-ice margin and 
warming of the surface waters.  

Phase 1 is characterized by ice-shelf break-up and occasional ice-free areas. Phase 2 
is characterized by meltwater runo� resul�ng in highly stra��ed waters. The progressive 
warming caused a retreat of the summer sea-ice edge, and brought the marginal sea-ice 
zone over site AS05-10 during Phase 3. During this phase the surface waters were 
seasonally stra��ed, instead of permanently stra��ed like during glacials, allowing for the 
replenishment of nutrients from the deep water through ver�cal mixing. Following the 
glacial-interglacial transi�on, an increased dura�on of ice-free condi�ons during the 
interglacials allowed open-water diatoms to proliferate. Increased (export) produc�vity 
during the interglacials is also reflected in the increased abundances of benthic 
agglu�nated foraminifers and branched GDGTs. The highest produc�vity was reached 
during MIS5e due to an increased length of the blooming season and an increased supply 
of nutrients. TEX86-based temperature values suggest summer temperatures of 2.5°C 
warmer than today during MIS5e.  

�ur record clearly reflects the migra�on of the highly produc�ve marginal ice zone 
to higher la�tudes during interglacials. It is therefore clear evidence that the posi�on of 
the summer sea ice edge and therefore the size of the marginal ice zone (MIZ) are 
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influenced by past global warming phases. Future warming might shi� the northern 
boundary of MI� of the �oss Sea to even higher la�tudes and could thereby reduce the 
size of this high-produc�vity zone (Sarmiento et al., 200�; Arrigo et al., 2008; Deppeler and 
Davidson, 2017).  

Our record shows that warming is accompanied by an increased meltwater influx to 
the surface waters. Notably, the ini�al phases of ice-shelf break-up and surface water 
stra��ca�on precede the increase in air temperatures over Vostok and point to the 
fundamental role of the ocean on the cryosphere mel�ng. It has been suggested that 
increased stra��ca�on could result in a shi� from a Phaeoc�s�s-dominated environment 
(like today) to a diatom-dominated environment, which could reduce the drawdown of 
CO2 to the ocean floor (Arrigo et al., 1999; Steinacher et al., 2010; Vancoppenolle et al., 
2013). We did reconstruct increased abundances of the fresh- and brackish water 
indicators Leiosphaeridia spp. and the prasinophyte ���a�osphaera spp� in associa�on 
with these highly stra��ed waters. Although ini�al condi�ons during current global 
warming are different from a glacial period, sea-ice cover in the Southern Ocean today is 
increasing due to increased meltwater runoff from the con�nent (Comiso and Nishio, 
2008; Turner et al., 2009; Bintanja et al., 2013). If the melt phase at the onset of each 
glacial Termina�on in our record is equivalent to the increased freshwater release into the 
Southern Ocean today, we can expect sea-ice cover to decrease eventually in the Southern 
Ocean, like is happening in the Arc�c already (�ay et al., 2011; Notz and Marotzke, 2012).  
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Supplementary information of chapter 5 
Appendix A: Age model 

This study focuses on the interval between 180 and 750 cm below sea floor (cmbsf) 
of core AS05-10. To construct an age model for this interval two �e points based on diatom 
event datums are available. However, a third �e point is obtained from the upper part of 
the core (�180 cmbsf) to get an es�mate for the sedimenta�on rate above 388 cmbsf, 
which is the posi�on of the upper diatom event. A final age model is established by 
subsequent tuning of the obliquity cycle captured within the Ti/Al record to the obliquity 
signal of the orbital signals captured in the deuterium isotope-based surface air 
temperature record (ΔTs) of the Vostok ice core (Pe�t et al., 1999; L�thi et al., 2008), with 
its age model based on the AICC2012 chronology (Bazin et al., 2013; Veres et al., 2013). 
�e have chosen the Vostok ice core as a representa�on of regional surface air 
temperature, because it lies rela�vely close to our study site and is one of the few ice 
cores da�ng back to 400 kyr, thereby covering the age range captured within core AS05-10. 

The diatom tie points 
The diatom events present in core AS05-10 are the last occurrence (LO) of Rouxia 

leventerae and the LO of Rouxia constricta.  
In the Atlan�c sector of the Southern Ocean (Sco�a Sea), the LO of R. leventerae 

(rela�ve abundances below 1�) has been calibrated to 137.7±4.1 ka based on a magne�c 
suscep�bility chronology, which is correlated to dust Antarc�c ice core dust concentra�ons 
(Xiao et al., 2016b). The LO of R. leventerae therefore marks the transi�on of glacial 
Marine Isotope Stage (MIS) 6 to interglacial MIS5.  

In core AS05-10, R. leventerae shows a strong decline between 433 and 409 cmbsf 
(Fig. S1). Above 409 cmbsf there are some reoccurrences, which might be due to 
reworking. However, between 409 and 328 cmbsf rela�ve abundances of R. leventerae s�ll 
lie between 1� and 2� of the total diatom assemblage. �e es�mate the LO of R. 
leventerae between 409 and 368 cmbsf, at which point the presence of R. leventerae 
becomes more discon�nuous and remains below 1� for a larger part of the record (Fig. 
S1). Its placement between 409 and 368 cmbsf is consistent with decreasing abundances 
of the diatom species �uca�pia antarc�ca, associated with the MIS6-MIS5 transi�on (see 
also Xiao et al., 2016b). In agreement with Xiao et al. (2016b), the strongest decline of R. 
leventerae is recorded earlier, within MIS6. 

Based on oxygen isotope-calibrated records (Ocean Drilling Program Sites 1093 and 
1094) from within the Antarc�c Zone of the Atlan�c sector of the Southern Ocean, the LO 
of R. constricta was placed with high confidence at 0.28 Ma (Zielinski and Gersonde, 2002). 
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Notably, the LO of R. constricta is posi�oned earlier (0.44�0.64 Ma) in records from the 
Subantarc�c and Polar Front Zone (Zielinski and Gersonde, 2002). 

Within core AS05-10, influxes of between 1% and 3% of R. constricta are present 
between 603 cmbsf and 562 cmbsf, above which they disappear (Fig. S1). Reoccurrences of 
less than 1% of the total diatom assemblage occur above 409 cmbsf, which are likely 
caused by reworking. The youngest influxes of R. constricta above 1% lie between 603 
cmbsf and 5�5 cmbsf. Considering the high concentra�ons of �. antarc�ca within this 
interval (Fig. S1), placement of the LO of R. constricta within this interval would consistent 
with a LO datum for R. constricta during the middle of the glacial MIS8 (Zielinski and 
Gersonde, 2002). 

The position of Termination I 
A third �e point is obtained from the biogenic silica (BSi) and magne�c 

suscep�bility (MS) records. Between the top of the core and 115 cmbsf, BSi percentages 
are plateauing at an average of 18%, a�er which there is a marked downcore decrease to 
4% BSi at 14� cmbsf (Fig. S1).  Similarly, MS values are rela�vely constant around 30 (10-5 
SI) between the top of the core and 115 cmbsf, a�er which there is a sharp increase to 
peak values of around 64 (10-5 SI) at 132 cmbsf (Fig. S1).  These BSi and MS shi�s mark the 
establishment of the high-produc�vity condi�ons of the Holocene and therefore the 
posi�on of Termina�on I (approx. 11.2-16.9 ka, Pe�t et al., 1999).  

Orbital cyclicity 
We have tested the records of biogenic silica percentages (BSi), biogenic barium 

(Babio), �tanium aluminum ra�o (Ti/Al), magne�c suscep�bility (MS), and the rela�ve 
abundances of the diatom species ��ca��ia antarc�ca for orbital cyclicity. In many 
records these proxies show a marked difference between glacial and interglacial stages and 
have been used for age model reconstruc�on in previously published records (Burckle & 
Cooke, 1983; Burckle and Burak, 1988; Kaczmarska et al., 1993; Bertrand et al., 1996; Bonn 
et al., 1998; Pudsey and Howe, 1998; Brughmans, 2003; Hillenbrand et al., 2003, 2009; 
Collins et al., 2012; Xiao et al., 2016b). A different expression of glacial and interglacial 
stages can also be observed for each of these four proxies in core AS05-10. For example, 
the transi�on from MIS6 to MIS5e, marked by the posi�on of R. leventerae, can be 
recognized in the four proxy records as an increase in the Babio, Ti/Al and BSi records, and a 
decrease in both the MS and �. antarc�ca records. Notably, however, maximum/minimum 
values that mark peak produc�vity during MIS5e are not posi�oned at the same depth 
(Fig. S2). This suggests that orbital insola�on affects the different proxies in different ways 
and/or each of the proxies is affected by different post-deposi�onal processes. 
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To see which of the proxy records best matches orbital insola�on, the cycles filtered 
from the proxy records are compared to the cycles obtained from the orbital solu�on of 
Laskar et al., (2004) for the past 1 Ma: the 94-kyr eccentricity, 41-kyr obliquity, and the 
23.7-, 22.3-, and 19.0-kyr precession cycles (Fig. S2). Based on the es�mated posi�ons of 
the diatom event datums, we expect that the length of one eccentricity cycle is 126±26 
cm, the length of one obliquity cycle is 55±7 cm, and the length of a precession cycles 
range between 25±3 and 32±4 cm below 390 cmbsf (sedimenta�on rate is 1.34±0.17 
cm/kyr). Based on the es�mated posi�on of the LO of R. leventerae and the approximate 
posi�on of Termina�on �, we expect that the length of one eccentricity cycle is between 
202±14 cm, one obliquity cycle is 88±6 cm, and the length of precession cycles ranges 
between 41±3 and 51±3 above 390 cmbsf (sedimenta�on rate is 2.14±0.15 cm/kyr).  

Initial evaluation of cyclicity within the proxy records 
Although it is apparent from the diatom datums and the posi�on of Termina�on � 

that there are changes in sedimenta�on rate within this record, we test the full extent of 
each proxy record for significant cycles as a first approach. Using the Mul�-Taper Method 
(MTM) of Meyers et al. (2012), cycle frequencies which are sta�s�cally significant (AR1 
confidence levels >90% and MTM harmonic F-test confidence levels >80%; Meyers, 2012) 
and lie within the es�mated eccentricity, obliquity and precession frequencies have been 
plo�ed for each of the five proxy records (Fig. S2). 

High AR1 confidence levels and harmonic F-test confidence levels above 95% within 
the eccentricity-cycle depth range (126±26–202±14 cm/cycle) can be observed for the 
Babio, Ti/Al, BSi, and MS records. However, highest AR1 and harmonic F-test confidence 
levels within the obliquity-cycle depth range (55±7–88±6 cm/cycle) and within the shorter 
precession-cycle depth range (25±3–41±3 cm/cycle) are observed for the Babio and Ti/Al 
records. Because of the presence of eccentricity, obliquity and precession cycles within the 
Babio and Ti/Al records, we consider these records best suited for astronomical tuning. 
However, mismatches between the Babio and BSi records as well as �/�r ra�os above 2 in 
parts of the record sugges�ng dysoxic condi�ons (�ones and Manning, 1994), par�cularly 
around 375 cmbsf, could indicate that Babio may have been remobilized (McManus et al., 
1998). Because, such post-deposi�onal processes do not in�uence the Ti/Al record, which 
shows a strong correla�on to the Babio record, we have chosen to tune the AS05-10 core to 
the eccentricity, obliquity and precession cycles within the Ti/Al record. The cycles in depth 
domain that are observed within the Ti/Al records are 157 cm, 73 cm, and 30 cm in length. 
The 157-cm cycle lies half-way the expected eccentricity cycle range and similarly the 73-
cm cycle lies half-way the expected obliquity cycle range. The 30-cm cycle lies within the 
expected precession cycle length for the core sec�on below the LO of R. leventerae. 
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Evolutive Harmonic Analysis and Evolutive Average Spectral 
Misfit Analysis 

As is evident from the diatom datums and the posi�on of Termina�on � the 
sedimenta�on rate decreases downcore. However, considering that deposi�on at Site 
AS05-10 is partly controlled by biogenic sedimenta�on, it can be expected that 
sedimenta�on rates will change between glacial and interglacial stages. To account for 
these changes in sedimenta�on rate, we will further improve the age model by applying an 
evolu�ve harmonic analysis (EHA) and an evolu�ve average spectral misfit analysis (e-
ASM) on the Ti/Al record using the Astrochron program in R (Meyers and Sageman, 2007; 
Meyers et al., 2012).  

The EHA calculates a power spectrum for a set depth/�me range (window) which 
moves along the en�re record. �n this way changes in the spectral features with 
depth/�me can be evaluated and changes in sedimenta�on rate can be iden�fied. 
Subsequently, the e-ASM tests a range of plausible sedimenta�on rates (i.e. �me scales) 
given a set of target frequencies (i.e. orbital frequencies) for each of these depth/�me 
slices and simultaneously evaluates the presence of these target frequencies sta�s�cally 
(Meyers and Sageman, 2007; Meyers et al., 2012). This method has been applied at deep-
�me records covering a few million years (Meyers et al., 2012; Fu et al., 2016; Salabarnada 
et al., 2018), but to our knowledge not yet at more recent shorter records in which orbital 
frequencies are expected to in�uence also the sedimenta�on rate. 

Based on the ini�al �e points a moving-window size of 4 m was considered 
sufficient for the EHA to detect the short-term eccentricity signal and was shi�ed every 10 
cm along the Ti/Al record, thereby producing a total of 26 frequency spectra (Fig. S3). The 
target frequencies for the e-ASM analysis were obtained from the orbital solu�on of Laskar 
et al. (2004) using the period between 0 and 1 Ma. By applying MTM analysis on the 
orbital solu�on the following five periods were obtained: 94.5, 41.0, 23.7, 22.3, and 19.0 
kyr. A range of 50 sedimenta�on rates was tested between 1 cm/kyr and 3 cm/kyr, which 
covers the calculated sedimenta�on rates based on the ini�al �e points. All the spectral 
peaks with 80% F-test confidence level in each of the 26 frequency spectra of the EHA, are 
analyzed by the e-ASM analysis, and Monte-Carlo significance tes�ng u�lizing 10,000 
simula�ons. �nly those frequency spectra that have a �ull Hypothesis Significance Level 

Figure S2 (previous page)� Fre�uency spectra with ��1 confidence levels (90%, do�ed red line in the MTM 
power spectrum) and Harmonic F-test confidence levels (do�ed orange lines at 80% and 95% in the top 
figures) for the biogenic barium, Ti/�l, biogenic silica, magne�c suscep�bility, and �ucampia antarc�ca 
records. V/Cr record on the far right shows intervals with possibly dysoxic condi�ons (values �2) (�ymond 
et al., 1992). Periods (in cm) are listed above the Harmonic F-test confidence levels. Those periods that are 
underlined (con�nuous and do�ed blac� lines) are also plo�ed as a bandpass filter in the proxy record 
below it. 
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(Ho-SL) below or equal to 0.1� are used for evalua�on of the orbital target frequencies 
(Fig. S4� S5). To tune the Ti/Al record to �me� the target period of 94.5 kyr was tracked in 
the EHA frequency spectrum using the e-ASM results for guidance (Fig. S6). The tracked 
eccentricity frequency in the EHA frequency spectrum is con�nuous and stable around 
~0.75 cycle/m between 7.5 and 4.0 mbsf. Around 3.8 mbsf the tracked eccentricity 
frequency shi�s to ~0.4 cycle/m� indica�ng an increase in sedimenta�on rate. This is 
consistent with the ini�al �e points� which indicate higher sedimenta�on rates above the 
LO of R. leventerae� which is also posi�oned around 3.8 mbsf. The tuning to the 94.5-kyr 
eccentricity cycle (Fig. S7) was further improved upon by repea�ng the EHA and e-ASM 
analyses on this eccentricity-tuned Ti/Al record to track also the 41.0-kyr obliquity 

�ig�re ��� �vol��ve �ar�onic Anal��i� �re��enc� �pectr�� o� the original Ti/Al record in depth 
range. 
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frequency in the EHA frequency spectrum (Fig. S8), and subsequently to track the 19.0-kyr 
precession cycle in the obliquity-tuned Ti/Al record (Fig. S9).  

The tracked obliquity frequency in the EHA frequency spectrum of the eccentricity-
tuned Ti/Al record is discon�nuous and increases between 200 and 150 kyrs (these kyrs 
are not the true age (ka) as this data series is not yet calibrated to any age model and 
therefore a �oa�ng tuned data series), indica�ng a decrease in sedimenta�on rate (Fig. 
S8). A decrease in sedimenta�on rate between 200 and 150 kyrs is consistent with the 
tuned posi�on of ��S� (Fig. S�) and with higher con�nuous frequency paths in the EHA 
frequency spectrum, which also show an upcore increasing trend (Fig. S8).  

�ig�re S�� Pro�a�ility of the linear sedi�enta�on rates to �e analyzed �y the e�ol���e A�erage 
Spectral Misfit analysis of the original Ti/Al record in depth range. 
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Between 335 and 190 kyr, the tracked precession frequency in the EHA frequency 
spectrum of the obliquity-tuned Ti/Al record is rela�vely stable around 0.05 cycle/kyr (Fig. 
S9). At 190 kyr there is a sharp break, above which the EHA frequency spectrum shows 
two frequency pathways for tracking: around 0.04 cycle/kyr and around 0.055 cycle/kyr. 
The tracked frequency path below 190 kyr seems to be more con�nuous towards the 
lower frequency of 0.04 cycle/kyr, as are higher con�nuous frequency paths in the EHA 
frequency spectrum, indica�ng increased sedimenta�on rates. �n addi�on, the break in the 
EHA frequency spectrum is located at the tuned posi�on of the ��S�/��S5 transi�on, so 
an increase in sedimenta�on rate can be e�pected. This all mo�vates our choice to track 
the lower frequency path around 0.04 cycle/kyr above 190 kyr. A�er tracking the 
precession frequency in the EHA frequency spectrum of the obliquity-tuned Ti/Al record a 

 

�ig�re �5� ����ated linear �edi�enta�on rate� �a�ed on the e�ol���e A�erage �pectral �i��t anal��i� o� 
the original Ti/Al record in depth range. 
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final �oa�ng tuned data series was established. At this point, however, this tuned data 
series is s�ll uncalibrated to an age model (Fig. S10, S11) (see also the R-code in Appendix 
B). 

Evaluation of the tuned records 
To evaluate the tuning of the AS05-10 core to the Ti/Al record, an MTM analysis has 

been performed on the tuned Ti/Al, Babio, BSi, MS, and �� anta�c�ca records to see if the 
orbital frequencies are expressed in these records now that changes in sedimenta�on rate 
are accounted for (Fig. S12). High AR1 confidence levels (>90%) and high Harmonic F-test 
confidence levels (>80%) can be observed for the eccentricity (91 kyr), obliquity (40 kyr) 
and the short precession (19 kyr) frequencies in the MTM frequency spectrum of the 
tuned Ti/Al record. Eccentricity and both short and long precession frequencies show high 
AR1 and Harmonic F-test confidence levels in the frequency spectra of the tuned Babio, BSi, 
MS and �� anta�c�ca records. Instead, the obliquity frequency is generally absent and only 
shows high powers in Babio frequency spectrum, but with very low Harmonic F-test 
confidence levels. Notably, there are other frequencies that show high confidence levels 
for mul�ple of the studied proxy records� a 60±4-kyr period and a 32±3-kyr period. 

