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I 

Summary 

Marine sediment cores provide the opportunity to study past climatic changes, which 

is essential to understand the ongoing and future climate change. Within this context, the 

North Atlantic Ocean is one of the best-studied areas. However, most of these studies fo-

cus on the continental margins and shelfs, where thick piles of sediment allow a detailed 

reconstruction of past environmental changes. In contrast, little is known about the low- to 

midlatitude open ocean areas, which would be crucial regarding the large area covered. 

Furthermore, the low latitudes of the North Atlantic are considered to play a key role in 

modulating the global climate on at least orbital and millennial timescales. This key role is 

attributed to their ability to retain/release heat to the higher latitudes and therefore to influ-

ence the Atlantic Meridional Overturning Circulation (AMOC). 

Especially changes in marine primary productivity, which due to their impact on the 

ocean carbon cycle are an integral part of the climate system, are of interest to the (paleo-) 

climate community. Therefore, in this PhD thesis, changes in primary productivity and hy-

drography were reconstructed with high temporal resolution in the temperate/subtropical 

open ocean North Atlantic, from three sediment cores (GEOFAR KF16, MD08-3179Cq and 

MD08-3180Cq) taken slightly south of the Azores Islands. These reconstructions are pri-

marily based on quantitative analysis of coccolithophore assemblages, which are supple-

mented by alkenone analysis, X-ray fluorescence (XRF) core scanning and diatom counts. 

The results indicate that profound changes in productivity and in hydrographic conditions 

occurred during the selected time periods of the last 130 kyrs in the Azores region, which 

can convincingly be deduced from changes in coccolithophore assemblages. 

For example, an increased productivity prevailed in the Azores region during the last 

deglacial and early Holocene, especially during cold Heinrich event 1 (H1) and the cold 

Younger Dryas that are characterized by a strongly reduced AMOC. This is evidenced by 

increased coccolith accumulation rates, increased alkenone concentrations/accumulation 

rates, increased Ba/Ti ratios and increased diatom abundances. The increased productivi-

ty was a response to intensified westerly winds and the advection of northern-sourced, 

nutrient-rich surface waters. Furthermore, a more southern position of the Azores Front 

(AzF), as indicated by abundance changes of key coccolithophore species (G. muellerae, 

grouped subtropical species), contributed to the observed increased productivity. In con-

junction with other studies from the midlatitude North Atlantic, these results indicate that 



 
 

 
 
II  

there was a band of high productivity at the northern rim of the contracted North Atlantic 

subtropical gyre during times of a reduced Atlantic Meridional Overturning Circulation 

(AMOC). 

A similar pattern of changes can be observed during weak AMOC phases between 

130 and 48 kyrs BP. During the penultimate deglacial and cold Marine Isotope (sub-) 

Stages (MIS) 5.4, 5.2 and 4, an increased productivity and a more southern position of the 

Azores Front is observed. On the other hand, during warm periods (MIS 5.3, MIS 5.1, MIS 

3) a decreased productivity and a more northern position of the Azores Front are found. An 

exception to this general pattern is the last interglacial period (MIS 5.5), which is character-

ized by strongly increased coccolithophore productivity. This increased productivity was 

probably caused by the opportunity for coccolithophores to occupy new habitats after gla-

cial conditions and/or by an increased advection and upwelling of nutrient-rich Subantarctic 

Mode Water (SAMW). 

Because a more comprehensive knowledge of natural interglacial climate variability is 

important within the context of future climate change, special emphasis is given to the pre-

sent and last interglacial period in this thesis. Comparing the results for the present (Holo-

cene) and the last (MIS 5.5) interglacial period reveals a similar pattern of changes in the 

Azores region, and leads to the following hypothesis: Due to an early northern hemisphere 

insolation maximum, a first amelioration of climate, characterized by a decreased produc-

tivity and a more northern position of the Azores Front is found during the early interglaci-

als. Thereafter, a delayed response of the northern hemisphere ice-sheets caused an in-

creased input of freshwater to the North Atlantic, leading to a reversal towards more glacial 

conditions. This accelerated melting was terminated by a collapse of the ice-sheets, result-

ing in an outburst of proglacial lakes, an event that is recognized in the Azores region at 

least during the Holocene (8.2 kyr event). After the freshwater forcing ceased, full intergla-

cial conditions established during the late interglacials. 

In general, an increased primary productivity and a more southern position of the 

Azores Front are found during cold periods, whereas a decreased primary productivity and 

more northern position of the Azores Front are found during warm periods. As the Azores 

Front delineates the northern boundary of the North Atlantic subtropical gyre, these results 

indicate a contracted gyre during cold periods and an expanded gyre during warm periods. 

Furthermore, within the context of an expected future global warming, these results lead to 

the assumption that the oligotrophic waters of the North Atlantic subtropical gyre probably 
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would expand northwards in response to a warming. A resulting decreased marine primary 

productivity, and hence a decreased atmospheric CO2 fixation by marine phytoplankton, 

would provide a positive feedback to the increasing temperatures. However, taking MIS 

5.5 as an analogue scenario for the expected future climate change, the presented results 

indicate that a future decrease in marine primary productivity, due to an expansion of the 

oligotrophic gyre, could probably be counteracted by increased coccolithophore produc-

tivity. 
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Zusammenfassung 

Marine Sedimentkerne bieten die Möglichkeit klimatische Veränderungen in der Ver-

gangenheit zu studieren, und somit den zukünftigen Klimawandel besser zu verstehen. In 

diesem Zusammenhang ist der Nordatlantik eines der am besten untersuchten Gebiete. 

Allerdings konzentrieren sich die meisten dieser Studien auf die Bereiche der Kontinental-

hänge und Schelfe, wo mächtige Sedimentablagerungen eine detaillierte Rekonstruktion 

der vergangen Umweltveränderungen erlauben. In Gegensatz dazu ist wenig über die of-

fenen Ozeanbereiche der niedrigen bis mittleren Breiten des Nordatlantik bekannt, welche 

jedoch entscheidend sind, da sie eine große Fläche abdecken. Weiterhin spielen die nie-

drigen Breiten des Nordatlantiks eine wichtige Rolle bei Klimaveränderungen, zumindest 

auf orbitalen und millennium-skaligen Zeitskalen. Diese wichtige Rolle wird den niederen 

Breiten des Nordatlantiks zugeschrieben, da sie Wärme speichern können, bzw. and die 

höheren Breiten abgeben können, und somit die atlantische Umwälzzirkulation (AMOC) 

beeinflussen können. 

Besonders Veränderungen in der marinen Primärproduktivität, welche durch ihren 

Einfluss auf den ozeanischen Kohlenstoffkreislauf ein wichtiger Bestandteil des Klimasys-

tems sind, sind von Interesse für die (Paläo-) Klimatologie. Deshalb wurden in der vorlie-

genden Dissertation die Veränderungen in der Primärproduktivität und Hydrographie im 

gemäßigten/subtropischen Bereich des offenen Nordatlantiks mit hoher zeitlicher Auflö-

sung rekonstruiert. Als Grundlage für diese Untersuchungen dienten drei Sedimentkerne 

(GEOFAR KF16, MD08-3179Cq und MD08-3180Cq), welche südlich der Azoren entnom-

men wurden. Die Rekonstruktionen basieren hauptsächlich auf der quantitativen Analyse 

von Coccolithophoridengemeinschaften, welche durch Messungen von Alkenonen, Rönt-

genfluoreszenz (XRF) Kernanalysen und Diatomeen-Zählungen ergänzt werden. Die Er-

gebnisse zeigen, dass tiefgreifende Veränderungen in der Primärproduktivität und den 

hydrographischen Bedingungen während ausgesuchter Zeitabschnitte der letzten 130 kyrs  

im Bereich der Azoren stattfanden, die überzeugend aus den Veränderungen in der Coc-

colithophoridengemeinschaft abgeleitet werden können. 

Zum Beispiel herrschte im Bereich der Azoren eine erhöhte Primärproduktivität wäh-

rend des letzten Deglazials und frühen Holozäns, vor allem während des kalten Heinrich 

Ereignisses 1 (H1) und der kalten Jüngeren Dryas, die durch eine stark reduzierte AMOC 

gekennzeichnet sind. Die erhöhte Primärproduktivität wird durch erhöhte Coccolithen-
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Akkumulationsraten, erhöhte Alkenonen-Konzentrationen/Akkumukationsraten, erhöhte 

Ba/Ti-Verhältnisse und erhöhte Konzentrationen an Diatomeen belegt. Die erhöhte Pri-

märproduktivität wurde durch verstärkte Westwinde sowie durch die Advektion von ober-

flächennahen, nährstoffreichen Wassermassen aus den höheren Breiten verursacht. Dar-

über hinaus trug eine südlichere Position der Azorenfront (AzF) zu der erhöhten Primär-

produktivität bei. Diese südlichere Position der Azorenfront kann aus den beobachteten 

Häufigkeitsveränderungen ausgewählter Coccolithophoridenarten (G. muellerae, gruppier-

te subtropische Arten) abgeleitet werden. In Verbindung mit anderen Ergebnissen aus den 

mittleren Breiten des Nordatlantiks zeigen diese Ergebnisse, dass sich während Zeiten 

einer reduzierten atlantischen Umwälzzirkulation eine Zone erhöhter Primärproduktivität 

am Nordrand der zusammengezogenen subtropischen Gyre befand. 

Ein ähnliches Muster an Veränderungen lässt sich während Zeiten schwacher AMOC 

zwischen 130 und 48 kyrs BP beobachten. Während des vorletzten Deglazials sowie wäh-

rend der kalten Marinen Isotopen (sub-) Stadien (MIS) 5.4, 5.2 und 4 herrschte eine erhöh-

te Primärproduktivität im Bereich der Azoren und die Azorenfront lag weiter südlich. In Ge-

gensatz dazu wird eine erniedrigte Primärproduktivität und eine nördlichere Position der 

Azorenfront während der warmen Perioden (MIS 5.3, MIS 5.1, MIS 3) beobachtet. Eine 

Ausnahme zu diesem generellen Muster ist das letzte Interglazial (MIS 5.5), welches durch 

eine strak erhöhte Coccolithophoridenproduktivität gekennzeichnet ist. Diese erhöhte Pro-

duktivität wurde durch die Besetzung neuer Lebensräume nach der vorausgegangenen 

Eiszeit und/oder durch die verstärkte Advektion und den Auftrieb von nährstoffreichem 

Subantarktischen Modewassers (SAMW) hervorgerufen. 

Im Rahmen des zu erwartenden künftigen Klimawandels ist die Kenntnis der natürli-

chen interglazialen Klimavariabilität von besonderer Bedeutung. Daher wird in dieser Ar-

beit besonders auf die Änderungen während des gegenwärtigen und letzten Interglazials 

eingegangen. Beim Vergleich der Ergebnisse aus dem gegenwärtigen (Holozän) und dem 

letzten (MIS 5.5) Interglazial, erhält man ein ähnliches Muster an Veränderungen im Be-

reich der Azoren, was zu folgender Hypothese führt: Aufgrund eines frühen Insolationsma-

ximums in der nördlichen Hemisphäre, kam es zu einer frühen Besserung des Klimas, das 

im Bereich der Azoren durch eine geringe Primärproduktivität und eine nördliche Position 

der Azorenfront gekennzeichnet ist. Danach verursachte die verzögerte Reaktion der nörd-

lichen Eisschilde einen erhöhten Eintrag an Frischwasser in den Nordatlantik, was wiede-

rum zu einer Umkehr hin zu mehr eiszeitlichen Bedingungen führte. Das beschleunigte 



 
 

VII 

Abschmelzen der nördlichen Eisschilde wurde durch deren Zusammenbruch beendet. 

Dies wiederum führte zu einem Zusammenbruch von proglazialen Seen, ein Ereignis, das 

zumindest während des Holozäns im Bereich der Azoren festgestellt wurde (8.2 kyr Ereig-

nis). Nachdem sich der Einfluss des Frischwassers abgeschwächt hatte, etablierten sich 

die vollen interglazialen Bedingungen erst spät während des gegenwärtigen und letzten 

Interglazials. 

Im Allgemeinen wird eine erhöhte Primärproduktivität und eine südlichere Position 

der Azorenfront während kalter Perioden gefunden. Im Gegensatz dazu wird eine ernied-

rigte Primärproduktivität und eine nördlichere Position der Azorenfront während warmer 

Perioden festgestellt. Da die Azorenfront den nördlichen Rand der nordatlantischen sub-

tropischen Gyre markiert, implizieren diese Ergebnisse eine zusammengezogene Gyre 

während kalter Perioden und eine Ausdehnung der Gyre während warmer Perioden. Im 

Rahmen der erwarteten künftigen Klimaerwärmung führen diese Ergebnisse weiterhin zu 

der Annahme, dass sich die oligotrophen Wassermassen der nordatlantische subtropische 

Gyre als Reaktion auf die Erwärmung weiter nordwärts ausdehnen werden. Eine daraus 

resultierende Abnahme der marinen Primärproduktivität, und eine damit verbundene Ab-

nahme der atmosphärischen CO2-Fixierung durch marines Phytoplankton, würden einen 

positiven Rückkopplungsmechanismus für die zu erwartende Erwärmung darstellen. Zieht 

man jedoch das letzte Interglazial als ein analoges Szenario für den zu erwartenden Kli-

mawandel heran, zeigen die hier dargestellten Ergebnisse, dass eine erhöhte Coccolitho-

phoridenproduktivität der zu erwartenden Abnahme in der marinen Primärproduktivität 

möglicherweise entgegenwirkt. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

IX 

Acknowledgments 

 
Bei Prof. Dr. Ralph Schneider möchte ich mich für die Bereitstellung des Arbeitsplatzes, 

sowie für die Übernahme des Erstgutachtens dieser Arbeit bedanken. 

 
PD Dr. Mara Weinelt danke ich für die Möglichkeit, dass ich meine Dissertation im Rah-

men des AMOCINT Projektes erstellen durfte. Diese Arbeit profitierte durch die stets 

konstruktive und detaillierte Diskussion mit ihr. Zuletzt möchte ich Mara für die Mög-

lichkeit an diversen Konferenzen teilzunehmen, sowie für die Übernahme des Zweit-

gutachtens danken. 

 
Ganz spezieller Dank geht an Dr. Hanno Kinkel, für die Einführung in die Welt der Cocco-

lithophoriden, sowie für seine exzellente Betreuung dieser Arbeit. Durch seine Ideen, 

sowie durch zahlreiche Diskussionen, bestimmte er den Verlauf dieser Arbeit maß-

geblich mit. Danke Hanno! 

 
Meiner lieben Kollegin Janne Repschläger danke ich für die angenehme Arbeits-

atmosphäre in unserem „Exklaven“-Büro. Weiterhin danke ich ihr für die zahlreichen 

Diskussionen und manches Korrekturlesen. 

 
Für alle Arten von Diskussionen und Ratschlägen, möchte ich mich auch bei Dr. Sebastian 

Meier, Dr. Guillaume Leduc und Christine Bauke bedanken. 

 
Herzlicher Dank geht auch an Frau Ute Schuldt, für ihre Unterstützung im REM-Labor.  

 
Weiterer Dank geht an: Dr. Karl-Heinz Baumann für Korrekturlesen; Dr. Thomas Blanz für 

die Messung der Alkenone; Prof. Dr. Michael Sarnthein für Diskussionen und Bernard 

Dannielou für die Bereitstellung der GEOFAR KF16 Proben. 

 
Danke auch an meine Eltern, die mir immer mit Rat und Tat zur Seite stehen. 

 
Zuletzt danke ich meiner geliebten Frau Julia, die immer für mich da war und ohne deren 

Unterstützung diese Dissertation nicht möglich gewesen wäre. 

 

 



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

VII 

Table of contents

Summary .............................................................................................................................. I 

Zusammenfassung ............................................................................................................ V 

Acknowledgements .......................................................................................................... IX 

 

Chapter I. Introduction 
1.1 Late Quaternary changes in paleoceanography and climate ..................................... 3 

1.2 Structure of thesis 

1.2.1 Aims and objectives ............................................................................................ 8 

1.2.2 Thesis outline ...................................................................................................... 9 

1.3 Regional setting ........................................................................................................ 11 

1.4 Coccolithophores 

1.4.1 Biology, ecology and environmental significance ............................................. 15 

1.4.2 Evolution of coccolithophores and their use in paleoceanographic studies ...... 19 

1.4.3 Ecology of selected coccolithophore species ................................................... 21 

 

Chapter II. Materials and methods 

2.1 Sample material ....................................................................................................... 29 

2.2 Coccolithophore analysis 

2.2.1 Quantitative coccolithophore analysis .............................................................. 31 

2.2.2 Reliability of coccolithophore analysis .............................................................. 34 

2.3 Alkenone analysis .................................................................................................... 36 

2.4 X-ray fluorescence (XRF) core logging .................................................................... 39 

2.5 Age models .............................................................................................................. 41 

 

Chapter III. Coccolithophore paleoproductivity and ecology response to deglacial 

and Holocene changes in the Azores Current System 
3.1 Abstract .................................................................................................................... 45 

3.2 Introduction .............................................................................................................. 45 

3.3 Recent hydrography and productivity regime ........................................................... 47 

3.4 Materials and methods 

3.4.1 Sample material and age control ...................................................................... 50 



 
 

 
 

 

3.4.2 Quantification of coccoliths ................................................................................ 53 

3.4.3 Alkenone measurements ................................................................................... 54 

3.4.4 XRF core scanning ............................................................................................ 54 

3.5 Results 

3.5.1 Coccolith counts ................................................................................................ 55 

3.5.2 SST and PP reconstructions ............................................................................. 60 

3.6 Discussion 

3.6.1 Frontal movements and PP changes during the deglacial 

and early Holocene .................................................................................................... 65 

3.6.2 Mid Holocene onset of modern hydrographic and productivity conditions ........ 69 

3.6.3 Short-term reorganizations caused by freshwater input .................................... 71 

3.7 Conclusions .............................................................................................................. 72 

 

Chapter IV. Paleoenvironmental changes in the Azores region between 130 and 48 

ka BP with special emphasizes on MIS 5.5 

4.1 Abstract ..................................................................................................................... 77 

4.2 Introduction ............................................................................................................... 78 

4.3 Regional hydrography and productivity regime ........................................................ 80 

4.4 Materials and methods 

4.4.1 Sample material and age control ....................................................................... 82 

4.4.2 Coccolithophore analyses ................................................................................. 84 

4.4.3 XRF core scanning ............................................................................................ 85 

4.5 Results 

4.5.1 Coccolithophore assemblage changes between 130 and 48 ka BP ................. 86 

4.5.2 Coccolith abundance changes during MIS 5.5 .................................................. 88 

4.5.3 Changes within the abundances of subtropical species, total coccolith concen-

trations and coccolith accumulation rates .................................................................. 89 

4.5.4 Si/Ca measured by XRF (siliceous plankton abundances) ............................... 91 

4.6 Discussion 

4.6.1 Orbital scale response of coccolithophore assemblages to ecology changes be-

tween 48 and 130 ka BP ............................................................................................ 92 

4.6.2 A detailed view on MIS 5.5 ................................................................................ 98 

4.7 Conclusions ............................................................................................................ 102 



 
 

 

Chapter V. Comparison of the present and last interglacial in the Azores region 
based on calcareous nannoplankton 

5.1 Abstract .................................................................................................................. 107 

5.2 Introduction ............................................................................................................ 108 

5.3 Regional hydrographic and productivity setting ...................................................... 110 

5.4 Material and methods 

5.4.1 Sample material ............................................................................................... 112 

5.4.2 Age control ....................................................................................................... 112 

5.4.3 Coccolithophore and diatom analysis .............................................................. 114 

5.5 Results and discussion 

5.5.1 Can Holocene and MIS 5.5 coccolithophore assemblages be compared? ..... 115 

5.5.2 A general structure of interglacials in the Azores region .................................. 119 

5.5.3 A quantitative comparison of peak interglacial conditions during the present and 

last interglacial in the Azores region ........................................................................ 125 

5.6 Conclusions ........................................................................................................... 130 

 

Chapter VI. Conclusions 

6.1 General conclusions .............................................................................................. 135 

6.2 Holocene and last deglacial ................................................................................... 135 

6.3 Changes between 130 and 48 kyrs BP .................................................................. 136 

6.4 Short-term variability .............................................................................................. 137 

6.5 A general structure of interglacial climate ............................................................... 138 

 

Chapter VII. Outlook and perspectives 

7.1 Morphometry and morphotype analysis ................................................................. 141 

7.2 High-resolution analysis of the 8.2 kyr event ......................................................... 142 

7.3 Other sediment cores ............................................................................................. 143 

 

References ...................................................................................................................... 145 

Appendix ......................................................................................................................... 165 

Curriculum Vitae ............................................................................................................ 187 



 
 

 
 

 

 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 
 
 
 
 



 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter I. 
 

Introduction 
 
 
 
 
 
 
 
 

  



 
 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Chapter I. Introduction 
 

 
 

3 

1.1 Late Quaternary changes in paleoceanography and climate 
 

The climate during the Quaternary is strongly modulated by variations in the Earth‘s 

orbit, leading to the pronounced succession of glacial and interglacial periods (Imbrie et al., 

1984; Berger, 1988; Mudelsee and Stattegger, 1997; Lisiecki and Raymo, 2005). The gla-

cial and interglacial periods, which are well expressed in terrestrial (Figure 1.1a) and ma-

rine climate records (Figure 1.1b), are characterized by significantly different environmen-

tal conditions. For example, during glacial periods global sea level was lower due to ex-

panded ice-sheets (Lambeck et al., 2002; Bintanja et al., 2005), oceanic fronts shifted to 

lower latitudes (Ruddiman and McIntyre, 1973; Bard and Rickaby, 2009), the Thermoha-

line Circulation (THC) was weaker (Sarnthein et al., 1994; Lopes dos Santos et al., 2010) 

(Figure 1.1c), the global wind field changed and the Inter Tropical Convergence Zone 

(ITCZ) shifted southward (Lea et al., 2003; Schmidt and Spero, 2011). 

During the first 1.8 Ma of the Quaternary, glacials and interglacials had a recurrence 

rate of 41 kyrs, corresponding to variations in the obliquity of the Earth‘s axis (cf. Lisiecki 

and Raymo, 2005). In contrast, during the Late Quaternary (0.8 - 0 Ma), the recurrence 

rate of glacials and interglacials was approximately 100 kyrs (cf. Lisiecki and Raymo, 

2005), corresponding to variations in Earth‘s axis eccentricity. However, it is discussed 

controversially how the comparatively small insolation forcing resulting from the variations 

in eccentricity led to the Late Quaternary glacial/interglacial cycles with a pacing of 100 

kyrs (Hays et al., 1976; Muller and MacDonald, 1996; Maslin and Ridgwell, 2005). One 

possible explanation may be that the solar forcing was amplified by internal feedback 

mechanisms such as changes in the THC (Walin, 1985; Broecker and Denton, 1989; 

Peeters et al., 2004; Beal et al., 2011) and/or in atmospheric greenhouse gas concentra-

tions (e.g. CO2, CH4) (e.g. Sigman and Boyle, 2000). The changes in atmospheric green-

house gases are well documented in Antarctic ice-cores and changed in parallel with the 

succession of the Late Quaternary climate cycles, at which low values prevailed during 

glacial periods and increased values are found during interglacials (Figure 1.1d).  

Although several mechanisms influence the atmospheric CO2 concentrations (Archer 

et al., 2000; Falkowski et al., 2000), changes in the oceanic carbon cycle are considered 

the most prominent factor to explain the glacial to interglacial changes in CO2 (e.g. 

Broecker, 1982a; Sarmiento and Toggweiler, 1984; Sigman and Boyle, 2000). Especially 
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changes in marine primary productivity (PP) are proposed to explain the observed CO2 

changes (Broecker, 1982b; McElroy, 1983; Ganeshram et al., 1995). This is because ma-

rine PP is an integral part of the oceanic carbon pump, and therefore potentially could in-

fluence the atmospheric/oceanic CO2 exchange (Falkowski et al., 2000).  

As outlined above, changes in marine PP and the associated changes in atmospheric 

CO2 play an important role in climate changes. Therefore, in this thesis, changes in marine 

PP and their possible implications on atmospheric CO2 are investigated in the vicinity of 

the North Atlantic subtropical gyre. Although PP is low within the subtropical gyres, their 
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Stacked benthic foraminiferal stable oxygen isotope record (Lisiecki and Raymo, 2005). c) Benthic 
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Chapter I. Introduction 
 

 
 

5 

large size allows for a significant contribution on a global scale (Polovina et al., 2008). For 

example, they account for a quarter of global PP (Longhurst et al., 1995) and contribute up 

to 50% of global ocean carbon export (Emerson et al., 1997). Therefore they are essential 

for the atmospheric/oceanic CO2 exchange. 

Within the context of the Late Quaternary succession of glacial/interglacial cycles, the 

last interglacial periods are of special interest to the (paleo-) climate community, as they 

reflect a mean climatic state that also characterizes the present Holocene period. As past 

interglacials ran their full course and demise, they can teach us a valuable lesson about 

natural interglacial climate variability (Cheddadi et al., 1998; Müller and Sánchez Goñi, 

2007). Furthermore, as past interglacials mostly occurred under different boundary condi-

tions (e.g. orbital and ice-sheet configuration), the comparison of different interglacials can 

give insights into the interglacial climate sensitivity to different forcing mechanisms (e.g. 

Kutzbach et al., 1991). In summary, the investigation of past interglacials can give insights 

into climate sensitivity and natural climate variability during periods comparable to the pre-

sent Holocene, and therefore will help to refine future climate predictions (e.g. Howard, 

1997; Tzedakis et al., 2009). 

Key targets for interglacial climate research are Marine Isotope Stage (MIS) 11 and 

MIS 5.5 (the last interglacial period). Many studies focus on MIS 11, as this period oc-

curred under a similar orbital configuration as the ongoing Holocene (e.g. McManus et al., 

2003; Loutre, 2003; Kandiano and Bauch, 2007). Therefore the long-lasting MIS 11 can 

give insights into the natural climate variability during a period comparable to the Holo-

cene, and can hint at changes that can be expected for the remainder of the Holocene pe-

riod. Moreover, it could help to disentangle the natural and human impact on the ongoing 

climate change. On the other hand, global temperature was 1.5 - 2°C warmer and sea-

level was about 6 m higher during the presumably brief last interglacial period (MIS 5.5) 

compared to the Holocene, which is within the range of the predicted future changes (Clark 

and Huybers, 2009; Kopp et al., 2009). Therefore the last interglacial period (MIS 5.5) can 

serve as a possible analogue scenario for the future climate change, and thus could help 

to evaluate the environmental impact of the predicted future changes. A key question 

would be, wether productivity in the studied area would decrease due the expansion of the 

subtropical gyre, or if a changed modewater circulation, as proposed by Romero et al. 