As a representa�on of regional climate, we compare our tuned records to the 
reconstructed atmospheric temperature change (ΔTs) recorded in the nearby Vostok ice 
core (�e�t et al., 1999) with its age model based on the AI�� chronology (Bazin et al., 
2013). Regional air temperature is likely linked to surface water temperature, and 
therefore also sea-ice concentra�on and the related changes in primary produc�vity (��).  
There is a remarkable similarity between the periodici�es recorded in the five proxy 
records to the periodici�es recorded within the Vostok ΔTs record (with 106-kyr, 40-kyr, 30-
kyr, 23-kyr and 19-kyr cycles). Because of this, we place high confidence in our 
reconstructed �oa�ng tuned record for core AS05-10. Notably, also a 30-kyr period is 
present in the Vostok ΔTs record, which could be equivalent to the 32±3-kyr period 
recognized in the Ti/Al, Babio and MS records of AS05-10. 
 

5



Chapter 5  

224 
 

 

Figure S6: Tracking the eccentricity signal within the EHA of the original Ti/Al record in depth range. 
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Figure S7: Comparison between the original Ti/Al record (in mbsf) and the eccentricity-tuned Ti/Al 
record (in kyr). 
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Figure S8: Tracking the obliquity signal within the EHA of the eccentricity�tune� Ti�Al recor� in �epth ��e� 
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Figure S9: Tracking the 19-kyr precession signal within the EHA of the obliquity -tuned Ti/Al record in 
depth ��e� 
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Calibration of the tuned floating Ti/Al record to age 
To establish a final age model for core AS05-10, the Ti/Al filtered obliquity was 

calibrated to the obliquity signal in the Vostok ΔTs record. The obliquity signal in the Vostok 
ΔTs record lags the obliquity signal present in the modeled local 70.8�S insola�on (Fig. S12) 
by 3.4 kyr. We have chosen to calibrate the Ti/Al record to the AICC chronology of the 
Vostok ΔTs record and not local insola�on, because we e�pect that changes in the Ti/Al 
ra�o are �ed to the varia�ons in regional climate re�ected in the Vostok ΔTs record. The 
e�act mechanisms that determine the Ti/Al ra�on at our study site are, however, not well 
known. Several mechanisms may play a role. For instance, the Ti/Al ra�o could re�ect 
changes in average grain size, which are driven by the strength of the bo�om water 
currents. In turn, bo�om-water current strength is likely �ed to the forma�on of sea ice 
through bo�om-water forma�on, which depends on the e�ciency of coastal polynya 
forma�on in the �oss Sea and therefore wind strength and atmospheric condi�ons 
(Mezgec et al., 2017). Instead, changes in sediment provenance could have led to shi�s in 

 

Figure S10: Comparison between the obliquity-tuned Ti/Al record (in kyr) and the precession-tuned Ti/Al 
record (in kyr) 
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the Ti/Al ra�o at AS05-10, for instance through an increased input of dust (Calvert and 
�edersen, 200�). The �ux of dust towards Antarc�ca is known to increase during the 
glacial periods (Delmonte et al., 2020), which means that when ice shelfs start retrea�ng 
during the interglacials this dust is released into the water column, causing a shi� in the 
Ti/Al ra�o in the sediments. �owever, both Ti and Al can be incorporated in diatom 
frustules from the sea water, in which case changes in Ti/Al ra�os can re�ect changes in 
export produc�vity of opal to the sea �oor (Dymond et al., 199�; Kryc et al., 2003). 
Because sedimenta�on at site AS05-10 is strongly in�uenced by diatom export 
produc�vity, this makes the Ti/Al ra�o unreliable as a proxy for lithogenic input. The Ti/Al 
ra�o thus likely re�ects a combina�on of lithogenic input and export produc�vity. 
Nevertheless, considering that both Ti and Al are poorly mobilized during diagenesis, the 
Ti/Al ra�o re�ects the pris�ne sediment composi�on, meaning that also the filtered 
obli�uity signal is not a�ected by post-deposi�onal transforma�on. 

Because the mechanism linking the Vostok atmospheric temperature to the Ti/Al 
record at site AS05-10 is not fully understood, we note that our tuning to the Vostok ΔTs 

 

�i�ure ���� �alculated sedi�enta�on rates �ased on t�e �recession-tuned Ti/Al record. 

5



Chapter 5  

230 
 

record is a pragma�c choice, which means there is a certain degree of uncertainty about 
the exact tuning of the age model. If the obliquity signal within the Ti/Al record is a direct 
response to local insola�on the onset of the glacial-interglacial transi�onal phases 
described in the main text would be 3.4 kyr earlier. Alterna�vely, it has been shown that 
the obliquity signal in the benthic δ18O stack, reflec�ng northern hemisphere ice sheet 
waxing and waning, lags the Vostok ice core record by 3.5 kyr (Suwa and Bender, 2008). If 
the Ti/Al ra�o at site AS05-10 is in any way determined by the strength of the 
thermohaline circula�on, which is controlled by the extend of the northern hemisphere ice 
sheet, this would place the onset of the glacial-interglacial transi�onal phases described in 
the main text 3.5 kyr later. This ±3.5 kyr uncertainty with respect to the chosen tuning to 
the Vostok ΔTs record, does not affect the conclusions in the main text significantly, 
because the onset of phase 1 of the glacial-interglacial transi�on precedes the glacial 
Termina�ons by more than 3.5 kyr. 

We place confidence in our age model, because this tuning independently places 
sharp increases in the Babio record and the rela�ve abundance of F. kerguelensis coeval 
with the sharp rise of the Vostok ΔTs associated with the glacial Termina�ons. These 
proxies, reflec�ng primary produc�vity and sea ice-free surface waters in summer are 
expected to respond directly to increased atmospheric temperatures. By calibra�ng to the 
obliquity signal in the Vostok ΔTs record, we find also that maxima in the 19-kyr precession 
cycle filtered from the Ti/Al record line up with the 19-kyr precession cycle within the 
modeled local 70.8�S insola�on (Fig. S12). This strongly supports our age calibra�on and 
indicates that in addi�on to a response to obliquity, synchronous with atmospheric 
temperatures, the Ti/Al record is also influenced directly by local insola�on. �otably, this 
means that precession filtered from the Ti/Al record does not follow the precession within 
the Vostok ΔTs record, which behaves opposite to local 70.8�S insola�on and tracks 
northern hemisphere insola�on (Suwa and Bender, 2008). 

In further support of this age calibra�on is the fact that the calibrated age for the 
LO of R. leventerae (at 137.7 ka) by Xiao et al., (2016) falls within the upper end of the 
es�mated range for the posi�on of the LO of R. leventerae (Fig. S12). Similar to the records 
from the Sco�a Sea the largest decline of R. leventerae, marked by the lower boundary of 
the es�mated range for the posi�on of the LO of R. leventerae (at 409 cmbsf, Fig. S1), is 
posi�oned within �IS6 (Xiao et al., 2016b). According to our age model for AS05-10, the 
posi�on of the LO of R. constricta is younger than 280 ka (Fig. S12), which is its posi�on at 
O�� Site 1093 (Atlan�c sector of the Southern Ocean), but falls within the range of 240–
300 ka given for its posi�on in O�� Site 1094 (Atlan�c sector of the Southern Ocean) 
(Zielinski and Gersonde, 2002). Based on these records, it seems that in the Atlan�c sector 
of the Southern Ocean R. constricta disappears earlier in the more northerly located 
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recor�s. �s �S0��10 is �osi�one� a�out 20� further south than Site 1093, a younger LO of 
R. constricta at site �S0��10 �ou�� �e consistent �ith the o�ser�a�ons in the �t�an�c 
sector of the Southern Ocean. 
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Appendix B: R-script for the age model 
############################################### 
### SET WORKING DIRECTORY AND LOAD ASTROCHRON PROGRAM 
############################################### 
setwd("C:/Users/…") 
library(astrochron) 
 
############################################### 
### READ THE Titanium/Aluminium DATA FILE 
############################################### 
 
TiAl<-read.csv("Ti_Al_csv.csv") 
summary(TiAl) 
 
############################################### 
### CALCULATE SEDIMENTATION RATE AND CONVERT DEPTH SCALE TO AGE BASED ON INITIAL TIE POINTS  
############################################### 
 
 
############################################### 
###PREPARE THE DATA-TO-AGE DATASET FOR ANALYSIS  
############################################### 
#LINEAR INTERPOLATION 
TiAl_res=linterp(TiAl) 
 
#THE DATASET IS RESAMPLED AT THE MEDIAN SAMPLING INTERVAL OF 0.0193 m 
 
############################################### 
###PERFORM EVOLUTIVE HARMONIC ANALYSIS 
############################################### 
#INITIAL TIE POINTS ARE: 
#TERMINATION I: 1.32 - 1.47 mbsf, 16.9 ka. 
#DIATOM EVENT DATUM: LO of Rouxia leventerae at 3.88 - 4.09 mbsf, 137.7 ka 
#DIATOM EVENT DATUM: LO of Rouxia constricta at 5.75 - 6.03 mbsf, 280 ka 
#BASED ON THESE DIATOM EVENTS 2 m SHOULD BE SUFFICIENT FOR A WINDOW WITH THREE 3pi DPSS TAPERS 
#FOR EHA ANALYSIS TO CAPTURE THE SMALLEST ORBITAL FREQUENCY OF INTEREST 
 
#THE FREQUENCIES OF INTEREST ARE THE ECCENTRICITY, OBLIQUITY AND PRECESSION TERMS BETWEEN 10 AND 
100 ka 
#BASED ON THE DIATOM EVENT DATUMS 10 ka WOULD CORRESPOND TO ~8 cycle/m,  
#WHICH IS THE MAXIMUM FREQUENCY THAT IS ANALYZED 
 
window=4 
 
eha_TiAl<-
eha(TiAl_res,tbw=2,fmax=8,output=4,genplot=4,pl=2,detrend=T,pad=5000,win=window,step=0.1,ydir=-1) 
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#THE NYQUIST FREQUENCY AND RAYLEIGH FREQUENCY FOR THIS INTERPOLATED DATASET AND WINDOW SIZE 
ARE: 
 
TiAl_ehanyquist=25.92593 
TiAl_rayleigh=0.2492878 
 
############################################### 
###EXTRACT TARGET PERIODS FOR THE EVOLUTIVE AVERAGE SPECTRAL MISFIT ANALYSIS 
############################################### 
#ECENTRICITY, OBLIQUITY AND PRECESSION TERMS ARE OBTAINED FROM Laskar et al. (2004) FOR THE PERIOD 
BETWEEN 0 AND 1 Ma 
 
model=etp(tmin=0,tmax=1000) 
mtm_La<-mtm(model,tbw=2,ar1=T,output=2,xmax=0.1,pl=2,sigID=T,siglevel=0.9) 
target_La<-mtm_La[,1] 
 
#THE FIVE TARGET PERIODS ARE 94.5, 41.0, 23.7, 22.3, 19.0 kyr 
 
############################################### 
###PERFORM EVOLUTIVE AVERAGE SPECTRAL MISFIT ANALYSIS 
############################################### 
#THE TARGET FREQUENCIES USED ARE DETERMINED FROM Laskar et al. (2004) WITH A 5% UNCERTAINTY RANGE 
 
#BASED ON THE DIATOM EVENT DATUMS AND THE POSITION OF TERMINATION I, SEDIMENTATION RATES ARE 
CALCULATED 
#BETWEEN 1.32 AND 4.09 m THE SEDIMENTATION RATE IS 2.29 cm/kyr 
#BETWEEN 4.09 AND 5.75 m THE SEDIMENTATION RATE IS 1.17 cm/kyr 
#MINIUM AND MAXIMUM SEDIMENTATION RATE ARE THEREFORE SET TO 1 AND 3 cm/kyr,RESPECTIVELY 
 
TiAl_easm<-eAsm(eha_TiAl,target_La,fper=c(rep(0.05,�mes=length(target_La))),rayleigh = TiAl_rayleigh,nyquist = 
TiAl_ehanyquist,siglevel=0.8,numsed=50,iter=50000,output=4,sedmin=1,sedmax=3,ydir=-1) 
 
############################################### 
###EXAMINE EVOLUTIVE ASM SPECTRA WITH MINIMUM Ho-SL VALUES 
############################################### 
#TRACK Ho-SL MINIMA FROM EVOLUTIVE ASM RESULTS 
#AND IDENTIFY THOSE WITH Ho-SL LESS OR EQUAL TO 0.1% 
 
pl(1); TiAl_easmtrack<-eAsmTrack(TiAl_easm[1],threshold=0.1,ydir=-1,genplot=T) 
 
#LIST ALL PERIODS WITH 80% F-TEST CONFIDENCE LEVEL FOR EACH SPECTRUM WITH Ho-SL LESS OR EQUAL TO 
0.1% 
 
TiAl_easmperiods<-numeric(length(TiAl_easmtrack[,1])) 
for(a in 1:length(TiAl_easmtrack[,1])){ 
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  TiAl_easmperiods[a]<-
(1/(peak(extract(eha_TiAl,get=TiAl_easmtrack[a,1]),level=0.8)[2]*(TiAl_easmtrack[a,2]*0.01))) 
} 
names(TiAl_easmperiods)<-TiAl_easmtrack[,1] 
TiAl_easmperiods 
 
############################################### 
###TUNE THE Ti/Al RECORD USING FREQUENCY-DOMAIN MINIMAL TUNING (Meyers et al., 2001) 
############################################### 
#GIVEN THE ASM-CALIBRATED PERIODS, TRACK THE SHORT-TERM (94.5 kyr) ECCENTRICITY PERIOD IN ALL 
SPECTRA 
 
TiAl_freqs_ecc=trackFreq(eha_TiAl,threshold=0.8,ydir=-1) 
write.csv(TiAl_freqs_ecc,file="TiAl_chosenfreqs-fortuning.csv") 
 
#CALCULATE SEDIMENTATION RATES BASED ON THE TRACKED FREQUENCY 
 
TiAl_sedrate_ecc=freq2sedrate(TiAl_freqs_ecc,period=(1/target_La[1]),ydir=-1) 
 
#SEDIMENTATION RATES BASED ON THE POSITION OF TERMINATION I (C14 DATA),  
#WHICH LIES OUTSIDE OF THE EXAMINED INTERVAL DUE TO THE WINDOW SIZE ARE NOT ADDED HERE, 
#AND INTERPOLATE SEDIMENTATION RATES TO THE TOP AND BOTTOM OF THE RECORD 
 
TiAl_sedrate_ecc_ext=data.frame(c(0,TiAl_sedrate_ecc[,1],max(TiAl[,1])+0.1),c(TiAl_sedrate_ecc[1,2],TiAl_sedrat
e_ecc[,2],TiAl_sedrate_ecc[length(TiAl_sedrate_ecc[,1]),2])) 
names(TiAl_sedrate_ecc_ext)<-c("Depth/Height","Sedrate") 
 
#COVERT SEDIMENTATION RATES TO THE ECCENTRICITY-BASED AGE MODEL FOR THE Ti/Al RECORD 
 
TiAl_�me_ecc=sedrate2�me(TiAl_sedrate_ecc_ext) 
TiAl_tuned_ecc=tune(TiAl,TiAl_�me_ecc) 
idPts(TiAl_tuned_ecc) 
 
############################################### 
###REPEAT THESE TUNING STEPS FOR THE OBLIQUITY AND PRECESSION TERMS TO FURTHER IMPROVE THE AGE 
MODEL 
############################################### 
#PREPARE THE ECCENTRICITY-TUNED DATASET AND PERFORM EHA AND E-ASM ANALYSIS 
#THE WINDOW SIZE IS SET TO 150 kyr AND MAXIMUM FREQUENCY TO 0.1 cycle/kyr  
#TO CAPTURE ALL PERIODS BETWEEN 10 AND 100 kyr 
#SEDIMENTATION RATE IS ALLOWED TO VARY BETWEEN 80 AND 125% OF THE CURRENT SEDIMENTATION RATE 
#THIS IS BASED ON THE UNCERTAINTY IN THE POSITION OF THE PEAK OF MIS5.5 IN THE ECCENTRICITY-TUNED 
Ti/Al RECORD, 
#AND THEREFORE THE LENGTH OF MIS6, WHICH NOW RANGES BETWEEN 50 OR 70 kyr,  
#WHILE IT IS 60 kyr LONG IN THE VOSTOK ICE CORE RECORD. 
#50/60 = 0.833; 70/60 = 1.166 
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TiAlecc_res=linterp(TiAl_tuned_ecc) 
 
windowecc=150 
eha_TiAlecc<-
eha(TiAlecc_res,tbw=2,fmax=0.1,output=4,genplot=4,pl=2,detrend=T,pad=5000,win=windowecc,step=5,ydir=-1) 
TiAlecc_ehanyquist=0.404422 
TiAlecc_rayleigh=0.006629869 
TiAlecc_easm<-eAsm(eha_TiAlecc,target_La,fper=c(rep(0.05,�mes=length(target_La))),rayleigh = 
TiAlecc_rayleigh,nyquist = 
TiAlecc_ehanyquist,siglevel=0.8,numsed=90,iter=50000,output=4,sedmin=80,sedmax=125,ydir=-1) 
 
pl(1); TiAlecc_easmtrack<-eAsmTrack(TiAlecc_easm[1],threshold=0.1,ydir=-1,genplot=T) 
 
TiAlecc_easmperiods<-numeric(length(TiAlecc_easmtrack[,1])) 
for(a in 1:length(TiAlecc_easmtrack[,1])){ 
  TiAlecc_easmperiods[a]<-
(1/(peak(extract(eha_TiAlecc,get=TiAlecc_easmtrack[a,1]),level=0.8)[2]*(TiAlecc_easmtrack[a,2]*0.01))) 
} 
names(TiAlecc_easmperiods)<-TiAlecc_easmtrack[,1] 
TiAlecc_easmperiods 
 
#TRACE OBLIQUITY 41 kyr CYCLE FOR TUNING 
TiAl_freqs_obl=trackFreq(eha_TiAlecc,threshold=0.8,ydir=-1) 
 
TiAl_sedrate_obl=freq2sedrate(TiAl_freqs_obl,period=(1/target_La[2]),ydir=-1) 
 
#THE POSITION OF TERMINATION I AT 16.150 ka WAS NOT ADDED TO THE CALCULATED SEDIMENTATION RATES  
#AND LIES OUTSIED OF THE PART THAT COULD BE ANALYZED BY EHA DUE TO WINDOW SIZE 
 
TiAl_sedrate_obl_ext=data.frame(c(0,TiAl_sedrate_obl[,1],max(TiAl_tuned_ecc[,1])+5),c(TiAl_sedrate_obl[1,2],Ti
Al_sedrate_obl[,2],TiAl_sedrate_obl[length(TiAl_sedrate_obl[,1]),2])) 
names(TiAl_sedrate_obl_ext)<-c("Depth/Height","Sedrate") 
TiAl_�me_obl=sedrate2�me(TiAl_sedrate_obl_ext) 
TiAl_tuned_obl=tune(TiAl_tuned_ecc,TiAl_�me_obl) 
idPts(TiAl_tuned_obl) 
#write.csv(TiAl_tuned_obl,file="TiAl_tuned_obl.csv") 
 
#PREPARE THE OBLIQUITY-TUNED DATASET FOR EHA AND E-ASM ANALYSIS 
 
TiAlobl_res=linterp(TiAl_tuned_obl) 
 
windowobl=150 
eha_TiAlobl<-
eha(TiAlobl_res,tbw=2,fmax=0.1,output=4,genplot=4,pl=2,detrend=T,pad=5000,win=windowobl,step=5,ydir=-1) 
TiAlobl_ehanyquist=0.4231034 
TiAlobl_rayleigh=0.006663045 
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TiAlobl_easm<-eAsm(eha_TiAlobl,target_La,fper=c(rep(0.05,�mes=length(target_La))),rayleigh = 
TiAlobl_rayleigh,nyquist = 
TiAlobl_ehanyquist,siglevel=0.8,numsed=90,iter=50000,output=4,sedmin=80,sedmax=125,ydir=-1) 
 
pl(1); TiAlobl_easmtrack<-eAsmTrack(TiAlobl_easm[1],threshold=0.1,ydir=-1,genplot=T) 
 
TiAlobl_easmperiods<-numeric(length(TiAlobl_easmtrack[,1])) 
for(a in 1:length(TiAlobl_easmtrack[,1])){ 
  TiAlobl_easmperiods[a]<-
(1/(peak(extract(eha_TiAlobl,get=TiAlobl_easmtrack[a,1]),level=0.8)[2]*(TiAlobl_easmtrack[a,2]*0.01))) 
} 
names(TiAlobl_easmperiods)<-TiAlobl_easmtrack[,1] 
TiAlobl_easmperiods 
 
TiAl_freqs_prec=trackFreq(eha_TiAlobl,threshold=0.8,ydir=-1) 
 
TiAl_sedrate_prec=freq2sedrate(TiAl_freqs_prec,period=1/target_La[5],ydir=-1) 
 
TiAl_sedrate_prec_ext=data.frame(c(0,TiAl_sedrate_prec[,1],max(TiAl_tuned_obl[,1])+5),c(TiAl_sedrate_prec[1,2
],TiAl_sedrate_prec[,2],TiAl_sedrate_prec[length(TiAl_sedrate_prec[,1]),2])) 
names(TiAl_sedrate_prec_ext)<-c("Depth/Height","Sedrate") 
TiAl_�me_prec=sedrate2�me(TiAl_sedrate_prec_ext) 
TiAl_tuned_prec=tune(TiAl_tuned_obl,TiAl_�me_prec) 
idPts(TiAl_tuned_prec) 
 
#CALCULATE SEDIMENTATION RATE THROUGHOUT THE RECORD  
#BASED ON FINAL TUNING TO PRECESSION AND THE ORIGINAL SAMPLE DEPTHS 
 
TiAl_final_�me<-data.frame(TiAl[,1],TiAl_tuned_prec[,1]) 
TiAl_final_sed<-data.frame(TiAl_final_�me,c(rep(0,�mes=length(TiAl_final_�me[,1])))) 
 
for(c in 1:length(TiAl_final_�me[,1])){ 
  TiAl_final_sed[c,3]<-(TiAl_final_sed[c+1,1]-TiAl_final_sed[c,1])*100/(TiAl_final_sed[c+1,2]-TiAl_final_sed[c,2]) 
} 
names(TiAl_final_sed)<-c("depth_m","TiAl","sedrate_m.kyr") 
TiAl_final_sed[length(TiAl_final_sed[,1]),3]<-TiAl_final_sed[(length(TiAl_final_sed[,1])-1),3] 
TiAl_final_sedrate<-
data.frame(c(0,TiAl_final_sed[,1],TiAl_final_sed[length(TiAl_final_sed[,1]),1]+0.2),c(TiAl_final_sed[1,3],TiAl_final_
sed[,3],TiAl_final_sed[length(TiAl_final_sed[,1]),3])) 
names(TiAl_final_sedrate)<-c("meters","sedrate") 
 
write.csv(TiAl_final_sedrate,file="TiAl_final_sedrate.csv") 
 
#For applying the age model to other records extract sedimenta�on rates from data file 
TiAl_final_sedrate<-read.csv(file="TiAl_final_sedrate.csv")[,2:3] 
TiAl_sedrate_prec_ext<-TiAl_final_sedrate 
TiAl_�me_prec=sedrate2�me(TiAl_sedrate_prec_ext) 
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TiAl_tuned_prec=tune(TiAl,TiAl_�me_prec) 
#write.csv(TiAl_tuned_prec,file="TiAl_tuned_a�erTiAl.csv") 
 
############################################### 
###PREPARE AND EVALUATE THE FLOATING TI/AL RECORD BY MULTITAPER METHOD SPECTRAL ANALYSIS AND 
BANDPASS FILTERING 
############################################### 
 
TiAl_tunedres<-linterp(TiAl_tuned_prec) 
mtm_TiAltuned<-mtm(TiAl_tunedres,tbw=2,ar1=T,pl=2,xmax=0.1,detrend=T,output=2,padfac=5,siglevel=0.8) 
mtm_TiAltunedall<-mtm(TiAl_tunedres,tbw=2,ar1=T,pl=2,xmax=0.1,detrend=T,output=1,padfac=5,siglevel=0.8) 
freq_TiAltuned<-mtm_TiAltuned[,1] 
bp1_TiAltuned<-bandpass(TiAl_tunedres,flow=freq_TiAltuned[1]-
0.1*freq_TiAltuned[1],�ig�=freq_TiAltuned[1]+0.1*freq_TiAltuned[1],detrend=T) 
bp2_TiAltuned<-bandpass(TiAl_tunedres,flow=freq_TiAltuned[2]-
0.1*freq_TiAltuned[2],�ig�=freq_TiAltuned[2]+0.1*freq_TiAltuned[2],detrend=T) 
bp3_TiAltuned<-bandpass(TiAl_tunedres,flow=freq_TiAltuned[3]-
0.1*freq_TiAltuned[3],�ig�=freq_TiAltuned[3]+0.1*freq_TiAltuned[3],detrend=T) 
bp4_TiAltuned<-bandpass(TiAl_tunedres,flow=freq_TiAltuned[4]-
0.1*freq_TiAltuned[4],�ig�=freq_TiAltuned[4]+0.1*freq_TiAltuned[4],detrend=T) 
bp5_TiAltuned<-bandpass(TiAl_tunedres,flow=freq_TiAltuned[5]-
0.1*freq_TiAltuned[5],�ig�=freq_TiAltuned[5]+0.1*freq_TiAltuned[5],detrend=T) 
 
write.csv(mtm_TiAltunedall,file="powerspec_TiAl_tuned.csv") 
write.csv(mtm_TiAltuned,file="freqs_TiAl_tuned.csv") 
write.csv(data.frame(bp1_TiAltuned,bp2_TiAltuned,bp3_TiAltuned,bp4_TiAltuned,bp5_TiAltuned),file="bandpas
ses_TiAl-tuned.csv") 
 
#THE FLOATING TI/AL RECORD CAN NOW BE TUNED EITHER TO LOCAL OBLIQUITY INSOLATION  
#OR TO THE OBLIQUITY SIGNAL CAPTURED WIHTIN THE VOSTOK AIR TEMPERATURE RECORD, WHICH SLIGHTLY 
LAGS THE OBLIQUITY AND PRECESSION SIGNAL OF 65 DEGREES NORTHERN SUMMER INSOLATION 
#AIR TEMPERATURES AT VOSTOK FOLLOW THE NORTHERN MID-LATITUDE OBLIQUITY AND PRECESSION SIGNAL 
DUE TO ENERGY TRANSFER TRHOUGH OCEAN-ATMOSPHERE COUPLING 
#WE INVESTIGATE BOTH OPTIONS AND COMPARE THE RESULTS TO THE DIATOM EVENT DATUMS 
 
############################################### 
#MODEL LOCAL SUMMER INSOLATION AT 70.8 DEGREES SOUTHERN LATITUDE 
############################################### 
 
library(palinsol) 
insola�on<-func�on(�mes, astrosol=la04) 
  sapply(�mes,func�on(�) Insol(orbit=astrosol(�), long=3*pi/2, lat=-70.8*pi/180)) 
 
�s<-seq(from=-400e3, to=0, by=1e2) 
isl<-insola�on(�s,la04) 
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insolDec70.8<-data.frame(as.vector(rbind(-.001��s[order(�s�-.001,isl)])),as.vector(rbind(isl[order(�s�-
.001,isl)]))) 
names(insolDec70.8)<-c("age_k�r","insola�on") 
 
mtm_insol<-mtm(insolDec70.8,tbw=2,ar1=T,pl=2,xmax=0.1,detrend=T,output=2,padfac=5,siglevel=0.8) 
mtm_insolall<-mtm(insolDec70.8,tbw=2,ar1=T,pl=2,xmax=0.1,detrend=T,output=1,padfac=5,siglevel=0.8) 
freq_insol<-mtm_insol[,1] 
bp1_insol<-bandpass(insolDec70.8,flow=freq_insol[1]-
0.1�freq_insol[1],�ig�=freq_insol[1]�0.1�freq_insol[1],detrend=T) 
bp2_insol<-bandpass(insolDec70.8,flow=freq_insol[2]-
0.1�freq_insol[2],�ig�=freq_insol[2]�0.1�freq_insol[2],detrend=T) 
bp3_insol<-bandpass(insolDec70.8,flow=freq_insol[3]-
0.1�freq_insol[3],�ig�=freq_insol[3]�0.1�freq_insol[3],detrend=T) 
bp4_insol<-bandpass(insolDec70.8,flow=freq_insol[4]-
0.1�freq_insol[4],�ig�=freq_insol[4]�0.1�freq_insol[4],detrend=T) 
bp5_insol<-bandpass(insolDec70.8,flow=freq_insol[5]-
0.1�freq_insol[5],�ig�=freq_insol[5]�0.1�freq_insol[5],detrend=T) 
 
write.csv(insolDec70.8,file="summer-insola�on-at-AS05-10.csv") 
write.csv(mtm_insolall,file="powerspec_insol.csv") 
write.csv(mtm_insol,file="freqs_insol.csv") 
write.csv(data.frame(bp1_insol,bp2_insol,bp3_insol,bp4_insol,bp5_insol),file="bandpasses_insol.csv") 
 
#EXTRACT THE OBLIQUITY CYCLE IDENTIFIED IN THE INSOLATION RECORD FROM THE FLOATING TI/AL RECORD 
 
bp2_insolTiAl<-bandpass(TiAl_tunedres,flow=freq_insol[2]-
0.1�freq_insol[2],�ig�=freq_insol[2]�0.1�freq_insol[2],detrend=T) 
 
############################################## 
#PERFORM MTM ANALYSIS ON VOSTOK ICE CORE DELTA-T RECORD 
############################################## 
 
Vostok<-read.csv(file="Vostok_T_csv.csv") 
 
Vostokres<-linterp(Vostok,dt=0.1) 
mtm_Vostok<-mtm(Vostokres,tbw=2,ar1=T,pl=2,xmax=0.1,detrend=T,output=2,padfac=5,siglevel=0.8) 
mtm_Vostokall<-mtm(Vostokres,tbw=2,ar1=T,pl=2,xmax=0.1,detrend=T,output=1,padfac=5,siglevel=0.8) 
freq_Vostok<-mtm_Vostok[,1] 
bp1_Vostok<-bandpass(Vostokres,flow=freq_Vostok[1]-
0.1�freq_Vostok[1],�ig�=freq_Vostok[1]�0.1�freq_Vostok[1],detrend=T) 
bp2_Vostok<-bandpass(Vostokres,flow=freq_Vostok[2]-
0.1�freq_Vostok[2],�ig�=freq_Vostok[2]�0.1�freq_Vostok[2],detrend=T) 
bp3_Vostok<-bandpass(Vostokres,flow=freq_Vostok[3]-
0.1�freq_Vostok[3],�ig�=freq_Vostok[3]�0.1�freq_Vostok[3],detrend=T) 
bp4_Vostok<-bandpass(Vostokres,flow=freq_Vostok[4]-
0.1�freq_Vostok[4],�ig�=freq_Vostok[4]�0.1�freq_Vostok[4],detrend=T) 
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bp5_Vostok<-bandpass(Vostokres,flow=freq_Vostok[5]-
0.1*freq_Vostok[5],�igh=freq_Vostok[5]+0.1*freq_Vostok[5],detrend=T) 
 
write.csv(mtm_Vostokall,file="powerspec_Vostok.csv") 
write.csv(mtm_Vostok,file="freqs_Vostok.csv") 
write.csv(data.frame(bp1_Vostok,bp2_Vostok,bp3_Vostok,bp4_Vostok,bp5_Vostok),file="bandpasses_Vostok.csv
") 
 
#EXTRACT THE OBLIQUITY CYCLE IDENTIFIED IN THE VOSTOK DELTA-T RECORD FROM THE FLOATING TI/AL 
RECORD 
 
bp2_VostokTiAl<-bandpass(TiAl_tunedres,flow=freq_Vostok[2]-
0.1*freq_Vostok[2],�igh=freq_Vostok[2]+0.1*freq_Vostok[2],detrend=T) 
 
############################################## 
#IDENTIFY 40-KYR INSOLATION MAXIMA AND 40-KYR MAXIMA IN TI/AL RECORD 
############################################## 
 
#OBTAIN OBLIQUITY PEAKS IN MODELED SUMMER INSOLATION AT 70.8 DEGREES SOUTHERN LATITUDE 
 
start3<-
if(bp2_insol[1,2]<bp2_insol[2,2]){match(min(bp2_insol[1:(10*(1/freq_insol[2])),2]),bp2_insol[1:(10*(1/freq_insol
[2])),2])}else{match(min(bp2_insol[1:(5*(1/freq_insol[2])),2]),bp2_insol[1:(5*(1/freq_insol[2])),2])} 
 
insol40kyrmax<-data.frame(numeric(400/(1/freq_insol[2])),numeric(400/(1/freq_insol[2]))) 
for(f in 1:(length(insol40kyrmax[,2]))){ 
  if(bp2_insol[1,2]<bp2_insol[2,2]){ 
    insol40kyrmax[1,2]<-max(bp2_insol[1:(5*(1/freq_insol[2])),2]) 
    insol40kyrmax[(f+1),2]<-max(bp2_insol[((f-1)*(1/freq_insol[2])*10+start3):(f*(1/freq_insol[2])*10+start3),2]) 
  }else{ 
    insol40kyrmax[f,2]<-max(bp2_insol[((f-1)*(1/freq_insol[2])*10+start3):(f*(1/freq_insol[2])*10+start3),2]) 
  } 
} 
 
for(g in 1:(length(insol40kyrmax[,1]))){ 
  if(bp2_insol[1,2]<bp2_insol[2,2]){ 
    insol40kyrmax[1,1]<-
bp2_insol[match(max(bp2_insol[1:(5*(1/freq_insol[2])),2]),bp2_insol[1:(5*(1/freq_insol[2])),2]),1] 
    insol40kyrmax[(g+1),1]<-bp2_insol[match(insol40kyrmax[(g+1),2],(bp2_insol[((g-
1)*(1/freq_insol[2])*10+start3):(g*(1/freq_insol[2])*10+start3),2]))+as.integer(((g-
1)*(1/freq_insol[2])*10+start3))-1,1] 
  }else{ 
    insol40kyrmax[g,1]<-bp2_insol[match(insol40kyrmax[g,2],(bp2_insol[((g-
1)*(1/freq_insol[2])*10+start3):(g*(1/freq_insol[2])*10+start3),2]))+as.integer(((g-
1)*(1/freq_insol[2])*10+start3))-1,1] 
  } 
} 
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insol40kyrmax<-na.omit(insol40kyrmax) 
 
#OBTAIN POSITION OF OBLIQUITY PEAKS IN FLOATING TI/AL RECORD 
 
start4<-
if(bp2_insolTiAl[1,2]<bp2_insolTiAl[2,2]){match(min(bp2_insolTiAl[1:((1/1.163226)*(1/freq_insol[2])),2]),bp2_ins
olTiAl[1:((1/1.163226)*(1/freq_insol[2])),2])}else{match(min(bp2_insolTiAl[1:(0.5*(1/1.163226)*(1/freq_insol[2])
),2]),bp2_insolTiAl[1:(0.5*(1/1.163226)*(1/freq_insol[2])),2])} 
 
TiAl40kyrmax<-
data.frame(numeric(max(bp2_insolTiAl[,1])/(1/freq_insol[2])),numeric(max(bp2_insolTiAl[,1])/(1/freq_insol[2]))) 
for(h in 1:(length(TiAl40kyrmax[,2]))){ 
  if(bp2_insolTiAl[1,2]<bp2_insolTiAl[2,2]){ 
    TiAl40kyrmax[1,2]<-max(bp2_insolTiAl[1:(0.5*(1/1.163226)*(1/freq_insol[2])),2]) 
    TiAl40kyrmax[(h+1),2]<-max(bp2_insolTiAl[((h-
1)*(1/freq_insol[2])*(1/1.163226)+start4):(h*(1/freq_insol[2])*(1/1.163226)+start4),2]) 
  }else{ 
    TiAl40kyrmax[h,2]<-max(bp2_insolTiAl[((h-
1)*(1/freq_insol[2])*(1/1.163226)+start4):(h*(1/freq_insol[2])*(1/1.163226)+start4),2]) 
  } 
} 
 
TiAl40kyrmax<-na.omit(TiAl40kyrmax) 
for(i in 1:(length(TiAl40kyrmax[,1]))){ 
  if(bp2_insolTiAl[1,2]<bp2_insolTiAl[2,2]){ 
    TiAl40kyrmax[1,1]<-
bp2_insolTiAl[match(max(bp2_insolTiAl[1:(0.5*(1/1.163226)*(1/freq_insol[2])),2]),bp2_insolTiAl[1:(0.5*(1/1.163
226)*(1/freq_insol[2])),2]),1] 
    TiAl40kyrmax[(i+1),1]<-bp2_insolTiAl[match(TiAl40kyrmax[(i+1),2],(bp2_insolTiAl[((i-
1)*(1/freq_insol[2])*(1/1.163226)+start4):(i*(1/freq_insol[2])*(1/1.163226)+start4),2]))+as.integer(((i-
1)*(1/freq_insol[2])*(1/1.163226)+start4))-1,1] 
  }else{ 
    TiAl40kyrmax[i,1]<-bp2_insolTiAl[match(TiAl40kyrmax[i,2],(bp2_insolTiAl[((i-
1)*(1/freq_insol[2])*(1/1.163226)+start4):(i*(1/freq_insol[2])*(1/1.163226)+start4),2]))+as.integer(((i-
1)*(1/freq_insol[2])*(1/1.163226)+start4))-1,1] 
  } 
} 
TiAl40kyrmax<-na.omit(TiAl40kyrmax) 
 
comparisonTiAlinsol<-numeric(length(TiAl40kyrmax[,1])) 
for(j in 1:(length(comparisonTiAlinsol))){ 
  comparisonTiAlinsol[j]<-TiAl40kyrmax[j,1]-insol40kyrmax[(j+1),1] 
} 
 
mean_insol40kyr_diff<-mean(comparisonTiAlinsol) 
 



�ea�ice, ��i�a�� ��o��c��it� � te��e�at��es at �nta�c�c �a��inal zone, late Pleistocene 

243 
 

write.csv(data.frame(c(0,TiAl40kyrmax[,1],0),insol40kyrmax[,1],c(0,comparisonTiAlinsol,0)),file="40kyr_insol-TiAl-
difference.csv") 
 
############################################## 
#IDENTIFY 40-KYR INSOLATION MAXIMA AND 40-KYR MAXIMA IN TI/AL RECORD 
############################################## 
 
#OBTAIN OBLIQUITY PEAKS IN VOSTOK DELTA-T RECORD 
 
start1<-
if(bp2_Vostok[1,2]<bp2_Vostok[2,2]){match(min(bp2_Vostok[1:(10*(1/freq_Vostok[2])),2]),bp2_Vostok[1:(10*(1/
freq_Vostok[2])),2])}else{match(min(bp2_Vostok[1:(5*(1/freq_Vostok[2])),2]),bp2_Vostok[1:(5*(1/freq_Vostok[2]
)),2])} 
 