(2011), would have the opposite effect. 
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Aside of these orbital-scale changes, considerable climate fluctuations also occurred 

on millennial timescales during the Late Quaternary. The millennial-scale climate fluctua-

tions were first identified in ice cores drilled in the Greenland ice-sheet (Figure 1.2a) 

(Dansgaard et al., 1993; Grootes et al., 1993). These climate cycles, termed Dansgaard-

Øschger cycles (DO) or Greenland Stadials (GS)/Greenland Interstadials (GI), have a 

mean recurrence rate of 1470 yrs, at least during MIS 2 - MIS 4 (Grootes and Stuiver, 

1997; Schulz, 2002). GS/GI cycles have been found in various global climate archives 

(e.g. Figure 1.2b) (for a review see Voelker, 2002), indicating that these fluctuations are a 

fundamental mode of climate variability. Furthermore the cold reversals during deglacials 
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(e.g. the Younger Dryas) are discussed as a continuation of the DO cycles (e.g. Tzedakis 

et al., 2012). 

Climate fluctuations with a similar recurrence rate have also been reported during the 

present and last interglacial period (Bond et al., 2001), indicating a generally instable cli-

mate during interglacials (see also Fronval and Jansen, 1996; Couchoud et al., 2009). On 

the other hand, other climate records indicate a rather stable climate during interglacials 

(e.g. McManus et al., 1994; Rasmussen et al., 2003; Andersen et al., 2004). Therefore the 

stability of interglacial climates is still a matter of ongoing research and will be addressed 

in this thesis.  

Superimposed on the GS/GI fluctuations are the lower frequency cycles of the Hein-

rich events, which have a mean recurrence rate of 7200 yrs (Sarnthein et al., 2001), occur-

ring during cold GI (Figure 2). The Heinrich events are associated with a drastic collapse of 

the Northern Hemisphere ice-sheets, resulting in a massive input of icebergs and hence in 

a massive discharge of freshwater into the North Atlantic (Heinrich, 1988; Broecker et al., 

1992; MacAyeal, 1993; Maslin et al., 1995). As other Greenland Stadials, the Heinrich 

events are associated with a reduction in the Atlantic Meridional Overturning Circulation 

(AMOC), which is the Atlantic part of the THC (e.g. Zahn et al., 1997; Dokken and Jansen, 

1999; Seidov and Maslin, 1999; Boyle, 2000; Rasmussen and Thomsen, 2004; Schmidt et 

al., 2006).  

Regarding PP, recent freshwater modeling experiments indicate a significant reduc-

tion in marine PP during Heinrich events, especially in the North Atlantic (Schmittner, 2005; 

Menviel et al., 2008; Mariotti et al., 2012). In accordance to these modeling results, a de-

creased PP is observed in the high to mid latitudes of the North Atlantic based on proxy 

reconstructions (Figure 1.2c) (e.g. Thomas et al., 1995; Villanueva et al., 1998; Weinelt et 

al. 2003; Nave et al., 2007). However, mismatches between the modeling and proxy re-

sults have also been reported (Gil et al., 2009; Salgueiro et al., 2010). These mismatches 

can probably be related to local mechanisms, such as the advection of nutrient-rich sur-

face waters or the expansion of the subtropical gyres, which are not considered by the 

models (Mariotti et al., 2012). Furthermore, in the mid to low latitude open ocean North 

Atlantic there are no suitable proxy records (with a sufficient temporal resolution) available 

to test the model results within this region, which would be crucial regarding the large area 

covered. 
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1.2 Structure of thesis 
 

1.2.1 Aims and objectives 
 

The presented study is conducted within the framework of the European Science 

Foundation (ESF) project AMOCINT (Atlantic Meridional Overturning Circulation during 

Interglacials). The project aims to identify suitable key sites to explore interglacial AMOC 

variability and to reconstruct changes in interglacial AMOC and their environmental impact 

with a high temporal resolution, in order to provide marine records comparable to ice-core 

records, which are one of the most intriguing and detailed climate archives (Dansgaard et 

al., 1993; Jouzel et al., 2007). The project should allow detailed insights into AMOC varia-

bility over past interglacials, which is thought to be a major component in climate changes 

(see chapter 1.1).  

For this purpose, key sites along the warm water routes of the upper AMOC limb 

(Figure 1.3) were surveyed and drilled onboard the research vessel Marion Dufresne dur-

ing cruise MD-168 in 2008 (Kissel et al., 2008). As part of the AMOCINT project the pre-

sented thesis investigates subtropical AMOC variability and related changes in marine 

primary productivity. Particularly the thesis investigates changes in paleoproductivity and 

hydrography in the Azores region, mainly based on changes in coccolithophore assem-

blages (see chapter 1.4). The objectives of this thesis are to: 

 

• Provide high-resolution reconstructions of paleoproductivity and hydro-

graphic changes from the temperate/subtropical open ocean North At-

lantic, an area where existing paleoreconstructions are rare. 

 

• Evaluate the impact of AMOC changes on the primary productivity and 

hydrographic conditions in the Azores region during the last deglaciation 

and Holocene period. 

 

• Evaluate the stability of the Holocene period in terms of productivity and 

hydrography in the Azores Current System at an inner ocean site. 
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• Investigate the paleoecological changes in the Azores region during 

MIS 5, with special emphasizes on the last interglacial period (MIS 5.5). 

 

• Draw possible conclusions of the observed productivity changes on the 

oceanic carbon cycle. 

 

• Detect comparable patterns of short-term (i.e. millennial- to centennial-

scale) changes in the paleoecological conditions in the Azores region 

during the present and last interglacial. 

 

• Compare the present and last interglacial periods in terms of productivi-

ty and hydrography, in order to gain insights into climate sensitivity and 

response of the carbon cycle during interglacial periods. 

 

• Answer the following question: If MIS 5.5 is an analog of expected fu-

ture climate scenarios, will productivity increase in the subtropical re-

gion due to a changed mode water circulation? 

 

1.2.2 Thesis outline 

 

The thesis will address the objectives listed in chapter 1.2.1 in 7 distinct chapters. 

General background informations are given in chapter 1 and the materials and methods 

used in this thesis are explained in chapter 2. Chapters 3 to 5 correspond to manuscripts 

that are either published, submitted or will be submitted shortly to scientific journals. Chap-

ter 6 gives the conclusions of this thesis and chapter 7 gives an outlook on (possible) fu-

ture work. The single chapters of this thesis contain the following information: 

 

Chapter I gives an introduction to Late Quaternary climate changes, which is fol-

lowed by a description of the aims and objectives of the presented thesis. Furthermore 

background information on the geological and present hydrographic conditions in the work-

ing area (Azores) are given. At last, an introduction to coccolithophores and their applica-

tion in paleoceanographic studies is given. 
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Chapter II deals with the materials and methods used in this study. First, a brief se-

dimentological description of the used sediment cores is given. Afterwards the applied 

methods (quantitative coccolithophore analysis, alkenone measurements and X-ray Fluo-

rescence (XRF) core-scanning) are explained in detail. 

 

Chapter III, entitled „Coccolithophore paleoproductivity and ecology response to de-

glacial and Holocene changes in the Azores Current System“, is a manuscript published in 

Paleoceanography (Schwab et al., 2012). This chapter deals with last deglacial and Holo-

cene changes in productivity and hydrography in the Azores region. I wrote the manuscript 

and conducted all the coccolithophore analysis. Furthermore I contributed significantly to 

the establishment of the age models of the used sediment cores and I did the diatom 

counts. Stable Isotope analysis and XRF core-scanning were conducted by J. Repschlä-

ger. I prepared the samples for alkenone analysis (weighing, grounding), which were 

measured by T. Blanz. All the data were interpreted by me and the co-authors of the man-

uscript. 

 

Chapter IV, entitled „Paleoenvironmental changes in the Azores region between 48 

and 130 ka BP with special emphasizes on MIS 5.5“, is a manuscript submitted to Quater-

nary Science Reviews (Schwab et al., submitted). The manuscript investigates paleoeco-

logical changes in the Azores region between 130 and 48 ka BP. Furthermore, changes 

during the last interglacial period (MIS 5.5) are discussed based on high-resolution records 

of coccolithophore abundances. I wrote the manuscript and conducted all the coccolitho-

phore analysis. I also established the isotope stratigraphy of the used sediment core and 

conducted the diatom counts. Stable Isotope analysis and XRF core-scanning were con-

ducted by J. Repschläger. All the data were interpreted by me and the co-authors of the 

manuscript. 

 

Chapter V, entitled „Comparison of the present and last interglacial in the Azores re-

gion based on calcareous nannoplankton“, corresponds to a manuscript, which will be 

submitted to Climate of the Past in March 2013 after a final proofreading of the co-authors 

(Kinkel, H., Weinelt, M., Repschläger, J.). This manuscript focusses on a qualitative and 

quantitative comparison of the present and last interglacial period, in order to gain insights 
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into natural climate variability and climate sensitivity during interglacials. I wrote the manu-

script, conducted the coccolithophore analysis and established the refined age model of 

sediment core MD08-3179Cq. Furthermore, I interpreted the data with contributions of the 

co-authors of the manuscript. 

 

Chapter VI and Chapter VII contain the general conclusions of the thesis and an 

outlook on ongoing and possible future work. 

 

The Appendix contains supplementary data and figures mentioned in the text, as 

well as a data compilation. 

 

 

1.3 Regional setting 
 

The surface water hydrography in the working area is characterized by the Azores 

Current System (Figure 1.3). The Azores Current System is an eastward branch of the 

North Atlantic Current (NAC), the dominant surface water current in the North Atlantic. The 

North Atlantic Current transports heat and salt to the higher latitudes and thus forms the 

main upper limb of the AMOC in the North Atlantic (McCartney and Talley, 1984; 

Rahmstorf, 2003; Thornally et al., 2009). As the Azores Current Sytem is an eastward 

branch of the main upper limb of AMOC in the North Atlantic, a close coupling between 

AMOC and the Azores Current System can be assumed. 

The Azores Current System mainly consists of the Azores Current (AC) and its asso-

ciated Azores Front (AzF), which are persistent features of the North Atlantic throughout 

the year (Kielmann and Käse, 1987; Klein and Siedler, 1989; Maillard and Käse, 1989). 

Furthermore, there are evidences for the presence of an Azores Counter Current (Onken, 

1993; Alves and de Verdière, 1999) and an additional northern flow termed North Azores 

Flow (Bashmachnikov et al., 2004). The AC travels eastward at a mean latitude of 35°N 

(Klein and Siedler, 1989), and joins the Canary Current, which flows southward. Due to its 

connections to the North Atlantic Current and Canary Current, the AC is part of the anticy-

clonic circulation that characterizes the North Atlantic subtropical gyre, forming its northern 

boundary (e.g. Bashmachnikov et al., 2004). 
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Position and strength of the AC varies on seasonal and interannual timescales (Klein 

and Siedler, 1989; Pingree, 1997; Alves and de Verdière, 1999). The seasonal changes in 

the strength of the AC are expressed in transport volumes of 9 Sv in winter, 12 SV in 

summer, to about 19 SV in spring (Alves and de Verdi, 1999). The seasonal changes in 

the transport volume are accompanied by changes in its latitudinal position, at which sea-

sonal latitudinal migrations of ± 3° around the mean zonal axis at 35°N have been reported 

(Käse and Siedler, 1982).  Thereby a more southern position and less meridian flow of the 

AC mean axis is found during summer (Klein and Siedler; 1989), coinciding with a smaller 

north-south extension of the SG in the North East Atlantic (Stramma and Siedler, 1988). 

Interannual shifts of 2° in latitude of the mean flow axis have been described by Pingree 

(1997). 

However, waters transported by the AC partly flow into the Gulf of Cadiz and into the 

Mediterranean Sea (Figure 1.3). These waters are thought to replace the waters lost from 

the Mediterranean Sea due to the overflow in the Street of Gibraltar. Therefore a hypothet-

ical connection between the AC and the Mediterranean Overflow Waters (MOW) has been 
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proposed (Jia, 2000; Özgökmen et al., 2001; Kida et al., 2008; Volkov and Fu, 2010, 

2011). Thereby the comparatively small MOW of 1 Sv forces the formation of the AC, 

which has a mean transport of about 10 - 12 Sv (Sy, 1988; Schmitz and McCartney, 1993). 

As already mentioned, another important feature of the Azores Current System is the 

AzF. At the surface the AzF separates southern regions with a permanent thermohaline 

mixed layer and a subtropical thermocline from northern regions with a seasonal thermo-

cline formation and winter convective and advective mixing (Käse and Siedler; 1982). I will 

refer to the surface water masses north of the AzF as North East Atlantic Transitional Wa-

ter (NATW) (Ottens, 1991; Schiebel et al., 2011) and to the southern water masses as sub-

tropical water. Southernmost NATW is the dominant surface water mass at the coring sites 

today. Because the front can be shielded by the development of a seasonal thermocline in 

the working area, the position of the front is best defined as the location where the 15°C 

isotherm is between 200 and 300 m waterdepth (Gould, 1985). 

The AC is a strongly meandering current, and therefore mesoscale activity is a com-

mon feature in the working area. This mesoscale activity is expressed by the formation of 

eddies. Thereby mature meanders pinch off the AC, forming cyclonic eddies to the south 

and anticyclonic eddies to the north of the AC (Alves et al., 2002). Only the anticyclonic 

Figure 1.4. Sattelite based mean annual (2006) chlorphyll concentration in the North Atlantic (data 
available at http://seadas.gsfc.nasa. gov). 
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eddies, which transport subtropical waters to the north, occasionally reach our coring site 

(Alves et al., 2002; Pingree et al., 2002). There are different opinions about the seasonal 

variability of the eddy activity in the working area. For example Mourino et al. (2003) and 

Martins and Sinah (2002) report maximum eddy activity during winter, whereas Klein and 

Siedler (1989) report minimum eddy activity during this period. According to Mourino et al. 

(2003) this may be attributed to interannual variability of the eddy kinetics. Furthermore, 

there is a debate about the relationship of the eddy activity in the Azores region and the 

North Atlantic Oscillation (NAO). Pingree (2002) reports a more vigorous subtropical gyre 

circulation and an intensified eddy activity during phases of positive NAO, whereas 

Mourino et al. (2003) found a negative relation between the NAO and the eddy activity of 

the AC. At last, Oeschlies (2001) found no significant dependence of the eddy activity and 

the NAO in the North Atlantic. 

The different surface hydrographic conditions on each side of the Azores Current 

System create a high PP gradient in the working area (Figure 1.4). The regions to the 

south of the Azores Current System are generally characterized by a low PP. The low PP 

is a result of a strong water-column stratification, which leads to a weak vertical mixing and 

hence to a diminished replenishment of nutrients (Mouriño-Carballido and Neuer, 2008). In 

contrast, in the regions to the north of the Azores Current System, a high PP can be found. 

This high PP is a result of the deep winter mixed layer (200 - 300 m), which causes an ef-

fective renewal of consumed surface-nutrients due to upward mixing of deeper-sourced 

nutrients (Lévy et al., 2005). Furthermore PP in the working area can be influenced by the 

Figure 1.5. Seasonal variations in mixed layer depth (Monterey and Levitus, 1997), primary productivity 
(http://www.science.oregonstate.edu/ocean.productivity) and chlorophyll a concentration (data from 
http://seadas.gsfc.nasa. gov) at the location of the studied sediment cores. Season of maximum prima-
ry productivity is marked with grey vertical bar. 
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eddy activity in the region. The cyclonic eddies to the south of the Azores Current System 

can cause an episodic nutrient input due to eddy pumping (Mouriño-Carballido and Neuer, 

2008). On the other hand, the anticyclonic eddies, which occasionally transport oligo-

trophic subtropical waters to the coring site, are normally associated with low PP (Hernán-

dez-León et al., 2007; Mouriño-Carballido and Neuer, 2008). The mean annual PP at the 

coring site amounts 460 mgC/m2/day (Behrenfeld and Falkowski, 1997). Substantial phy-

toplankton production takes place in the early spring, when winter mixing relaxes and strat-

ification sets in (Figure 1.5). Regarding coccolithophores, the peak production periods 

starts slightly after the main PP peak (see chapter 3.3). As coccolithophores are one of the 

main groups of marine primary producers, they account for a substantial part of marine 

primary productivity (Baumann et al., 2005). This holds true in the working area, where the 

contribution of coccoliths to the total amount of sinking particles can be estimated to be 

one third (Broerse et al., 2000a).  

 
 

1.4 Coccolithophores 
 

1.4.1 Biology, ecology and environmental significance 

 

Coccolithophores are unicellular algae belonging to the division Haptophyta and to 

the class Prymnesiophyceae (Edvardsen et al., 2000). They posses a haptonema, which is 

thought to act as an obstacle-sensing device (Billard and Inouye, 2004). Although the class 

Prymnesiophyceae includes also non-calcified organisms, coccolithophores are character-

ized by an exoskeleton made up of minute calcified platelets (coccoliths). The function of 

the coccoliths is discussed controversially (for a review see Young, 1994). Possible func-

tions of coccoliths may be protection against grazing by zooplankton, mechanical damage 

and/or bacterial infestation. Furthermore, as water can be trapped between the cell mem-

brane and the layer of coccoliths, they can act as a buffer against changes in the environ-

mental conditions and probably can help to assist nutrient uptake. Another function of coc-

coliths may be their biochemical assistance in photosynthesis, at which the CO2 produced 

during the calcification process can be used during photosynthesis. Additionally, coccoliths 

are probably used in regulating the incident light used for photosynthesis. The regulation of 

incident light into or away from the cell may allow life in the lower or upper photic zone re-
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spectively. The morphology of coccoliths is used for the taxonomy of coccolithophores. 

Coccoliths can be divided into two major groups, the holo- and heterococcoliths. The most 

commonly investigated coccoliths are heterococcoliths, which are formed by an array of 

interlocked crystal units with variable shape (Young et al., 1992; Henriksen et al., 2004), 

and which are produced intracellularly (Brownlee and Taylor, 2004; Taylor et al., 2007). In 

contrast, holococcoliths are made up of numerous minute (ca. 0.1µm) euhedral crystallites 

(Young et al., 2003). They are produced extracellularly (e.g. Rowson et al., 1986). Holo-

coccoliths are very fragile, and therefore are rarely preserved in sediment samples. Both 

coccolith groups (holo- and heterococcoliths) are not related to different coccolithophore 

species but represent different stages in the complex life-cycle of coccolithophores (Cros 

et al., 2000). In general, coccolithophores reproduce asexually by mitotic division, at which 

the coccoliths are redistributed on the daughter cells (Baumann et al., 2005). However, in 

many haptophytes, including coccolithophores, a more complex life-cycle has been report-

ed, which involves the transition from a diploid stage to a motile, haploid stage (Figure 

1.6). The transition from the diploid to the haploid stage takes place via the sexual process 

Coccolithophorid life-cycles

Meiosis
Mitosis

ploidy level from
flow cytometry

and
nuclear staining

Mitosis

holococcolith
stageSyngamyheterococcolith

stage

Figure 1.6. Schematic illustration of coccolithophorid life-cycles (from Geisen et al., 2002). 
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of meiosis, whereas the transition from the haploid to the diploid stage takes place via the 

sexual process of syngamy (Houdan et al., 2004). The cells of the diploid stage are cov-

ered by heterococcoliths, whereas the haploid cells are covered by holococcoliths. 

Coccolithophores are one of the main primary producers in the oceans today (Cortés 

et al., 2001). As coccolithophores need light for their photosynthetic activity, they thrive in 

the photic zone of the oceans. Furthermore, coccolithophores strongly rely on nutrients 

and other physico-chemical parameters of the sea-surface (temperature, salinity, turbu-

lence). Nevertheless, coccolithophores are adapted to a wide range of environmental con-

ditions. For example, certain coccolithophore species have been found in the high saline 

waters of the Gulf of Elat (Winter et al., 1979), and in the low saline waters of Norwegian 

fjords (Kristiansen et al., 1997). However, in general, coccolithophores are adapted to sa-

Figure 1.7. Coccolithophores and their role in biogeochemical cycles (slightly modified from De Vargas 
et al., 2007) . Coccolithophores affect the marine organic carbon pump (A) via their photosynthetic activi-
ty, and affect the marine inorganic carbon pump (B) due to the calcification of coccoliths. Furthermore 
they can affect climate via the production of dimethyl sulfide (DMS) and via an enhanced albedo of the 
sea surface due to the generation of large blooms. Abbreviations: Aragonite Compensation Depth (ACD), 
Calcite Comensation Depth (CCD). 
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linities that prevail in the open ocean (32 - 37 psu) (Baumann et al., 2005). The same wide 

tolerance is observed in terms of temperature, ranging from 31°C to below 0°C (Okada 

and McIntyre, 1979; Samtleben et al., 1995). Coccolithophores are furthermore found in 

eutrophic upwelling regions (Giraudeau et al., 1993; Ziveri et al., 1995; Broerse et al., 

2000b; Sprengel et al., 2002), as well as in the oligotrophic subtropical gyres (Cortés et al., 

2001; Sprengel et al., 2002; Boeckel and Baumann, 2008). As most coccolithophores are 

K-selected, highest diversity of coccolithophores are found in the oligotrophic regions of 

the subtropical gyres (Winter et al., 1994). However, individual coccolithophore species are 

mainly adapted to a relatively narrow range of environmental conditions (McIntyre and Bé, 

1967; Okada and McIntyre, 1979; Brand, 1984; Haidar and Thierstein, 2001; Giraudeau et 

al., 2010). Therefore certain coccolithophore species only thrive in specific oceanic envi-

ronments, resulting in a biogeographical distribution of coccolithophore species. Based on 

water and sediment samples McIntyre and Bé (1967) and Okada and Honjo (1973) divided 

the Atlantic and Pacific Ocean into distinct coccolithophore biogeographical provinces. 

They distinguished a subarctic, temperate (transitional), subtropical, tropical and subant-

arctic province, which each are characterized by a specific assemblage of coccolithophore 

species. The different ecological preferences of coccolithophore species are furthermore 

reflected in their morphology. Based on their ecological distribution, Young (1994) distin-

guished between placolith bearing, umbelliform and floriform coccolithophore species. 

Placolith bearing species are abundant in eutrophic environments, whereas umbelliform 

species are abundant in oligotrophic environments. The floriform species occur in the low-

er photic zones of the low- to midlatitudes. In order to use coccolithophores as a tool for 

paleoceanographic studies, a deep knowledge about the ecological preferences of cocco-

lithophore species is needed. 

Coccolithophores are one of the most productive carbonate producers in the oceans 

today (Westbroek et al., 1993; Zondervan et al., 2001; Beaufort et al., 2007), contributing 

about 50% of the global carbonate that reaches the deep oceans (Broecker and Clark, 

2009). The carbonate produced by coccolithophores (coccoliths) mainly reaches the deep 

oceans via their incorporation into fecal pellets or marine snow (Honjo, 1976; Samtleben 

and Bickert, 1990). Up to 92% of coccolith carbonate reaches the deep oceans (Honjo, 

1976). Due to the intracellular calcification of coccoliths, which produces CO2, coccolitho-

phores are a major component of the oceanic inorganic carbon pump. On the other hand, 

as coccolithophores build up their organic material via photosynthesis, which consumes 
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CO2, they also affect the organic carbon pump of the ocean. The balance between the in-

organic and organic carbon pump therefore regulates the CO2 exchange between the sur-

face ocean and the atmosphere (Sarmiento et al., 1998, Sigman, 2000) (Figure 1.7). Fur-

thermore coccolithophores affect the carbon cycle via their ballasting effect. Like inorganic 

carbon, organic carbon is preferentially transferred to the deep ocean by fecal pellets and 

marine snow (Turner, 2002). As coccoliths have a higher density than biogenic opal and as 

they are more abundant than terrigenous sediments, their incorporation into the sinking 

particles makes the sinking process and hence the burial of organic carbon more efficient 

(Ziveri et al., 2007). Aside of their impact on the ocean carbon cycle, coccolithophore 

probably influence the environment due to their production of dimethyl sulfide (DMS), 

which they produce as a protection against grazing by zooplankton (Wolfe and Steinke, 

1996; Levasseur et al., 1996). The DMS produced by coccolithophores leads to an en-

hanced reflection of incoming solar radiation, and it could act as condensation-nuclei for 

clouds (Burkill et al., 2002). At last, coccolithophores can produce large blooms, which are 

even visible from space (Brown and Yoder, 1994). The large quantities of calcite produced 

within such a bloom, up to 1x109 kg calcite-C (Holligan et al., 1993), can increase the al-

bedo of the sea-surface, at least on a regional scale (Tyrrell et al., 1999). 

 

1.4.2 Evolution of coccolithophores and their use in paleoceanographic studies 

 

The earliest occurrence of coccolithophores has been reported from Upper Triassic 

sediments from the Southern Alps in Italy (Bown, 1998). There, coccolithophores are 

abundant, but with a low diversity. Furthermore, Triassic coccolithophores seem to have 

been restricted to low-latitude regions (Bown, 1998). After a major extinction event at the 

Triassic /Jurassic boundary, coccolithophore diversity increased to reach maximum values 

during the Late Cretaceous. At the Cretaceous/Tertiary boundary 90% of coccolithophore 

species got extinct (Bown et al., 2004). Although coccolithophores recovered rapidly during 

the Paleocene/Eocene, a general decline in coccolithophore diversity is observed since the 

Eocene (Bown et al., 2004). Today, approximately 200 extant coccolithophore species are 

known (Young et al., 2003). Because coccolithophores evolve rapidly, and because they 
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Table 1.1. Use of coccolithophores and coccolithophore related proxies in paleoenvironmental studies 
(modified after Stolz, 2009). Methods used in this thesis are marked in grey. 
 