Vostok40kyrmax<-data.frame(numeric(400/(1/freq_Vostok[2])),numeric(400/(1/freq_Vostok[2]))) 
for(a in 1:(length(Vostok40kyrmax[,2]))){ 
  if(bp2_Vostok[1,2]<bp2_Vostok[2,2]){ 
    Vostok40kyrmax[1,2]<-max(bp2_Vostok[1:(5*(1/freq_Vostok[2])),2]) 
    Vostok40kyrmax[(a+1),2]<-max(bp2_Vostok[((a-
1)*(1/freq_Vostok[2])*10+start1):(a*(1/freq_Vostok[2])*10+start1),2]) 
  }else{ 
    Vostok40kyrmax[a,2]<-max(bp2_Vostok[((a-
1)*(1/freq_Vostok[2])*10+start1):(a*(1/freq_Vostok[2])*10+start1),2]) 
  } 
} 
 
for(b in 1:(length(Vostok40kyrmax[,1]))){ 
  if(bp2_Vostok[1,2]<bp2_Vostok[2,2]){ 
    Vostok40kyrmax[1,1]<-
bp2_Vostok[match(max(bp2_Vostok[1:(5*(1/freq_Vostok[2])),2]),bp2_Vostok[1:(5*(1/freq_Vostok[2])),2]),1] 
    Vostok40kyrmax[(b+1),1]<-bp2_Vostok[match(Vostok40kyrmax[(b+1),2],(bp2_Vostok[((b-
1)*(1/freq_Vostok[2])*10+start1):(b*(1/freq_Vostok[2])*10+start1),2]))+as.integer(((b-
1)*(1/freq_Vostok[2])*10+start1))-1,1] 
  }else{ 
    Vostok40kyrmax[b,1]<-bp2_Vostok[match(Vostok40kyrmax[b,2],(bp2_Vostok[((b-
1)*(1/freq_Vostok[2])*10+start1):(g*(1/freq_Vostok[2])*10+start1),2]))+as.integer(((b-
1)*(1/freq_Vostok[2])*10+start1))-1,1] 
  } 
} 
Vostok40kyrmax<-na.omit(Vostok40kyrmax) 
 
#OBTAIN POSITION OF OBLIQUITY PEAKS IN FLOATING TI/AL RECORD 
 
start2<-
if(bp2_VostokTiAl[1,2]<bp2_VostokTiAl[2,2]){match(min(bp2_VostokTiAl[1:((1/1.163226)*(1/freq_Vostok[2])),2]),
bp2_VostokTiAl[1:((1/1.163226)*(1/freq_Vostok[2])),2])}else{match(min(bp2_VostokTiAl[1:(0.5*(1/1.163226)*(1
/freq_Vostok[2])),2]),bp2_VostokTiAl[1:(0.5*(1/1.163226)*(1/freq_Vostok[2])),2])} 
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TiAlVostok40kyrmax<-
data.frame(numeric(max(bp2_VostokTiAl[,1])/(1/freq_Vostok[2])),numeric(max(bp2_VostokTiAl[,1])/(1/freq_Vost
ok[2]))) 
for(c in 1:(length(TiAlVostok40kyrmax[,2]))){ 
  if(bp2_VostokTiAl[1,2]<bp2_VostokTiAl[2,2]){ 
    TiAlVostok40kyrmax[1,2]<-max(bp2_VostokTiAl[1:(0.5*(1/1.163226)*(1/freq_Vostok[2])),2]) 
    TiAlVostok40kyrmax[(c+1),2]<-max(bp2_VostokTiAl[((c-
1)*(1/freq_Vostok[2])*(1/1.163226)+start2):(c*(1/freq_Vostok[2])*(1/1.163226)+start2),2]) 
  }else{ 
    TiAlVostok40kyrmax[h,2]<-max(bp2_VostokTiAl[((c-
1)*(1/freq_Vostok[2])*(1/1.163226)+start2):(c*(1/freq_Vostok[2])*(1/1.163226)+start2),2]) 
  } 
} 
 
TiAlVostok40kyrmax<-na.omit(TiAlVostok40kyrmax) 
for(d in 1:(length(TiAlVostok40kyrmax[,1]))){ 
  if(bp2_VostokTiAl[1,2]<bp2_VostokTiAl[2,2]){ 
    TiAlVostok40kyrmax[1,1]<-
bp2_VostokTiAl[match(max(bp2_VostokTiAl[1:(0.5*(1/1.163226)*(1/freq_Vostok[2])),2]),bp2_VostokTiAl[1:(0.5*(
1/1.163226)*(1/freq_Vostok[2])),2]),1] 
    TiAlVostok40kyrmax[(d+1),1]<-bp2_VostokTiAl[match(TiAlVostok40kyrmax[(d+1),2],(bp2_VostokTiAl[((d-
1)*(1/freq_Vostok[2])*(1/1.163226)+start2):(d*(1/freq_Vostok[2])*(1/1.163226)+start2),2]))+as.integer(((d-
1)*(1/freq_Vostok[2])*(1/1.163226)+start2))-1,1] 
  }else{ 
    TiAlVostok40kyrmax[d,1]<-bp2_VostokTiAl[match(TiAlVostok40kyrmax[d,2],(bp2_VostokTiAl[((d-
1)*(1/freq_Vostok[2])*(1/1.163226)+start2):(d*(1/freq_Vostok[2])*(1/1.163226)+start2),2]))+as.integer(((d-
1)*(1/freq_Vostok[2])*(1/1.163226)+start2))-1,1] 
  } 
} 
TiAlVostok40kyrmax<-na.omit(TiAlVostok40kyrmax) 
 
comparisonTiAlVostok<-numeric(length(TiAlVostok40kyrmax[,1])) 
for(e in 1:(length(comparisonTiAlVostok))){ 
  comparisonTiAlVostok[e]<-TiAlVostok40kyrmax[e,1]-Vostok40kyrmax[(e+1),1] 
} 
 
mean_Vostok40kyr_diff<-mean(comparisonTiAlVostok) 
 
write.csv(data.frame(c(0,TiAlVostok40kyrmax[,1],0),Vostok40kyrmax[,1],c(0,comparisonTiAlVostok,0)),file="40kyr
_Vostok-TiAl-difference.csv") 
 
############################################### 
###TUNE THE FLOATING TI/AL RECORD TO INSOLATION BASED ON OBLIQUITY MAXIMA 
############################################### 
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#THE MEAN DIFFERENCE BETWEEN THE OBLIQUITY PEAKS OF THE TI/AL RECORD AND 70.8 SOUTHERN LATITUDE 
SUMMER INSOLATION IS 1.0 KYR (+- ONE OBLIQUITY CYCLE) 
#THE MEAN DIFFERENCE BETWEEN THE OBLIQUITY PEAKS OF THE TI/AL RECORD AND THE VOSTOK DELTA-T 
RECORD IS 4.4 KYR (+- ONE OBLIQUITY CYCLE) 
 
chosendiff=mean_Vostok40kyr_diff 
TiAl_trueages<-data.frame((TiAl_tuned_prec[,1]-chosendiff),TiAl_tuned_prec[,2]) 
idPts(TiAl_trueages) 
write.csv(TiAl_trueages,file="TiAl_trueages.csv") 
 
#TUNING TO THE 1.0-KYR DIFFERENCE RESULTS IN A TUNED AGE FOR THE DIATOM EVENT DATUMS OF 148±10 
AND 270±10 KA 
#TUNING TO THE 4.4-KYR DIFFERENCE RESULTS IN A TUNED AGE FOR THE DIATOM EVENT DATUMS OF 145±10 
AND 267±10 KA 
#VERSUS THE ORIGINAL AGES AT 138 AND 280 KA (OR 240-300 KA), RESPECTIVELY 
#WE CHOSE TO TUNE TO THE OBLIQUITY SIGNAL IN THE VOSTOK DELTA-T RECORD 
 
TiAl_trueres<-linterp(TiAl_trueages) 
mtm_TiAltrueages<-mtm(TiAl_trueres,tbw=2,ar1=T,pl=2,xmax=0.1,detrend=T,output=2,padfac=5,siglevel=0.8) 
mtm_TiAltrueagesall<-mtm(TiAl_trueres,tbw=2,ar1=T,pl=2,xmax=0.1,detrend=T,output=1,padfac=5,siglevel=0.8) 
freq_TiAltrueages<-mtm_TiAltrueages[,1] 
bp1_TiAltrueages<-bandpass(TiAl_trueres,flow=freq_TiAltrueages[1]-
0.1�freq_TiAltrueages[1],�igh=freq_TiAltrueages[1]+0.1�freq_TiAltrueages[1],detrend=T) 
bp2_TiAltrueages<-bandpass(TiAl_trueres,flow=freq_TiAltrueages[2]-
0.1�freq_TiAltrueages[2],�igh=freq_TiAltrueages[2]+0.1�freq_TiAltrueages[2],detrend=T) 
bp3_TiAltrueages<-bandpass(TiAl_trueres,flow=freq_TiAltrueages[3]-
0.1�freq_TiAltrueages[3],�igh=freq_TiAltrueages[3]+0.1�freq_TiAltrueages[3],detrend=T) 
bp4_TiAltrueages<-bandpass(TiAl_trueres,flow=freq_TiAltrueages[4]-
0.1�freq_TiAltrueages[4],�igh=freq_TiAltrueages[4]+0.1�freq_TiAltrueages[4],detrend=T) 
bp5_TiAltrueages<-bandpass(TiAl_trueres,flow=freq_TiAltrueages[5]-
0.1�freq_TiAltrueages[5],�igh=freq_TiAltrueages[5]+0.1�freq_TiAltrueages[5],detrend=T) 
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Appendix C: additional data and figures 

 
  

 

�igure ���� �ecord o� the e�ementa� ra�o� �r/�b� �/Cr� �i/Co and U/Th compared to the biogenic barium 
record. 
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Abstract 
The volume of the �ntarc�c con�nental ice sheet(s) varied substan�ally during the
Oligocene and Miocene (~34-5 Ma) from smaller to substan�ally larger than today, both
on million-year and on orbital �mescales. However, reproduc�on through physical
modeling of a dynamic response of the ice sheets to climate forcing remains problema�c,
sugges�ng the existence of complex feedback mechanisms between the cryosphere, 
ocean, and atmosphere systems. There is therefore an urgent need to improve the models
for be�er predic�ons of these systems, including resul�ng poten�al future sea level
change. To assess the interac�ons between the cryosphere, ocean, and atmosphere, 
knowledge of ancient sea surface condi�ons close to the �ntarc�c margin is essen�al.
Here, we present a new TEX86-based sea surface water paleotemperature record
measured on Oligocene sediments from Integrated Ocean Drilling Program (IODP) Site
U1356, offshore Wilkes Land, East �ntarc�ca. The new data are presented along with 
previously published Miocene temperatures from the same site. Together the data cover
the interval between ~34 and ~11 Ma and encompasses two hiatuses. This record allows 
us to accurately reconstruct the magnitude of sea surface temperature (SST) variability
and trends on both million-year and on glacial-interglacial �mescales. On average, TEX86

values indicate SSTs ranging between 10 and 21°C during the Oligocene and Miocene,
which is on the upper end of the few exis�ng reconstruc�ons from other high-la�tude 
Southern Ocean sites. SST maxima occur around 30.5, 25 and 17 Ma. Our record suggests
generally warm to temperate ocean offshore Wilkes Land. Based on lithological
alterna�ons detected in the sedimentary record, which are assigned to glacial-interglacial 
deposits, an SST variability of 1.5–3.1°C at glacial-interglacial �mescales can be
established. This variability is slightly larger than that of deep-sea temperatures recorded 
in Mg/Ca data. Our reconstructed Oligocene temperature variability has implica�ons for
Oligocene ice volume es�mates based on benthic δ18O records. If the long-term and 
orbital-scale SST variability at Site U1356 mirrors that of the nearby region of deep-water 
forma�on, we argue that a substan�al por�on of the variability and trends contained in
long-term δ18O records can be explained by variability in Southern high-la�tude 
temperature and that the �ntarc�c ice volume may have been less dynamic than
previously thought. Importantly, our temperature record suggests that Oligocene-
Miocene �ntarc�c ice sheets were generally of smaller si�e compared to today. 
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1 Introduction 
Numerical paleoclimate models predict that with the current rate of ice volume loss 

(up to 109±56 Gt/yr, The IMBRIE team, 2018) several sectors of the West Antarc�c marine-
based ice sheet will disappear within the coming few centuries (e.g., Joughin et al., 2014; 
The IMBRIE team, 2018) favored by ocean warming-induced collapse. Observa�ons show 
that glaciers on East Antarc�ca are also vulnerable to basal melt through warming of the 
ocean waters when they are grounded below sea level (Greenbaum et al., 2015; Miles et 
al., 2016; Shen et al., 2018; The IMBRIE team, 2018), making the East Antarc�c Ice Sheet 
(EAIS) not as stable as previously thought (Mcmillan et al., 2014). Recent numerical 
modeling studies have improved on reproducing the observed ice sheet volume decrease, 
as they incorporate posi�ve feedbacks (e.g., bedrock topography) to global warming and 
more complicated physics (e.g., hydrofracturing and ice-cliff failure) into these models 
(Fogwill et al., 2014; Austermann et al., 2015; Pollard et al., 2015; DeConto and Pollard, 
2016; Golledge et al., 2017). These models indeed show that sensi�vity to global warming 
is par�cularly high where the ice sheet is grounded below sea level (Fretwell et al., 2013), 
such as in the Wilkes Land Basin (Golledge et al., 2017; Shen et al., 2018).  

On both glacial-interglacial (Parrenin et al., 2013) and longer-term Cenozoic 
�mescales (Zachos et al., 2008; Pagani et al., 2011), Antarc�c ice volume changes have 
been mostly linked to changes in atmospheric CO2 concentra�ons (pCO2; see e.g., Foster 
and Rohling, 2013; Crampton et al., 2016; Liebrand et al., 2017), modulated by 
astronomically forced changes in insola�on (e.g., Westerhold et al., 2005; Pälike et al., 
2006b; Holbourn et al., 2013; Liebrand et al., 2017; Miller et al., 2017). Foster and Rohling 
(2013) compiled pCO2 pro�y data and associated sea level reconstruc�ons for the last 40 
million years (Myr). These data suggest that if the past is projected to the future all ice on 
West Antarc�ca and Greenland may be lost under current and near-future atmospheric 
CO2 condi�ons (400-450 ppmv) in equilibrium state. Projec�ons of pCO2 for future 
emission scenarios of the latest IPCC Report (2014) show a range from 500 to 1000 ppmv 
for the year 2100, which could lead to addi�onal ice sheet volume loss from East 
Antarc�ca. This range in atmospheric pCO2 is similar to that reconstructed for the warmest 
intervals of the Oligocene and Miocene epochs (full range: 200–1000 ppmv; e.g., Zhang et 
al., 2013; Super et al., 2018). Given that observa�ons clearly link the recent instability of 
marine-based ice sheets to ocean warming, it becomes important to be�er constrain near-
�eld sea surface temperatures (SSTs) from the Antarc�c margin during the Oligocene and 
Miocene to improve our understanding of past ice sheet dynamics and the projec�ons for 
the future. 

EAIS volume changes have been suggested for the Oligocene and Miocene based on 
a number of deep-sea δ18O records, which re�ect a combina�on of bo�om-water 
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temperature and ice volume (e.g., Shevenell et al., 2004; Westerhold et al., 2005; Pekar et 
al., 2006; Pekar and Chris�e-Blick, 2008; Liebrand et al., 2017; Miller et al., 2017), as well 
as sedimentary paleo-sea level reconstruc�ons (John et al., 2011; Gallagher et al., 2013; 
Stap et al., 2017). These records show long-term (1-3 Myr) trends punctuated by strong 
but transient glacia�on events (Oi and Mi events) (Westerhold et al., 2005; Pälike et al., 
2006b; Liebrand et al., 2016; Hauptvogel et al., 2017; Liebrand et al., 2017; Miller et al., 
2017). Following the onset of the Oligocene, marked by the Oi-1 glacia�on event, the long-
term trend shows a shi� towards lighter δ18O values and a steady increase towards 27 Ma, 
then a decrease to 24 Ma and a final increase leading into the Miocene, marked by the Mi-
1 glacia�on event (�achos, 2001; Cramer et al., 2009; Beddow et al., 2016; Liebrand et al., 
2016). Miocene benthic δ18O long-term trends show a sudden increase at 16.9 Ma, which 
marks the onset of the mid-Miocene Clima�c Op�mum (MMCO), a plateau phase, and a 
subse�uent stepwise decrease known as the mid-Miocene Clima�c Transi�on (MCT) 
(Shevenell et al., 2004; Westerhold et al., 2005; Holbourn et al., 2007, 2013, 2015). The 
Oligocene and Miocene glacia�ons are paced by periods of strong 110-kyr eccentricity 
fluctua�ons of up to 1� (Liebrand et al., 2011, 2016, 2017). These δ18O fluctua�ons may 
mostly result from the waxing and waning of the EAIS, in which case the ice sheet was 
highly dynamic, or they mostly reflect large changes in deep-sea temperature, in which 
case large SST fluctua�ons in the region of deep-water forma�on were to be expected. 
Considering the former, fluctua�ons between 50� and 125� of the present-day EAIS have 
been suggested for the Oligocene (Pekar et al., 2006; DeConto et al., 2008; Pekar and 
Chris�e-Blick, 2008), but this amount of variability has not yet been en�rely reproduced by 
numerical modeling studies (DeConto et al., 2008; Pollard et al., 2015; Gasson et al., 2016). 
Considering the la�er, several studies have suggested that during the Oligocene the 
southern high la�tudes were the prevalent source for cold deep-water forma�on (Katz et 
al. 2011; Goldner et al. 2014; Borelli & Katz 2015). Hence, deep-water temperature records 
from the southern high la�tudes, par�cularly those capturing temperature changes on 
million-year as well as orbital �mescales, may provide informa�on on the rela�ve 
contribu�on of deep-sea temperature variability to the δ18O records. However, 
reconstruc�ons of deep-water temperature based on δ18O and Mg�Ca ra�os of benthic 
foraminifera are hampered by the poor preserva�on of carbonates on the high-la�tude 
Southern Ocean floor and rely on cri�cal assump�ons about past composi�on of seawater 
chemistry. Therefore, one needs to assume that the deep-sea temperature trend captured 
in the Oligocene and Miocene δ18O records is related to surface water temperature in the 
Southern Ocean similar to today (Jacobs, 1991; Baines, 2009) and in the Eocene (Bijl et al., 
2009). Based on this assump�on, Southern Ocean SSTs would poten�ally gauge deep-sea 
temperature variability. Only few Oligocene SST es�mates are available for the Southern 
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Ocean and they relate to the early Oligocene (Plancq et al., 2014; Petersen and Schrag, 
2015). Few Southern Ocean SST records are available for the early and mid-Miocene (14–
17 Ma) (Shevenell et al., 2004; Kuhnert et al., 2009; Majewski and Bohaty, 2010) and only 
two (Levy et al., 2016; Sangiorgi et al., 2018) are derived from south of the Polar Front 
(PF). Obstacles for reconstruc�ng Oligocene and Miocene SST in the Southern Ocean are 
the paucity of stra�graphically well-calibrated sedimentary archives, as well as suitable 
indicator fossils/compounds within these sediments that can be used to reconstruct SST.  