Coccolithophore 
component Analysis Information Examples 

Coccolithophore 
assemblage 

Assemblage com-
position 

Ecological conditions 
(e.g. temperature, nu-
trients, hydrography) 

Giraudeau et al.  (2000) 
Flores et al. (2003) 

Biostratigraphy Bown (1998) 

Coccolithophorid car-
bonate production 

López-Otálvaro et al. 
(2008) 

Single coccolitho-
phore species 

Morphometry of 
coccoliths 

Surface-water condi-
tions (temperature, 

salinity) 

Hagino et al. (2005) 
Bollmann et al. (2002) 
Colmenero-Hidalgo et 

al. (2002) 

Calcification (SY-
RACO) 

Indirect pCO2 of sea-
water Beaufort et al. (2011) 

Coccolith car-
bonate 

Mg/Ca Sea-surface tempera-
ture Stoll et al. (2001) 

Sr/Ca 
Coccolithophore 
growth rate and 

productivity 

Stoll and Schrag (2000) 
Stoll and Bains (2003) 

δ18O Sea-surface tempera-
ture Beltran et al. (2007) 

δ13C Productivity Rickaby et al. (2007) 

Coccolithophorid 
biomarkers 
(alkenones) 

UK’
37, undersatura-
tion ratio of 
alkenones 

Sea-surface tempera-
ture 

Schneider et al. (1995) 
Bard and Rickaby (2009) 

δ13C of alkenones pCO2 of seawater Pagani (2002) 

Tetra-
undersaturated 

alkenones (C37:4) 

Position of oceanic 
fronts Rosell-Melé et al. (1998) 

Alkenone concen-
tration Productivity Villanueva et al. (1998) 
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are abundant in nearly all marine sediments, these species are successfully used as a bi-

ostratigraphic tool (e.g. Martini, 1971). 

Because coccolithophores are sensitive to changes in the physicochemical condi-

tions of the sea-surface (see chapter 1.4.1), have a fast reproduction cycle and are abun-

dant in nearly every oceanic realm, they are perfectly suited for paleoceanographic stud-

ies. This suitability is furthermore strengthened by the fact that coccoliths have a higher 

preservation potential than foraminiferal CaCO3 (e.g. Frenz et al., 2005). Based on the dif-

ferent ecological demands of individual coccolithophore species, many paleoceanographic 

studies deduce ecological changes based on changes within the coccolithophore assem-

blage (e.g. Flores et al., 1997, Flores et al., 2000; Giraudeau et al., 2000; Giraudeau et al., 

2004; Baumann and Freitag, 2004; Stolz and Baumann, 2010; Chiyonobu et al., 2012). An 

important prerequisite for this approach is that the fossil coccolithophore assemblage has 

to reflect the assemblage in the sea-surface. There are several factors, such as (differen-

tial) dissolution, advection or grazing, which could influence the transformation from the 

living to the fossil assemblage (Samtleben and Bickert, 1990; Harris, 1994; Ziveri et al., 

2000). However, surface sediment-, sediment trap- and water sample-studies indicate that 

the fossil coccolithophore assemblage works as a reliable representative of the sea-

surface conditions (Baumann et al., 1999; Kinkel et al., 2000; Andruleit and Rogalla, 2002). 

Especially in the eastern North Atlantic, the working area of the presented thesis, changes 

in coccolithophore assemblages have been successfully used to reconstruct past environ-

mental changes during the Late Quaternary (Lototskaya et al., 1998; Incarbona et al., 

2010; Stolz and Baumann, 2010). Aside of this approach, there are numerous other appli-

cations of coccolithophores in paleoceanography (see summary in Table 1.1). 

 

1.4.3 Ecology of selected coccolithophore species 

 

As stated in chapter 1.4.1 and 1.4.2, a precise knowledge about the ecology of coccolitho-

phore species is essential, in order to deduce past environmental changes based on 

abundance variations. Therefore this chapter will describe the ecology of the coccolitho-

phore species used in this study. 

 

 

 



Chapter I. Introduction 
 

 
 
22 

Emiliania huxleyi 

E. huxleyi is the most abundant extant coccolithophore species in modern oceans 

and has been dominating coccolithophore assemblages for the last 73 kyr (Thierstein et 

al., 1977). It has a wide biogeographical distribution and tolerates temperatures between 1 

and 30°C (McIntyre et al., 1970; Okada and Honjo, 1973; Okada and McIntyre, 1979). E. 

huxleyi has been reported to grow at low salinities down to 12 psu (Paasche et al., 1996) 

and to occur in high saline waters (41 psu) of the Gulf of Elat (Winter et al., 1979). In gen-

eral, it thrives in the upper photic zone with higher abundances in nutrient-rich subpolar 

waters as well as along the borders of subtropical gyres, in equatorial and coastal 

upwelling regions and outer shelf areas (Flores et al., 2010). Especially in the subpolar 

regions of the North Atlantic E. huxleyi forms extensive blooms during summer and early 

autumn, even visible from space (Brown and Yoder, 1994). There are three well-

established, genotypical different morphotypes of E. huxleyi (Young and Westbroek, 

1991). These are termed Type A, B and C and can be distinguished by the size of their 

distal shield and by the degree of calcification of distal shield elements. Furthermore there 

are evidences for a morphotype termed Type B/C, which has the same morphology than 

Type B and C but is intermediate in size, a morphotype Type R, which has heavy calcified 

distal shield elements, and a morphotype termed E. huxleyi var. corona (Young et al., 

2003). Frequent occurrences of large E. huxleyi (≥ 4 μm; corresponding to Type B) have 

been linked to cold surface water conditions (Colmenero-Hidalgo et al., 2002; Hagino et 

al., 2005; Flores et al., 2010).  An inverse relationship between the coccolith size of E. hux-

leyi and temperature has been found by Sorrosa et al. (2005) based on culturing experi-

ments. Furthermore a positive correlation of distal shield length of E. huxleyi and sea sur-

face salinity has been reported (Bollmann and Herrle, 2007; Bollmann et al., 2009). At last, 

E. huxleyi together with G. oceanica (and presumably other species of the family Gephy-

rocapsa) are known to synthesize alkenones, which are biomarkers that are successfully 

used as proxies in paleoceanography (e.g. Müller et al., 1998). 

 

Gephyrocapsa muellerae 

G. muellerae is described as a species preferring cool to temperate water conditions 

(Samtleben, 1980; Samtleben and Bickert, 1990; Samtleben et al., 1995). It is common in 

the temperate biogeographical zones at mid- to high latitudes of the Atlantic and Pacific 
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Oceans (Winter et al., 1994). Therefore it is widely used as an indicator for colder water 

temperatures compared to other gephyrocapsids (e.g. Weaver and Pujol, 1988; Di Stefano 

and Incarbona, 2004). Regarding the North Atlantic, Giraudeau et al. (2010) recently pub-

lished a temperature range of 12 - 18°C and an optimum temperature of 14°C for G. muel-

lerae. Furthermore the authors concluded on the basis of a comprehensive North Atlantic 

surface sediment sample set, that the eastern North Atlantic is an ecological niche for this 

species. Especially in the Azores Current System region, G. muellerae exclusively thrives 

in the transitional water masses to the north of the AzF (Jordan, 1988; Schiebel et al., 

2011). However, local occurrences of this species have been reported from the Norwe-

gian-Greenland Sea and from the upwelling regions off northwest Africa. The occurrence in 

the higher latitudes of the North Atlantic has been related to drifting of this species within 

transitional water masses transported by the North Atlantic Current (e.g. Samtleben and 

Schröder, 1992). The local occurrence of G. muellerae in the upwelling regions off north-

west Africa indicates an affiliation to eutrophic conditions of this species (Sprengel et al., 

2002). 

 

Gephyrocapsa ericsonii 

G. ericsonii has been described to have ecological preferences similar to those of E. 

huxleyi (Haidar and Thierstein, 2001). This results in a wide biogeographical distribution, 

ranging from temperate to tropical oceans (e.g. Okada and Honjo, 1973; Ziveri et al., 

2004). Nevertheless increased G. ericsonii abundances can be found under high nutrient 

conditions (Baumann et al., 2008, and references therein). Beside this affinity, a weak pos-

itive correlation of increased G. ericsonii abundances to low salinities, turbulent water con-

ditions and colder temperatures was found by Boeckel et al. (2006). 

 

Coccolithus pelagicus 

C. pelagicus preferentially lives in subpolar to polar regions (McIntyre and Bé, 1967), 

tolerating cold temperatures below 0°C (Okada and McIntyre, 1979; Samtleben et al., 

1995). Beside the well-known cold water affinity of C. pelagicus, Cachão and Moita (2000) 

showed an increased abundance of C. pelagicus under high nutrient conditions at the Ibe-

rian margin. There are two well-established morphotypes of C. pelagicus, a small (6–10 

µm) morphotype (C. pelagicus ssp. pelagicus) associated with arctic conditions and a 
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larger (9–15 µm) morphotype (C. pelagicus ssp. braarudii) associated with more temperate 

and nutrient-rich conditions (Ziveri et al., 2004, and references therein). Studies of Parente 

et al. (2004) confirmed the usefulness of a small-sized morphotype as a subpolar water 

proxy and the usefulness of an intermediate-sized morphotype as a productivity proxy at 

the Iberian margin. Furthermore, these authors proposed a new, very large  (> 14 µm) 

morphotype (C. pelagicus spp. azorinus), which probably could be used as a proxy for the 

influence of the AC in this region. However, the overall abundance of C. pelagicus in North 

Atlantic surface sediments closely parallels the abundance pattern its small morphotype, 

with clear abundance maxima in the polar and subpolar North Atlantic (Baumann et al., 

2005). 

 

Calcidiscus leptoporus 

C. leptoporus is a cosmopolitan species occurring at nearly all latitudes (McIntyre and 

Bé, 1967). In the equatorial Atlantic and Arabian Sea an affinity of C. leptoporus to cold 

and nutrient-rich conditions has been successfully established (Kinkel et al., 2000; An-

druleit and Rogalla, 2002). Fincham and Winter (1989) and Boeckel et al. (2006) conclud-

ed that a positive correlation to elevated nutrient levels might be the primary response of 

C. leptoporus. However, the overall distribution pattern of C. leptoporus in the North Atlan-

tic is patchy with no clear ecological/hydrological preference (Ziveri et al., 2004). Knap-

pertsbusch et al. (1997) introduced a subdivision of C. leptoporus into three morphotypes 

(small (≤ 5 μm), intermediate (≤ 8 μm) and large (≥ 8 μm)). It has been shown by Renaud 

et al. (2002) that the abundances of the intermediate and large morphotypes have similar 

variations with temperature, whereas the large morphotype is more opportunistic and can 

be associated with productive waters. The increasing relative abundance of the small mor-

photype seems to be mostly due to the decreasing fitness of the two other types in warm, 

nutrient-rich, stratified waters (Renaud et al., 2002). 

 

Florisphaera profunda 

F. profunda is abundant in tropical to temperate regions with a temperature range of 

10 - 28°C (Okada and McIntyre, 1979). It lives in the lower photic zone at about 150 -    

200 m water depth (e.g. Andruleit and Rogalla, 2002). Together with G. flabellatus, it is the 

only coccolithophore species known to inhabit the deep photic zone. Abundance variations 
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of F. profunda are associated with variations in nutricline-depth (Molfino and McIntyre, 

1990). Therefore F. profunda is widely used as an indicator of past productivity changes 

(e.g. Ahagon et al., 1993; Beaufort, 1997; Flores et al., 2000; Kinkel et al., 2000; Li et al., 

2010). The abundance of F. profunda also depends on lower photic zone temperatures 

with higher abundances during warmer periods (Okada and Wells, 1997; Tanaka and 

Tada, 2000; Baumann and Freitag, 2004). 

 

Subtropical coccolithophore species 

Umbellosphaera spp., Umbilicosphaera spp. and Oolithotus spp. are associated with 

warm and oligotrophic water masses (Incarbona et al., 2011; and references therein). The-

se species are adapted to low-nutrient conditions, and therefore they are typical coccolith-

ophore species in the warm and oligotrophic gyres of the Atlantic and Pacific Oceans 

(McIntyre and Bé, 1967; Okada and Honjo, 1973). Umbellosphaera spp. represent cocco-

lithophores with umbelliform coccoliths, which thrive in the subtropical gyres of the oceans 

(see chapter 1.4.1; Young, 1994). Based on their known ecological preferences, these 

species have been grouped together as „subtropical species“ in this thesis. 
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2.1 Sample material 
 

The sediment cores (GEOFAR KF16, MD08-3179Cq and MD08-3180Cq) used in this 

study were retrieved slightly south of the Azores Islands (Figure 2.1, Table 2.1). GEOFAR 

KF16 was retrieved onboard the research vessel Le Noroit, whereas MD08-3179Cq and 

MD08-3180Cq were retrieved onboard the research vessel Marion Dufresne during cruise 

MD-168. The major geological feature in the working area is the Mid Atlantic Ridge (MAR), 

which together with the East Azores Fracture Zone forms a triple junction between the 

North American, Eurasian and African tectonic plates (Searle, 1980). The MAR interacts 

with a magmatic mantle plume. This results in active hydrothermalism in the working area  

(German et al., 1996). Although the cores GEOFAR KF16 and MD08-3180Cq were taken 

in the vicinity of the Menez Gwen hydrothermal field, the sediments at the coring site are 

not geochemically influenced by the venting (Richter, 1998). Furthermore, the topography 

of the working area is characterized by bathymetric heights (second order ridge seg-

ments), which are separated by non-transform discontinuities forming deep basins (Rich-

ter, 1998). Sediment cores GEOFAR KF16 and MD08-3180Cq have been retrieved in one 

of those basins, whereas MD08-3179Cq has been taken on a plateau at the MAR (Figure 

2.1). The deep basin at the MAR, where the coring sites of GEOFAR KF16 and MD08-

3180Cq are located, acts as a sediment trap, resulting in high accumulation rates and al-
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Figure 2.1. Bathymetric map of working area. High resolution bathymetric data (from Escartin et al., 
2001), overlain on ETOP01 data. Position of used sediment cores indicated by red dots. 
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lowing high-resolution sampling (Richter, 1998). The presence of laminations in the cores 

indicates an undisturbed sedimentation, as it has also been proposed by Richter (1998). 

Because the coring sites are far offshore, the sediment is primarily of biogenic origin. All 

studied cores consist of nannofossil ooze with foraminifera. The purely pelagic character of 

the sediment is also indicated by a high carbonate content of up to 85% (Richter, 1998). 

Furthermore, all investigated sediment samples solely consist of coccolithophores, fora-

minifers, calcareous dinoflagellates, diatoms and silicoflagellates, as observed by Scan-

ning Electron Microscopy (SEM). Because there was no surface sediment sample availa-

ble for GEOFAR KF16, a surface sediment sample from the companion boxcore GEOFAR 

KG14 was analyzed as a modern reference sample. 

 

 

 
 
 
 
 
 

Table 2.1. Sediment cores used in this study 
 

Latitude Longitude Water depth Length Coring device Reference 

GEOFAR KF16 

37°59.59’N 31°7.698’W 3050 m 8 m Piston corer Richter (1998) 

GEOFAR KG14 

37°59.59’N 31°7.698’W 3050 m - Boxcorer Richter (1998) 

MD08-3179Cq 

37°50.56’N 30°17.64’W 2040 m 8.14 m Calypso square-
corer 

Kissel et al. 
(2008) 

MD08-3180Cq 

37°59.99’N 31°8.07’W 3064 m 10.5 m Calypso square-
corer 

Kissel et al. 
(2008) 
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2.2 Coccolithophore analysis 
 

2.2.1 Quantitative coccolithophore analysis 
 

Samples for quantitative coccolithophore analysis were prepared with a combined di-

lution/filtration technique following Andruleit (1996). Therefore a small amount of the 

freeze-dried sample (60 - 85 mg) was weighted and brought into suspension using approx-

imately 200 ml tap water. In order to get a homogenous suspension and to disintegrate 

agglutinated sediment particles (e.g. fecal pellets), the solution was ultrasonicated for 15 to 

30 s using a ™Bandelin Sonorex RK 106 S ultrasonic bath. Then the suspension was im-

mediately split by a factor of 100 using a ™Fritsch Laborette 27 rotary sample divider. The 

resulting fraction was filtered on a polycarbonate membrane filter (™Satorius Stedim Bio-
tech Polycarbonate Track-Etch Membrane; ∅ = 47 mm; pore size = 0.4 μm) using a vacu-

um filtering device. After filtering, the membrane was stored in plastic petri dishes and 

dried in an oven at 40°C for 24h. After drying, a small piece of the membrane filter was cut 

out and mounted on an aluminum SEM stub. The sample was then sputtered with 

gold/palladium. At least 300 coccoliths (320 - 820; average 370) were counted in each 

sample using a ™CamScan 44 SEM. The coccoliths were counted on measured transects 

at a magnification of 5000 and identified according to the taxonomy given in Young et al. 

(2003). A taxonomic list and SEM pictures of selected coccolithophore species is given in 

the Appendix. In order to improve the accuracy of the less abundant species C. pelagicus, 

extended counts were carried out. Therefore a whole transect was scanned across the 

filter at a magnification of 1000 and only specimens of C. pelagicus were counted. Relative 

abundances of each species have been calculated according to:  

 

 
Ri = relative abundance of species i  

Ci = coccoliths of species i counted  

Ct = total coccoliths counted  

 

As the described preparation and analysis allows the determination of absolute 

abundances, the concentration of total coccoliths and species concentrations in the sedi-

ment were calculated according to Andruleit (1996): 

Ri =
Ci

Ct

×100 (2.1)
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CCi/t = coccolith concentration of species i/total  

FA = filter area  

Ci/t = coccoliths of species i/total counted  

SF = split factor 

IA = investigated filter area 

SW = sample weight 

 

Coccolith accumulation rates have been proven to be a good estimate of coccolith-

ophore productivity (e.g. Lotoskaya et al., 1998; Kinkel et al., 2000; Baumann and Freitag, 

2004; Incarbona et al., 2011). Therefore we calculated coccolith accumulation rates using 

sedimentation rates resulting from the applied age models (see chapters 3 - 5) and dry 

bulk densities from core GEOFAR KF16 (Richter, 1998), which were interpolated between 

two points of known densities: 

 

 
 

CA = coccolith accumulation rate 

CCt = total coccolith concentration 

DBD = dry bulk density 

SR = sedimentation rate 

 

The relative contribution of coccolith carbonate to the bulk sediment can be calcula-

ted if coccolith weights are known. These can be calculated using the density of calcite, 

species specific shape factors and species specific mean coccolith lengths (Beaufort and 

Heussner, 1999; Young and Ziveri, 2000). In this study coccolith carbonate was calculated 

using the species-specific coccolith weights given in Table 2.2. Where the coccolith weight 

for a species was not known, the average coccolith weight (8 pg) was used. The relative 

contribution of coccolith carbonate was calculated using the following equation: 

 

 

CCi /t =
FA ×Ci /t ×SF
IA ×SW

(2.2)

CA =CCt ×DBD ×SR (2.3)

Ccarb = CC
i
×CW

i( )∑ ×100 (2.4)
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Ccarb = coccolith carbonate 

CCi = coccolith concentration of species i 

CWi = coccolith weight of species i 

 

 

  Table 2.2. Coccolith weight of different coccolithophore species 
 

Species Coccolith weight 
(pg) Reference 

E. huxleyi (Type A) 2.3 Young and Ziveri (2000) 
G. muellerae 8 Young and Ziveri (2000) 

G. oceanica 12.3 Young and Ziveri (2000) 

G. ericsonii 3.6 Young and Ziveri (2000) 
C. pelagicus 143.3 Young and Ziveri (2000) 

C. leptoporus (large) 164.2 Beaufort and Heussner (1999) 

C. leptoporus (small) 22.6 Beaufort and Heussner (1999) 

C. leptoporus (mean) 57 Young and Ziveri (2000) 
F. profunda 1.7 Young and Ziveri (2000) 

H. carteri 135 Young and Ziveri (2000) 

O. fragilis 96.8 Young and Ziveri (2000) 
R. clavigera 67.5 Young and Ziveri (2000) 

R. stylifera 40.5 Young and Ziveri (2000) 

S. apsteinii 540 Young and Ziveri (2000) 
S. pulchra 13.5 Young and Ziveri (2000) 

Syracosphaera spp. 12.1 Beaufort and Heussner (1999) 

U. tenius 8.7 Young and Ziveri (2000) 

U. irregularis 5.8 Young and Ziveri (2000) 
U. sibogae 16.9 Young and Ziveri (2000) 

U. foliosa 35 Young and Ziveri (2000) 

Acanthoica spp. 0.3 Young and Ziveri (2000) 
C. mediterranea 12.1 Young and Ziveri (2000) 

Small coccolith 2.6 Young and Ziveri (2000) 

Average coccolith 8 Honjo (1976) 
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2.2.2 Reliability of coccolithophore analysis 
 

Several error sources are inherent in the above described dilution/filtration technique 

(for a short review see Giraudeau and Beaufort; 2007). For example it is essential to pro-

duce one layer of coccoliths, which have to be evenly distributed on the filter membrane. 

The use of 60 - 85 mg sample material combined with a splitting factor of 100 produced a 

single layer of coccoliths on the filters. If a filter was found to be unevenly covered with 

sediment, the sample processing was repeated. In order to avoid contamination (e.g. coc-

coliths from previously prepared samples), all utensils used for the preparation were rinsed 

with tap water after each single sample preparation. To estimate the influence of contami-

nation on the results, a blank sample (tap water without sediment) was prepared and in-

vestigated. The blank sample yielded an error of 0.03%, indicating that the error due to 

contamination is negligible. 

Additional errors may be induced, if the counted coccoliths are not representative for 

the assemblage. Therefore at least 300 individuals are commonly counted in micro-

paleontological studies. This number is based on calculations of Van Der Plas and Tobi 

(1965), who calculated that counting of 300 individuals is sufficient to reliably (95% confi-

dence) count species whose abundance in the assemblage is 1% (also see Patterson and 

Fishbein, 1989). Their approach treats the assemblage as a binominal assemblage, where 

the 95% confidence intervals can be calculated according to: 

 

 

 
 

σi;95;bin = binominal 95% confidence interval of species i 

pi = proportion of species i 

qi = 1-pi 

n = total number of counted coccoliths 

 

The 95% confidence intervals have been calculated for an abundant (E. huxleyi) and 

a less abundant (F. profunda) species (Figure 2.2). The average 95% confidence interval 

for E. huxleyi is ± 4.9% and for F. profunda ± 1.6%. These errors are negligible considering 

the observed changes in the abundance records (Figure 2.2). However, a more precise 

σ i ;95;bin = 1.96 × piqi / n (2.5)
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evaluation of the representativeness of a selected assemblage is given by replicate meas-

urements (Buzas, 1990), at which the 95% confidence interval is calculated according to: 

 

 

 
σi;95;clus = cluster 95% confidence interval of species i 

nj = total number of counted coccoliths in sample j 

pj = aj/nj 

aj = individuals of species i in sample j 

p = ∑aj / ∑nj 

n = ∑nj / m 

m = number of replicates 

Replicate counting or replicate preparation was conducted on 17 sediment samples. 

Based on equation (2.6) the 95% confidence intervals of the abundant species E. huxleyi 

and of the less abundant species F. profunda were calculated. The calculations yielded an 

average 95% confidence interval of E. huxleyi of ± 3.8% and ± 0.86% for F. profunda. 

These values are even lower than the confidence intervals calculated assuming a binomi-

nal distribution. Therefore, the calculated errors are again negligible considering the ob-

served abundance changes in the records (Figure 2.2). Furthermore the mean standard 

deviation of coccolith concentrations in the replicate samples was calculated (± 7.1 x 109 

coccoliths/g sediment). This standard deviation was applied to the calculation of coccolith 
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Figure 2.2. Relative abundances of a) E. huxleyi and b) F. profunda in GEOFAR KF16 with error en-
velopes calculated according to equation (2.5). Relative abundances of c) E. huxleyi and d) F. profun-
da in GEOFAR KF16 with error envelopes calculated according to equation (2.6). 
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accumulation rates, which are used to estimate coccolithophore productivity (see chapter 

2.2.2; Figure 2.3). Again, the error is negligible regarding the observed fluctuations in the 

assemblage. In general, counting 300 coccoliths is enough to reliably trace relative and 

absolute abundance variations. 

 

 
 
 
 
 
 
 
 
 
 

 

2.3 Alkenone analysis 
 

Alkenones are long-chain (C37 - C39), primarily di- and tri-unsaturated methyl and 

ethyl ketones, which were first identified in sediments from the Walvis Ridge and from the 

Black Sea (De Leeuw et al., 1980). These compounds are synthesized by coccolitho-

phores. Alkenones have been found to be synthesized by E. huxleyi and G. oceanica, and 

they are probably also synthesized by other coccolithophores of the family Noelaerhabda-

ceae (Volkman et al., 1980, 1995; Conte et al., 1998). According to classical membrane 

lipids, the composition of alkenones (unsaturation state) changes in response to tempera-

ture, in order to maintain the fluidity and rigidity of the membrane (Yamamoto et al., 2000). 

The dependence of the composition of alkenones on growth temperature has been shown 

by culture studies, water sample studies and studies of surface sediments (see review by 

Müller et al., 1998). Therefore the composition of alkenones can be used to estimate tem-

perature. Brassell et al. (1986) introduced the following equation, which is based on the 

abundances of di-, tri and tetra-unsaturated C37 methyl alkenones, in order to quantify 

alkenone composition: 
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Figure 2.2. Coccolith accumulation rates in spliced sediment cores GEOFAR KF16 and 
MD08-3180Cq with error envelope according to the standard deviation. 
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Because the tetra-unsaturated C37:4 compound is only present at low temperatures, 

Prahl and Wakeham (1987) introduced a simplified equation: 

 

 

 

 

The resulting index is commonly converted into sea surface temperature (SST), using 

the calibration of Müller et al. (1998), which is based on analysis of surface sediments: 

 

 

 

 

For this study, alkenones were analyzed at the biomarker laboratory at the Christian-

Albrechts-University Kiel, following the procedure described by Etourneau (2009). For 

alkenone analysis 2 g of freeze-dried sediment sample were pestled, and 1 cm layer sili-

cagel, 1 µg cholestean (C27H48) and 0.5 µg hexatriacontane (C36H74) were added as an 

internal standard. Furthermore modified Diatomeenerde (Isolute HM-N, extraction grade) 

was added to increase the sample volume to 11 ml. As a solvent dichloromethane (DCM) 

was used.  Alkenones were extracted using a Dionex ASE 200 set to 75°C and 80 bar ni-

trogen gas pressure. The resulting extract was cooled down to -20°C in a freezer, and 

concentrated to 50 µl using a rotary evaporator bath set to 300 mbar and 20 - 22°C. The 

residue was dried over nitrogen and took up in 200 µl hexane. Alkenones were analyzed 

using multidimensional, double column gas chromatography (MDGC), using two Agilent 

6890 gas chromatographs. Both chromatographs were individually equipped with an oven 

and a flame ionization detector (FID), and were connected via a transfer line. A more de-

tailed description of the experimental setup and the measuring procedure can be found in 

Etourneau (2009). The first FID is used as a monitor detector, whereas the second FID is 

used as the main detector. Only a small, predefined fraction reaches the second FID. This 

FID has a much higher sensitivity compared to the first one, because of the reduced 

U 37
K =

C37:2 −C37:4( )
C37:2 +C37:3 +C37:4( ) (2.7)

U 37
K ' =

C37:2( )
C37:2 +C37:3( ) (2.8)

SST =
U 37

K ' − 0.044( )
0.033( ) (2.9)
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memory effect and reduced contamination by coeluates. From the main detector chroma-

togram (Figure 2.4), the UK’
37 index was calculated according to: 

 

 

 

 
 

Area C37:2 = area of C37:2 peak in chromatogram 

Area C37:3 = area of C37:3 peak in chromatogram 

 

The results were converted into SST using equation (2.9). Based on replicate meas-

urements of the samples and the standard, the standard deviation of the SST estimate is ± 

0.2°C. Furthermore it is possible to determine the alkenone concentrations in the sedi-

ment, when analyzing the UK’
37 index. Alkenone concentrations/accumulation rates are 

widely used to estimate coccolithophore paleoproductivity (e.g. Hinrichs et al., 1999; Vil-

lanueva et al., 2001; Seki et al., 2004). Alkenone concentrations can be calculated accord-

ing to equation (2.11), which then can be converted into accumulation rates using equation 

(2.12). 
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U 37
K ' = Area C37:2

Area C37:2 + Area C37:3

(2.10)
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C37 = concentration of either C37:2 or C37:3 

C36 = the hexatriacontane standard concentration 

D = dilution of the sample for GC 

IV = injected volume of extract 

SW = sample weight 

 

 

 

 
AAR = alkenone accumulation rate 

AC = alkenone concentration 

SR = sedimentation rate 

DBD = dry bulk density 

 
 
 
 
2.4 X-ray fluorescence (XRF) core logging 
 

XRF core scanning is a non-destructive method, which faithfully traces downcore 

changes in the relative chemical composition (major, minor and trace elements) of sedi-

ment cores (Richter, 2006). XRF scanning uses a X-ray beam to ionize atoms in a sample, 

which leads to an emission of element-specific fluorescence energy (e.g. Tjallingii, 2006). 

The intensity of the back-emitted energy is proportional to the element concentration and 

can be detected and measured. However, changes in the lithology of the sediment and 

changes in the surface roughness of the split sediment cores can influence the measure-

ments (Richter et al., 2006). Therefore this method is considered to be semiquantitative. 

XRF core scanning was conducted using the AAVATECH XRF core scanner at the 

Institute of Geosciences at the Christian-Albrechts-University Kiel. The measurements 

were carried out on sediment cores MD08-3179Cq and MD08-3180Cq with a sampling 

resolution of 0.5 cm. Before measuring, the core segments were scrape-cleaned and cov-

ered with a foil (SPEX CertiPrep 3525 Ultralene foil, 4 µm thick). Every core segment was 

measured twice, once with generator settings of 10 kV (livetime: 30 s) and once with gen-

C37 =
Area C37 ×C36 ×D

IV / Area C36 ×SW( ) (2.11)

AAR = AC ×SR ×DBD (2.12)
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erator settings of 50 kV (livetime: 30 s). The reliability of the measurements is given by 

monitoring the „deadtime“ and the χ2 value (cf. Tjallingii, 2006). In this study, the deadtime 

and the χ2 value are generally well below the critical values of 40% and 3 respectively. The 

downcore variability of an element is given in counts/seconds, which is obtained by nor-

malizing the detected element intensity to the livetime. 

In this study, the XRF results are given as elemental ratios, which accounts for inho-

mogeneities in the lithology and experimental setup. Furthermore, the ratio of selected el-

ements can be used to refine the interpretations. For example, in this study, changes in the 

Ba/Ti ratio are used to monitor changes in the biogenic barium content. As barium is also 

contained in terrestrial material, the normalization to titanium, which is primarily contained 

in terrestrial material, accounts for terrestrial input. As changes in biogenic barium are 

widely used to monitor changes in paleoproductivity (e.g. Moreno et al., 2002; Weldeab et 

al., 2003), the changes in Ba/Ti have been interpreted in terms of paleoproductivity. Fur-

thermore, in order to quantitatively estimate productivity changes, the barium counts were 

converted into barium concentrations using Ba concentrations measured by Richter (1998) 

(see chapter 3). The resulting barium concentrations were converted into new primary 

productivity (gC/m2/year) using an algorithm developed by Dymond et al. (1992) and modi-

fied by Francois et al. (1995): 

 

 

 

at which: 

 

 

 
AR Babio = accumulation rate of biogenic barium 

MAR = mass accumulation rate 

 

The new primary productivity was converted into primary productivity (gC/m2/year) 

using an equation developed by Epply and Peterson (1979): 

 

 

 

Pnew = 1.95× FBa( )1.41 (2.13)

FBa = AR Babio / 0.209 log MAR( )− 0.213 (2.14)

PP = 20 × Pnew (2.15)
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Another example is the Si/Ca ratio, which was used to monitor relative changes in the 

contribution of siliceous and calcareous plankton to the sediment. In order to validate this 

approach, we additionally conducted diatom counts, which indicate that the Si/Ca ratio can 

readily be used to estimate the relative contribution of siliceous plankton (diatoms) to the 

sediment (see chapters 3 and 4). 

 

 

2.5 Age models 
 

The age models of sediment cores GEOFAR KF16 and MD08-3180Cq were estab-

lished using 15 Accelerator Mass Spectrometer (AMS) radiocarbon ages and tuning the 

alkenone and planktonic oxygen isotope records to the NGRIP oxygen isotope record (An-

dersen et al., 2007). The age model of MD08-3179Cq was established by tuning the plank-

tonic oxygen isotope record to the LR04 stack (Lisiecki and Raymo, 2005). Furthermore, 

the age model of the last deglaciation and Holocene period was refined in MD08-3179Cq 

by tuning the Ba/Ti record measured by XRF to the well-dated Ba/Ti record of MD08-

3180Cq. A detailed description of the individual age models can be found in the following 

chapters. The age models of GEOFAR KF16 and MD08-3180Cq are described in detail in 

chapter 3.3.1. The age model for MD08-3179Cq is described in chapter 4.3.1 and chapter 

5.3.2. 

Because only Holocene and Preboreal samples were available from core GEOFAR 

KF16, this core was spliced with MD08-3180Cq from the same location (Figure 2.1., Table 

2.1), to get continuous coccolithophore abundance records over the Holocene and last 

deglacial period (see chapter 3.3.1). The cores were spliced at 11.4 kyrs BP (correspon-

ding to 201.6 cm core depth in GEOFAR KF16 and 159.3 cm core depth in MD08-

3180Cq), at which the coccolithophore abundance records before 11.4 kyrs BP are from 

GEOFAR KF16, whereas the coccolithophore abundance records after 11.4 kyrs BP are 

from MD08-3180Cq. Both cores show a very good overlap in the oxygen isotope records 

(Repschläger et al., submitted) and in the coccolithophore abundance records (Figure 2.5). 

High-resolution C14-dating is currently conducted on the deglacial section of MD08-

3180Cq (Balmer et al., in prep.). Furthermore high-resolution foraminiferal census counts 

are currently conducted in the same core section (Weinelt et al., in prep.). Based on pre-
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liminary results, the inception of the Younger Dryas cold reversal will probably shift from 

253 cm core depth to 270 cm core depth (Balmer and Weinelt, personal communication). 

However, as this will increase accumulation rates during the Younger Dryas and decrease 

them during the Bølling/Allerød, and as this change also fits to the coccolithophore census 

counts (Figure 2.5), it will not affect the conclusions drawn in terms of paleoproductivity 

and hydrographic changes (cf. chapter 3). 

 

 

 

 
 

 
 

Figure 2.5. Relative abundances of coccolithophore species in sediment cores GEOFAR KF16 
(filled dots) and MD08-3180Cq (open dots).  The splicing is indicated with a vertical solid line. 
The possible shift of  the Younger Dryas boundary is indicated by dashed vertical lines. 
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Chapter III. 
 

Coccolithophore paleoproductivity and ecology 
response to deglacial and Holocene changes in 

the Azores Current System 
 
(This chapter corresponds to the following manuscript published in Paleoceanography: 
Schwab, C., Kinkel, H., Weinelt, M., Repschläger, J., 2012. Coccolithophore paleoproduc-
tivity and ecology response to deglacial and Holocene changes in the Azores Current 
System. Paleoceanography 27, PA3210.) 
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3.1 Abstract 
 

In order to test the sensitivity of marine primary productivity in the midlatitude open 

ocean North Atlantic to changes in the Atlantic Meridional Overturning Circulation (AMOC), 

we investigated two spliced sediment cores from a site south of the Azores Islands at the 

northern rim of the North Atlantic subtropical gyre. For this purpose we analyzed coccolith-

ophore assemblages, diatom abundances, alkenones and conducted X-ray fluorescence 

(XRF) core scanning. During times of reduced AMOC, especially during Heinrich event 1 

(H1) and the Younger Dryas, we observe a strong increase in productivity as evidenced by 

high coccolith accumulation rates, high alkenone concentrations/accumulation rates, high 

Ba/Ti-ratios, high abundances of diatoms and low abundances of F. profunda. The in-

creased productivity is partly caused by a more southern position of the Azores Front 

(AzF), and hence by a less northward extension of the subtropical gyre, as deduced from 

high abundances of the temperate coccolithophore species G. muellerae and low abun-

dances of subtropical species (Oolithotus spp., Umbellosphaera spp., Umbilicosphaera 

spp.). However, to explain the full range of the observed productivity increase, other fac-

tors like increased westerly winds and advection of nutrient-rich surface waters have also 

to be considered. Because this pattern can also be observed in other sediment cores from 

the midlatitude North Atlantic, we propose that during times of reduced AMOC there has 

been a band of strongly increased productivity across the North Atlantic at the northern rim 

of the contracted subtropical gyre, which partly counteracts the decreased organic carbon 

pump in the high northern latitudes. 

 

 

3.2 Introduction 
 
Primary productivity (PP) is an integral part of the climate system, because it affects 

the global carbon cycle due to the fixation of atmospheric carbon (e.g. Falkowski et al., 

2000). As half of the global net PP takes place in the oceans (Field et al., 1998), changes 

in oceanic productivity are of high interest to the (paleo-) climate community. Therefore 

immense efforts have been undertaken to reconstruct past changes in productivity and to 

gain more insights into the sensitivity and relation of this process to climate changes (e.g. 
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Sarnthein et al., 1988; Kohfeld et al., 2005; Nave et al., 2007). However, regarding the 

North Atlantic, most paleoproductivity estimates are conducted in the high northern lati-

tudes and/or in coastal regions (e.g. Sarnthein et al., 1988; Nave et al., 2007), where thick 

piles of sediments allow a detailed reconstruction of past productivity changes. Recon-

structions from the open ocean are scarce, because of the notoriously low sedimentation 

rates in this area. However, changes in this area are crucial due to the large area covered 

by the open ocean. 

In order to circumvent the patchy picture drawn from the sedimentary record and to 

gain more insights into the processes involved, this topic has also been a focus of many 

modeling studies (e.g. Brovkin et al., 2002; Schmittner et al., 2005). These studies suggest 

that during times of reduced AMOC, e.g. during Heinrich events, productivity drastically 

decreases in the global ocean and especially in the North Atlantic (Schmittner et al., 2005; 

Menviel et al., 2008; Mariotti et al., 2012). Although this result is generally corroborated by 

the sedimentary record, there are still mismatches between the two approaches on a re-

gional scale (e.g. Salgueiro et al., 2010), pointing to the fact that the spatial resolution of 

coupled biogeochemical models is still insufficient and/or that there are processes not con-

sidered by the models (Schmittner et al., 2005; Mariotti et al., 2012).  

Furthermore, PP related to the subtropical gyres is of particular interest. Although PP 

in these oligotrophic ecosystems is low, their large size allows for a significant contribution 

on a global scale (Polovina et al., 2008). They account for a quarter of global PP (Long-

hurst et al., 1995) and contribute up to 50% of global ocean carbon export (Emerson et al., 

1997). Because of this important role in the biogeochemical cycling of carbon, which con-

trols atmospheric CO2 levels over time (Sarmiento and Siegenthaler, 1992), changes in 

their spatial extension and/or nutrient inventory are crucial to the understanding of past 

and future climate changes. 

Because the northern boundary of the North Atlantic subtropical gyre is marked by 

the Azores Current System with its associated AzF (Maillard and Käse, 1989; Bashmach-

nikov et al., 2004), the northward extension of the gyre can be deduced from the latitudinal 

position of the AzF. However, results in the recent literature are contradictory concerning 

the past latitudinal position of the AzF and hence the past northward extension of the gyre. 

For example Rogerson et al. (2004) stated that in the Gulf of Cadiz the AzF did not change 

its position during the course of the last deglacial, whereas Schiebel et al. (2002a), based 

on low-resolution sediment cores from an open ocean site in the North Atlantic, recon-
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structed a more southern position of the front during glacials compared to interglacials. 

Therefore, based on two spliced and high-resolution sedimentary records drilled near the 

Azores Islands, we will test, if the AzF and hence the subtropical gyre changed their posi-

tion/extension during the course of the last deglacial and Holocene. Furthermore we will 

discuss possible reasons for the observed variability and discuss a hypothetical connec-

tion between the front dynamics in the open ocean and near the coast. At last we will test 

the sensitivity of PP in the open ocean North Atlantic to changes in AMOC and within the 

AzF, and assess its potential impact on the carbon cycle. 

For this purpose we mainly analyzed coccolithophore assemblages, which are widely 

used to reconstruct paleoecological and paleoceanographic conditions (McIntyre and Bé, 

1967; Beaufort et al., 1997; Kinkel et al., 2000; Flores et al., 2000; Giraudeau et al., 2010; 

Saavedra-Pellitero et al., 2011). For example relative abundances of certain coccolitho-

phore species within coccolith assemblages have been successfully used to reconstruct 

frontal movements (e.g. Findlay and Giraudeau, 2002). Furthermore changes in the abso-

lute abundances of coccolithophores have been successfully used to reconstruct past 

productivity changes (e.g. Stolz and Baumann, 2010). At last coccolithophores are consid-

ered to be the most important primary producers in the open ocean of tropical to temperate 

regions (Brand, 1994) and therefore they are ideally suited to trace past productivity and 

AzF dynamics at our coring site. 

 

 

3.3 Recent hydrography and productivity regime 
 

Our study area is located southwest of the Azores Islands, slightly north of the Azores 

Current System (Figure 3.1a). Like the Portugal Current, the Azores Current System is a 

branch of the northeastward flowing North Atlantic Current, the dominant surface water 

flow in the North Atlantic. Major components of the Azores Current System are the Azores 

Current and its associated AzF, which are situated between 32° and 35°N (Klein and 

Siedler, 1989; Maillard and Käse, 1989). Recent modeling studies suggest that the water 

mass transformation within the Gulf of Cadiz is responsible for the formation of the Azores 

Current System (e.g. Jia, 2000; Volkov and Fu, 2010, 2011). According to the β-plume the-

ory the comparatively small outflow of Mediterranean Outflow Water (MOW) (1 Sv) forces 
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the Azores Current (9-19 Sv), which partly replaces the waters lost due to the overflow. 

Thereby a stronger MOW results in a stronger Azores Current (Volkov et al., 2010). The 

Azores Current and its associated front are persistent features of the subtropical North At-

lantic throughout the year and mark the northern boundary of the North Atlantic subtropical 

gyre (Klein and Siedler, 1989; Maillard and Käse, 1989; Bashmachnikov et al., 2004). The 

AzF corresponds to a region of strong dipping isotherms and is best defined as the posi-

tion, where the 15°C isotherm is between 200 and 300 m water depth (Gould, 1985). It 
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Figure 3.1. a) Schematic surface ocean circulation of the North Atlantic overlaid on contour map of 
spring (April – June) sea surface temperatures (SSTs) [Locarnini et al., 2010]. Major surface cur-
rents (grey arrows): North Atlantic Current (NAC), Azores Current (AC), Canary Current (CC), North 
Equatorial Current (NEC). Black dashed lines indicate Azores Front (AzF). The position of North 
Atlantic Transitional Water (NATW) is bound by the NAC to the north and by the AC to the south. 
Yellow star marks location of studied sediment cores. Transect A-B (red line) is shown in Figure 1b. 
Map was generated using the ODV software by Schlitzer [2012]. b) Satellite based annual mean PP 
estimates (solid black line) and chlorophyll a concentration (green shaded area) for year 2006 (de-
rived from MODIS and SeaWiFS satellite data availabel at http://www.science.oregonstate.edu-
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position is marked by vertical dashed line. Boundary between subtropical and temperate coccolitho-
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chlorophyll a concentration (green shaded area) and SST (orange solid line) at the coring site de-
rived from satellite data. Dashed horizontal line indicates mean SST. Dashed vertical lines delineate 
spring season (April – June), when peak coccolithophore productivity is expected. 
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separates southern subtropical water (Sargasso Sea mode water) with a shallow thermo-

haline mixed layer from colder and fresher North Atlantic Transitional Water (NATW) with a 

deep winter mixed layer (Käse and Siedler, 1982; Gould, 1985; Schiebel et al., 2011). 

Southernmost NATW is the dominant surface water at our coring site. Furthermore meso-

scale activity is an important feature of the Azores Current System (e.g. Kielmann and 

Käse, 1987). Mature meanders pinch off the Azores Current, forming cyclonic eddies to the 

south and anticyclonic eddies to the north of the Azores Current (Alves et al., 2002). It is 

important to note that only the anticyclonic eddies, transporting a subtropical signal, can 

reach our coring site today (Alves et al., 2002; Pingree et al., 2002). 

The different conditions on each side of the AzF result in a high north-south PP gra-

dient in our study area (Figure 3.1b). In the subtropical region PP is low, mainly due to the 

paucity of nutrients resulting from strong water-column stratification and weak vertical mix-

ing (Mouriño-Carballido and Neuer, 2008). In the region north of the AzF PP is high, be-

cause of a deep winter mixed layer (200-300 m) and associated nutrient supply (Lévy et 

al., 2005). Furthermore, episodic nutrient input to the south can result from eddy pumping 

of the cyclonic eddies, whereas the anticyclonic eddies to the north, which occasionally 

reach our coring site, are normally associated with downwelling and low PP (Hernández-

León et al., 2007; Mouriño-Carballido and Neuer, 2008). Today peak PP takes place dur-

ing early spring (March–April) (Figure 3.1c). However, it is known that peak coccolitho-

phore productivity occurs slightly after the main PP peak (Margalef, 1978; Merico et al., 

2004) and therefore maximum coccolithophore productivity should take place later in 

spring (April–June) at SSTs of approximately 18°C close to mean annual SST of 19.4°C 

(cf. Figure 3.1a and 3.1c). 

The different environmental/hydrographic conditions result in a transitional and a sub-

tropical biogeographical province, separated by the AzF. These provinces are not only very 

distinct e.g. in foraminiferal assemblages (Ottens, 1991; Schiebel et al., 2002a, b) but are 

also very well expressed in coccolithophore assemblages (McIntyre and Bé, 1967; 

Schiebel et al., 2011) (Figure 3.1b) and expansions/contractions of these provinces can be 

traced at our coring site. 

 

 

 



Chapter III. Coccolithophore paleoproductivity and ecology response to deglacial... 
 

 
 
50 

 
 

3.4 Material and methods 
 

3. 4.1 Sample material and age control 
 

We analysed sediment cores GEOFAR KF16 and MD08-3180Cq (Table 2.1), which 

consist of foraminifera bearing nannofossil ooze. GEOFAR KF16 was taken during 

GEOFAR cruise onboard the research vessel Le Noroit (Richter, 1998). MD08-3180Cq 

was taken during cruise MD-168 onboard the research vessel Marion Dufresne in the 

framework of the AMOCINT IMAGES XVII campaign (Kissel et al., 2008). Both cores are 

from the same location in a small basin at the Mid Atlantic Ridge, slightly southwest of the 

Azores Islands (Figure 3.1a). This basin accumulates sediments at higher rates compared 

to the surrounding slow accumulating open ocean sites due to sediment focusing (Richter, 

1998), enabling high-resolution analyses. In addition, a surface sample from companion 

boxcore GEOFAR KG14 was analysed.  

The age models (Figure 3.2a-d) of GEOFAR KF16 and MD08-3180Cq are based on 

15 Accelerator Mass Spectrometer (AMS) radiocarbon ages of mono-specific samples of 

planktonic foraminifera (G. ruber w. or G. bulloides) (Table 3.1), measured at Leibniz-

Laboratory for Radiometric Dating and Isotope Research at Kiel University. All ages were 

converted into calendar ages using the Calib 6.0 software (Stuiver and Reimer, 1986) with 

Marine09 calibration curve (Reimer et al., 2009). Furthermore, the alkenone SST record in 

MD08-3180Cq and the planktonic oxygen isotope records of both cores were additionally 

tuned to the NGRIP oxygen isotope record (Andersen et al., 2007) (Figure 3.2a - c). To 

match calibrated AMS 14C ages and tuned ages, additional reservoir ages were applied to 

the AMS 14C ages of the Bølling-Allerød, Younger Dryas and 8.2 kyr event. The applied 

reservoir corrections are consistent with reservoir corrections in the North Atlantic during 

these events based on the findings of Waelbroeck et al. (2001), Kleiven et al. (2008) and 

Thornalley et al. (2010). Four calibrated AMS 14C ages in GEOFAR KF16 measured on G. 

bulloides yielded age reversals and/or unreasonable high sedimentation rates and there-

fore have been discarded. As G. bulloides can live deeper in the water column (down to 

300 m) at the coring site (Schiebel et al., 2002a), these species can be influenced by 

deeper, 14C-depleted water masses. Furthermore the AMS 14C age at 69 cm in GEOFAR 

KF16 is dated within the transition from high to low abundances of this species, which can 
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introduce a considerable error to AMS 14C ages due to bioturbational effects (e.g. Bard et 

al., 1987). Based on the age models sedimentation rates range between 4 and 122 cm/kyr 

with maximum values during northern hemisphere cold periods (8.2 kyr event, Younger 

Dryas and H1) (Figure 3.2e). The constantly increasing offset between both cores in the 

age vs. depth profiles and sedimentation rates can be related to the well-known stretch-
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Table 3.1. Age control pointsa 

 

Depth in core 
(cm) 

AMS 14C age 

(yrs BP) 
Error 
(yrs) 

Calibrated age 
(yrs BP) 

Additional 
reservoir age 

(yrs) 

Tuned age 
(yrs BP) 

GEOFAR KF16 

7,5 2015 ±30 1572 - - 
23,5 3660 ±35 3567 - - 

39,75 5455 ±35 5835 - - 

69 8715 ±40 9406 - - 
79 - - - - 8100 

87 - - - - 8300 

87 9765 ±45 10612 - - 

105,75 10075 ±50 11111 - - 
136 9835 ±55 10689 - - 

156 10290 ±55 11260 - - 

221 - - - - 11614 
365 - - - - 12800 

430 - - - - 14650 

MD08-3180Cq 

5,5 1755 ±25 1300 - - 

72 - - - - 8102 

77 7935 ±40 8391 201 8190 
85 - - - - 8329 

100,5 9570 ±45 10446 - - 

173 - - - - 11624 

200,5 11100 ±60 12613 584 12029 
210 11045 ±55 12592 425 12167 

253 - - - - 12800 

275 12560 ±80 13997 600 13397 
300,5 12780 ±70 14360 250 14110 

320 - - - - 14650 

364 - - - - 15234 
 
a Bold characters are ages used to construct the age models 
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ing/compaction effect of different coring devices (e.g. Skinner and McCave, 2003). Be-

cause we partly started our analysis on GEOFAR KF16 before we retrieved MD08-

3180Cq, which is from the same coring site (Figure 3.1a, Table 2.1), and because the core 

section of GEOFAR KF16 available to us only spanned the late deglacial and Holocene 

section, we partly had to combine both records (e.g. Figure 3.2f) to get continuous records 

over the last 16 kyrs. However, a good correlation on the common time scale for both 

cores exists, taking into account e.g. the overlap in isotopes (cf. Figure 3.2b and 3.2c). 

 

3.4.2 Quantification of coccoliths 
 

For coccolithophore studies we analyzed GEOFAR KF16 from 0 to 11.4 kyrs BP with 

a sampling interval of 1 to 5 cm (corresponding to an average resolution of 150 yrs) and 

MD08-3180Cq from 11.4 to 15.7 kyrs BP with a sampling interval of 5 cm (corresponding 

to an average resolution of 90 yrs). Because both cores are from the same coring site 

(Figure 3.1a, Table 2.1), we combined them to get a continuous record with multi-

centennial scale time resolution (e.g. Figure 3.2f). 

Samples for coccolithophore analyses were prepared with a combined dilu-

tion/filtration technique following Andruleit (1996). For this purpose a small amount of 

freeze-dried sediment (0.07-0.08 g) was suspended in tab water and ultrasonicated for 15 

to 30 s. The suspension was split by a factor of 100 using a rotary sample divider 

(™Fritsch Laborette 27) and filtered on a polycarbonate membrane filter with a pore size of 

0.4 μm. After drying the filters for 24 h at 40°C a small piece of filter was cut out, mounted 

on a scanning electron microscope (SEM) stub and sputtered with gold/palladium. On av-

erage 375 coccoliths were counted in each sample using a CamScan 44 SEM. The cocco-

liths were counted on measured transects at a magnification of 5000 and identified accord-

ing to the taxonomy given in Young et al. (2003). A taxonomic list of the identified species 

is given in the Appendix. Furthermore extended counts were carried out to improve the 

accuracy for the rare species C. pelagicus. Therefore a whole transect across the filter was 

additionally scanned and only specimens of C. pelagicus were counted. Based on the 

counting, relative proportions of each species to the total assemblage were calculated. 

Furthermore total and species coccolith concentration in a sediment sample were calculat-

ed, using equation (2.2). To estimate preservational effects on coccolithophore assem-
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blages, we calculated the CEX’ index following Boeckel and Baumann (2004):  

 

 

For paleoproductivity estimates we calculated coccolith accumulation rates according 

to equation (2.3), using the sedimentation rates shown in Figure 3.2e and dry bulk densi-

ties from GEOFAR KF16 (Richter, 1998) interpolated between two points of known densi-

ties. During the Preboreal, where both cores were spliced, we used sedimentation rates 

from core MD08-3180Cq to calculate accumulation rates to avoid an artificial jump in ac-

cumulation rates due to the different compaction/stretching effect in both cores.  

 

3.4.3 Alkenone measurements 

 

Long-chain (C37-C39) di-, tri- and tetra-unsaturated methyl and ethyl ketones 

(alkenones) were measured at the biomarker laboratory at the CAU Kiel. Alkenones were 

extracted from 2 g of freeze-dried and grounded sediment samples using dichloromethane 

(DCM) as a solvent and with an Accelerator Solvent Extraction system (DionexASE 200) 

set to 80 bar and 75°C. Samples were then analyzed using multidimensional, double-

column gas chromatography using two Agilent 6890 gas chromatographs equipped with 

two independent ovens and two flame ionization detectors connected via a transfer line. A 

detailed description of the measuring procedure can be found in Etourneau et al. (2010). 