In 2010, the Integrated Ocean Drilling Program (IODP) cored a sedimentary archive 
at the boundary of the con�nental rise and the abyssal plain offshore Wilkes Land with a 
well-dated Oligocene and Miocene sequence: IODP Site U1356 (Fig. 1), suitable for 
paleoclimatological analysis. In this study we use the now well-established ra�o between 
several isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs), the so-called TEX86 proxy 
(Schouten et al., 2002, 2013), to reconstruct SSTs at this high-la�tude Southern Ocean site. 
We present new SST data based on TEX86, covering almost the en�re Oligocene, along with 
published TEX86 values for the mid-Miocene sec�on (Sangiorgi et al., 2018). Detailed 
lithological logging of both the Oligocene and Miocene sec�ons of Site U1356 allows for 
the dis�nc�on of glacial and interglacial deposits (Salabarnada et al., 2018). This enables 
us to assess long-term evolu�on of SSTs in proximity of the ice sheet as well as the 
temperature differences between glacials and interglacials on orbital �mescales, which 
have implica�ons on the dynamics of the �ntarc�c ice sheet and its sensi�vity to climate 
change. We compare our record with the few exis�ng early Oligocene and mid-Miocene 
SST data from other high-la�tude Southern Ocean sites as well as with deep-water δ18O 
and Mg/�a-based bo�om-water temperature (BWT) records from lower la�tudes (Billups 
and Schrag, 2002; Lear et al., 2004; Shevenell et al., 2004), and we discuss the implica�ons 
of our findings. 

Together with the companion papers by Salabarnada et al. (2018) and Bijl et al. 
(2018b) on the lithology and dinocyst assemblages of Site U1356, we contribute 
significantly to the limited knowledge that exists on Oligocene-Miocene 
paleoceanographic condi�ons close to the �ntarc�c margin. 

2 Materials & Methods 
2.1 Site description 

Integrated Ocean Drilling Program (IODP) Expedi�on 318 Site U1356 was cored 
about 300 kilometers off the Wilkes Land coast (63°54.61'S, 135°59.94'E) at the boundary 
between the con�nental rise and the abyssal plain at a water depth of 3992 m (Expedi�on 
318 Scien�sts, 2011a, see Fig. 1). Today, this site is south of the �ntarc�c PF and is under 
the in�uence of by �ntarc�c Bo�om Water (��BW), Lower �omponent Deep Water 
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(LCDW), Upper Component Deep Water (UCDW), and Antarc�c Surface Water (AASW) 
(Orsi et al., 1995). Modern-day annual SST values lie around 0°C (summer SSTs are about 
1–2°C) (Locarnini et al., 2010). 

2.2 Sedimentology  
At present, IODP Site U1356 receives sediments transported from the shelf and the 

slope as well as the in situ pelagic component. Although we have no �uan�ta�ve 
constraints on the water depth during the Oligocene and Miocene, the sediments as well 
as the biota suggest a deep-water se�ng at Site U1356 during these �mes (Houben et al., 
2013; Escu�a et al., 2014). Sedimentary units of Hole U1356A have been defined in the 
shipboard report (Expedi�on 318 Scien�sts, 2011a). Detailed logging of the sediments 
recovered in Hole U1356A has revealed that the Oligocene and Miocene sedimentary 
record (between 95.40 and 894.80 meters below sea floor, mbsf) consists mostly of 
alterna�ons of (diatomaceous) laminated and bioturbated sediments, gravity flow 
deposits, and carbonate beds (Salabarnada et al., 2018; Sangiorgi et al., 2018) (Fig. 2). 
Gravity flow deposits include mass-transport deposits (MTDs) formed by the slump and 
debris flow sediments of the Miocene, Oligocene and Eocene-Oligocene transi�on (EOT), 
and the late Oligocene-Miocene turbidite-type facies as defined by Salabarnada et al. 
(2018). Samples from the MTDs contain the largest contribu�on of reworked older 
material transported from the con�nental shelf (�i�l et al., 2018b), while in the other 
lithologies, this component is reduced or absent.  

�etween 593.4 and �95.1 mbsf, there are clear alterna�ons between greenish 
carbonate-poor laminated and grey bioturbated deposits with some carbonate-rich 
bioturbated intervals. These deposits are interpreted as contourite deposits recording 
glacial-interglacial environmental variability (Salabarnada et al., 2018). Above 600 mbsf, 
sediments mostly consist of MTDs with low to abundant clasts (Fig. 2). However, between 
the MTDs greenish or grey laminated deposits and greenish or grey bioturbated deposits 
are preserved. �ear the bo�om of Unit III as defined in the shipboard report (around 433 
mbsf and below), a di�erent deposi�onal se�ng is represented with alterna�ons between 
pelagic clays and (ripple) cross-laminated sandstone beds (Expedi�on 318 Scien�sts, 
2011a). These sandy (ripple) cross-laminated beds are interpreted as turbidite deposits 
(Salabarnada et al., 2018). Above these turbidite deposits, there are diatomaceous silty 
clays that are characteri�ed by an alterna�on of green laminated and grey homogeneous 
(bioturbated) silty clays. Apart from their diatom content, these deposits are very similar 
to the Oligocene alterna�ons between carbonate-poor laminated and carbonate-
containing bioturbated deposits, and are therefore interpreted likewise (Salabarnada et al., 
2018). Up-core within the Miocene sec�on, the alterna�ons between laminated and 
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homogeneous diatomaceous silty clays become more frequent. In the upper Miocene 
sec�ons (95.4�110 mbsf) lamina�ons become less clear as the sediments become less 
consolidated; however green and grey alterna�ons can s�ll be dis�nguished. The more 
diatomaceous green deposits are interpreted as interglacial stages. Samples analyzed for 
TEX86 were chosen from all the di�erent lithologies (Fig. 2). In par�cular the 
(diatomaceous) laminated and bioturbated deposits were sampled, so we can test 
whether the glacial-interglacial variability inferred from the lithology is reflected in our 
TEX86 data. 

2.3 Oligocene and Miocene paleoceanographic setting 
The Oligocene and Miocene Southern Ocean paleoceanographic configura�on is 

s�ll obscure and controversial. Some studies suggest that most Southern Ocean surface 
and deep-water masses were already in place by Eocene-Oligocene boundary �mes (�atz 
et al., 2011). Neodymium isotopes on opposite sides of Tasmania suggest that an 
eastward-flowing deep-water current has been present since 30 Ma (Scher et al., 2015). A 
westward-flowing Antarc�c Circumpolar Counter Current (ACCC) was already established 
during the middle Eocene (49 Ma; Bijl et al., 2013a) (Fig. 1). The Tasmanian Gateway 
opening also allowed the proto-Leeuwin current (PLC) flowing along southern Australia to 
con�nue eastward (Carter et al., 2004; S�ckley et al., 2004) (Fig. 1). However, numerical 
modeling studies show that throughflow of the Antarc�c Circumpolar Current (ACC) was 
s�ll limited during the Oligocene (Hill et al., 2013) because Australia and South America 
were substan�ally closer to Antarc�ca (Fig. 1) than today (Markwick, 2007). Moreover, 
tectonic reconstruc�ons and stra�graphy of forma�ons on Tierra del Fuego suggest that 
following open condi�ons in the middle and late Eocene, the seaways at Drake Passage 
underwent upli� star�ng at 29 Ma and defini�ve closure around 22 Ma (Lagabrielle et al., 
2009). Evidence for ac�ve spreading and transgressional deposits in the Tierra del Fuego 
area records the widening of Drake Passage from 15 Ma onwards. The �ming of the Drake 
Passage opening, which allowed for significant ACC throughflow, is s�ll heavily debated 
(Lawver and Gahagan, 2003; Livermore et al., 2004; Scher and Mar�n, 2006, 2008; Barker 
et al., 2007; Dalziel, 2014; Maldonado et al., 2014). Contourite deposits suggest that 
strong Antarc�c bo�om-water currents first appeared in the early Miocene (21.3 Ma) and 
that Weddell Sea Deep Water has been able to flow westwards into the Sco�a Basin since 
the middle Miocene (~12.1 Ma) (Maldonado et al., 2003, 2005). It has been suggested that 
the closure and the reopening of Drake Passage are responsible for the warmer late 
Oligocene and the mid-Miocene Clima�c Op�mum (MMCO), and the subsequent cooling 
during the mid-Miocene Climate Transi�on (MMCT), respec�vely, as inferred from the 
benthic δ18O records (Lagabrielle et al., 2009). If the throughflow at the Drake Passage was 

6



Chapter 6 

256 
 

limited in the late Oligocene and early Miocene, the ACCC was more dominant than the 
ACC during these �mes according to the model study of Hill et al. (2013).  

Antarc�ca was posi�oned more eastward during the Oligocene and Miocene 
rela�ve to today (due to true polar wander; van Hinsbergen et al. 2015), and Site U1356 
was more to the north during the Oligocene and Miocene compared to today 
(approximately 59°S at 34 Ma to 61°S at 10 Ma). Reconstruc�ons of the posi�on of the PF 
based on the distribu�on of calcareous and siliceous microfossils, place the PF at 60°S 
during the early Oligocene (Scher et al., 2015), which means that Site U1356 may have 
crossed the PF between 34 and 10 Ma. The more northerly posi�on of Site U1356 may 
have facilitated the influence of warmer waters during the mid-Miocene at Site U1356 
(Sangiorgi et al., 2018), and therefore bo�om-water forma�on may have been absent or 
limited at Site U1356. Bo�om-water forma�on is expected in more southerly posi�oned 
shallow basins, such as the nearby Ross Sea, where glaciers extended onto the Antarc�c 
shelf (Sorlien et al., 2007). However, neodymium isotopes obtained from Site U1356 
suggest that bo�om water formed o�shore the Ad�lie and Wilkes Land coast during the 
early Eocene, which seems in contrast with the globally high temperature of that �me 
(Huck et al., 2017). Modeling studies have, however, suggested that density contrasts 
created by seasonal changes in SST and salinity (with or without sea ice) may have induced 
deep-water forma�on and downwelling around Antarc�ca (Lunt et al., 2010; Goldner et 
al., 2014).  

2.4 Age model U1356 
Oligocene sediments were recovered in the sec�on from 894.68 mbsf (first 

occurrence (FO) �a�����a e����a�a) to 432.64 mbsf (base of subchron C6Cn.2n) at IODP 
Hole U1356A (Bijl et al., 2018a). The shipboard age model (Tauxe et al., 2012) was based 
on biostra�graphy with magnetostra�graphic �e points and chronostra�graphically 
calibrated to the Geologic Time Scale of 2004 (Gradstein et al., 2004). We follow Bijl et al. 
(2018a), who recalibrated the exis�ng age �e points to the Geologic Timescale of 2012 
(GTS2012, Gradstein et al., 2012). The FO of �a�����a e����a�a (894.68 mbsf; 33.5 Ma; 
Houben et al., 2011) and the last occurrence (LO) of �e������e�e�tra ���e�ta (431.99 mbsf; 
22.97 Ma) and the paleomagne�c �e points were used to convert the data to the �me 
domain (see Fig. 4). For the Oligocene-Miocene boundary, we also follow Bijl et al. (2018a) 
who infer a hiatus spanning from ~22.5 to 17.0 Ma between Cores 44R and 45R (~421 
mbsf). It is unknown whether addi�onal short hiatuses exist within the Oligocene record, 
but this is likely considering the presence of MTDs (Salabarnada et al., 2018; Fig. S1). In 
addi�on, the poor core recovery in some intervals dictates cau�on in making detailed 
stra�graphic comparisons with other records. 
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�or the Miocene sec�on of Hole U1356A we follow Sangiorgi et al. (2018), who 
applied the constrained op�miza�on methodology (CONOP) of Crampton et al. (2016) to 
diatom and radiolarian biostra�graphic events to construct an age model. Based on the 
applica�on of CONOP to the diatom and radiolarian biostra�graphic events a second 
hiatus was iden�fied spanning approximately the interval between 13.4 and 11 Ma. 

2.5 Glycerol dialkyl glycerol tetraether extraction and analysis 
�n addi�on to the 29 samples from the Miocene sec�on presented in Sangiorgi et 

al. (2018), a total of 132 samples from the Oligocene and early Miocene part of the 
sedimentary record (Table S1) were processed for the analysis of GDGTs used for TEX86. 
Spacing varies due to variability in core recovery and GDGT preserva�on. �urthermore, 
sampling of disturbed strata was avoided. Sample processing involved manual powdering 
of freeze-dried sediments a�er which lipids were extracted through accelerated solvent 
extrac�on (ASE� with a dichloromethane (DCM)/methanol (MeOH) mixture, 9:1 v/v, at 
100°C and 7.6 x 106 Pa). The lipid extract was separated using Al2O3 column 
chromatography and hexane/DCM (9:1, v/v), hexane/DCM (1:1, v/v) and DCM/MeOH (1:1, 
v/v) for separa�ng apolar, ketone, and polar frac�ons, respec�vely. Then, 99 ng of C46 
internal standard was added to the polar frac�on, containing the GDGTs, for quan�fica�on 
purposes (see Huguet et al., 2006). The polar frac�on of each sample was dried under N2, 
dissolved in hexane/isopropanol (99:1, v/v) and filtered through a 0.45 μm 4 mm diameter 
polytetra�uorethylene filter. A�er that the dissolved polar frac�ons were in�ected and 
analyzed by high-performance liquid chromatography–mass spectrometry (HPLC–MS) at 
Utrecht University. Most samples were analyzed following HPLC–MS se�ngs in Schouten 
et al. (2007), while some samples (see Table S1) were analyzed by ultra-high-performance 
liquid chromatography–mass spectrometry (UHPLC–MS) according to the method 
described by Hopmans et al. (2016). Only a minor difference between TEX86 index values 
generated by the different methods was recorded by Hopmans et al. (2016) (on average 
0.005 TEX86 units). Reruns of five samples with the new method show an average 
difference between the two methods of 0.011 TEX86 units (see Table S2), which translates 
to a 0.6°C temperature difference based on TEX86

H of Kim et al. (2010) and lies well within 
the calibra�on error of 2.5°C. GDGT peaks in the (U)HPLC chromatograms were integrated 
using ChemSta�on so�ware. A total of 16 of the 132 samples had too low concentra�ons 
of GDGTs to obtain a reliable TEX86 value and have been discarded (i.e., with a peak height 
less than 3x background, as well as peak areas below 5*103 mV and 3*103 mV for HPLC-MS 
and UHPLC–MS, respec�vely).  
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Figure 1: (A) Present-day Southern 
Ocean summer temperatures and 
geography obtained from the 
World Ocean Atlas (Locarnini et al., 
2010) using Ocean Data View and 
Southern Ocean fronts obtained 
from Orsi et al. (1995). PF: Polar 
Front, SAF: Sub-Antarc�c Front, 
STF: Sub-Tropical Front. Red 
diamonds indicate DSDP/ODP/ 
�ODP site loca�ons.  
(B) Map of Antarc�ca around 30 
Ma, a modified reconstruc�on by 
the Ocean Drilling Stra�graphic 
Network Plate Tectonic 
Reconstruc�on Service (con�nents 
in black, shelf areas in grey). Paleo-
la�tudes calculated with 
paleola�tude.org (van �insbergen 
et al., 2015). Reconstructed cold 
(light blue) and warm (red) surface 
currents are based on publica�ons 
by S�ckley et al. (2004), Warnaar 
(2006), Bijl et al. (2011), Bijl et al., 
(2013), and Douglas et al. (2014). 
Reconstructed bo�om-water 
currents (do�ed dark blue) are 
based on publica�ons by Carter et 
al. (2004), Livermore et al. (2007), 
Maldonado et al. (2014) and Scher 
et al. (2015). ACCC: Antarc�c 
Circumpolar Counter Current, PLC: 
proto-Leeuwin Current. 
(C) The same as the middle figure, 
but then for the period around 17 
Ma. 
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We have used the branched and isoprenoid tetraether (BIT) index (Hopmans et al., 
2004) to verify the rela�ve contribu�on of terrestrial GDGTs in our samples, compared to 
marine GDGTs. As isoprenoid GDGTs (isoGDGTs), used for the TEX86 proxy, are also 
produced in terrestrial soils, albeit in minor amounts, they can alter the marine signal 
when there is a large contribu�on of soil organic ma�er to marine sediments. This 
contribu�on can be iden��ed by determining the rela�ve amount of branched GDGTs 
(brGDGTs), which are primarily derived from soil (Weijers et al., 2006), to that of the 
isoGDGT crenarchaeol (Hopmans et al., 2004). Samples with BIT index values above 0.3 
indicate that the TEX86-based temperature may be a�ected by a contribu�on of soil-
derived isoGDGTs and thus should be discarded (see Weijers et al. 2006), although, a high 
BIT value can some�mes also result from produc�on of brGDGTs in marine sediments and 
the water column (Peterse et al., 2009; Sinninghe Damsté, 2016). The composi�on of the 
brGDGTs can be used to dis�nguish between marine and soil-derived GDGT input, in 
par�cular by using the #ringtetra index (Sinninghe Damsté, 2016). The #ringstetra index can 
discriminate between marine and soil-derived brGDGTs as the composi�on of soil-derived 
GDGTs typically shows high amounts of the acyclic tetramethylated GDGT-Ia, while a 
dominance of cyclic tetramethylated (Ib and Ic) brGDGTs has been a�ributed to in situ 
produc�on within the sediments (Sinninghe Damsté, 2016).  

�xic degrada�on of GDGTs does not a�ect the rela�ve amounts of individual 
isoGDGTs (Huguet et al., 2009; Kim et al., 2009). However, oxic degrada�on may lead to an 
increased rela�ve in�uence of soil-derived isoGDGTs, which could bias the TEX86 in 
di�erent ways depending on the composi�on of the soil-derived isoGDGTs (Huguet et al., 
2009). Higher BIT index values are expected in samples with enhanced amounts of soil-
derived isoGDGTs due to oxic degrada�on and will be discarded. In addi�on, we calculated 
the methane index (MI) (Zhang et al., 2011), GDGT-0 / crenarchaeol (Blaga et al., 2009; 
Sinninghe Damsté et al., 2009), GDGT-2 / crenarchaeol ra�os (Weijers et al., 2011), and 
ring index (Zhang et al., 2016) to check for input of methanogenic or methanotrophic 
archaea, or any other non-temperature-related biases to TEX86.  