SST was obtained using the UK’
37 index, which is defined according to equation (2.8). The 

UK’
37 index was converted to SST using the global core top calibration of Müller et al. 

(1998) (equation (2.9)). According to sample and standard replicates, the standard devia-

tion of the SST estimate was approximately ± 0.2°C. 

 

3.4.4 XRF core scanning 
 

XRF measurements on core MD08-3180Cq were carried out using the AAVATECH 

XRF core scanner at the Insitute of Geosciences at the CAU Kiel. The core was scanned 

every 0.5 cm with generator settings of 10 and 50 kV. Because Barium is used as a proxy 

for PP (e.g. Dymond et al., 1992) we are using Ba measured by XRF scanning as a tracer 

CEX ' = %E.huxleyi +%small gephyrocapsids( )
%E.huxleyi +%small gephyrocapsids +%C. leptoporus( ) (3.1)
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for past productivity changes. Although Ba in the sediment at the coring site is predomi-

nantly of biogenic origin (Richter, 1998), we normalized the Ba counts to Ti counts to 

roughly correct for Ba originating from the lithogenic fraction. However, using raw Ba 

counts does not alter the observed changes indicating that influence of terrigenous materi-

al is negligible. Ba measured by XRF core scanning was converted to Ba concentrations 

using Ba measured by XRF spectrometry (Richter, 1998). Under the above postulated as-

sumption that terrigenous input of Ba is negligible (see also following section and chapter 

3.5.2), Ba concentrations were than converted to PP using equation (2.13) (see chapter 

3.5.2).  

Because the coring site is far offshore the sediment is predominantly of biogenic 

origin. This is seen for example in the high CaCO3 content which accounts for 73 wt% on 

average, reaching maximum values of 85 wt% during the late Holocene (Richter, 1998). 

The purely pelagic character of the sediment becomes also evident by the visual examina-

tion of the samples by SEM, where only coccoliths, foraminifers, calcareous dinoflagel-

lates, diatoms and silicoflagellates are observed. Because the sediments from this open 

ocean site are predominantly of biogenic origin we are using the Si/Ca ratio as an indicator 

for the relative contribution of siliceous plankton to the sediment. To confirm this we did 

some control counts of diatoms under the SEM. Therefore a transect of approximately 1 

cm was scanned at a magnification of 500 on filters prepared for coccolith analyses. Only 

intact valves were counted without identification on the species level. A possible influence 

of detrital Si derived from terrigenous input will be discussed in the following chapter. 

 

 

3.5 Results 
 

3.5.1 Coccolith counts 

 

The preservation of coccoliths in the studied cores is excellent, as indicated by the 

presence of complete delicate species like G. ornata, complete coccospheres or holococ-

coliths observed by SEM. Furthermore the good preservation of the coccoliths can be seen 

in the high CEX’ values (Figure 3.2f), which are always above the critical value of 0.63. 

Both findings indicate that the coring location was always situated above the lysocline 
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(Boeckel and Baumann, 2004) as also is postulated by Crowley (1983). 

As the relative abundances of coccoliths from individual coccolithophore species 

closely parallel their concentrations in the sediment (Figure 3.3), only abundances are fur-

thermore considered. In general the coccolith assemblage is dominated by E. huxleyi, G. 

muellerae and small gephyrocapsids, together comprising up to 84% of the total assem-

blage (Figure 3.3a-c). All other species are minor contributors to the assemblage with rela-

tive abundances of each of these species never exceeding 12%.  

E. huxleyi tolerates a wide range of ecological conditions and therefore is abundant in 

nearly all oceanic environments (Okada and Honjo, 1973; Okada and McIntyre, 1979). 

Therefore it may be difficult to reconstruct past ecological changes based on abundance 

variations of this species and no paleoecological interpretation of this species is given in 

this study (Table 3.2). However, at our coring site this species shows long-term (> 500 yrs) 

minima during H1, beginning Younger Dryas and during the early Holocene (Figure 3.3a). 

After 6 kyrs BP E. huxleyi is the solely dominant species at our coring site with relative 

abundances of up to 67%. This overall evolution is interrupted by several pronounced 

short-term minima found at 13, 8.2 and 6.5 kyrs BP. A nearly opposite trend is found in the 

abundance record of the cold/temperate water species G. muellerae, which shows lowest 

abundances after 6 kyrs BP (Figure 3.3b). Regarding the North Atlantic, and aside of its 

occurrence in the upwelling regions off northwest Africa (Sprengel et al., 2002) and in the 

subpolar realm of the North Atlantic due to drifting within waters of the North Atlantic Cur-

rent (e.g. Samtleben and Schroeder, 1992), this species has been reported to be restricted 

to the eastern North Atlantic occurring in waters with a temperature range of 12–18°C (op-

timum 14°C) (Giraudeau et al., 2010). As this spatial distribution and temperature range of 

G. muellerae corresponds to NATW (cf. Locarnini et al., 2010) it has been reported to oc-

cur only north of the AzF (Jordan, 1988; Schiebel et al., 2011) and can be used to recon-

struct the influence of NATW at our coring site.  

In our samples small gephrocapsids (≤ 2.7 μm) mainly comprise G. ericsonii with an 

occasional low contribution of G. ornata. Like E. huxleyi, this species tolerates a wide 

range of ecological conditions (Haidar and Thierstein, 2001), although an affinity to high 

productivity (Baumann et al., 2008; and references therein) as well as a slight affinity to 

low salinities (Boeckel et al., 2006) have been reported. Assuming that the distribution of 

small gephyrocapsids is governed by PP and salinity, we conclude that low saline and high 
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cores for coccolithophore analysis as described in the text. 
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productive conditions prevailed at the coring site at 13 and 8.2 kyrs BP as deduced from 

pronounced peak abundances of up to 30% (Figure 3.3c). 

During the deglacial the abundance of C. pelagicus gradually decreases and it be-

comes nearly absent at the coring site since the mid Holocene (Figure 3.3d). Although 

there are two well established morphotypes of C. pelagicus, a small (6-10 µm) morphotype 

(C. pelagicus ssp. pelagicus) associated with arctic conditions and a larger (9-15 µm) mor-

photype (C. pelagicus ssp. braarudii) associated with more temperate and nutrient-rich 

conditions (Ziveri et al., 2004; and references therein), we did not distinguish between the 

two morphotypes due to their very low abundances in the cores (< 0.35%). However, as 

the overall abundance of C. pelagicus in surface sediments closely parallels the abun-

dance pattern of the small morphotype, with clear abundance maxima in the polar and 

subpolar North Atlantic (Baumann et al., 2005), we are using this species as an indicator 

for cool and nutrient-rich surface water masses of subpolar origin. Therefore the abun-

dance the observed abundance variations indicate a gradual decrease in the influence of 

subpolar water masses during the course of the daglacial. Furthermore a distinct maximum 

in its abundance is evident at 6 kyrs BP. However, distinct minima e.g. in less calcified 

coccolithophore species like E. huxleyi and exceptionally high oxygen isotope values of 

planktonic and benthic foraminifers (Repschläger et al., in prep; Figure 3.2c), indicate an 

“artificial” enrichment of C. pelagicus, which is one of the most heavy calcified coccolitho-

phores, due to dissolution. As all coccolithophore species used to calculate the CEX’ index 

are affected by this dissolution (cf. chapter 3.4.2, Figure 3.3), this event cannot be detect-

ed in the CEX’ index (Figure 3.2f). As this core interval is associated with the transition 

from reddish, oxygenated sediments to greyish, unoxidized sediments (cf. Richter, 1998), 

the dissolution is probably caused by digenetic processes associated with the oxygenation 

horizon. 

Although the cosmopolitan species C. leptoporus has an affinity to cold and nutrient-

rich conditions in the equatorial Atlantic and in the Arabian Sea (Kinkel et al., 2000; An-

druleit and Rogalla, 2002), the distribution pattern of this species in the North Atlantic is 

patchy, with no clear ecological preferences (Ziveri et al., 2004). At the Azores, this spe-

cies clearly shows minimum abundances during H1 and the Younger Dryas and a slight 

increase in its abundance is obvious during the last 6 kyrs with maximum abundances of 

up to 11% during the last 3 kyrs (Figure 3.3e). 

The lower photic zone species F. profunda is widely used to monitor past changes in 
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nutricline-depth and associated changes in productivity (Molfino and McIntyre, 1990a, b; 

Beaufort et al., 1997; Kinkel et al., 2000). Thereby high abundances of F. profunda indicate 

a deep nutricline and low productivity. During the deglacial and early Holocene F. profunda 

occasionally disappears from the coring site and shows low abundances never exceeding 

5% (Figure 3.3f). However, a pronounced increase in its abundance can be observed dur-

ing the mid Holocene, resulting in maximum abundances of up to 9% during the late Holo-

cene, indicating a deep nutricline and low productivity. 

 

The species Umbellosphaera spp., Umbilicosphaera spp. and Oolithotus spp. are as-

sociated with warm and oligotrophic water masses (Incarbona et al., 2011; and references 

therein). Here we summarize these species as subtropical species and use abundance 

variations within this group as an indicator for the influence of subtropical waters brought 

by the anticyclonic eddies to our coring site. Therefore the minimum abundances observed 

during H1 and the Younger Dryas indicate a decreased influence of subtropical waters 

(Figure 3.4a). During the late Holocene maximum abundances (up to 8%) indicate a max-

imum influence of this water mass at the coring site. Furthermore maximum coccolith con-

centrations of up to 5.2 x 1010 coccoliths/g sediment are observed during the late Holocene 

(Figure 3.4b).  
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Figure 3.4. a) Abundance of subtropical species (Oolithotus spp., Umbellosphaera spp., Um-
bilicosphaera spp.) (solid grey line) and 5pt moving average (solid red line). b) Total coccolith 
concentration in investigated sediment samples. Abbreviations and markers as in Figure 3.3. 
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3.5.2 SST and PP reconstructions 

 

Alkenone derived SSTs were 7 and 5°C colder than today during H1 and the Younger 

Dryas respectively (Figure 3.5a). These changes are within the range of previously report-

ed SST reconstructions from the midlatitude eastern North Atlantic (Bard et al., 2000; 

Chapman et al., 2000). After rising during the Preboreal and early Holocene, SST stabilize 

between 18.5 and 19.5°C after 8 kyrs BP, close to modern annual mean SST of 19.3°C at 

the coring site (Locarnini et al., 2010). This indicates that at least today alkenone SST reli-

ably traces mean annual temperature. However, alkenone production probably shifted to-

wards the summer season during extreme cold events like H1 and the Younger Dryas 

(Leduc et al., 2010; Schneider et al., 2010). Therefore alkenone SST might be biased to-

wards the warm season showing higher than average SSTs at the coring site during these 

events. This would mute the amplitude of change during H1 and Younger Dryas, but would 

not affect the general SST pattern. Aside of the observed general SST pattern several 

                                     Table 3.2. Selected coccolithophores and inferred ecologi- 
                                         cal changes 
 

Species Used as a proxy for: 

E. huxleyi - 

G. muellerae Influence of NATW 

Small gephyrocapsids 
Nutrient-rich, less 

saline surface water 
conditions 

C. pelagicus Influence of subpolar 
water 

C. leptoporus - 

F. profunda Nutricline-depth 

Grouped subtropical 
species 

Influence of subtropi-
cal water 
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Figure 3.5. a) Alkenone derived sea surface temperatures. b) Ba/Ti ratio measured with XRF core 
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tical line indicates splicing of cores for coccolithophore analysis as described in the text. g) Percentage 
of total inorganic carbon in core GEOFAR KF16 (Richter, 1998). Small arrows mark direction of ob-
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small-scale perturbations are evident in the SST record (Figure 3.5a). The most pro-

nounced perturbation is at 8.2 kyrs BP, where SST abruptly decrease down from 19.9 to 

17.8°C. 

Based on our multi-proxy approach a generally consistent pattern emerges with high 

productivity during the deglacial, especially during H1 and the Younger Dryas (Figure 5b-

g). For example a fourfold and twofold increase of the Ba/Ti ratio is observed during the 

cold H1 and Younger Dryas respectively (Figure 3.5b). Furthermore Ba/Ti ratios are de-

creased during the Bølling-Allerød and Preboreal but do not reach the very low values of 

the Holocene period. Although the use of Barium as a paleoproductivity proxy is still dis-

cussed controversially (e.g. McManus et al., 1998), the most common limitation of this 

proxy, which are water depth and lateral advection of refractory organic matter and/or re-

suspended barite from the continental shelf (Dymond et al., 1992), can be ruled out at our 

open ocean site at a water depth > 1000 m. Furthermore Barium has been proposed to be 

a good indicator for productivity at the coring site due to its close correlation to TOC and 

PP estimates from the nearby Canary basin (Richter, 1998). However, it has been recently 

supposed that a Ba peak in sediments off northwest Africa during H1 originates from Ba-

enriched meltwater transported via the Azores and Canary Current (Plewa et al., 2006), 

therefore the Ba/Ti peak observed during H1 might have been influenced by these meltwa-

ters. But as increased productivity is also observed in all other proxies, we conclude that 

Ba/Ti mainly reflects productivity, although a minor influence of meltwater cannot be ruled 

out. 

An increased abundance of siliceous phytoplankton, mainly diatoms, during H1, 

Younger Dryas and the 8.2 kyr event can be deduced from the Si/Ca ratio (Figure 3.5c). 

However although diatom abundances are increased during H1 the exceptional Si/Ca peak 

during this period partly stems from increased abundances of silicoflagellates, as observed 

by SEM. As diatoms are opportunistic species (e.g. Abrantes et al., 2002), the increased 

abundances during the mentioned periods again indicate an increased productivity.  

Because westerly winds were increased during H1 and the Younger Dryas (Nebout et 

al., 2002; Rodrigo-Gámiz et al., 2011), an increased Si input via dust during these times 

would hamper our interpretation of the Si/Ca record. However, based on the visual exami-

nation of the samples under the SEM we found no evidences for any detrital input. A negli-

gible aeolian input to the midlatitude open ocean North Atlantic during Heinrich events has 

also been proposed by Villanueva et al. (1997) and Naafs et al. (2010) based on the 
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abundance of aeolian derived n-alkanes in nearby cores SU90/08 (43°20’N, 30°24’W) and 

U1313 (41°N, 32°34’W). Therefore fluctuations in aeolian dust input did not seem to exert 

a major control on Si/Ca ratio and therefore can also be ruled out to drive the observed 

productivity pattern. 

Increased PP during H1 and the Younger Dryas can also be deduced from coccolith-

ophore specific PP proxies (Figure 3.5d-f). Alkenone concentrations reach values up to 

0.62 and 0.54 μg/g during H1 and Younger Dryas respectively, whereas maximum values 

during the Holocene are as low as 0.08 μg/g (Figure 3.5d). During the Bølling-Allerød PP 

is low, as deduced from alkenone concentrations, with maximum values of 0.25 μg/g, but 

not as low as during the Holocene. A similar PP pattern is observed in the accumulation 

rates of alkenones with maximum values of 25, 6 and 22 μg/cm2/kyr during H1, Bølling-

Allerød and Younger Dryas respectively (Figure 3.5e). During the Holocene alkenone ac-

cumulation rates reach a maximum of 2 μg/cm2/kyr during the 8.2 kyr event. The changes 

in the accumulation rates of alkenones are paralleled by changes in the accumulation rates 

of coccoliths from alkenone-producing coccolithophores (E. huxleyi and gephyrocapsids) 

(Figure 3.5f). They show maximum values of 15, 8 and 11 * 1011 coccoliths/cm2/kyr during 

H1, Bølling-Allerød and Younger Dryas respectively. Lowest values are found throughout 

the entire late Holocene with increased values at 8.2 kyrs BP. Total coccolith accumulation 

rates show values of 19, 10 and 13 * 1011 coccoliths/cm2/kyr during H1, Bølling-Allerød 

and Younger Dryas respectively (Figure 3.5f). Again, lowest values are found throughout 

the entire late Holocene with increased values at 8.2 kyrs BP.  

All coccolithophore specific PP proxies show strongly increased PP during the Pre-

boreal, with maximum alkenone concentrations up to 0.7 μg/g, maximum alkenone accu-

mulation rates up to 25 μg/cm2/kyr, maximum accumulation rates of coccoliths from 

alkenone-producing coccolithophores up to 13 * 1011 coccoliths/cm2/kyr and maximum total 

coccolith accumulation rates up to 15 * 1011 coccoliths/cm2/kyr. This indicates that growth 

conditions for coccolithophores were optimal, just after the main PP peak during the 

Younger Dryas that favored the growth of diatoms. Furthermore slightly enhanced cocco-

lithophore productivity seems to prevail until 6 kyrs BP based on coccolith accumulation 

rates, which is not supported by alkenone concentrations and accumulations. This dis-

crepancy might stem from the fact that the onset of modern NADW production sets in dur-

ing early Holocene (Alley and Clark, 1999; Chapman and Shackleton, 2000; Piotrowski et 
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al., 2004; McManus et al., 2004), providing oxygen-rich bottom-water to the coring site and 

therefore organic material (e.g. alkenones) might have been affected by preservation 

throughout the entire Holocene, resulting in their observed minimal concentrations. In 

summary, coccolithophores seem to sustain relative high productivity after the YD until 6 

kyrs BP, especially during the Preboreal. That coccolithophores can sustain high produc-

tivity after the main PP peak is also observed in the seasonal succession of phytoplankton 

species in which diatoms occur close to peak PP early in the year, whereas peak cocco-

lithophore productivity can prevail into the more stratified, warmer season (Margalef, 1978; 

Merico et al., 2004). 

 

 

 

Although we can observe a general pattern with increased PP during the deglacial, 

especially during H1 and the Younger Dryas, in all PP proxies, which therefore seems to 

be very robust, the amplitude of changes in the different PP proxies are different (Figure 

3.5b-g). The different amplitudes might be the result of the different sensitivities of the PP 

proxies to actual PP changes (cf. Sarnthein et al., 1988; Dymond et al., 1992; Nelson et 

al., 1995; Beaufort et al., 1997; Haidar and Thierstein, 2001) and/or of the different preser-

vation potential of the different PP proxies (cf. Tréguer et al., 1995; Gingele et al., 1999; 

Rühlemann et al., 1999; Romero et al., 1999). However, despite their different sensitivities 

and preservation potential, all shown PP proxies reveal the same pattern with increased 

PP at least during H1 and the Younger Dryas, although we want to note, that the observed 

changes have to been viewed from a qualitative rather than from a quantitative point of 

view. 

Figure 3.6. Conversion of Ba measured by XRF core scanning to PP. a) Correlation of Ba counts  
measured by XRF to Ba concentrations measured by XRF spectrometry (Richter, 1998). The rela-
tion y = 0.3674x is used to convert Ba counts into concentrations. b) Ba concentration converted to 
PP using equation (2.13). Abbreviations and markers as in Figure 3.3. 
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On the other hand, quantitative changes can be inferred from the conversion of Ba 

fluxes to PP (Figure 3.6). Because PP derived from Ba fluctuates close to the modern PP 

value of 461 mg C/m2/day during the mid and late Holocene, the conversion seems to yield 

reasonable results. Maximum values of 2457, 664 and 1460 mg C/m2/day, indicating an 

increase of PP by a factor of 5.3, 1.4 and 3.2 compared to modern values, are observed 

during H1, Younger Dryas and Bølling-Allerød respectively. Furthermore, in accordance to 

coccolithophore specific PP proxies, especially to coccolith accumulation rates, increased 

PP can be observed during the Preboreal and early Holocene compared to late Holocene 

values. 

 

 

3.6 Discussion 
 

3.6.1 Frontal movements and PP changes during the deglacial and early Holocene 
 

During H1 and the Younger Dryas a higher influence of NATW and a decreased influ-

ence of subtropical water is indicated by maximum abundances of G. muellerae (Figure 

3.3b) and minimum abundances of subtropical species (Figure 3.4a) respectively. Thus we 

assume that during deglacial cold periods the AzF resided at a more southern position as 

compared to today. For warm Bølling-Allerød both proxies indicate a significant northward 

movement of the AzF and hence a northward extension of the subtropical gyre. This sug-

gests that the AzF did not only migrate on glacial/interglacial timescales, as deduced by 

Schiebel et al. (2002a) from low-resolution records, but also on shorter, millennial-scale 

timescales, and in parallel to the reorganization of the North Atlantic during the course of 

the last deglacial (e.g. Sarnthein et al., 2001). This result seems to contradict the findings 

of Rogerson et al. (2004) from the Gulf of Cadiz, who concluded no latitudinal displace-

ment of the AzF during cold periods of the last declacial. However, recent modeling studies 

suggest that the water mass transformation in the Gulf of Cadiz is responsible for the for-

mation of the Azores Current and that a stronger MOW would lead to a stronger Azores 

Current (e.g. Volkov and Fu, 2010). As MOW existed and was even stronger than today 

during cold climatic intervals (e.g. Heinrich events, Younger Dryas) (e.g. Voelker et al., 

2006), the Azores Current would have still resided and a front could have developed in the 
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Gulf of Cadiz as observed by Rogerson et al. (2004). Therefore the connection between 

the Azores Current Sytem and the MOW as suggested by models could be the reason for 

the observed decoupling of the AzF dynamics in the open ocean and near the coast, which 

is also seen in the modeling studies, where the Azores Current exhibits latitudinal variabil-

ity only west of 20°W (Volkov and Fu, 2010). Furthermore the modeling studies suggest 

that the latitudinal variability of the Azores Current is driven by the strength of the westerly 

winds (Volkov and Fu, 2010, 2011). Therefore, the increased westerly winds during the 

deglacial and early Holocene, especially during H1 and the Younger Dryas (Nebout et al., 

2002; Rodrigo-Gámiz et al., 2011) could have been responsible for the observed shift of 

the Azores Current System in the open ocean North Atlantic. 

Aside of this general trend, a slight northward shift of the AzF seems to be obvious 

during the Preboreal, as evidenced by minimum abundances of G. muellerae (Figure 

3.3b). However, we argue that this minimum is caused by optimal growth conditions for 

coccolithophores (cf. chapter 3.5.2), in which the blooming of the opportunistic species E. 

huxleyi (Figure 3.3a), which is a much tougher competitor than G. muellerae (e.g. Okada 

and Wells, 1997), lowered the relative abundance of temperate species like G. muellerae 

(Figure 3.3b). A similar behavior of E. huxleyi during the Preboreal is reported by Hass et 

al. (2001) in a core from the northern North Atlantic (Voering Plateau), where due to a first 

intrusion of North Atlantic water masses the opportunistic species E. huxleyi recovered 

rapidly, whereas other species needed longer to adapt to the conditions following the 

Younger Dryas. Furthermore, contrary to G. muellerae, the abundance of subtropical spe-

cies indicates a significant northward shift of the AzF during the Preboreal and early Holo-

cene comparable to the Bølling-Allerød (Figure 4.4a). But as the abundance record of sub-

tropical species more closely parallels the temperature record than the abundance record 

of G. muellerae (abundance subtropical species vs. alkenone SST: R2 = 0.47; abundance 

G. muellerae vs. alkenone SST: R2 = 0.28), these species probably are additionally affect-

ed by temperature. However, slightly lower abundances of subtropical species during the 

Preboreal and early Holocene indicate a (slightly) more southern position of the AzF com-

pared to the late Holocene in accordance to the G. muellerae record. 

Because of the high PP gradient in our region (Figure 3.1b) even small movements of 

the AzF and the associated climatic and productivity regimes are likely to result in substan-

tial changes of our paleoproductivity signals. Therefore the enhanced paleoproductivity 

during the deglacial and early Holocene, and especially during H1 and the Younger Dryas 
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(Figure 3.5b – g), might be the result of the above postulated more southern position of the 

front. However, an increase of PP by a factors of up to 5.3 and 3.2 during H1 and the 

Younger Dryas respectively, as indicated by Ba derived PP changes (Figure 3.6), can not 

be explained by a shift of the front solely, as such high values are nowhere found in the 

open North Atlantic today (e.g. Behrenfeld et al., 2006; cf. Figure 3.1b). Therefore addi-

tional factors, like increased westerly winds during H1 and the Younger Dryas (Nebout et 

al., 2002; Rodrigo-Gámiz et al., 2011), which would raise the nutricline due to deeper win-

ter mixing, probably enhanced PP. 

Furthermore nutrients brought by subpolar water and/or by freshwater from melted 

icebergs might have affected PP at the coring site. Today nutrient-rich subpolar water is 

admixed to NATW via cold core rings pinching off the NAC (Kupferman et al., 1986) and 

transporting a subpolar fauna and flora to lower latitudes (The Ring Group, 1981; Beck-

mann et al., 1987). An increased influence of subpolar water during the deglacial and early 

Holocene at the coring site can be deduced from the increased abundance of the subpolar 

species C. pelagicus (Figure 3.3d). During these periods a more southern position of the 

NAC and its associated Subpolar Front, as proposed by Ruddiman and Glover (1975), 

would have allowed the cold core rings to penetrate to the coring site and to fuel PP. How-

ever, a clear deglacial sequence with H1, Bølling-Allerød and Younger Dryas is missing in 

the abundance record of C. pelagicus. There might be at least two explanations for this: 

the NAC gradually moved northward during the deglacial and/or complex interplay and 

abundance changes between the two different morphotypes of C. pelagicus (cf. chapter 

3.5.1).  

Although there are no evidences for icebergs at our coring site, an enhanced input of 

IRD to the North Atlantic just north of our coring site is recorded during H1 and the Young-

er Dryas (Bond et al., 1997; Chapman and Shackleton, 1998), indicating at least the vicini-

ty of icebergs at our coring site. As icebergs can act as nutrient sources (Schwarz and 

Schodlok, 2009), nutrients derived by melted icebergs have been described to increase PP 

in the midlatitude North Atlantic, especially during H1 (e.g. Kiefer et al., 1995; Gil et al., 

2009). Therefore nutrient-rich meltwaters from icebergs probably entered the coring site 

during H1 and the Younger Dryas and fueled productivity. This scenario is also supported 

by a freshening of the sea surface at the coring site during H1 and the Younger Dryas as 

recognized by Repschläger et al. (submitted) (cf. Figure 3.2). In summary, the increased 
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PP during the deglacial and early Holocene, especially during H1 and the Younger Dryas, 

are the result of a more southern position of the AzF, increased westerly winds, advection 

of subpolar waters and advection of nutrient-rich waters from melted icebergs. 