2.6 TEX86 calibrations 
The TEX86 proxy is based on the distribu�on of isoGDGTs preserved in sediments 

(Schouten et al., 2002, 2013). In marine sediments these lipids are assumed to originate 
from cell membranes of marine Thaumarchaeota, which are one of the dominant 
prokaryotes in today�s ocean and occur throughout the en�re water column (e.g., Karner 
et al., 2001; Church et al., 2003, 2010). Applying TEX86 in polar oceans has been challenged 
by the observa�on that high sca�er in the cold end of the core-top dataset for TEX86 is 
present (Kim et al., 2010; Ho et al., 2014). To overcome some of the sca�er as well as the 
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nonlinearity of the TEX86-SST rela�onship, Kim et al. (2010) proposed two isoGDGT-based 
proxies and calibra�ons� TEX86

L and TEX86
H. The la�er is not considered here as it was 

par�cularly developed for low-la�tude high-temperature surface waters, and high-la�tude 
core-top values were le� out of the calibra�on (Kim et al., 2010). The former was 
par�cularly developed for high-la�tude low-temperature surface waters. However, it has 
been shown that TEX86

L is sensi�ve to changes in the GDGT-2/GDGT-3 ra�o ([2]/[3]), which 
are unrelated to SST (Taylor et al., 2013; Hernández-Sánchez et al., 2014). Instead these 
[2]/[3] changes result from changes in the Thaumarchaeota community structure in the 
water column because the community that thrives in deeper (>1000 mbsl) nutrient and 
ammonia-rich waters produces significantly more GDGT-2 and thereby introduces a water-
depth dependency into the calibra�on (Taylor et al., 2013; Hernández-Sánchez et al., 2014; 
Villanueva et al., 2015). Close to the Antarc�c margin, the abundance of shallow versus 
deep -water Thaumarchaeota communi�es at deep-water sites, like Site U1356 during the 
Oligocene-Miocene, could be affected by the presence of sea ice and the rela�ve influence 
of (proto-)UCDW and (proto-)LCDW upwelling. For this reason, TEX86

L-based calibra�ons 
are also not the focus of our study. Instead, we focus on TEX86-based calibra�ons only. All 
exis�ng TEX86

(H) and TEX86
L calibra�ons have, however, been applied to our data and are 

presented as a figure in the Supplement (Figure S1). 
In addi�on to the TEX86

L and TEX86
H calibra�ons, Kim et al. (2010) also constructed a 

linear SST calibra�on based on TEX86 that does include the high-la�tude core-top values. 
Despite the sca�er at the cold end of the calibra�on that results from the inclusion of 
Arc�c surface sediment samples with devia�ng TEX86-SST rela�ons, this calibra�on (SST � 
81.5*TEX86 � 26.6 with a calibra�on error of �5.2�C) has been shown to plot onto the 
annual mean sea surface temperatures of the World Ocean Atlas 2009 (WOA2009; 
Locarnini et al., 2010) for the surface sample TEX86 values obtained in the Pacific sector of 
the Southern Ocean (Ho et al., 2014). However, this calibra�on is likely to be influenced by 
regional differences in water depth, oceanographic se�ng and archaeal communi�es 
(Trommer et al., 2009; Tierney and Tingley, 2014; Kim et al., 2015; Villanueva et al., 2015; 
Kim et al., 2016). In addi�on, this calibra�on suffers from regression dilu�on bias caused 
by the uncertainty in the measured TEX86 values plo�ed on the x axis (Tierney and Tingley, 
2014). �egression dilu�on bias causes fla�ening of the slope (Hutcheon et al., 2010) and 
therefore affects reconstructed TEX86-based temperatures at the lower and upper end of 
the calibra�on range. Modern-analogue calibra�on methods exist today to overcome this 
regression dilu�on bias as well as some of the regional variability in TEX86-SST rela�onships 
(Tierney and Tingley, 2014, 2015). These calibra�ons are based on a �ayesian spa�ally 
varying regression model (�A�SPA�), which infers a best es�mate for intersec�on and 
slope of the calibra�on based on an assembly of 20� by 20� spa�al grid boxes that 
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sta�s�cally fit best with an es�mate of the prior distribu�on of temperature (i.e. the prior) 
(Tierney and Tingley, 2014). As for deep-�me temperature reconstruc�ons this prior 
cannot be based on modern-day annual mean SSTs, the BAYSPAR method requires a user-
specified mean and variance for this prior (Tierney and Tingley, 2014). The prior for Site 
U1356 is obtained from recent clumped isotope measurements (Δ47) on planktonic 
foraminifers from Maud Rise (ODP Site 689) (Petersen and Schrag, 2015), which show early 
Oligocene temperatures of 12°C. The BAYSPAR approach (Tierney and Tingley, 2014, 2015) 
selects only those TEX86 values from the calibra�on set of Kim et al. (2010) and an 
addi�onal 155 core tops from regional core-top TEX86 studies that are relevant for the 
study site, thereby genera�ng a more regional calibra�on. Applica�on of BAYSPAR on Site 
U1356 using a prior mean of 12°C does, however, result in the exclusion of the high-
la�tude core-top values. For this reason we find it useful to compare the BAYSPAR results 
to the results obtained by using the linear calibra�on of Kim et al. (2010). The BAYSPAR 
calibra�on method provides an es�mate for SST and an upper and lower 90% confidence 
interval. For comparison to the linear calibra�on of Kim et al. (2010)  a standard error (SE) 
has been calculated from these confidence intervals by assuming a normal distribu�on 
around the mean, in which case the 90% confidence interval boundaries can be calculated 
as the mean plus or minus 1.645 �mes the SE.  

Despite these recent efforts in improving the TEX86-SST rela�onship, TEX86 is known 
to overes�mate temperatures at high la�tudes due to mul�ple possible biases, such as 
seasonality (Schouten et al., 2013; Ho et al., 2014) and the incorpora�on of a subsurface 
signal (0-200 mbsl) at deep-ocean sites (>1000 mbsl) (Huguet et al., 2007; Yamamoto et 
al., 2012; Hernández-Sánchez et al., 2014; Rodrigo-Gámiz et al., 2015). There is, however, 
general consensus that TEX86 is able to capture decadal and longer-term temperature 
trends (Richey and Tierney, 2016), which is why the main focus of this work is on rela�ve 
SST changes. Indeed, subsurface export of GDGTs is implicitly incorporated into the global 
TEX86-SST calibra�on and has therefore no implica�ons for reconstruc�ng SST (Hernández-
Sánchez et al., 2014). The highest GDGT fluxes are closely linked to the highest organic 
ma�er, opal (diatom frustules) and lithogenic par�cle fluxes (Yamamoto et al., 2012; 
Mollenhauer et al., 2015) and the lack of produc�on of sinking par�cles that can 
incorporate GDGTs formed in deeper waters prevents biasing of surface-sediment TEX86 
values towards deep-water temperatures (Yamamoto et al., 2012; Basse et al., 2014; 
Mollenhauer et al., 2015). S�ll, par�cular environmental se�ngs (e.g., upwelling regions, 
regions with oxygen-depleted deep waters, freshwater surface waters) might favor the 
transport of a subsurface temperature (Tsub) signal to the sediments (Lopes dos Santos et 
al., 2010; Kim et al., 2012a, 2012b; Mollenhauer et al., 2015). Also for polar oceans it has 
been suggested that reconstructed temperatures reflect Tsub since today Thaumarchaeota 
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are virtually absent in the upper 0-45 m of Antarc�c low-salinity surface waters formed by 
seasonal retreat of sea ice (Kalanetra et al., 2009). Surface water condi�ons over Site 
U1356 during the Oligocene and the MMCO were much like present-day regions south of 
the STF and likely not under the influence of a seasonal sea ice system (see Fig. 1) (Bijl et 
al., 2018b; Sangiorgi et al., 2018). For these �me intervals, there is no reason to believe 
that surface waters were devoid of Thaumarchaeota due to the presence of sea ice and 
that TEX86 values are influenced by an increased subsurface signal. For the earliest 
Oligocene and the MMCT, the presence of �e�e��pe�ph�� a�tar���a suggests that Site 
U1356 was under the influence of a seasonal sea ice system (Bijl et al., 2018b). For these 
periods, a reconstruc�on of Tsub values may be more appropriate, but this would s�ll imply 
that SSTs are warmer. We limit our discussion to the TEX86-based reconstruc�ons of SST, 
notably, because it has been shown that TEX86-based SST es�mates based on the linear 
calibra�on of Kim et al. (2010) obtained from core-top samples from today’s sea-ice-
influenced Southern Ocean, are in accordance with WOA2009 mean annual SST (Ho et al., 
2014). This suggests that the effect of sea ice on surface and subsurface isoGDGT 
produc�on is incorporated into the linear calibra�on of Kim et al. (2010). We therefore 
consider that despite the poten�al absence of Thaumarchaeota in the surface waters 
during the early Oligocene and the MMCT, the calibra�on of Kim et al. (2010) does provide 
a reliable es�mate of SST for these �me intervals. Moreover, �2���3� ra�os for the earliest 
Oligocene and the MMCT are rela�vely low and show much less variability compared to 
the rest of the record (Fig. 2), which is opposite of what is e�pected when the rela�ve 
influence of deep-water Thaumarchaeota increases (Hernández-Sánchez et al., 2014; 
Villanueva et al., 2015). Calibra�ons to Tsub (Kim et al., 2012a, 2012b; Tierney and Tingley, 
2015) are therefore not considered here, but are included in Figure S1 in the Supplement. 

To obtain an es�mate for the long-term average SST trends and confidence levels, a 
local polynomial regression model (LOESS) has been applied using R, which is based on the 
local regression model “cloess” of Cleveland et al. (1992). This method of es�ma�ng the 
long-term average trend is preferred over a running average, because it accounts for the 
variable sample resolu�on. For the parameter “span”, which controls the degree of 
smoothing a value was automa�cally selected through generalized cross-valida�on (R-
package fANCOVA; Wang 2010). 

3 Results 
3.1 Discarding potentially biased TEX86 values 

A total of 116 samples spanning the Oligocene and earliest Miocene were analyzed 
for TEX86 in this study. When the Miocene samples of Sangiorgi et al. (2018) are included, 
the total number of samples with sufficiently high GDGT concentra�ons is 145. However, 
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only 77 of these 145 TEX86 values could be used for SST reconstruc�on for reasons 
discussed below. 

Although sampling of disturbed strata was avoided, a total of 46 Oligocene and 
Miocene samples proved to be obtained from MTDs a�er detailed logging by Salabarnada 
et al. (2018). Hence, samples from these beds may not reflect in situ material exclusively. 
For the EOT slumps, this is supported by a high degree of reworked Eocene specimens 
within the dinoflagellate cyst assemblage below 880.08 mbsf (Houben et al., 2013). In 
addi�on, the clast-bearing deposits of Units II and I� and decimeter-thick granule-rich 
interbeds of Unit �III (Fig. 2) are interpreted as ice-ra�ed debris (IRD) deposits (Expedi�on 
318 Scien�sts, 2011a; Sangiorgi et al., 2018) and thus indicate the presence of icebergs 
above the site during deposi�on of these intervals. To avoid poten�al bias due to 
allochthonous input and reworking of older sediments, all samples from MTDs are 
excluded from the SST reconstruc�ons. 

A contribu�on of terrestrial isoGDGTs can also bias the marine pelagic TEX86 signal 
and can be verified by the BIT index (Weijers et al., 2006; Hopmans et al. 2004). In 17 
samples – none of which were derived from MTDs – the BIT index value was >0.3, which 
indicates that the reconstructed TEX86 temperatures are likely a�ected by a contribu�on of 
soil-derived isoGDGTs (Weijers et al., 2006; Hopmans et al. 2004). For selected samples, 
the composi�on of brGDGTs was analyzed by UHPLC–MS (Hopmans et al., 2016), which 
showed that #ringstetra values were below 0.7 (Sinninghe Damsté, 2016) meaning that a 
significant por�on of the brGDGTs was likely derived from soil. Furthermore, the TEX86 
signal may be influenced by a poten�al input of isoGDGTs from methanogenic archaea. 
Since methanogenic Euryarchaeota are known to produce GDGT-0 and small amounts of 
GDGT-1, GDGT-2, and GDGT-3 (Koga et al., 1998), but not crenarchaeol, such a contribu�on 
may be recognized by GDGT-0/crenarchaeol values >2 (Blaga et al., 2009; Sinninghe 
Damsté et al., 2009). Similarly, methanotrophic Euryarchaeota may contribute significant 
amounts of GDGT-1, GDGT-2 and GDGT-3 that can be iden�fied by values >0.3 for the MI 
(Zhang et al., 2011) and/or GDGT-2 / crenarchaeol values >0.4 (Weijers et al., 2011). In 
total 19 non-MTD-derived samples have too high GDGT-0 / crenarchaeol ra�os, too high 
MI values, or too high GDGT-2 / crenarchaeol values. Of these 19 samples, 14 also have too 
high BIT values, meaning that in total 22 samples are discarded because of a poten�al 
contribu�on of soil-derived and methanogenic or methanotrophic archaeal isoGDGT input. 
As a final exercise, the ring index (|ΔRI|) was calculated for our dataset to iden�fy all other 
non-temperature-related influences on the distribu�on of isoGDGTs in the samples (Zhang 
et al., 2016). In addi�on to the non-temperature-related influences discussed above, these 
could include oxygen concentra�ons (�in et al., 2015), archaeal growth phase (Elling et al., 
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2014), ammonia o�ida�on rates (�urle� et al., 2016) and ecological factors (Elling et al., 
2015). Using |ΔRI|>0.6 as a cuto�, no addi�onal samples �ere discarded. All GDGT data 
and TEX86 values, including those of the discarded samples, are presented in the 
Supplement (Fig. S2, Table S1). 

Figure 2: Lithology, TEX86 values and GDGT-2 / GDGT-3 ra�os of �ole �13�6� plo�ed against depth 
(mbsf) with units according to E�pedi�on 318 Scien�sts (2011a) and chronostra�graphic �e points 
and paleomagne�c polari�es obtained from Tau�e et al. (2012), adjusted by Crampton et al. (2016) 
and �ijl et al. (2018a). Deposi�onal facies and interpreta�on are indicated with colors following 
Salabarnada et al. (2018), see legend to the right. Colors of the TEX86 and GDGT-2 / GDGT-3 values 
reflect the lithology they have been sampled from. 
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3.2 Relation between TEX86 values and lithology  
A�er excluding samples with poten�ally biased TEX86 values, the remaining record 

shows short-term variability that is strongly linked to the lithology (see Fig. 2). Sediments 
from the greenish laminated, carbonate-poor (glacial) facies produce sta�s�cally 
significant (t test p value < 0.005) lower TEX86 values than values obtained from the grey 
carbonate-rich bioturbated (interglacial) facies. For the en�re record, TEX86 values are on 
average 0.50 and 0.53 for the glacial (laminated) and interglacial (bioturbated) lithologies, 
respec�vely. Paleoceanographic changes between glacial and interglacial periods may have 
affected the community structure of the Thaumarchaeota living over Site U1356, which 
may have introduced a nonthermal component to the TEX86 record that could contribute 
to the observed difference between TEX86 values from laminated and bioturbated facies. 
To test if changes in the composi�on of the Thaumarchaeota community have contributed 
significantly to the observed difference between TEX86 values from laminated facies and 
bioturbated facies, a t test was also performed on the �2���3� ra�os of laminated and 
bioturbated lithologies for the en�re record (Fig. 2). �o significant difference was observed 
between the laminated and bioturbated facies (t test p value > 0.2). 

3.3 Oligocene and Miocene long-term sea surface temperature 
trend  
Based on the linear temperature calibra�on of �im et al. (2010) (black curve in Fig. 

3A), our TEX86 values yield the highest temperatures around 30.5 Ma (up to 22.6±5.2°C), 
25.5 Ma (up to 25.1°C±5.2°C) and around 17 Ma (up to 19.2±5.2°C), whereas the lowest 
temperatures are recorded between 22 and 23.5 Ma (minimum temperatures are 
8.3°C±5.2°C) and around 13 and 10.5 Ma (minima around 7.6±5.2°C). On average SSTs 
based on the linear calibra�on of �im et al. (2010) are 16.6°C, 16.7°C and 10.6°C for the 
Oligocene, MMCO and MMCT, respec�vely. Oligocene SST variability increases significantly 
(p value<0.001 in F test) a�er 26.5 Ma (see Fig. 3B). Before 26.5 Ma, the varia�on in the 
record (2σ) is about 3.6°C, while the 2� is 6.8°C a�er 26.5 Ma. �e note a strong (9.5°C) 
SST drop at the lower boundary of what is interpreted to represent subchron C6Cn.2n 
(23.03 Ma) (see Fig. 2 and 4), at the stra�graphic posi�on of maximum δ18O values related 
to Mi-1 in the deep-sea records (Pälike et al., 2006b; Liebrand et al., 2011; Beddow et al., 
2016). Unfortunately, due to core recovery issues and limited high-resolu�on 
chronobiostra�graphic control in this interval, the age model generally lacks the resolu�on 
to iden�fy some of the other known transient temperature drops in our record (~30 Ma, 
~24 Ma) to Oligocene glacia�on-related Oi events (Fig. 4).  
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The SST record for Site U1356 based on the BAYSPAR model shows the same trend as the 
SST record generated with the linear calibra�on, but for SST values below 20.5°C it is offset 
towards slightly warmer values for SSTs based on the linear calibra�on. Above 20.5°C, 
BAYSPAR-based SSTs are slightly offset towards cooler values. On average, BAYSPAR-based 
SSTs are 0.8°C warmer than the SSTs based on the linear calibra�on of Kim et al. (2010), 
and they have a smaller calibra�on SE (±4.0°C) (red curve in Fig. 3A). This offset and the 
smaller calibra�on error result primarily from the fact that the BAYSPAR calibra�on does 
not take the TEX86 values for polar core tops into account. Instead, it bases its calibra�on 
mostly on the modern 30-50° northern and southern la�tudinal bands (see map in Fig. 3). 
Nevertheless, the BAYSPAR-based SSTs lie well within the ±5.2°C SE of the transfer func�on 
from Kim et al. (2010), as well as within the SE of about ±4.0°C for the BAYSPAR SST 
calibra�on. Average SSTs for the Oligocene, MMCO and MMCT based on the BAYSPAR SST 
calibra�on are 17.2°C, 17.3°C and 12°C, respec�vely.  

4 Discussion 
4.1 Oligocene and Miocene Southern Ocean sea surface 

temperatures  
Our TEX86-derived SST record is the first for the Southern Ocean that covers almost 

the en�re Oligocene. Absolute temperature values are rela�vely high considering the high-
la�tude posi�on of Site U1356 (�5�°S, van �insbergen et al., 2015), but confidence can be 
obtained from the observa�on that TEX86-based reconstructed SSTs from glacial lithologies 
are generally lower than those from interglacial lithologies (Fig. 4). Several lines of 
evidence support the rela�vely high Oligocene and mid-Miocene temperatures 
reconstructed for Site U1356. Dinoflagellate cyst assemblages from the same site (Bijl et 
al., 2018b; Sangiorgi et al., 2018) mostly contain taxa related to those found between the 
PF and the STF today, where mean annual SST is between 8 and 16°C (Prebble et al. 2013). 
This is on the low end of our reconstructed SSTs for the Oligocene and the MMCO but very 
comparable to SSTs for the MMCT. Furthermore, the abundance of in situ pollen of 
temperate vegeta�on in these sediments (Strother et al., 2017; Sangiorgi et al., 2018), 

Figure 3 (previous page): (A) TEX86-based SSTs plo�ed against age (Ma), using the linear calibra�on of Kim 
et al. (2010) and the BAYSPAR method (see text). The map (center le�) indicates the 20�x20� grid cells from 
which core-top values (black dots) were obtained for the BAYSPAR calibra�on. The red � in the map indicates 
the loca�on of Site �13�6. Other SST es�mates are plo�ed for comparison. For the TEX86-based 
temperature es�mates (blue and orange crosses), the symbols with both fill and outline are based on the 
linear calibra�on of Kim et al. (2010), those with the fill color only are based on the BAYSPAR SST calibra�on 
(Tierney & Tingley, 2014). The standard error of the Kim et al. (2010) calibra�on is indicated by grey shading 
and the standard error of the BAYSPAR calibra�on is indicated by colored shading. (B) The SST difference 
from the LOESS average based on the linear calibra�on of Kim et al. (2010) plo�ed against age. Modern-
day temperature range indicated along the y axis. 
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which are most likely derived from the Antarc�c shores, also suggests a rela�vely mild 
climate. Finally, the abundance of pelagic carbonaceous facies in some of the Oligocene 
interglacial intervals of these high-la�tude strata is interpreted to occur under the 
influence of warmer northern-sourced surface waters at Site U1356 (Salabarnada et al., 
2018). Our reconstructed SST values for U1356 add to a picture of globally very warm SSTs 
during the Oligocene and MMCO, as was also reconstructed for the North Atlan�c based 
on TEX86 with SST values ranging between 24 and 35°C (Super et al., 2018). 

In general, Oligocene SST es�mates are higher than the SST es�mates reconstructed 
with other proxies at other high-la�tude Southern Ocean Sites 511 and 689 (Fig. 3A). 
However, the reconstructed ~12°C (standard error: ±1.1-3.5°C) based on clumped isotopes 
from Site 689 is derived from thermocline-dwelling foraminifera, whereas the temperature 
of the surface waters was likely higher than that at the thermocline (Petersen and Schrag, 
2015). In addi�on, when the newest calibra�on for clumped isotope data is applied 
(Kelson et al., 2017), higher temperature es�mates, 12.8-14.5°C, are also obtained. 
Temperature es�mates between 6 and 10°C have been obtained from ODP Site 511 (see 
Fig. 1) based on UK’

37 (Plancq et al., 2014) and TEX86 values (Liu et al., 2009), the la�er 
recalculated with the linear calibra�on of Kim et al. (2010) and the BAYSPAR calibra�on 
used here (Fig. 3A). The influence of the cold Antarc�c-derived surface current at Site 511 
(Bijl et al., 2011; Douglas et al., 2014) (Fig. 1) might be the reason for these colder 
es�mates. Similar to the Eocene, Site U1356 was probably one of the warmest regions 
around Antarc�ca during the early Oligocene (Pross et al., 2012), situated at a rela�vely 
northerly la�tude (van Hinsbergen et al., 2015) and s�ll under the influence of the 
rela�vely warm PLC (Fig. 1) (Bijl et al., 2011, 2018b). 

Sangiorgi et al. (2018) compared TEX86
L-based reconstructed temperatures (based 

on the 0-200 depth-integrated calibra�on of Kim et al., 2012a) from the Miocene sec�on 
of Site U1356 with Mg/Ca-based SST values from plank�c foraminifera from ODP Site 
1171, South Tasman Rise (Shevenell et al., 2004), and TEX86

L-based seawater temperatures 
from the ANDRILL AND-2A core, Ross Sea (Levy et al., 2016). Based on these temperature 
reconstruc�ons it was established that temperatures at Site U1356 during the MMCO are 
very comparable to the Mg/Ca-based SSTs from the South Tasman Rise and are a few 
degrees cooler during the MMCT, which was further supported by pollen and dinocyst 
assemblages (Sangiorgi et al., 2018). We reach the same conclusion based on the 
reconstructed SSTs using the linear calibra�on of Kim et al. (2010) and the BAYSPAR 
calibra�on for the Miocene TEX86 values from Site U1356 as well as site AND-2A (Fig. 3). 
Based on these recalibrated SST values, we conclude, like Sangiorgi et al. (2018), that 
during the MMCO there was a much reduced SST gradient between Site U1356 and Site 
1171, which were at that �me posi�oned at approximately 60°S and 54°S, respec�vely 
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(van Hinsbergen et al., 2015). �otably, however, the la�tudinal difference between Site 
�1356 and Site 1171 a�er the MMCO increased and may be partly responsible for the 
increased temperature gradient between the two sites at 14 Ma.  

Biota-based temperature reconstruc�ons at such high la�tudes are likely skewed 
towards summer condi�ons, as has also been suggested for Site 689 and Site 511 (Plancq 
et al., 2014; Petersen and Schrag, 2015). An important reason for this could be the light 
limita�on at high la�tudes during winter (e.g., Spilling et al. 2015), which is unfavorable for 
the growth and bloom of phytoplankton and organisms feeding on phytoplankton. The 
poten�al summer bias in high-la�tude TEX86-based SST reconstruc�ons has been discussed 
extensively for other past warm periods (e.g., Sluijs et al., 2008; Bijl et al., 2009, 2010, 
2013a). Like in these past warm climates, we expect that primary produc�vity in the 
Oligocene Southern Ocean was in sync with seasonal availability of light, irrespec�ve of 
the presence of sea ice or overall climate condi�ons. �ndeed, isoGDGTs likely require 
pelle�ng to sink effec�vely through the water column to the ocean floor (e.g., Schouten et 
al. 2013) and therefore depend on the presence of larger zooplankton that feed on the 
phytoplankton. As phytoplankton blooms mostly occur during Antarc�c summer-autumn, 
when their predators also thrive (Schnack-Schiel, 2001), we expect the highest isoGDGT 
fluxes to the sediment during the summer in the Southern Ocean, despite their highest 
produc�on during a different season (Murray et al., 1998; Church et al., 2003; Rodrigo-
Gámiz et al., 2015; Richey and Tierney, 2016). A bias towards summer temperatures is 
confirmed by the presence of sea ice dinoflagellate cysts in some parts of the record, 
which would suggest SSTs near freezing point during winter.  

4.2 Long-term Oligocene and Miocene sea surface temperature 
trends 
We aim to explore the implica�ons of the long-term trends in our TEX86-based SST 

record by placing it in the context of the global benthic δ18O and benthic foraminiferal 
Mg/Ca-based BWT records, in order to infer oceanographic changes or changes in ice 
volume. Due to the rela�vely low sample resolu�on, and discon�nuous sampling due to 
core gaps, in comparison to the complete and quasi-con�nuous δ18O records (Billups et al., 
2004; Pälike et al., 2006a, 2006b; Holbourn et al., 2015; Beddow et al., 2016; Liebrand et 
al., 2016; Hauptvogel et al., 2017; Liebrand et al., 2017), we will here focus on the long-
term temperature trends. However, we can use the glacial-interglacial alterna�ons in the 
lithology, which cover the period between 32 and 10 Ma, to differen�ate between glacial 
and interglacial SST and assess amplitudes (see Fig. 2). As was men�oned, SSTs derived 
from the glacial facies show a significantly lower mean than SSTs derived from interglacial 
facies. Separa�ng glacial and interglacial signals allows us to interpret the long-term SST 
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trend, as this removes a poten�al sampling bias caused by irregularly spaced glacial or 
more interglacial samples. To obtain both long-term glacial and interglacial SST trends, 
LOESS curves are plo�ed through SST es�mates from the glacial and interglacial subsets of 
the Oligocene (Fig. 4). For the Miocene we averaged SSTs from glacial and interglacial 
samples for the three sample clusters (at ~17, ~13.5 and ~10.5 Ma). For both the SST 
es�mates based on the linear calibra�on of Kim et al. (2010) and those based on the 
BAYSPAR calibra�on, the glacial and interglacial LOESS curves plo�ed through these SST 
es�mates show the same trend. Therefore, we have chosen to show only the BAYSPAR-
based SST data and LOESS curves in Figure 4. The SST LOESS curves based on the linear 
calibra�on of Kim et al. (2010) lie slightly below the BAYSPAR SST LOESS curves (i.e. a 0.9°C 
offset for the glacial LOESS curve and a 0.4°C offset for the interglacial LOESS curve).  

A global benthic foraminiferal stacked δ18O curve has been constructed by 
combining the benthic δ18O records of the far-field Site 1218, eastern equatorial Pacific 
(Pälike et al., 2006b); Sites 1264 and 1265, Walvis Ridge, southeast Atlan�c (Liebrand et al., 
2016, 2017); Sites 926 and 929, Ceara Rise, equatorial Atlan�c (Zachos et al., 2001; Pälike 
et al., 2006a); Site U1334, eastern equatorial Pacific (Beddow et al., 2016); Site 1090, 
Agulhas Ridge, Atlan�c sector of the Southern Ocean (Billups et al., 2004); Site U1337, 
eastern equatorial Pacific (Holbourn et al., 2015); and Site 588, southwest Pacific (Flower 
and Kenne�, 1993). To obtain a global benthic δ18O stack in which the global long-term 
trends are best represented, we have normalized the data to the Site 1264 and 1265 
record of Liebrand et al. (2016, 2017), on which all records now overlap (Fig.4). Mg/Ca-
based BWT records are obtained from Site 1218, eastern equatorial Pacific (Lear et al., 
2004); Site 747, Kerguelen Plateau, Southern Ocean (Billups and Schrag, 2002); and Site 
1171, Tasman Rise, Southern Ocean (Shevenell et al., 2004). LOESS curves have been 
plo�ed through the benthic δ18O stack as well as the individual Mg/Ca-based BWT records 
(Fig. 4). 

The LOESS curves through the glacial and interglacial data show similar trends and 
show a good resemblance to the global benthic δ18O stack (Fig. 4), par�cularly when 
considering the compromised sample resolu�on of our record. The temperature op�ma 
and minima in the LOESS curves can be directly linked to periods of rela�vely low and high 
benthic δ18O values (maximum and minimum ice volume and BWT), respec�vely. 
Temperatures increase from the earliest Oligocene towards 30.5 Ma, while benthic δ18O 
values show a decrease in the same interval, but reach a minimum earlier, around 32 Ma. 
It is difficult to determine whether SSTs are truly lagging the benthic δ18O values in this 
interval or whether this is an ar�fact caused by the age model in this part of the record. 
The recorded post-Oi-1 SST warming coincides with the disappearance of IR� (Expedi�on 
318 Scien�sts, 2011a) and sea-ice-related dino�agellate cysts (Houben et al., 2013) in the 
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same record (Fig. 4). Following this temperature op�mum, there is a cooling trend un�l a 
minimum is reached around 28-27 Ma, which coincides with rela�vely high benthic δ18O 
values and the Oi-2a and Oi-2b glacials. Subsequently, there is a warming towards a long-
term temperature op�mum around 25 Ma, which coincides with a minimum in the benthic 
δ18O record known as the late Oligocene warming. This temperature op�mum around 25 
Ma is characterized by the influx of the temperate dinocyst species Nematosphaeropsis 
labyrinthus (Bijl et al., 2018b). This seems to indicate a strong influence of northern-
sourced surface waters at Site U1356, as this species is currently associated with the SF 
and winter and summer temperatures of 6–13°C and 8–17°C, respec�vely (Marret and De 
Vernal, 1997; Esper and Zonneveld, 2007; Prebble et al., 2013). Finally, the Oligocene 
LOESS temperature curves show a cooling towards the Oligocene-Miocene transi�on at 23 
Ma. In comparison to the benthic δ18O record this cooling trend is rather gradual and starts 
1 Myr earlier than the steeper benthic δ18O record increase that starts at 24 Ma and 
con�nues towards the Mi-1 glacia�on. We consider this to represent a realis�c climate 
signal, notably so since the age model is sufficiently well constrained in this part of the 
record. Glacial and interglacial averages for the Miocene data clustered around 17, 13.5, 
and 10.5 Ma show a declining trend and follow the increasing benthic δ18O trend that 
characterizes the MMCT. High amounts of N. labyrinthus within the MMCO interval 
support warm surface water condi�ons (Sangiorgi et al., 2018). A�er the MMCO, increased 
amounts of sea ice dinoflagellates and IRD indicate that Site U1356 came under the 
influence of seasonal sea ice, and therefore cooler condi�ons. However, increases in N. 
labyrinthus a�er the MMCT indicate that warmer northern-sourced waters s�ll periodically 
influenced Site U1356 (Sangiorgi et al., 2018). 

The fact that the LOESS temperature trends mirror the benthic δ18O record may 
suggest that (1) changes in the Wilkes Land SST correspond to SST changes in the region of 
deep-water forma�on, which is reflected in the benthic δ18O records, and (2) changes in 
the Wilkes Land SST reflect long-term changes in paleoceanography that simultaneously 
a�ect or are related to the size of the Antarc�c Ice Sheet (AIS) and therefore the deep-sea 
δ18O of the sea water, or a combina�on of both. 

Considering (1), in the modern-day Southern Ocean, bo�om water forms through 
mixing along the Antarc�c Slope Front (ASF) of Circumpolar Deep Water (CDW) and High-
Salinity Shelf Water (HSSW), which forms as a consequence of sea ice forma�on (Gill, 
1973; Jacobs, 1991). Associated with the ASF is the westward-flowing Antarc�c Slope 
Current (ASC), which contributes to the bo�om-water forma�on and results from the 
geostrophic adjustment of Ekman transport to the south, which is driven by the 
predominantly easterly winds around Antarc�ca (Gill, 1973). It has been suggested that, 
a�er the establishment of its shallower westward-flowing counterpart, the ACCC, around 
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49 Ma (Bijl et al., 2013a), an ASC was established near Site U1356 in the early Oligocene 
(Scher et al., 2015). In areas where sea ice was formed during the Oligocene and Miocene 
the ASC could have enhanced mixing between HSSW and CDW similar to today. For the 
Wilkes Land margin this might have been the case for the earliest Oligocene and MMCT for 
which we find sea ice indicators in the dinoflagellate cyst assemblages (Houben et al., 
2013; Bijl et al., 2018a). These sea ice dinoflagellate cysts seem to indicate that winter 
temperatures at the Wilkes Land margin were cold enough to allow sea ice forma�on and 
therefore maybe forma�on of deep waters along the Wilkes Land coast during the earliest 
Oligocene and MMCT. However, most of the record is devoid of sea ice indicators, 
sugges�ng that modern-day processing of deep-water forma�on is unlikely to have 
occurred at the Wilkes Land margin. S�ll, neodymium isotopes of fossil fish teeth from Site 
U1356 have suggested that deep-water forma�on took place at the Adélie and Wilkes 
Land margin during the Eocene (Huck et al., 2017), when pollen indicates near-tropical 
warmth (Pross et al., 2012) . Model studies have suggested that during such warm periods 
seasonal density di�erences may s�ll induce deep-water forma�on or downwelling of 
waters around Antarc�ca (Lunt et al., 2010; �oldner et al., 2014). Alterna�vely and more 
likely, sea ice may have formed in the cooler Ross Sea and been transported along the 
Wilkes Land coast similar to today during the Oligocene and Miocene, meaning that deep 
water formed in the Ross Sea where glaciers extended onto the Antarc�c shelf (see Sorlien 
et al., 2007). In that case, the absence of sea ice dinoflagellate cysts during most of the 
Oligocene and the MMCO at Site U1356 would mean that, in contrast to the earliest 
Oligocene and MMCT, sea ice coming from the Ross Sea was prevented from reaching Site 
U1356 by too warm winter SSTs. This is in accordance with the rela�vely warmer (summer) 
SST values for Site U1356 during most of the Oligocene and the MMCO. If the 
reconstructed SST trends of Site U1356 are representa�ve for the clima�c trends of a 
larger region (i.e., including the Ross Sea as a poten�al region for deep-water forma�on), 
this clima�c signal may have been relayed to the deep ocean and recorded in the stable 
oxygen isotope composi�on of benthic foraminifera at far-field sites. In fact, Southern 
Ocean-sourced deep waters may have reached as far as the north Pacific during the 
Oligocene (Borrelli and Katz, 2015). If this is the case, the consistent long-term trends 
between the SST of Site U1356 and the benthic δ18O record would imply that the size of 
the AIS is less variable on these long-term �mescales than the benthic δ18O record would 
suggest under the assump�on of constant BWT (e.g., Liebrand et al., 2017; see Figure 4): 
much of the varia�on will be due to deep-sea temperature varia�on. The small AIS may 
have been rela�vely stable during the Oligocene and Miocene, most likely because there 
was less marine-based ice in comparison to land-based ice as topographic reconstruc�ons 
of Antarc�ca would suggest (Wilson et al., 2012; �asson et al., 2016). 
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�igure 4� Lithology and paleomagne�c polari�es as in �ig. 2, but plo�ed against age (Ma), updated to the 
�TS2012 �mescale (�radstein et al., 2012). Sec�ons with IRD and samples with sea ice and 
Nematosphaeropsis labyrinthus dinoflagellate cysts are indicated. SST values are based on the BAYSPAR 
calibra�on with blue and red open circles indica�ng glacial and interglacial temperature es�mates, 
respec�vely, based on the lithology (see text). �or the Oligocene, thick blue and red lines are the LOESS 
average glacial and interglacial trends with their 95% confidence interval (do�ed lines). �or the Miocene, 
thick blue and red straight lines indicate glacial and interglacial means for the corresponding data 
clusters. Benthic δ18O records are normalized to the δ18O record of Site 1264 (in purple). Colored + signs 
indicate the different DSDP/ODP/IODP sites (refs. in text) and the black line is the LOESS average. Oi and 
Mi glacia�on events are indicated. The area below the benthic δ18O record on the le� side of the dark red 
do�ed line (1.65�) indicates the minimum contribu�on (�) of the Antarc�c Ice Sheet to the benthic δ18O 
record, assuming BWT at Site 1264 did not drop below its modern-day value (see Liebrand et al. (2017)). 
Mg/Ca-based BWT records of three ODP/IODP sites with LOESS averages (solid lines) and 95% confidence 
intervals (do�ed lines) on the far right (refs. in text). 
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Only one BWT record is available for the Oligocene, which is based on Mg/Ca ra�os 
from Site 1218 (equatorial Pacific). Mg/Ca was obtained from the benthic foraminifer 
Oridorsalis umbonatus (Lear et al., 2004; Fig. 4), an infaunal species that is to some extent 
insulated from long-term changes in carbonate ion concentra�ons (Lear et al., 2015; Ford 
et al., 2016). Although absolute temperatures may depend on local factors, such as pore 
water chemistry, the long-term trends should reflect the trends in BWT (Lear et al., 2015). 
The BWT record of Site 1218 shows a long-term deep-sea warming between 27 and 25 
Ma, similar to our SST record. The temperature op�mum at 30.5 Ma in our TEX86-based 
SST record cannot be recognized in the BWT record of Site 1218. Similar to the benthic 
δ18O record, an op�mum is reached earlier (�32 Ma) and this mismatch could be due to 
uncertain�es in the age model of the lower part of the Oligocene sec�on of �ole U1356A. 
The con�nued temperature rise a�er 25 Ma in the BWT record of Site 1218 is also not 
observed in our TEX86-based temperature trend. This could be because the equatorial 
Pacific mainly receives bo�om water from a warmer Pacific sector of the Southern Ocean, 
east of the Tasmanian Gateway, and not from the Wilkes Land margin, and the Pacific 
sector is influenced by warming. Alterna�vely, there is an increasing influence of a warmer 
deep-water mass from elsewhere. Notably, Mg/Ca-based BWTs from the Kerguelen 
Plateau (Site 747) show a temperature op�mum around 25 Ma preceding the δ18O 
minimum at 24 Ma, similar to the SST trend at Site U1356. For the mid-Miocene, BWT 
records of both Site 747 (Kerguelen Plateau) and Site 1171 (South Tasman Rise) show 
slowly decreasing trends consistent with decreasing TEX86-based SSTs of Site U1356. The 
similari�es of the three Mg/Ca records to our TEX86-based SST record support the transfer 
of a regional SST signal towards the deep ocean through deep-water forma�on. �owever, 
the temperature differences between temperature op�ma (e.g., the late Oligocene and 
MMCO) and minima (e.g., the mid-Oligocene and MMCT) are much larger for the TEX86-
based SSTs than for the Mg/Ca-based BWTs. This difference in the degree of change could 
be explained by the fact that the forma�on of deep waters during winter is constrained at 
the lower end by the freezing point of water, which would limit the degree of change 
during rela�vely cold intervals. The degree of change could also be reduced by a shi� in 
the loca�on of deep-water forma�on to higher la�tudes during warmer intervals.  