Recent modeling studies indicate that a reduction in AMOC, due to a freshwater input 

like during Heinrich events, would lead to a reduction in global export production, most no-

tably in the North Atlantic (Schmittner, 2005; Menviel et al., 2008). In order to support this 

observation, the results have been compared to paleoproductivity records from south of 

Iceland, the Brazilian Margin and the northwest African upwelling areas. However, no 

comparison between model and proxy-data has been shown for the open Atlantic, which 

would be crucial regarding the large area covered.  

Although we cannot test the global outcome of these models, our results from the 

Azores are in contrast to what the modeling studies suggest for this region. During all de-

glacial cold events associated with a reduction in AMOC we observe a strong increase in 

PP. This points to regional factors and/or processes, like AzF dynamics or advection of 

nutrient-rich surface waters, affecting PP in the Azores region, which are not considered 

and/or resolved by the models (Schmittner, 2005; Mariotti et al., 2012). However, en-

hanced surface water productivity during deglacial cold periods associated with advection 

of fertile subpolar waters and amplified by nutrients derived from icebergs, has also been 

reported from the Bermuda Rise, offshore southwestern Iberian Margin, Gulf of Cadiz and 

from the western Mediterranean Sea (Lebreiro et al., 1997; Rogerson et al., 2004; 

Jimenez-Espejo et al., 2007; Gil et al., 2009; Penaud et al., 2011). Therefore we propose 

that during the mentioned cold periods there has been a band of high productivity across 

the midlatitude North Atlantic at the northern boundary of the contracted subtropical gyre, 

which also seems to penetrate into the western Mediterranean and can be associated with 

the advection of fresh and nutrient-rich surface waters. As biogeochemical models poten-

tially do not take into account the transport of nutrients at the surface into the subtropics 

(see e.g. Mariotti et al., 2012), we propose that the implications of freshwater forced AMOC 

perturbations on the biological activity in the midlatitude North Atlantic might have to be 

reconsidered. 

However, in accordance to the modeling studies, productivity was decreased in the 

higher latitudes of the North Atlantic (Nave et al., 2007). Decreased productivity during pe-

riods of reduced AMOC, in particular during Heinrich events, has been reported from core 

SU90-08 (40°3‘N, 32°W) (Nave et al., 2007), just north of our coring site. This decreased 
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productivity has been related to a strong water column stratification induced by the fresh-

water input (Nave et al., 2007). Therefore the boundary between the low productive north-

ern areas and the southern areas, where only a diluted component of the nutrient-rich 

freshwater arrives and promotes productivity, is somewhere between 38° and 40°N in the 

open ocean North Atlantic. 

Unfortunately no paleoproductivity reconstructions from more southern open ocean 

sites in the North Atlantic are available, and therefore the southern boundary of the high 

productivity band cannot be estimated. Nevertheless the band can be traced across the 

North Atlantic, at least from the Bermuda Rise to the Gulf of Cadiz, and within the western 

Mediterranean Sea, and therefore it probably occupied a large area. Furthermore, aside of 

an increase in PP due to a shift of the productivity regimes, the level of productivity within 

this band was strongly increased due to additional processes like the advection of nutrient-

rich surface waters (Figure 3.6, see sections above). Because of the large areal coverage 

and the strongly increased level of PP, this high productivity band potentially could have 

counteracted the decreased productivity and resulting decreased organic carbon pump in 

the more northern latitudes of the North Atlantic during times of reduced AMOC.  

 

3.6.2 Mid Holocene onset of modern hydrographic and productivity conditions 

 

Based on coccolith assemblages and PP reconstructions a reorganization of the hy-

drographic and productivity regime is evident during the mid Holocene (Figures 3.3 - 3.6). 

Most proxies shift to full interglacial values during this period and stabilize on these values 

at the latest after 6 kyrs BP. For example, lowest abundances of G. muellerae (Figure 

3.3b) are accompanied by highest abundances of subtropical species (Figure 3.4a). Based 

on the interpretation of these proxies given above, this indicates, that the AzF reached its 

modern, northernmost position after 6 kyrs BP and hence the contributions of NATW and 

subtropical water at the coring site were minimal and maximal respectively. 

Like during the deglacial, the reorganization of the hydrographic conditions is accom-

panied by changes in PP. Thereby most oligotrophic conditions during the last 16 kyrs pre-

vailed since the mid Holocene as indicated e.g. lowest coccolith accumulation rates and 

lowest Ba derived PP (Figure 3.5f, 3.6). The shift towards oligotrophic conditions can also 

be deduced based on the abundance of F. profunda (Figure 3.3f), at which highest abun-
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dances since the mid Holocene indicate a deep nutricline and associated lowest produc-

tivity. Furthermore the establishment of the oligotrophic conditions can also be deduced 

from the increased concentration of coccoliths in the sediment since the mid Holocene 

(Figure 3.4b). As many coccolithophore species are K-selected they increase their relative 

contribution to the plankton assemblage under oligotrophic conditions (Baumann et al., 

2005). Therefore, unlike coccolith accumulation rates (fluxes), which are high under nutri-

ent-rich conditions, high coccolith concentrations in the sediment are found in nutrient-

depleted environments (e.g. subtropical gyres) (Baumann et al., 2004). The oligotrophic 

conditions since the mid Holocene are a consequence of the maximum contribution of nu-

trient-depleted subtropical waters to the coring site (Figure 3.4a) and/or the absence of 

fertile water masses originating from the higher northern latitudes of the North Atlantic. The 

latter is indicated by the absence of C. pelagicus at the coring site since 6 kyrs BP (Figure 

3.3d). 

Beside this general shift during the mid Holocene a decrease in the abundance of F. 

profunda occurs during the last 3 kyrs (Figure 3.3f). This decrease is accompanied by 

maximum abundances of C. leptoporus (Figure 3.3e). The observed changes probably 

correspond to a slight shallowing of the nutricline, decreasing the abundance of the lower 

photic zone species and increasing the abundance of the nutrient affiliated C. leptoporus 

(see chapter 3.5.1). But the advection of nutrients associated with this process probably 

was insignificant resulting in low coccolith productivity (Figure 3.5f). 

In general, the observed changes indicate the most northern position of the AzF and 

hence the maximum northward extension of the subtropical gyre in the North Atlantic since 

the mid Holocene. Furthermore, a general pattern emerges, with an expansion of the gyre 

during warm periods (Bølling-Allerød, (late) Holocene) and a contraction during cold peri-

ods (H1, Younger Dryas). Although it is hard to define a quantitative temperature/          

expansion relationship based on our proxy results, one could easily hypothesize that a fur-

ther increase in temperatures, as expected for the following decades (Jansen et al., 2007), 

would probably lead to a further expansion of the oligotrophic gyre. Indeed an expansion of 

the subtropical gyres, especially of the North Atlantic subtropical gyre, due to an increase 

of global temperatures between 1998 and 2006 has been reported (Polovina et al., 2008). 

Furthermore, this study indicates that the expansion of the oligotrophic gyres takes place 

at the expense of more productive areas. If this expansion is not compensated by in-

creased productivity in the high latitudes due to an occupation of new habitats, such an 
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expansion and resulting decreased overall marine productivity would provide a positive 

feedback to the temperature increase due to a decreased atmospheric carbon fixation by 

marine organisms.  

 

3.6.3 Short-term reorganizations caused by freshwater input 

 

One of the most pronounced short-term events is recorded at 8.2 kyrs BP (Figures 

3.3-3.6), coincident with the well-known 8.2 kyr event in the North Atlantic (Ellison et al., 

2006; Kleiven et al., 2008). This event was most probably triggered by a rapid drainage of 

glacial Lake Agassiz into the North Atlantic via Hudson Strait (Barber et al., 1999; Teller 

and Leverington, 2004). In the Azores region SSTs abruptly dropped by 2°C (Figure 3.5a) 

and PP slightly increased (Figure 3.5, 3.6). Also the coccolith assemblage changed re-

markably during this event, e.g. abundances of E. huxleyi show a distinct minimum (Figure 

3.3a). The most profound change in the coccolith assemblage is recorded in the abun-

dance of small gephyrocapsids (Figure 3.3c), which together with G. muellerae dominate 

the assemblage. Furthermore low abundances of subtropical species are observed (Figure 

3.4a). Altogether this points to a southward shift of the AzF during the 8.2 kyr event, due to 

an incursion of NATW. At 8.2 kyrs BP a considerable freshening of the sea surface is rec-

ognized at the coring site (Repschläger et al., submitted; cf. Figure 3.2). This is consistent 

with a routing of the discharged meltwater into the subtropical realm (Condron and Winsor, 

2011). Furthermore recent modeling studies show exactly the observed SST drop in the 

Azores region during the 8.2 kyr event, if the model is forced by a freshwater discharge 

through Hudson Strait and with additional icebergs (Wiersma and Jongma, 2009). As al-

ready stated, there are no evidence for icebergs in the Azores region, but ice-rafted detri-

tus (IRD) just north of our coring site indicates at least the vicinity of icebergs, which can 

act as additional nutrient sources (Schwarz and Schodlok, 2009). Therefore, in addition to 

a latitudinal shift of the productivity regime, nutrient-rich freshwaters, probably partly origi-

nating from melted icebergs, again fueled PP at the coring site. These fresh and nutrient-

rich conditions under still relatively moderate temperatures (17.8°C) seem to be optimal for 

the growth of small gephyrocapsids at the coring site, resulting in their observed peak 

abundances.  

Another short-term reorganization of the hydrographic and productivity regime is re-
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corded at 13 kyrs BP (Figures 3.3 - 3.5), coincident with the well-known Inter-Allerød Cold 

Period (Benson et al., 1997). In our records this event bears striking similarities to the 8.2 

kyr event. At this time SSTs dropped by 1.4°C (Figure 3.5a) and the coccolith assemblage 

changed in the same manner as during the 8.2 kyr event. The most striking similarity is 

seen in the abundance of small gephyrocapsids (Figure 3.3c), which at 13 kyrs BP togeth-

er with G. muellerae dominate the assemblage. The peak abundance of small gephy-

rocapsids might again be linked to additional nutrients and to a freshening of the sea sur-

face as recognized by Repschläger et al. (submitted) (cf. Figure 3.2). This freshening 

event can be related to a meltwater discharge from St. Lawrence River (Clark et al., 2001) 

and/or to an export of less saline seawater from the Caribbean (Flower et al., 2004). Evi-

dences for additional nutrients, probably brought by melting icebergs, may come from an 

enhanced IRD input at the onset of the Inter-Allerød Cold Period (Bond et al., 1997). How-

ever, based on the abundance of small gephyrocapsids, the 8.2 and 13 kyr events are the 

only two meltwater/freshwater events associated with iceberg discharge recognized in the 

Azores region. As there have been numerous of such events in the North Atlantic during 

the last 16 kyrs (e.g. Bond et al., 1997; Clark et al., 2001), this probably points to unique 

conditions (SST, salinity, nutrients, etc.) found during these two events in the Azores re-

gion, which favored the growth of small gephyrocapsids. 

 

 

3.7 Conclusions 
 

Our multi-proxy reconstructions from sediment cores GEOFAR KF16 and MD08-

3180Cq reveal significant changes in the hydrographic and productivity conditions near the 

Azores Islands during the last 16 kyrs. Based on changes within coccolithophore assem-

blages, the temperate and subtropical biogeographical provinces, and hence the AzF, re-

sided at a more southern latitude during the deglacial and early Holocene, especially dur-

ing H1 and the Younger Dryas. Furthermore southward shifts of the AzF are recognized 

during the 8.2 kyr event and during the Inter-Allerød Cold Period. These results indicate, 

that the AzF in the open ocean North Atlantic did not only migrate on glacial/interglacial 

timescales, as deduced by Schiebel et al. (2002a) on low-resolution records, but also on 

millennial and even shorter timescales. Although, these results seem to contradict the find-
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ings of Rogerson et al. (2004) from the Gulf of Cadiz, recent modeling studies suggest that 

the connection between the Azores Current System and the MOW might be responsible for 

the decoupling of the AzF dynamics in the open ocean and near the coast.  

Furthermore, we observe an increased productivity during the deglacial and early 

Holocene, especially during H1 and the Younger Dryas. Although the observed productivity 

increase partly is caused by the more southern position of the AzF and the resulting shift of 

the productivity regimes, other factors like increased westerly winds and advection of nu-

trient-rich surface waters have to be considered to fully explain the observed productivity 

increase.  

Because we observe an increased productivity during times of reduced AMOC, e.g. 

H1 and the Younger Dryas, our results are in contrast to what modeling studies suggest for 

this region. This indicates that the observed PP changes were driven by regional factors 

and/or processes, like AzF dynamics and advection of nutrient-rich surface waters, which 

are not considered/resolved by the models. However, similar increases in productivity dur-

ing times of reduced AMOC, related to the advection of nutrient-rich surface waters, have 

been reported from other midlatitude North Atlantic sites. Therefore we propose that during 

times of reduced AMOC there has been a band of strongly increased productivity across 

the midlatitude North Atlantic, at the northern rim of the contracted subtropical gyre, which 

potentially could have counteracted the decreased organic carbon pump in the high north-

ern latitudes.

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

Chapter IV. 
 

Paleoenvironmental changes in the Azores 
region between 130 and 48 ka BP with special 

emphasizes on MIS 5.5 
 

(This chapter corresponds to the following manuscript submitted to Quaternary Science 
Reviews: Schwab, C., Kinkel, H., Weinelt, M., Repschläger, J., 2012. Paleoenvironmental 
changes in the Azores region between 130 and 48 ka BP with special emphasizes on MIS 
5.5. Submitted to Quaternary Science Reviews.) 
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4.1 Abstract 
 

As oceanographic changes in the North Atlantic are known to modulate global cli-

mate, they are key to the understanding of past and future climate changes. Especially the 

mid-latitudes of the open ocean North Atlantic may be of interest, regarding the large area 

covered. We therefore reconstructed past changes in productivity and hydrography from a 

new sediment core (MD08-3179Cq) taken in the open ocean mid-latitude North Atlantic in 

the vicinity of the Azores Current System. Concomitant to the reorganizations of environ-

mental conditions in the North Atlantic between 130 and 48 ka BP, changes in coccolitho-

phore assemblages and changes in the abundance of siliceous plankton (diatoms) indicate 

a southward shift of the Azores Front (AzF), and hence a southward retreat of the North 

Atlantic subtropical gyre, as well as an increased productivity during glacial Marine Isotope 

Stages (MIS 4 and Termination II) and cold substages of MIS 5. Furthermore we hypothe-

size that the ecological changes lead to distinct evolutionary patterns of coccolithophores, 

resulting e.g. in a dominance of G. ornata between 76 and 105 ka BP. Additionally, high-

resolution analysis of MIS 5.5 indicate a short reversal towards cool conditions during MIS 

5.5, corresponding to a basin-wide cooling event. Full interglacial conditions are reached 

only late in the Azores region. The peak interglacial conditions during MIS 5.5 result in 

peak abundances of E. huxleyi, an event, which seems to be time-transgressive in the 

eastern North Atlantic, and which probably can be related to more severe changes (i.e. 

changes with higher amplitude) in the higher latitudes. An increased advection of Subant-

arctic Mode Water (SAMW) and/or the possibility to occupy new habitats after glacial con-

ditions result in a distinct coccolithophore productivity peak during full interglacial condi-

tions of MIS 5.5. As global temperature during MIS 5.5 are assumed to be similar to the 

expected future global climate change, MIS 5.5 serves as a possible scenario for future 

changes. Taking MIS 5.5 as a possible analogue for expected future climate change, our 

results indicate that an expected decrease in marine primary productivity, due to the ex-

pansion of the oligotrophic gyres, may be attenuated by increased coccolithophore produc-

tivity. 
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4.2 Introduction 
 

Most marine sediment cores, serving as paleoclimate archives, are retrieved from 

coastal and shelf areas, where thick sediment layers exist. Regarding the open ocean, 

which covers a much larger area, high-resolution sediment cores are rare, mainly due to 

prevailing low sedimentation rates in these areas (Ewing et al., 1973). However, records 

from these parts of the oceans are urgently needed, because they are absolutely essential 

for a complete picture of past climatic and oceanic changes. 

Here we present a study from a new core (MD08-3179Cq) taken in the midlatitude 

open ocean eastern North Atlantic in the vicinity of the boundary between the North Atlan-

tic subtropical gyre and northern temperate water masses. We will focus on the time period 

between 130 and 48 ka BP with special emphasis on the Last Interglacial (LIG), which is 

known as MIS 5.5 in marine records and as the Eemian in terrestrial (European) records, 

and has been the subject of many paleoclimatic and paleoceanographic studies (e.g. 

McManus et al., 1994; Bauch et al., 1999; Shackleton et al., 2002, 2003; Oppo et al., 

2006). Especially in the light of the predicted future climate change (see e.g. Jansen et al., 

2007), the study of past interglacials, like MIS 5.5, is an important issue. This is because 

past interglacials, which are comparable to the present Holocene, ran their full course and 

demise, and therefore can teach us about natural climate variability during interglacials 

(e.g. Kukla et al., 2002; Müller and Kukla, 2004). Furthermore, as most of the Late Quater-

nary interglacials are characterized by different orbital parameters (cf. Laskar et al., 2004), 

the study and comparison of interglacials can hint on the climate sensitivity to this external 

forcing (insolation). Especially MIS 5.5 may be of interest, as global temperatures during 

this period were 1.5 to 2°C warmer than the pre-anthropogenic global average of the past 

10 kyrs, and therefore MIS 5.5 could serve as a possible scenario for human induced cli-

mate change (e.g. Clark and Huybers, 2009; Kopp et al., 2009). 

Besides being generally warmer, global sea-level during the LIG was several meters 

higher than at present due to smaller polar ice-sheets (Kopp et al., 2009; and references 

therein). Thereby the warmer temperatures and smaller ice-sheets can be related to a pos-

itive summer insolation anomaly in the northern hemisphere during the LIG (e.g. Rohling et 

al., 2007; Kopp et al., 2009). Some other factors, like the redistribution of heat by the Atlan-

tic Meridional Overturning Circulation (AMOC), which is assumed to have strengthened 
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during the LIG compared to glacial modes (e.g. Adkins et al., 1997; McManus et al., 2002), 

have to be invoked to explain the observed climatic patterns during the LIG (Keigwin et al., 

1994; Adkins et al., 1997; McManus et al., 2004). Although the climatic conditions during 

the LIG are reported to have been rather stable (e.g. McManus et al., 1994; Cheddadi et 

al., 1998; Andersen et al., 2004), there are also other studies, which show considerable 

internal variability during this period (e.g. Fronval and Jansen, 1996; Rohling et al., 2007; 

Couchoud et al., 2009). However, the causes of the observed variability are still largely 

unexplained (Bauch et al., 2011). 

One of the most intriguing paleoclimatic archives of past changes in the North Atlantic 

realm are ice core records from Greenland. These paleoclimatic archives offer a high reso-

lution on an annual scale (e.g. Svensson et al., 2011) and therefore allow detailed paleo-

climatic studies. For example the well-known Dansgaard-Oeschger cycles, which start af-

ter the last glacial inception around 115 ka BP, were first identified in Greenland ice core 

records (Dansgaard et al., 1993; Grootes et al., 1993). Unfortunately, these ice core rec-

ords have an insufficient stratigraphic length and do not encompass the entire MIS 5.5 

(e.g. Andersen et al., 2004; Svensson et al., 2011). Therefore high-resolution marine rec-

ords covering MIS 5.5 are needed to reconstruct past changes in the North Atlantic during 

this period. 

In this study we will reconstruct paleoenvironmental conditions (i.e. productivity and 

hydrography) between 48 and 130 ka BP from a key oceanographic position in the open 

ocean midlatitude eastern North Atlantic (boundary between subtropical gyre and northern 

water masses), an area where available paleoclimate/-oceanographic data are scarce. 

Special emphasis will be given to the structure and variability of MIS 5.5 (LIG) in the mid-

latitude eastern North Atlantic, based on high-resolution records during this period.  

For this purpose we analyzed coccolithophore assemblages. As an important com-

ponent of the primary producers in the photic zone of the oceans, coccolithophores strong-

ly rely on surface water conditions (e.g. light, nutrients, temperature, salinity) (Winter et al., 

1994), and therefore changes within this phytoplankton community have been successfully 

used to reconstruct past oceanic conditions (e.g. McIntyre and Bé, 1967; Beaufort, 1997; 

Kinkel and al, 2000; Giraudeau et al., 2010; Saavedra-Pellitero et al., 2011). Furthermore, 

coccolithophores are considered to be the most important primary producers in the open 

oceans of tropical to temperate regions (Brand, 1994), which makes them ideally suited to 

trace past productivity changes at our coring site. At last, changes in coccolithophore as-
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semblages have been successfully used to reconstruct environmental conditions during 

the LIG at more northern sites of the eastern North Atlantic (Lototskaya et al., 1998; Stolz 

and Baumann, 2010), and therefore: a) our study completes the picture of changes during 

the LIG in the eastern North Atlantic based on coccolithophores and b) the previous stud-

ies could serve as a robust basis to which our results can be compared to. 

 

 

4.3 Regional hydrography and productivity regime 
 

Core MD08-3179Cq (37.8493°N, 30.294°W) was retrieved from 2040 m water depth, 

slightly north of the Azores Current System (Figure 4.1). Major components of the Azores 

Current System are the Azores Current with its associated Azores Front (AzF), which are 

persistent features of the subtropical North Atlantic throughout the year and mark the 

northern boundary of the North Atlantic subtropical gyre (Klein and Siedler, 1989; 

Bashmachnikov et al., 2004). Recent modeling studies indicate that the Mediterranean 

Outflow Water (MOW), which enters the North Atlantic through the Street of Gibraltar, is 

responsible for the formation of the Azores Current (e.g. Volkov and Fu, 2010; 2011). 

Thereby a stronger outflow results in a more vigorous Azores Current (Volkov and Fu, 

2010; 2011). As already mentioned, the Azores Current is accompanied by a distinct front, 

the AzF, which position is best defined as the location where the 15°C isotherm is situated 

between 200 and 300 m water depth (Gould, 1985). It separates warmer and saltier south-

ern Sargasso Sea mode water from colder and fresher northern water masses (Alves et 

al., 2002; Schiebel et al., 2002a). Furthermore the regions to the south of the AzF are 

characterized by a permanent thermohaline mixed layer and a subtropical thermocline, 

whereas the northern regions exhibit a seasonal thermocline formation and winter convec-

tive and advective mixing (Käse and Siedler, 1982). We will refer to the southern surface 

waters as subtropical water and to the northern surface waters as North Atlantic Transi-

tional Water (NATW) (e.g. Schiebel et al., 2011). Although NATW is the dominant surface 

water mass at the coring site, subtropical water occasionally reaches the site due to anti-

cyclonic eddies pinching off the Azores Current (Alves et al., 2002). 

Due to upwelling, oceanic frontal structures are generally associated with increased 

primary productivity (PP) (Le Fèvre, 1987; Pollard and Regier, 1992). However, the impact 
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of the frontal structure on primary productivity in the Azores region is discussed controver-

sially in the literature. For example Fernández and Pingree (1996) observed high chloro-

phyll concentrations within the Azores frontal system, whereas Fasham et al. (1985) found 

no evidence for an increased productivity in this region. However, the different hydrograph-

ic conditions on each side of the front result in two different productivity regimes and a high 

primary productivity gradient in the Azores region. In the subtropical area to the south of 

the front PP is low, because strong water-column stratification and weak vertical mixing 

suppress the replenishment of nutrients (Mouriño-Carballido and Neuer, 2008). On the 

other hand, PP in the region to the north of the AzF is high, because a deep winter mixed 

layer (200 - 300 m) causes upward mixing of nutrients (Lévy et al., 2005). Additionally, PP 

at the coring site can be influenced by the eddy activity in the region. Thereby the anticy-

clonic eddies, which occasionally reach our coring site, are characterized by downwelling 

and low PP (Hernández-León et al., 2007), whereas the cyclonic eddies to the south of the 

AzF are associated with increased PP due to eddy pumping (Mouriño-Carballido and Neu-

er, 2008). 

The different hydrographic and productivity conditions on each side of the front result 

in a northern transitional and a southern subtropical biogeographical province, which are 
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Figure 4.1. Schematic surface circulation (grey arrows) in the North Atlantic, overlain on 
mean annual sea surface temperature (Locarnini et al., 2009). Abbreviations: North Atlantic 
Current (NAC), Azores Current (AzC), Azores Front (AzF), Portugal Current (PC), Canary 
Current (CC), North Equatorial Current (NEC), North Atlantic Transitional Water (NATW), 
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well expressed e.g. in foraminiferal (Ottens, 1991; 1992; Schiebel et al., 2002a; b) but also 

in coccolithophore assemblages (McIntyre and Bé, 1967; Schiebel et al., 2011). Therefore 

expansions/contractions of these provinces, corresponding to latitudinal displacements of 

the AzF, can be traced at our coring site, based on plankton abundance changes. For ex-

ample, a more southern position of the AzF would result in a diminished influence of sub-

tropical water and an increased influence of NATW at the coring site (cf. chapter 2), and 

therefore a more transitional plankton assemblage is expected.  

 

 

4.4 Materials and methods 
 

4.4.1 Sample material and age control 
 

We analyzed sediment core MD08-3179Cq, which was retrieved during Marion Du-

fresne cruise MD-168, conducted within the framework of the AMOCINT IMAGES XVII 

campaign (Kissel et al., 2008). The 814 cm long core consists of nannofossil ooze with 

foraminiferal sand, which together with discrete laminations indicates an undisturbed sed-

imentation in the pelagic realm. 

Throughout the entire studied core interval, coccolithophore assemblages mainly 

consist of gephyrocapsids and E. huxleyi (see chapter 4.5.1) and therefore the investigat-

ed core section belongs to the most recent nannoplankton zone NN21 of Martini (1971), 

with an age of less than 294 kyrs (Wei and Peleo-Alampay, 1993). The more detailed stra-

tigraphy of core MD08-3179Cq is based on identifying Marine Isotope Stages (MIS) and 

substages in the planktonic foraminiferal oxygen isotope record and tuning this record to 

the oxygen isotope stack of Lisiecki and Raymo (2005) (Figure 4.2, Table 4.1). Although 

MIS 1, 2, 3 and 4 can be readily identified in the oxygen isotope record, the transition from 

MIS 6 to MIS 5 is not very clear, as MIS 6 is not fully reached in the core. However, oxygen 

isotope values down to 1.16 ‰ are typical for glacial inceptions/terminations in the record 

and therefore the low values at the end of the core have been placed into Termination II 

(TII). Further evidences that the hindmost part of MD08-3179Cq can be placed into TII are 

derived from coccolithophore assemblages, which indicate deglacial/glacial conditions at 

the end of the core (see chapters 4.5.1, 4.6.1). At last, and aside of the good correlation to 



Chapter IV. Paleoenvironmental changes in the Azores region between… 
 

 
 

83 
 

the oxygen isotope stack of Lisiecki and Raymo (2005) (R2=0.88), the good correlation 

(R2=0.83) to the planktonic oxygen isotope record from nearby sediment core SU90-08 

(43.3533 °N, 30,4083 °W) further supports the age model. 