Alterna�vely, long-term SST trends as well as Southern Ocean BWT trends (Sites 
747 and 1171) are governed by large-scale tectonic processes, such as the opening and 
closure of the Drake Passage, as was suggested by Lagabrielle et al. (2009). Opening of the 
Drake Passage could result in increased isola�on of the Antarc�c con�nent through the 
establishment of a (proto-)ACC. In turn, this would result in effec�ve blocking of northerly 
sourced warmer waters as well as ice sheet expansion, thereby resul�ng in a simultaneous 
benthic δ18O increase and SST decrease. 
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As an alterna�ve hypothesis, reconstructed SSTs at Wilkes Land may depend on the 
volume of the ice sheet in the hinterland. In that scenario most of the long-term trends in 
the δ18O record are due to ice volume growth and decline. A more expanded ice sheet will 
lower SSTs and enhance the forma�on of sea ice around Antarc�ca (Goldner et al., 2014). 
Expansion of this cool (proto-)AASW and the ocean frontal systems to lower la�tudes 
during glacials may have cooled SSTs at Site U1356, while ice volume decrease and the 
retreat of the ocean frontal systems during interglacials may have resulted in warmer SSTs 
at Site U1356. However, the warmth of even the glacial SSTs in our SST record, as well as 
the overall absence of sea ice indicators during most of the Oligocene in these glacial 
intervals, strongly argues against this alterna�ve. Only during the MMCT, when 
dinoflagellate cysts and IRD suggest an increased influence of icebergs or sea ice (Sangiorgi 
et al., 2018), might the ice sheet have been large enough during the glacial periods to 
allow the influence of a cool (proto-)AASW at Site U1356.  

4.3 Sea surface temperature variability at glacial–interglacial 
time scales 
For the Oligocene, the offset between the glacial and interglacial LOESS curves is 

constant over �me (Fig. 4). Irrespec�ve of the chosen calibra�on (i.e., TEX86 or BAYSPAR), 
SSTs are on average 1.5-3.1°C higher during interglacial intervals than during adjacent 
glacial �mes. �otably, this glacial-interglacial SST difference is smaller than the variability 
that can be observed in samples from within one sedimentary facies. Par�cularly around 
31 Ma, when we have a higher sampling resolu�on within a short interval, temperature 
variability shows a 5°C range and is therefore larger than the glacial-interglacial 
temperature difference. We emphasize that the glacial-interglacial facies changes reflect 
obliquity-paced shi�s in the posi�on of bo�om-water currents (Salabarnada et al., 2018).  

 This glacial-interglacial SST difference is also smaller than the observed amplitude 
of the variability in our temperature record (2σ = 3.6°C before 27 Ma), because it takes 
rela�vely warm glacials and cool interglacial SST values into account. Also considering that 
part of the 2σ variability is due to the rela�vely large calibra�on error of the BAYSPAR 
calibra�on (�4.0°C), the difference of 1.5-3.1°C may be a be�er representa�on of average 
glacial-interglacial SST varia�on than the 2σ. It has been shown that glacial-interglacial 
variability could be overes�mated due to increased GDGT export from deeper waters 
during Pleistocene glacial periods (Hertzberg et al., 2016). These authors showed that 
during the Last Glacial Maximum in the equatorial Pacific a reduced nutrient availability 
and primary produc�vity lowered the nitrite maximum in the water column and 
consequently the posi�on of the highest Thaumarchaeota export produc�on. If export of 
GDGTs consistently took place in deeper waters during the glacial periods in our record, we 
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would expect that �2���3� ra�os were higher during the glacials. We show (Fig. 2) that this 
is not the case. In addi�on, dinoflagellate cysts suggest that the surface waters overlying 
Site U1356 become more oligotrophic during the interglacial periods, meaning that the 
nitrite maximum in the water column and therefore GDGT export produc�on would be 
deeper during the interglacials. Interglacial TEX86-derived temperatures would hence 
underes�mate true SST values. 

The average consistent offset between glacial and interglacial values seems to 
disappear for each of the Miocene data clusters at ~17, ~13.5, and ~10.5 Ma. Several 
causes could explain this. It could be the result of a less variable climate during the 
Miocene, which causes both subsets to overlap more. Indeed, for the MMCO this may be 
the case, because the MMCO is a �me interval of excep�onal warmth, with retreated ice 
sheets and vegetated coastlines of Wilkes Land (Sangiorgi et al., 2018). In such a climate, 
the glacial intervals may not have been fundamentally colder than the interglacials. We 
cannot, however, explain the apparent absence of glacial-interglacial temperature 
variability around 14 and 10.5 Ma, when dinoflagellate cysts suggest profound variability in 
sea ice extent, upwelling and temperature (Sangiorgi et al., 2018). It could be that the 
samples taken by Sangiorgi et al. (2018) do not capture the true glacial and interglacial 
extremes, but this cannot be verified at this stage. Because a detailed lithological log was 
not available to Sangiorgi et al. (2018), there is also an uneven distribu�on between glacial 
and interglacial samples. 

If the recorded glacial-interglacial SST variability in the Oligocene is representa�ve 
for the SST variability at the region of deep-water forma�on, it should be considered when 
interpre�ng benthic foraminiferal δ18O records in terms of ice volume variability. As such, a 
larger part of the variability in δ18O than so far assumed (Hauptvogel et al., 2017; Liebrand 
et al., 2017) should be ascribed to deep-sea temperature rather than ice volume changes. 
If the region of deep-water forma�on experienced the same SST variability, 40-70% of the 
1‰ deep-sea δ18O variability over Oligocene glacial-interglacial cycles can be related to 
deep-sea temperature. However, it is plausible that not the en�re range of SST variability is 
relayed to the deep sea and that in the more southerly posi�oned Ross Sea, the most likely 
region of Oligocene deep-water forma�on, temperatures were not as variable as in the 
Wilkes Land sector. Indeed, Mg�Ca-based reconstructed bo�om-water temperatures from 
Site 1218 show much less glacial-interglacial varia�on (1.1�C, Fig. 5) (Lear et al., 2004) than 
our record. S�ll, our record provides evidence that polar SST experienced considerable 
variability, both on the short-term glacial-interglacial cycles as well as in the long-term. 

A considerable influence of deep-sea temperature on benthic δ18O could explain 
the level of symmetry in glacial-interglacial cycles in the Oligocene (Liebrand et al., 2017), 
as the temperature would vary in a sinusoidal fashion, whereas ice sheets would respond 
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nonlinearly to climate forcing. The sedimentary record of Site �1356 lacks the poten�al of 
obtaining a resolu�on comparable to that of deep-sea δ18O records in order to verify these 
claims. �owever, ice volume reconstruc�ons from δ18O records on both long-term and 
short-term �mescales should consider that an important component of the signal could 
poten�ally be ascribed to temperature variability. 

5 Conclusions 
We reconstruct (summer-biased) SSTs of around 17°C on average for the Wilkes 

Land margin during the Oligocene, albeit with a high degree of variability (up to a 6.8°C 
double standard devia�on during the late Oligocene). The reconstructed temperatures are 
a few degrees higher than previously published high-la�tude early Oligocene Southern 
Ocean es�mates. Because alterna�ons in the lithology reflect glacial-interglacial cycles, an 
es�mated temperature difference of 1.5 to 3.1°C between glacials and interglacials could 
be interpreted for the Oligocene. The long-term trends in both glacial and interglacial 
records show a temperature increase towards 30.5 Ma, followed by a minimum around 27 
Ma, an op�mum around 25 Ma and �nally a decrease towards the end of the Oligocene, 
generally following the long-term trends in the global benthic δ18O record as well as parts 
of the available Mg/Ca-based BWT records for the Oligocene. Recalibrated SSTs based on 
previously published TEX86 data for the mid-Miocene decrease from around 17°C to 11°C 
between �17 and �10.5 Ma. � dis�nct glacial-interglacial SST difference was not observed 
for the mid-Miocene. Nevertheless, the recorded temperature decline also follows the 
trend observed in benthic δ18O and Mg/Ca-based BWT records. Our results suggest that 
considerable SST variability prevailed during the Oligocene and Miocene. This may have 
implica�ons for the dynamics of marine-based ice sheets, if present, and the extent of the 
�ntarc�c ice sheet in general. �ssuming that the reconstructed SST trends and glacial-
interglacial variability have been relayed to the deep water at nearby bo�om-water 
forma�on sites, our results indicate that the long-term δ18O trend may be controlled for a 
considerable part by bo�om-water temperature. This implies that the �ntarc�c �ce Sheet 
was less dynamic during the Oligocene and Miocene, which could be due to the presence 
of rela�vely more land-based versus marine-based ice. 
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Supplementary information of chapter 6 
Appendix A: Supplementary figures 
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�igure ��� As �igure �, but �ith black dots indica�ng TEX86 values from samples that have been discarded 
for the ��T reconstruc�on. �urthermore, open circles indicate the posi�on of samples taken from �ole 
U1356A that did not provide sufficient amounts of isoGDGTs for a reliable TEX86 value. 
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Appendix B: Tables with GDGT data 
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Het leven op Aarde zal meer en meer de effecten gaan ondervinden van de huidige 
klimaatverandering als gevolg van de uitstoot van broeikasgassen. Ten opzichte van de 
periode 1850-1900 is de temperatuur globaal met 1,1°C gestegen. De opwarming van de 
Aarde hee� ook gevolgen voor het ijs op de polen. Dit is nu al merkbaar door de reduc�e 
van zeeijs in het Arc�sch gebied. �at de gevolgen zijn voor het Antarc�sch gebied, zowel 
het zeeijs als het landijs, is echter onzeker. De concentra�e zeeijs rondom Antarc�ca laat 
geen duidelijke trend zien, alhoewel de concentra�e zeeijs in februari 2023 een 
laagterecord hee� bereikt. Tevens is de gevoeligheid van het landijs voor opwarming niet 
goed bekend en zijn modellen niet goed in staat om de zeespiegel�uctua�es die over de 
afgelopen 25 miljoen jaar hebben plaatsgevonden te reconstrueren. Een belangrijk 
gegeven is dat veel van de Antarc�sche ijskap een basis hee� die onder zeeniveau ligt en 
dus gevoelig is voor rela�ef warmer water dat de ijskap van onderaf kan doen smelten, 
waardoor deze onstabiel kan worden en opbreken. Om de gevoeligheid van het 
Antarc�sch gebied voor opwarming nader te onderzoeken kunnen we ons wenden tot 
periodes van opwarming in het geologisch verleden van de Aarde. Om dat verleden te 
onderzoeken wordt gebruik gemaakt van zogenaamde proxies: indirecte bepalingen op 
basis van chemische samenstelling of biologische resten, die over periodes van miljoenen 
jaren bewaard zijn gebleven op de oceanbodem.  

Veel van de verschillende soorten plankton die rondom Antarc�ca leven 
produceren een ‘huisje’ van carbonaat, silica of een resistent organisch materiaal, waarvan 
een frac�e uiteindelijk als sediment op de oceaanbodem belandt en fossiliseert. Deze 
microfossielen kunnen gebruikt worden om de condi�es in het oppervlaktewater van de 
oceaan te reconstrueren. Veel van deze reconstruc�es zijn gebaseerd op microfossielen 
van carbonaat of silica, maar in veel mindere mate zijn deze gebaseerd op organische 
microfossielen. Het is van belang om ook organische microfossielen te bestuderen, omdat 
rondom Antarc�ca microfossielen van carbonaat niet goed preserveren en ook 
microfossielen van silica beneden een bepaalde diepte onder de zeebodem, het 
zogenaamde diagene�sch front, rekristalliseren. Organische microfossielen kunnen 
daarom een waardevol alterna�ef, danwel een waardevolle toevoeging zijn aan de 
beschikbare proxies die ons in staat stellen het klimaat uit het verleden te reconstrueren. 
Het eerste deel van dit proefschri� is derhalve een uiteenze�ng van alle verschillende 
soorten organische microfossielen (ookwel palynomorfen) die zijn gevonden in boorkern 
U1357, die is opgeboord vanaf de oceaanbodem in het Adélie Bekken en die zo’n 170 
meter aan Holoceen (de afgelopen 11.000 jaar) sediment bevat. In deze palynologische 
atlas worden 74 verschillende mariene microfossiele soorten beschreven tezamen met 
hun biologische oorsprong en ecologische affiniteiten voor zover bekend. 
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Naast organische microfossielen wordt gebruik gemaakt van moleculaire resten 
resten van Archaeabacteriën voor het reconstrueren van het klimaat in het verleden. Deze 
Archaeabacteriën, specifiek Thaumarchaeota, synthe�seren meer of minder cyclopentaan-
ringen in hun membraanlipiden a�ankelijk van de temperatuur van het zeewater. Op basis 
van de verhouding tussen de overblijfselen van deze verschillende membraanlipiden (met 
de chemische a�or�ng GDGTs) met meer of minder cyclopentaanringen is een proxy 
ontwikkeld, die bekend staat als TEX86. �oor deze proxy zijn meerdere calibra�emethoden 
ontwikkeld om de absolute temperatuur van het zeewater te reconstrueren. Dit is met 
name uitdagend in de polaire gebieden, omdat de rela�e tussen de temperatuur van het 
oppervlaktewater van de oceaan en de TEX86 van de oppervlaktemonsters a�oms�g van 
de oceaanbodem beneden 5°C niet eenduidig is. Tevens blijkt in algemene zin sprake te 
zijn van regionale verschillen, die gedeeltelijk samenhangen met de aanwezigheid van 
zogenaamde ‘diep water’ Thaumarcheota in de waterkolom. Om daarvoor te compenseren 
is in 2014 een calibra�emethode ontwikkeld op basis van een Bayesiaans ruimtelijk 
variërend regressiemodel (BA��PA�). Dit calibra�emodel is toegepast op de TEX86 van het 
monstermateriaal dat in dit proefschri� is onderzocht om de oppervlaktetemperatuur van 
het zeewater in het verleden te kunnen reconstrueren. 

Op basis van de ra�o tussen de lichtere en zwaardere zuurstofisotopen in 
benthische foraminiferen (microfossielen van carbonaat) is bekend dat een grote 
Antarc�sche ijskap pas bestaat sinds 34 miljoen jaar geleden (Ma). In ijs bevinden zich 
namelijk met name lichtere zuurstofisotopen en hoe groter de ijskap hoe lager het 
rela�eve gehalte aan lichtere zuurstofisotopen in de oceaan, en daarmee ook het rela�eve 
gehalte in de carbonaathuisjes van benthische foraminiferen. Belangrijke periodes sinds 
het bestaan van een grote Antarc�sche ijskap, die inzicht kunnen bieden in wat het effect 
van de opwarming van de Aarde in de toekomst zal hebben op het Antarc�sch zee- en 
landijs, zijn onder andere het Oligoceen (34 tot 23 Ma), de Laatste Interglaciaal (LIG; ca. 
125 duizend jaar geleden (ka)) en de mid-Holocene warme periode (ca. 8 ka). Deze 
periodes worden in de verschillende hoofdstukken van dit proefschri� behandeld. Het 
Oligoceen wordt gekenmerkt door koolstofdioxideconcentra�es (CO2) in de atmosfeer die 
overeenkomen met vandaag de dag en wat in de rapporten van het IPCC voorspeld is voor 
de komende eeuw (400 tot 650 ppmv). CO2 is het belangrijkste broeikasgas op Aarde als 
het gaat om het versterken van de warmtestraling van de zon. Het onderzoeken van 
periodes met vergelijkbare CO2 concentra�es als nu of de toekomst kan belangrijke 
inzichten geven in de stabiliteit van de Antarc�sche ijskap bij dergelijke CO2 concentra�es. 
Uit de resultaten in dit proefschri� blijkt dat de temperatuur van het oppervlaktewater 
nabij �ilkesland �jdens het Oligoceen gemiddeld genomen 17°C was en gedurende het 
midden-Mioceen afnam naar zo’n 11°C, waarbij uit de resten van dinoflagellatencysten 



Summary in Dutch 

346 
 

(organische microfossielen) blijkt dat er over het algemeen geen zeeijs aanwezig was. De 
configura�e van de con�nenten op Aarde was in het Oligoceen echter anders dan 
tegenwoordig, wat van invloed kan zijn geweest op het warmtetransport via het 
oceaanwater naar Antarc�ca. Australië en Zuid-Amerika bevonden zich dichter bij 
Antarc�ca, waardoor de Antarc�sche Circumpolaire Stroming nog niet zo sterk was als nu. 
Het is belangrijk om daarom ook naar warmere periodes uit het recentere verleden te 
kijken, zoals de �I� en het mid-Holoceen, die �ua con�nentale configura�e beter 
overeenkomen met de huidige configura�e. 

Het verschuiven van con�nenten is een langetermijnproces, maar bij 
klimaatreconstruc�es is het tevens van belang om rekening te houden met de varia�e op 
kortere termijn. A�ankelijk van de stand van de Aarde en de vorm haar baan rondom de 
Zon ontvangt de Aarde meer of minder zonnestraling en derhalve ook meer of minder 
warmte. Deze veranderingen zijn cyclisch en herhalen zich elke 19 tot 100 duizend jaar, die 
ook terug te zien is in de verhouding tussen lichte en zware zuurstofisotopen (δ18O-ra�o) 
van benthische foraminiferen, en zijn de reden voor het ontstaan en gaan van ijs�jden. 
Deze glaciale-interglaciale variabiliteit is kenmerkend voor het Pleistoceen (2,5 Ma tot 11 
ka) waar elk van de glacialen en interglacialen genummerd zijn als Marine Isotope Stages 
(MIS) en speelt even goed een rol �jdens het Oligoceen en Mioceen. Op basis van de 
variabiliteit in de δ18O-ra�o gedurende deze periodes zou de omvang van de Antarc�sche 
ijskap moeten fluctueren tussen de 50 en de 125% van zijn huidige omvang. Bij de 
bemonstering voor de reconstruc�e van de temperatuur �jdens het Oligoceen is daarom 
expliciet onderscheid aangebracht tussen monsters a�oms�g uit glaciale afze�ngen en 
monsters a�oms�g uit interglaciale afze�ngen. �it de resultaten blijkt dat de 
temperatuur van het oceaanwater 1,5 tot 3,0°C warmer was �jdens interglaciale ten 
opzichte van glaciale periodes.  

�oor het reconstrueren van de oppervlaktewatercondi�es gedurende MIS9 tot 
MIS5 is monstermateriaal a�oms�g uit boorkern AS05-10 uit het Adara Bekken nabij de 
Ross Zee gebruikt. Naast organische microfossielen en TEX86 zijn ook diatomeeën 
(microfossielen van silica), benthische foraminiferen en andere geochemische proxies 
gebruikt. Daaruit blijkt dat elke glaciale-interglaciale transi�e wordt gekenmerkt door het 
opbreken van het ijsplateau dat vanaf de gletsjer in zee uitkomt, vrijkomend smeltwater en 
een steeds verder zuidelijke terugtrekking van de zomerzeeijsgrens. De gereconstrueerde 
(zomer)temperatuur van het oceaanwater �jdens de �I� was 2,5°C warmer dan nu. Deze 
veranderingen zijn vergelijkbaar met de effecten van klimaatverandering vandaag de dag, 
gezien het feit dat de temperatuur van het oceaanwater ten westen van het Antarc�sch 
Peninsula reeds met 1°C zijn gestegen sinds 1955 en sprake is van een toename van 
smeltwater van het Antarc�sch con�nent dat uitstroomt in de Ross Zee. 
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