Based on the age model, resulting sedimentation rates range between 2.3 and 12 

cm/kyr (Figure 4.2). Basically, increased sedimentation rates can be observed during gla-

cial stages and substages, whereas interglacial stages and substages are characterized 

by low sedimentation rates. An exception to this general pattern is MIS 5.5, which is char-

acterized by a maximum in sedimentation rates of 10.3 cm/kyr. Similar increased sedimen-

tation rates during MIS 5.5 can also be observed in other cores from the eastern North At-
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Figure 4.2. Age model of core MD08-3179Cq. Blue vertical bars indicate glacial stages. Light 
blue vertical bars indicate glacial substages. Shaded blue bars indicate Termination I (TI) and 
Termination II (TII). a) Upper record: δ18O stack of Lisiecki and Raymo (2005); lower record: 
δ18O of G. ruber from core MD08-3179Cq; dashed vertical lines indicate tie points used to re-
construct age model of core MD08-3179Cq. b) Upper record: resulting age vs. depth plot of 
MD08-3179Cq; lower record: resulting sedimentation rates in core MD08-3179Cq.  
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lantic (Bout-Roumazeilles et al., 1997; Shackleton et al., 2000; Calvo et al., 2001; Stolz 

and Baumann, 2010), therefore this feature further corroborates our age model. 

 

 

 

 
 

 
 
 

 
 

 

 

 
 

 

 

4.4.2 Coccolithophore analyses 

 
For coccolithophore analyses MD08-3179Cq was sampled every 5 cm from 385 to 

814 cm, corresponding to an average time resolution of 943 years. Additionally core sec-

tion 690 - 814 cm was sampled every 1 cm in order to increase the resolution of the record 

during MIS 5.5. Therefore the time-resolution during this period corresponds to 97 years. 

For an estimation of the abundances of coccolithophore species, samples were 

treated following Andruleit (1996). Therefore a small amount of sediment was weighed 

(0.06 - 0.08 g) and brought into suspension with tab water. The suspension was ultrasoni-

cated for 15 to 20 s to disaggregate agglomerated sediment particles (e.g. fecal pellets). 

Then it was split by a factor of 100 using a rotary wet splitter (™Fritsch Laborette 27). After 

splitting, the suspension was filtered on polycarbonate filters with a pore size of 0.4 μm. 

The filters were dried at 40°C for 24 h. After drying, a small piece of filter was cut out and 

mounted on a Scanning Electron Microscopy (SEM) stub. After sputtering the sample with 

Au/Pd, coccoliths were counted under the SEM. Therefore a measured transect was 

Table 4.1. Age-depth assignments used for the chronology of 
core MD08-3179Cq 
 

Depth 
(cm) 

Age 
(ka BP) Comment 

80.5 0 First 80.5 cm due to double 
penetration of coring device 

165 17.2 MIS 2 / MIS 2.2 
253 24.5 MIS 2 / MIS 3 
446 59 MIS 3 / MIS 4 
546 74 MIS 4 / MIS 5 
571 85 MIS 5.1 / MIS 5.2 
615 94 MIS 5.2 / MIS 5.3 
650 105 MIS 5.3 / MIS 5.4 
697 115 MIS 5.4 / MIS 5.5 
796 125 First peak MIS 5.5 
810 129 MIS 5.53 / MIS 6 
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scanned under a magnification of 5000 and coccoliths were identified according to the tax-

onomy given in (Young and al, 2003). At least 300 coccoliths (average: 367, minimum: 

319, maximum: 544) were counted. A taxonomic list of all identified coccolithophore spe-

cies is given in the Appendix. In order to improve the accuracy of the less abundant spe-

cies C. pelagicus, we performed extended counts (scanning a measured transect across 

the entire filter at a magnification of 1000). The above described preparation technique 

allows a qualitative and quantitative estimation of coccolithophore abundances. For a 

quantitative estimation of coccolithophore abundances, we calculate species and total 

coccolith concentrations following equation (2.2). Because coccolith accumulation rates 

have been shown to be a good indicator for paleoproductivity (Lototskaya et al., 1998; 

Stolz and Baumann, 2010), we calculated coccolith accumulation rates according to equa-

tion (2.3). To calculate accumulation rates we used sedimentation rates shown in Figure 

4.2 and average dry bulk density of nearby core GEOFAR KF16 (Richter, 1998). At last, 

we pooled coccoliths from Umbilcosphaera spp., Umbellosphaera spp. and Oolithotus spp. 

into a subtropical group, based on their well-known ecological preferences (McIntyre and 

Bé, 1967; Incarbona et al., 2010). 

 

4.4.3 XRF core scanning 

 

XRF core scanning was performed on core MD08-3179Cq using the AAVATECH XRF 

core scanner at the Institute of Geosciences in Kiel. The core was scanned every 0.5 cm 

with generator settings of 10 and 50 kV. Because the core location is far offshore, the sed-

iments are primarily of biogenic origin, which has also been shown for nearby cores 

GEOFAR KF16 (Richter, 1998) and MD08-3180Cq (Schwab et al., 2012). Furthermore the 

purely pelagic character of the sediment can also be deduced by the visual examination of 

the samples by SEM, where only coccolithophores, diatoms, silicoflagellates and calcare-

ous dinoflagellates have been observed. Therefore we are using Si/Ca measured by XRF 

as a tracer for the relative contribution of siliceous plankton to the sediment. To validate 

this approach, diatom control counts were taken out along measured transects on filters 

prepared for coccolithophore analysis using SEM. Only intact valves were counted without 

identification on the species level.  
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4.5 Results 
 

4.5.1 Coccolithophore assemblage changes between 130 and 48 ka BP 
 

The core location is situated above the present and even above the glacial lysocline 

(Crowley, 1983). Therefore the preservation of coccoliths is excellent. The excellent 

preservation can be deduced by the presence of well-preserved coccoliths from fragile 

coccolithophore species like G. ornata and by the presence of complete coccospheres and 

holococcoliths. In general the observed changes in the relative abundances of coccolitho-

phore species are paralleled by changes in their absolute abundances (Figure 4.3). The 

coccolithophore assemblages in the investigated interval are dominated by species of the 

genus Gephyrocapsa, together comprising up to 88% of the total assemblage and reach-

ing maximum absolute abundances of up to 7.9 x 1010 coccoliths/g sediment. 

In general the relative and absolute changes in the coccolithophore assemblage 

closely match the succession of MIS and substages. For example small gephyrocapsids 
(distal shield length ≦2.7 µm), which dominate coccolithophore assemblages during MIS 5 

with values up to 71%, show high relative and particularly high absolute abundances dur-

ing substages 5.1, 5.3 and 5.5 (Figure 4.3a). The opposite pattern is observed in the 

abundance of G. muellerae with high abundances during substages 5.2 and 5.4 as well as 

during Termination II (TII) and low abundances during substages 5.1, 5.3 and 5.5 (Figure 

4.3b). A marked turnover within these species is observed at the MIS 5/4 boundary, where 

small gephyrocapsids abruptly decrease and G. muellerae increase to peak during MIS 4. 

Especially during MIS 5 the assemblage is dominated by coccolithophores of the genus 

Gephyrocapsa, together comprising up to 88% of the total assemblage. The dominance of 

gephyrocapsids during this period is a well-known feature of coccolithophore records, at 

least in the eastern basin of the North Atlantic (e.g. Weaver et al., 1999; Stolz and Bau-

mann, 2010), which fits to our observations.  

Like small gephyrocapsids, E. huxleyi shows peak relative and especially peak abso-

lute abundances during substages 5.1, 5.3 and 5.5 (Figure 4.3c). After minimum abun-

dances during early MIS 4, E. huxleyi becomes a more important part of the assemblage 

after 72 ka BP. This increase is in line with other North Atlantic coccolithophore records, 
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Figure 4.3. Relative (black solid lines) and absolute (grey filled areas) abundances of individual 
coccolithophore species. Blue vertical bar indicates glacial stage. Light blue vertical bars indicate 
glacial substages. Shaded blue bar indicate Termination II (TII). Left panel (low-resolution counting 
between 48 and 130 ka BP): a) Small gephyrocapsids; b) G. muellerae; c) E. huxleyi; d) C. lepto-
porus; e) F. profunda; f) C. pelagicus; g) Others. Right panel (high-resolution counting between 115 
and 125 ka BP): h) Small gephyrocapsids; i) G. muellerae; j) E. huxleyi; k) C. leptoporus; l) F. pro-
funda; m) C. pelagicus; n) Others; black dashed vertical lines indicate subdivision  (P1 – P4) of MIS 
5.5 as described in the text. 
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which document an increase of E. huxleyi abundances above previous values around the 

MIS 5/4 boundary (Thierstein et al., 1977) (see chapter 5.2.2). 

Unlike in the open equatorial Atlantic, C. leptoporus is only a minor component of the 

coccolithophore assemblage during the investigated time interval (cf. Kinkel et al. 2000). 

However, distinct minimum abundances of this species are observed during MIS 4 (Figure 

4.3d). Furthermore this species shows minimum abundances during substage 5.2 and 

maximum abundances during substage 5.5 and after 64 ka BP.  

F. profunda is only abundant in the subtropical regions south of the AzF (e.g. 

Schiebel et al., 2011). Therefore this species is rare at our coring site, which is situated 

slightly north of the AzF (Figure 4.1). F. profunda hardly exceeds the critical value of 3% 

during the investigated period, but it shows distinct maximum abundances at the beginning 

of substage 5.5, at the beginning of substage 5.3 and during MIS 3 (Figure 4.3e).  

Similarly, our coring site is situated at the southern distribution limit of C. pelagicus 

(Ziveri et al., 2004), and therefore this species is very rare in our record (Figure 4.3f). 

Based on the extended counts of C. pelagicus (see chapter 4.4.2) this species shows dis-

tinct maximum abundances during TII and MIS 4 and a less distinct maximum during sub-

stage 5.4 (Figure 4.3f). Although interrupted by several minima the abundance of C. pe-

lagicus is slightly increasing from the beginning of substage 5.2 to the end of substage 5.1. 

All other species identified never exceed 3% relative abundance during MIS 5 and together 

comprise between 5 and 20% of the total assemblage (Figure 4.3g, Appendix). 

 

4.5.2 Coccolith abundance changes during MIS 5.5 

 

Based on our high resolution coccolith counting during MIS 5.5, this substage can be 

divided into four intervals: an early part one (P1) from 125 - 123.6 ka BP, a part two (P2) 

from 123.6 - 121.5 ka BP, a part three (P3) from 121.5 - 116.6 ka BP and a part four (P4) 

from 116.6 - 115 ka BP (Fig. 4.3h - n). Following TII, P1 is characterized by a maximum in 

small gephyrocapsids (Figure 4.3h), a first minimum in G. muellerae (Figure 4.3i) and a 

slight maximum in E. huxleyi (Figure 4.3j). C. leptoporus increased during late TII and still 

shows enhanced abundances during P1 (Figure 4.3k). Furthermore P1 is characterized by 

low abundances of F. profunda (Figure 4.3l) and C. pelagicus (Figure 4.3m) compared to 

TII. During P2 a decrease in small gephyrocapsids, an increase in G. muellerae and a de-

crease in E. huxleyi is observed. Furthermore minima in abundances of C. leptoporus and 
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a marked increase in the abundances of F. profunda are observed during P2. C. pelagicus 

shows abundances comparable to P1 at the beginning of P2 and subsequently decreases 

during P2. The third part of MIS 5.5 (P3) is characterized by peak abundances of small 

gephyrocapsids, E. huxleyi and C. leptoporus, as well as minimum abundances of G. 

muellerae, F. profunda and C. pelagicus. The last part of MIS 5.5 (P4) shows decreasing 

abundances of small gephyrocapsids and E. huxleyi whereas the abundances of G. muel-

lerae, F. profunda and C. pelagicus are increasing again. In general, the observed chang-

es in the coccolithophore assemblage during MIS 5.5 closely match the observations of 

Lotoskaya et al. (1998) from sediment core T90-9P (45°17.5’N, 25°41.3’W) north of our 

coring site. 

 

4.5.3 Changes within the abundances of subtropical species, total coccolith con-

centrations and coccolith accumulation rates 

 

Like the abundance records of the individual coccolithophore species, the abundance 

record of subtropical coccolithophore species (Figure 4.4a) and the total coccolith concen-

tration (Figure 4.4b) show a strong correlation to isotopic stages and substages between 

130 and 48 ka BP. Thereby high abundances of subtropical species and high total cocco-

lith concentrations prevail during substages 5.1, 5.3 and 5.5. During subsequent MIS 4 

subtropical species and coccolith concentration decrease, whereas subtropical species 

start to increase again after 64 ka BP. Total coccolith concentrations remain low well into 

the beginning of MIS 3. In general, the observed variations in coccolith concentrations be-

tween 2.1 and 9.8 x 1010 coccoliths/g sediment are typical for subtropical to temperate re-

gions of the open ocean (Baumann et al., 2004). The most significant feature in the cocco-

lith accumulation rate record is a distinct maximum during MIS 5.5 (Figure 4.4c). However, 

subordinate maxima during MIS 5.4, MIS 5.2 and MIS 4 are also evident in the coccolith 

accumulation rate record. 

The detailed view on MIS 5.5 also reveals a clear correlation of the subtropical spe-

cies and coccolith concentration records to the different parts of this substage. Following 

TII an increase in subtropical species (Figure 4.4d) and an increase in coccolith concentra-

tions (Figure 4.4e) is evident during P1. P2 is characterized by a minimum and P3 
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by a maximum in these records. During P4 a minimum and subsequent slight increase in 

subtropical species and a decrease in coccolith concentration are observed. The observed 

coccolith concentrations of around 8 x 1010 coccoliths/g sediment are within the range of 

previously reported coccolith concentrations during MIS 5.5 from the eastern North Atlantic 

(around 6 x 1010 coccoliths/g sediment) (Lotoskaya et al., 1998; Stolz and Baumann, 

2010). The slightly higher values may reflect the more southern core position compared to 

the other studies, because coccolithophores increase their abundance within the total 

plankton community towards the oligotrophic subtropical gyres (Baumann et al., 2005). 

Although strongly increased during the entire MIS 5.5, slight variations during this pe-

riod can also be observed in the coccolith accumulation rates (Figure 4.4f). However, as 

sedimentation rates are constant during this period, these variations are solely controlled 

by coccolith concentrations, and therefore may not reflect the actual changes in coccolith 

accumulation rates. Nevertheless, values around 5 x 1011 coccoliths/cm2/kyr closely match 

the observations of Lotoskaya et al. (1998) from sediment core T90-9P north to our coring 

site. 

 

4.5.4 Si/Ca measured by XRF (siliceous plankton abundances) 

 

Compared to coccolithophore records, siliceous plankton (diatom) records are often 

affected by a diagenetic overprint, because biogenic opal (SiO2) gets easily dissolved in 

seawater (e.g. Romero et al., 1999). Nevertheless, abundance records of diatoms are 

widely used to reconstruct past oceanic conditions (Abrantes, 2000; Romero et al., 2011). 

Thereby the abundance of diatoms is assumed to reliably reflect past productivity condi-

tions, as these species prefer turbulent and nutrient-rich surface water conditions 

(Abrantes et al., 2002). Therefore, in supplement to our coccolithophore records, we use 

abundance changes of siliceous plankton (diatoms) as an indicator for past productivity 

changes. 

In general, we observe a good correlation of diatom abundances to Si/Ca measured 

by XRF (Figures 4.4g, h). Therefore, the variations in the Si/Ca record will be interpreted 

as abundance changes of siliceous plankton (mainly diatoms). Based on our record, we 

observe pronounced peak abundances of siliceous plankton (diatoms) during MIS 4. A se-

cond distinct but less pronounced peak can be observed at the end of MIS 5.4. Further-

more, slight maximum abundances are evident during TII and MIS 5.2. The slight maxi-
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mum abundances during MIS 5.2 prevail into MIS 5.1, where they are interrupted by two 

minor minima. During MIS 5.5 minimum abundances of siliceous plankton (diatoms) abun-

dances can be observed during P1, following maximum abundances during TII (Figure 

4.4i, j). Increased abundances can again be observed during P2, whereas the following P3 

is characterized by a minimum with a subsequent slight increase during P4. 

 

 

4.6. Discussion 
 

4.6.1 Orbital scale response of coccolithophore assemblages to ecology changes 
between 48 and 130 ka BP 

 

The succession of Marine Isotope Stages and substages is driven by insolation 

changes due to changes in the orbital configuration of Earth‘s rotation axis (e.g. Lisiecki 

and Raymo, 2005). The succession of MISs and substages at our coring site between 48 

and 130 ka BP, as deduced from the planktonic foraminiferal oxygen isotope record (Fig-

ure 4.2), is closely paralleled by distinct changes in coccolithophore assemblages (Figure 

4.3). As it is known that the individual (sub-) stages are characterized by different and dis-

tinct climatic conditions (Lehman et al., 2002; Risebrobakken et al., 2005; Penaud et al., 

2008), the good correlation indicates that coccolithophores are a valuable tool to recon-

struct past environmental changes at our coring site during the considered time interval. 

 

AzF dynamics and paleoproductivity changes 

A key species to reconstruct past migrations of the AzF at the coring site is G. muel-

lerae. Regarding the North Atlantic, and aside its local occurrence in the upwelling regions 

off northwest Africa (Sprengel et al., 2002), this species exclusively lives north of the AzF, 

in the temperate regions of the North Atlantic, corresponding to NATW (Jordan, 1988; Gi-

raudeau et al., 2010; Schiebel et al., 2011). Therefore G. muellerae can be used as an in-

dicator for the influence of NATW at the coring site, whereby increased abundances of this 

species indicate a greater influence of NATW due to a more southern position of the AzF. 

Increased abundances of this species are observed during MIS 4, MIS 5.2, MIS 5.4 and TII 

(Figure 4.3b), thus we assume that the AzF resided at a more southern position during 
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these periods. This scenario is also supported by the abundance pattern of subtropical 

species, which preferentially live in the subtropical realm (McIntyre and Bé, 1967; Incarbo-

na et al., 2010) and therefore can be used as a tracer for the influence of subtropical wa-

ters at the coring site. Hence the low abundances of these species during MIS 4, MIS 5.2, 

MIS 5.4 and TII indicate a diminished influence of subtropical waters at the coring site 

(Figure 4.4a), most probably due to a more southern position of the AzF, in accordance to 

the G. muellerae record. Furthermore, this result fits into the concept of a more southern 

position of the AzF during cold/glacial periods, as it has been described by Schiebel et al., 

(2002b) and Schwab et al. (2012). At last, further evidence for this scenario comes from 

the coccolith concentration record (Figure 4.4b). As many coccolithophore species are K-

selected, they increase their abundances within plankton communities under oligotrophic 

conditions (Baumann et al., 2005), resulting in highest coccolith concentrations in sedi-

ments underneath waters of the subtropical realm (Baumann et al., 2004). Therefore the 

decreased coccolith concentrations during MIS 5.2, MIS 5.4 and TII indicate less subtropi-

cal conditions in accordance to high G. muellerae and low subtropical species abundanc-

es. The observed changes may have been a consequence of changes in the wind-field, as 

a close relation between the latitudinal position of the AzF and the wind regime on annual 

and inter-annual timescales have been described (Klein and Siedler, 1989; Volkov and Fu, 

2010; 2011). Thereby periods with strengthened westerly winds result in a more southern 

position of the AzF. As westerly winds were increased during glacial (sub-) stages 

(Heusser and Oppo, 2003; Incarbona et al., 2009), the more southern positions of the AzF, 

as recorded in our proxy data, may have been the response to the strengthened westerly 

winds during these periods. 

As described above, our proxy records indicate a consistent pattern, with a more 

southern position of the AzF during glacial (sub-) stages, and a more northern position of 

the AzF during interglacial (sub-) stages. This also holds true for the interglacial substage 

MIS 5.1, where the changes, e.g. in the abundance of G. muellerae (Figure 4.3b), indicate 

a more northern position of the AzF in comparison to adjacent cold MIS 4 and MIS 5.2. 

However, the absolute values, e.g. the abundance of G. muellerae (Figure 4.3b), are more 

comparable to the cold substages of MIS 5, indicating that the AzF did not migrated as far 

north as it did during other warm substages of MIS 5. This may be in line with other paleo-

climate records of the North Atlantic region, which indicate that although relative warm, 

MIS 5.1 is cooler than the other warm substages of MIS, 5 and considerable climate fluc-
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tuations occur during this period precursory to full glacial MIS 4 (Shackleton et al., 2000; 

Lehman et al., 2002; Andersen et al., 2004). 

Aside from abundance changes of G. muellerae, which indicate a varying contribution 

of NATW to the coring site due to latitudinal displacements of the AzF, a varying contribu-

tion of subpolar waters to the coring site can be deduced from the abundance record of the 

subpolar species C. pelagicus (Figure 4.3f). This species preferentially lives in polar to 

subpolar water masses and tolerates temperatures below 0°C (McIntyre and Bé, 1967; 

Okada and McIntyre, 1979). Therefore it displays distinct maximum abundances in polar to 

subpolar regions (Baumann et al., 2005), and has been used as an indicator for the influ-

ence of subpolar water masses in this study. Today subpolar water masses, transporting a 

subpolar fauna and flora, are admixed to NATW via cold core rings, which pinch off the 

North Atlantic Current (Kupferman et al., 1986; Beckmann et al., 1987). However, today 

these cold core rings do not penetrate down to the latitudes of the coring site and therefore 

C. pelagicus is nearly absent in the Azores region today (Schwab et al., 2012). Increased 

abundances of C. pelagicus during TII, MIS 5.4, MIS 5.2 and MIS 4 may indicate a greater 

contribution of subpolar water masses during these periods, probably due to a more 

southern position of the North Atlantic Current and its associated subpolar front (McIntyre 

et al., 1972), which would have allowed the cold core rings to penetrate to the coring site. 

Furthermore, the relatively cold character of MIS 5.1 as explained above, is also evidenced 

by an increased abundance of C. pelagicus, indicating an increased incursion of cold sub-

polar water masses during this period. At last, peak abundances of this species during TII 

are characteristic for glacial conditions in the Azores region (Schwab et al., 2012), corrobo-

rating the validity of the isotope stratigraphy. 

Past productivity changes in the Azores region have been reconstructed using abun-

dance variations of siliceous phytoplankton (diatoms) (Figure 4.4g, h). A distinct abun-

dance peak of diatoms can be observed during MIS 4, indicating an enhanced productivity 

during this period. This enhanced productivity can be related to the above postulated more 

southern position of the AzF and its associated climatic and productivity regimes, which 

would bring more nutrient-rich NATW to the coring site (cf. chapter 2). Additionally, in-

creased westerly winds during this period (Heusser and Oppo, 2003; Incarbona et al., 

2009), which would enhance winter mixing, and/or an increased advection of nutrient-rich 

subpolar surface waters (Kupferman et al., 1986), as evidenced by the C. pelagicus rec-

ord, could have further fuelled productivity. In addition to this pronounced productivity peak 
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during MIS 4, some smaller scale productivity peaks are indicated by increased diatom 

abundances during TII, MIS 5.4 and MIS 5.2, which can also be related to the processes 

described above. 

Although the above described productivity pattern can also be inferred by slight 

changes in coccolith accumulation rates (Figure 4.4c), a pronounced coccolithophore 

productivity peak is observed during MIS 5.5, which cannot be related to a more southern 

position of the AzF, enhanced westerly winds or advection of subpolar waters. There are at 

least two explanations for the observed coccolithophore productivity peak: 1) The ob-

served coccolithophore productivity peak is related to a basin-wide coccolithophore 

productivity peak during MIS 5.5, which extended at least in the eastern basin of the North 

Atlantic (Lototskaya et al., 1998; Stolz and Baumann, 2010). This increased coccolitho-

phore productivity has been related to the opportunity for coccolithophores to occupy new 

habitats under optimal conditions (warm and stratified) following glacial MIS 6 (Stolz and 

Baumann, 2010). 2) Additionally, a greater presence of silicate- and nitrate-rich Subantarc-

tic Mode Water (SAMW) during MIS 5.5 in the North Atlantic probably further fueled cocco-

lithophore productivity (Romero et al., 2011). Today SAMW partly replenishes the nutrient-

loss in the North Atlantic (Sarmiento et al., 2004). These nutrient-rich thermocline waters 

are preferentially transported via the Brazil and North Atlantic Current into the North Atlan-

tic (Williams et al., 2006). As the Azores Current System is an eastward branch of the 

North Atlantic Current (Figure 4.1), these waters potentially could enter the Azores region. 

Upwelling of these waters within the AzF, which resided close to the coring position during 

MIS 5.5, might have additionally fueled coccolithophore productivity within the AzF (cf. 

chapter 4.3). However, the more subtropical and nutrient-rich conditions during MIS 5.5 

preferentially favored the growth of coccolithophores (Brand, 1994), and therefore this 

productivity peak is not observed in the abundance record of diatoms.  

Abundance changes of the deep-dwelling coccolithophore species F. profunda are 

well correlated to changes in nutricline depth (Molfino and McIntyre, 1990a; 1990b), and 

therefore are widely used to reconstruct past productivity changes (e.g. Beaufort et al., 

1997; Flores et al., 2000; Li et al., 2010). Thereby low abundances of F. profunda are 

commonly assumed to reflect high productivity, whereas high abundances would indicate 

low productivity. However, most paleoproductivity studies based on abundance changes of 

F. profunda are from tropical to subtropical regions, where this species is common (e.g. 

Okada and McIntyre, 1979; Molfino and McIntyre, 1990a, 1990b; Beaufort et al., 1997). As 
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our coring site is situated in the transition zone between the subtropical and temperate 

oceanic realm, we observe only a rare occurrence of this species (Figure 4.3e), which may 

hamper a robust interpretation. Nevertheless, distinct maximum abundances of F. profun-

da can be observed during TII, early MIS 5.5, MIS 5.4 and MIS 4. Applying the above-

described relation, this would indicate low productivity during these periods, which is in 

contrast to the previously described productivity pattern. We therefore suppose that the 

commonly used interpretation of this species cannot be applied to our record during the 

investigated period, and care must be taken in the interpretation of this species in terms of 

productivity, as it has already been stated by Kinkel et al. (2000). Instead we propose that 

the nutrients that fueled surface productivity during TII, early MIS 5.5, MIS 5.4 and MIS 4 

also affected the deeper layers, which thereby increased the abundances of deep dwelling 

species. 

In general, we observe a more southern position of the AzF and increased PP during 

cold stages and substages, whereas a more northern position and decreased productivity 

are found during warm stages and substages, which is in line with previous studies of AzF 

dynamics (Schiebel et al., 2002b; Schwab et al., 2012). As the AzF delineates the North 

Atlantic subtropical gyre (Bashmachnikov et al., 2004), these results indicate a north-

ward/southward expansion of the gyre during warm/cold climatic periods respectively. 

Therefore our results fuel the hypothesis that due to an expected future global temperature 

rise (Jansen et al., 2007) the oligotrophic subtropical gyre could enlarge its areal extend, 

as it has also been observed during recent decades (Polovina et al., 2008). Such an ex-

pansion of oligotrophic waters would lead to a decreased primary productivity, which is an 

integral part of the climate system due to the photosynthetic fixation of atmospheric car-

bon. Therefore a decreased North Atlantic productivity, resulting in a decreased atmos-

pheric carbon drawdown, could provide a positive feedback to rising temperatures.   

 

Coccolithophore dominance reversals: evolutionary adaption or ecological change? 

The observed dominance of gephyrocapsids during MIS 5 is a well-known feature of 

coccolithophore records spanning the considered time interval (Lototskaya et al., 1998; 

Flores et al., 1999; 2003; Baumann and Freitag, 2004; Stolz and Baumann, 2010). This 

pronounced dominance ends around the MIS 5/4 boundary, at the time when E. huxleyi 

starts to increase in its abundance to become a dominant part of coccolithophore assem-
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blages (Thierstein et al., 1977). This reversal, defined as the point at which E. huxleyi 

starts to increase above previous relative abundance values, has been described to be a 

time-transgressive event, occurring early (85 ka BP) in low latitudes and late (61 ka BP) in 

high latitudes (Thierstein et al., 1977; Gard, 1986; 1987), matching our observations from 

the midlatitudes, where this reversal starts at 72 ka BP (Figure 4.3c). 

 

However, for simplicity, most coccolithophore studies encompassing MIS 5 only dis-

tinguish between three morphotypes of gephyrocapsids. Thereby G. oceanica, G. muel-

lerae and grouped small gephyrocapsids are distinguished (e.g. Lototskaya et al., 1998; 

Flores et al., 1999; 2003; Aizawa et al., 2004; Baumann and Freitag, 2004), following the 

sometimes slightly modified taxonomic concept introduced by McIntyre et al. (1970). How-

ever, as there are up to 27 morphotypes of gephyrocapsids, of which 12 are smaller than 

2.7 µm (Bollmann, 1997), little is known about the distribution of the different small mor-

photypes of gephyrocapsids during MIS 5. 

Because G. ornata can be easily recognized by SEM without conducting detailed 

morphometric analysis (e.g. measurements of distal shield length and bridge angle), we 

distinguished between this morphotype and other small gephyrocapsids, which mainly 

comprise G. ericsonii. Based on this differentiation, we observe a successive replacement 
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of G. ericsonii by G. ornata, resulting in a dominance interval of the latter species between 

76 and 105 ka BP (Figure 4.5). This turnover in the small gephyrocapsid assemblage 

takes place in two distinct steps, at which a first increase between 120 and 118 ka BP, cor-

responding to peak interglacial conditions (see chapter 4.6.2), is followed by a second, 

final increase between 106 and 104 ka BP, corresponding to the MIS 5.4/5.3 boundary. 

Because both steps are closely linked to distinct ecological conditions/changes, the ob-

served dominance reversal, which are classically attributed to an evolutionary adaption 

(e.g. Bollmann et al., 1998), are probably triggered by ecological changes. In our case, 

more interglacial conditions allow G. ornata to conquer the habitat occupied by G. eric-

sonii. Likewise the dominance reversal at the MIS5/4 boundary between small gephy-

rocapsids and E. huxleyi (see beginning of this chapter) can also be related to ecological 

changes attributed to an interglacial-glacial transition. Therefore we propose that ecologi-

cal changes may trigger evolutionary adaptions in Late Quaternary coccolithophore as-

semblage.  

 

4.6.2 A detailed view on MIS 5.5 

 

Although several boundary conditions such as orbital parameters and ice sheet con-

figuration were different to the present interglacial (Shackleton et al., 2003; Laskar et al., 

2004; Rohling et al., 2007; Sánchez Goñi et al., 2012), MIS 5.5 is widely used to study in-

terglacial climate variability and serves as a potential scenario for expected global warming 

(Kukla et al., 2002; Bauch et al., 2012). For this purpose high-resolution records spanning 

the considered time period are needed. In the following, we will show and discuss the de-

tailed structure of MIS 5.5 in the midlatitude North Atlantic based on our high-resolution 

coccolithophore records. 

 

A stable MIS 5.5 in the midlatitude North Atlantic? 

Based on our coccolithophore records with a temporal resolution of 97 years during 

MIS 5.5, pronounced multi-centennial variability can be observed during this period, indi-

cating rather unstable conditions (Figures 4.3, 4.4). The observed variability is best ex-

pressed by a consistent subdivision of MIS 5.5 into four intervals, which span time periods 

from 1.4 – 4.9 kyrs, and which are characterized by distinct paleoenvironmental conditions. 
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Following our interpretation of the G. muellerae and subtropical species records (see 

chapter 4.6.1), the AzF migrated northward during early MIS 5.5 (P1) and reached its full 

interglacial position during the middle MIS 5.5 (P3). The northward migration of the front is 

interrupted by a southward retreat (P2), indicating a reversal to more glacial conditions, 

which is in line with a cooling event recorded across the entire North Atlantic during MIS 

5.5 (Cortijo et al, 1994; Sánchez Goñi et al., 2005; Bauch et al., 2011; Irvalı et al., 2012). 

During this event, sea surface temperatures decreased by approximately 4°C in the polar 

and subpolar regions and deep convection in the eastern north Atlantic decreased (Maslin 

et al., 1998; Bauch et al., 2011; Irvalı et al., 2012) (there was no deep convection in the 

Labrador Sea during the entire MIS 5.5 (Hillaire-Marcel et al., 2001)). Recently it has been 

hypothesized that this event is analogous to the 8.2 ka BP event and probably was trig-

gered by enhanced meltwater runoff and/or breaking of dammed proglacial lakes (Bauch 

et al., 2011). It has recently shown by Schwab et al. (2012) that such events, namely the 

8.2 ka BP event, could penetrate to our midlatitude coring site, highlighting the sensitivity 

of the midlatitude (eastern) North Atlantic to high northern latitude processes. However, the 

analogy of this event to the 8.2 ka BP event would indicate that such cold reversals are 

characteristic for Interglacials and may also be found in older interglacial periods. Further-

more, the observed overall structure, with a bisection of MIS 5.5 due to a cooling event 

and with full interglacial conditions during the second, later part of MIS 5.5, is in line with 

other proxy records from the North Atlantic (Oppo et al., 2006; Vautravers et al., 2007; 

Bauch et al., 2011; Sánchez Goñi et al., 2012), indicating a close coupling of the AzF dy-

namics to North Atlantic climate variability. Thereby the strength of the westerly winds may 

have been responsible for the observed latitudinal variability of the AzF, as it is indicated 

by recent observations and modeling studies (Klein and Siedler, 1989; Volkov and Fu, 

2010; 2011). Therefore the northernmost position of the AzF during peak MIS 5.5, which 

consistently is found between 120 and 118 ka BP (within P3), was probably caused by 

minimum westerly wind strength during this period. 

Although we observe a distinct coccolithophore productivity peak during the entire 

MIS 5.5, due to optimal growth conditions and/or upwelling of nutrient-rich SAMW (see 

chapter 4.6.1), some smaller scale productivity changes related to the changes in the hy-

drographic conditions can also be observed. For example, a slight increased productivity 

can be observed during P2 as evidenced by slightly increased abundances of diatoms 

(Figure 4.4i, j). Again, this increased productivity can be related to a more southern posi-
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tion of the AzF and its associated productivity regimes, as postulated above. Consistently, 

minimum coccolith concentrations are also found during this period and together with the 

increased abundances of diatoms indicate less stratified surface water conditions in the 

Azores region during this time. Furthermore, the nutrient supply responsible for the ob-

served productivity increase again also affected the deeper photic zone as evidenced by 

maximum abundances of F. profunda during this time (Figure 4.3l). However, the less 

stratified conditions may be the consequence of slightly increased westerly winds, which 

would also have forced the AzF to the south during P2, and/or of the increased influence of 

NATW at the coring site, which is characterized by a deep winter mixed layer. Again, the 

observed increased productivity during P2 might additionally have been fuelled by the ad-

vection of nutrient-rich subpolar surface waters, as evidenced by slight increased abun-

dances of C. pelagicus (Figure 4.3m). On the other hand, decreased productivity and more 

stratified conditions are found during periods when the AzF resided at a more northern po-

sition (P1 and P3).  

Another issue may arise from the hypothetical connection between the Azores Cur-

rent strength and the Mediterranean outflow water (MOW). Thereby model studies indicate 

that a strengthened MOW would lead to a stronger Azores Current (Volkov and Fu, 2010; 

Volkov, 2011). The volume of the water mass exchange in the Street of Gibraltar in turn is 

controlled by fluctuations of the sea-level, at which a higher sea-level stand results in a 

more vigorous water mass exchange and hence in a strengthened outflow (Rohling and 

Bryden, 1994; Matthiesen, 2003; Toucanne et al., 2007; Rogerson et al., 2010). As sea-

level was approximately 4 to 6 m higher during MIS 5.5 compared to today (Rohling et al., 

2007; Kopp et al., 2009), we suggest that the Azores Current was stronger during this pe-

riod, transporting more water than the recent 9 - 19 Sv (Bryden and Stommel, 1984; Kinder 

and Parrilla, 1987). 

In summary, we observe coupled changes in the hydrographic and productivity condi-

tions during MIS 5.5 in the Azores region, which challenges the classical view of rather 

stable interglacial conditions during this period. For example, the unstable conditions are 

expressed by short-lived peak interglacial conditions, with a maximum duration of 4.9 kyrs 

(P3), which furthermore, in accordance to other marine records, are reached only late dur-

ing MIS 5.5. The most pronounced instability of MIS 5.5 in the Azores region is expressed 

by a rapid and profound reversal towards more glacial conditions (P2), which corresponds 

in timing and duration to a cold reversal recorded across the entire North Atlantic, and may 
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have been caused by a massive freshwater discharge by glaciers or proglacial lakes. 

However, taking MIS 5.5 as an analog for expected future global climate change, the 

above hypothesized future decrease in overall productivity of the North Atlantic (see chap-

ter 4.6.1), due to an expansion of the subtropical gyre as a result of rising global tempera-

tures, may be attenuated by an increased production and export of SAMW as observed 

during MIS 5.5 (e.g. Romero et al., 2011). Therefore, the influence of SAMW on North At-

lantic productivity, which is a major sink for atmospheric CO2, and therefore provides a 

strong climate feedback, should be evaluated and addressed in detail in modeling studies 

dealing with future climate scenarios. 

 

An early E. huxleyi peak during MIS 5.5 in the eastern North Atlantic 

Following its first occurrence at approximately 294 ka BP (Wei and Peleo-Alampay, 

1993), an event reported to have been time-transgressive with a slightly earlier occurrence 

in higher latitudes (Hine and Weaver, 1998), E. huxleyi evolved to become the most ubiq-

uitous coccolithophore species in the oceans today. As described above (chapter 4.6.1), 

the dominance reversal from gephyrocapsid dominated to E. huxleyi dominated coccolith-

ophore assemblages took place around the MIS 5/4 boundary and therefore E. huxleyi 

played only a minor role in coccolithophore assemblages during the first two-thirds of its 

abundance range (Thierstein et al., 1977). In accordance to this, E. huxleyi never exceed-

ed 20 % of the total assemblage before MIS 4 in our record (Figure 4.3c). However, slight 

maximum abundances of E. huxleyi are observed during warm substages of MIS 5, espe-

cially during MIS 5.5, indicating that during the studied time interval this species prefers 

more warm and stratified surface water conditions at the coring site. This pattern is in line 

with other abundance records from more northern sites of the eastern North Atlantic, which 

at least during MIS 5.5 document optimal growth conditions for E. huxleyi, resulting in 

slight peak abundances of this species during this period (Lototskaya et al., 1998; Stolz 

and Baumann, 2010). Comparing this peak in the different records, we observe that it is a 

time-transgressive event, again occurring earlier in the higher latitudes (Figure 4.6). This 

would indicate that environmental conditions, favorable for the growth of E. huxleyi, were 

reached earlier in the higher latitudes, probably fitting to the concept of more severe 

changes in the higher latitudes than in lower latitudes during MIS 5.5, as indicated by 

model and proxy studies (Montoya et al., 2000; Anderson et al., 2006). 
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4.7 Conclusions 
 
In order to investigate regional changes in productivity and hydrography of the North 

Atlantic between 48 and 130 ka BP, we investigated coccolithophore assemblages in a 

new sediment core (MD08-3179Cq) taken in the open ocean mid-latitude North Atlantic in 

the vicinity of the Azores Current System, an area where existing paleoenvironmental stud-

ies are rare. Based on changes in coccolithophore assemblages, we observe southward 

migrations of the AzF during glacial (sub-) stages, which are furthermore accompanied by 

an increased productivity, as evidenced e.g. by the abundance of siliceous plankton (dia-

toms). These changes are most probably a result of intensified westerly winds, whereby 
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productivity might additionally have been fueled by an increased advection of nutrient-rich 

subpolar surface water masses during these periods.  

Furthermore, we observe two pronounced and long-lasting reorganizations of the 

coccolithophore assemblage, namely the dominance interval of G. ornata during MIS 5 

and the increase in abundances of E. huxleyi after MIS 5, which are closely linked to the 

above described paleoenvironmental changes. Therefore we hypothesize that paleoeco-

logical changes may trigger the evolutionary trends observed in Late Quaternary coccolith-

ophore assemblages. 

Based on high-resolution coccolithophore analysis during the Last Interglacial (MIS 

5.5), we observe rather unstable interglacial conditions in the Azores region during this 

period. This instability is best expressed by the occurrence of a distinct reversal towards 

more glacial conditions (i.e. increased productivity, southward shift of the AzF), which is in 

accordance to a cooling event recorded across the entire North Atlantic. Furthermore, peak 

interglacial conditions are accompanied by peak abundances of E. huxleyi, an event that 

occurs earlier in the higher latitudes of the eastern North Atlantic, and which probably is 

related to more severe changes in the higher latitudes during MIS 5.5. At last we observe a 

distinct coccolithophore productivity peak during MIS 5.5, which can be related to the oc-

cupation of new habitats after glacial conditions and/or an increased advection of SAMW 

during this period.  

Our results fuel the hypothesis that due to a future rise in global temperatures, the ol-

igotrophic waters of the North Atlantic subtropical gyre could expand. This would lead to a 

decrease in primary productivity, and therefore would provide a positive feedback to the 

rising temperatures. However, taking MIS 5.5 as a possible analogue for expected future 

climate change, this scenario will probably be attenuated by an increase in coccolithophore 

productivity due to the occupation of new habitats and/or advection of nutrient-rich SAMW, 

as evidenced by a distinct coccolithophore productivity peak during MIS 5.5. 

 
 

 

 
 

 
 

 



 

 
 

 
 
 

 
 
 
 
  



 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

Chapter V. 
 

Comparison of the present and last interglacial in 
the Azores region based on 
calcareous nannoplankton 

 
(This chapter corresponds to the following manuscript to be submitted to Climate of the 
Past: Schwab, C., Kinkel, H., Weinelt, M., Repschläger, J., 2012. Comparison of the pre-
sent and last interglacial in the Azores region based on calcareous nannoplankton. To be 
submitted to Climate of the Past.) 
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5.1 Abstract 
 
In order to test the sensitivity of ecological changes in the Azores region to different 

boundary conditions, and in order to investigate natural interglacial climate variability, we 

analyzed and compared present and last interglacial coccolithophore assemblages in sed-

iment cores (GEOFAR KF16, MD08-3179Cq, MD08-3180Cq) from two coring sites near 

the Azores Islands. Similar abundance variations of key coccolithophore species (e.g. E. 

huxleyi, G. muellerae and subtropical coccolithophore species) indicate a general intergla-

cial pattern of ecological changes in the Azores region. Thereby a first climatic optimum 

during the early interglacials is followed by a reversal towards more glacial conditions dur-

ing the early to mid interglacials. Afterward full interglacials established only late during the 

present and last interglacials. These changes are also reflected by latitudinal displace-

ments of the Azores Front (AzF), at which the AzF occupied a more northern position dur-

ing the early interglacials compared to the preceding glacials, followed by a southward re-

treat during the early to mid interglacials and a northernmost position during the late inter-

glacials. A quantitative comparison of peak interglacial conditions reveals that the AzF 

most probably resided at a more northern position and that primary productivity was in-

creased during the last interglacial. The increased coccolithophore productivity during the 

last interglacial resulted in an increased coccolith carbonate production, which probably 

prevailed in the entire eastern North Atlantic. The increased carbonate production in the 

eastern North Atlantic and the more northern position of the AzF, which corresponds to an 

expansion of the North Atlantic subtropical gyre, potentially could act as a source for at-

mospheric CO2. However, as quiet similar CO2 levels are observed during the present and 

last interglacial, our results indicate that the ecological changes and the resulting produc-

tivity in the eastern North Atlantic probably are insignificant on a global scale, or that the 

observed increased primary productivity during MIS 5.5 counteracted the combined effect 

of increased carbonate production and expansion of the oligotrophic gyre. In order to eval-

uate the impact of ecological changes in the eastern North Atlantic on global climate, fur-

ther (modeling) studies are urgently needed. 
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5.2 Introduction 
 

Interglacials are a recurring feature of the Late Quaternary climate record, with a re-

currence rate of 100 kyrs at least during the last 400 kyrs (e.g. Imbrie et al., 1984; Raymo, 

2003; Tziperman, 2003; Lisiecki and Raymo, 2005). As interglacials reflect a mean climatic 

state that also characterizes the present Holocene period, there is an increasing interest to 

study interglacial climates (e.g. Kukla et al.,1997; Maslin et al., 1998; Kukla et al., 2002; 

Shackleton et al., 2003; Maiorano et al., 2012), especially in the light of the predicted glob-

al climate change (Jansen et al., 2007). As the expected future climate change will be the 

sum of the changes induced by the natural climate variability and of the anthropogenic in-

duced changes (e.g. due to CO2 emissions), a deep knowledge about natural interglacial 

climate variability is essential in order to precisely evaluate future climate change.  

Studies of natural climate variability during interglacials should focus on several is-

sues. For example it is important to know, if there are any climatic trends (cool-

ing/warming) associated with interglacials, especially of the present Holocene, that can be 

extrapolated into the future. Furthermore the occurrence of cyclic and short-term events, 

such as Bond-cycles and the 8.2 ka BP event during the Holocene (Bond et al., 1997; El-

lison, 2006; Giraudeau et al., 2010; Kleiven et al., 2008), and their regional and global im-

pact as well as their importance for interglacial climates should be evaluated. At last the 

sensitivity of interglacial climates to different boundary conditions (e.g. insolation, ice-sheet 

configuration, sea-level) should be tested, in order to improve future climate predictions. 

All these issues can be addressed by looking into the present and past interglacials, 

which are well expressed in marine and terrestrial climate records (e.g. Hodell et al., 2000; 

Desprat et al., 2007; Urban, 2007; Wang et al., 2008). Especially past interglacials can 

teach us a valuable lesson about natural interglacial climate variability and interglacial cli-

mate sensitivity, as they ran their full course and demise and mostly occur under different 

boundary conditions (Cheddadi et al., 1998; Müller and Sánchez Goñi, 2007). For example 

Marine Isotope Stage (MIS) 11 is widely used as an analogue to the present Holocene, 

due to similar boundary conditions (i.e. insolation) (e.g. Hodell et al., 2000; Kandiano et al., 

2012). Another example is MIS 5.5, which is widely used as an analogue to the expected 

future climate change, as it was 1.5 - 2°C warmer than the preindustrial Holocene average 
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(Clark and Huybers, 2009), which is within the range of the predicted future climate warm-

ing (Jansen et al., 2007). 

Beside these more theoretical issues, there are some more technical problems that 

arise by studying past interglacials. First, the further one goes back in time, the less cli-

mate records are available (cf. Lisiecki and Raymo, 2005). This results in a sparse global 

coverage of climate records spanning a long time period and therefore only patchy pictures 

of global changes during past (interglacial) periods exist. However, a global picture of 

changes during past periods is needed, in order to precisely evaluate if the observed re-

gional changes are of global importance. Furthermore, past interglacial periods are out of 

reach of radiocarbon dating and are not anywhere near a paleomagnetic reversal (Kiefer 

and Kull, 2007). Therefore the age models of past interglacials, especially in marine sedi-

ment cores, are often poorly constrained. At last, high-resolution records of past intergla-

cial climates are needed, in order to detect short-term cyclic changes or events. In order to 

circumvent this problem, one needs sophisticated analytical procedures to reduce for ex-

ample the sample amount, or one needs sites with high accumulation rates, which allow a 

high-resolution sampling. 

To address these issues, the objectives of this study are the following: 1) Detecting a 

general structure in the evolution of interglacials in terms of paleoproductivity and 

paleoceanography in the Azores region. 2) Exploring the sensitivity of interglacial 

paleoproductivity and paleoceanography in the Azores region to different boundary condi-

tions. 3) Detecting comparable short-term variability during different interglacials. 

Therefore we investigated and compared the present (Holocene) and the last (MIS 

5.5) interglacial in sediment cores retrieved from the open ocean mid-latitude North Atlantic 

slightly south of the Azores Islands. As climatic records from this region are sparse, mainly 

due to the prevailing low sedimentation rates in this area, the presented study refines the 

spatial resolution of existing interglacial climate records. Furthermore, the comparison is 

mainly based on coccolithophore assemblages, which have been shown to be good indi-

cators for paleoproductivity and paleoceanographic conditions (e.g. Beaufort, 1997; Flores 

et al., 2000; Kinkel and al, 2000; Baumann and Freitag, 2004; Saavedra-Pellitero et al., 

2011). Because of the small size of coccoliths (5 µm on average (e.g. Honjo, 1976)), which 

form the exoskeleton of coccolithophores, only a small sample size is needed for analysis, 

and therefore a high temporal resolution record can be obtained even if accumulation rates 

are low.  
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5.3 Regional hydrographic and productivity setting 
 

Sediment cores GEOFAR KF16, MD08-3179Cq and MD08-3180Cq were taken 

slightly south of the Azores Islands, in the vicinity of the Azores Current (AzC) (Table 2.1, 

Figure 5.1). The AzC is an eastward branch of the North Atlantic Current, which is the most 

prominent surface water current in the North Atlantic, transporting tropical and subtropical 

heat and salinity to the higher northern latitudes (e.g. McCartney and Talley, 1984; 

Tomczak and Godfrey, 1994). The AzC splits off the North Atlantic Current at around 40°N 

50°W and travels eastward at a mean latitude of 35°N (Klein and Siedler, 1989). Near the 

European margin, the AzC partly joints the Canary Current, which travels southward. An-

other part of the AzC flows into the Gulf of Cadiz and into the Mediterranean, replacing 

Mediterranean waters lost through the overflow in the Street of Gibraltar. Therefore a hypo-

thetical connection between the AzC and the Mediterranean Overflow Waters (MOW) has 

been proposed, according to the β-plume theory, at which the comparatively small MOW 

of 1 Sv forces the formation of the AzC (Jia, 2000; Özgökmen et al., 2001; Kida et al., 

2008). Due to its connections to the NAC and CC, the AzC is part of the anticyclonic circu-

lation that characterizes the North Atlantic subtropical gyre, forming its northern boundary 

(e.g. Bashmachnikov et al., 2004).  

Associated with the AzC is the Azores Front (AzF), which separates northern transi-

tional water masses from southern subtropical water masses (Figure 5.1a). We will refer to 

the northern surface water masses as North Atlantic Transitional Waters (NATW) accord-

ing to e.g. Schiebel et al. (2002b), and to the southern surface water masses as subtropi-

cal waters. As the front can be shielded by the formation of a seasonal thermocline, the 

location of the front is best defined where the 15°C isotherm is between 200 and 300 m 

waterdepth (Gould, 1985). Although upwelling within this front is indicated by modeling 

studies (Alves and de Verdière, 1999), the impact of the front on primary productivity is still 

discussed controversially in the recent literature. For example, Fernández and Pingree 

(1996) found an enhanced productivity (i.e. a deep chlorophyll maximum) associated with 

the front, whereas Fasham et al. (1985) and Schiebel et al. (2002b) found no evidences for 

an enhanced productivity within the front. However, the region to the north of the front is 

characterized by a deep winter mixed layer, which results in a surface entrainment of 

deep-sourced nutrients, whereas the southern subtropical region is characterized by a 
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strong water column stratification that permits the turbulent advection of deep-sourced nu-

trients (Lévy et al., 2005; Mouriño-Carballido and Neuer, 2008). Therefore a strong gradi-

ent in primary productivity is present in the study area (Figure 5.1b). 

 

Because the AzF is a strong meandering current, it generates eddies that split off the 

AzC and travel southwest- and northwestward (e.g. Alves et al., 2002). Thereby anticyclon-

ic eddies are generated to the north of the front, whereas cyclonic eddies split off to the 

south. Due to eddy-pumping, the cyclonic eddies result in an entrainment of nutrients in 

the southern subtropical regions (Mouriño-Carballido and Neuer, 2008). The anticyclonic 

eddies, which transport subtropical waters to the north and occasionally reach the coring 

sites (e.g. Alves et al., 2002), are normally associated with downwelling and low productivi-

ty. Altogether, the Azores region is characterized by strong gradients in productivity and 

oceanographic conditions, which is also reflected in the biogeographical distribution of or-
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Figure 5.1: a) Map with annual mean (2006) chlorophyll a concentrations in the North Atlantic (satellite 
data from http://seadas.gsfc.nasa.gov). Schematic surface circulation in the North Atlantic is indicated 
by grey arrows. Abbreviations: North Atlantic Current (NAC), Azores Current (AC), Azores Front (AzF) 
indicated by black stippled line, Canary Current (CC), Portugal Current (PC), North Atlantic Transitional 
Water (NATW). Position of studied sediment cores is indicated by yellow dot. b) Map with annual mean 
(2006) sea surface temperature (satellite data from http://seadas.gsfc.nasa.gov). Schematic surface 
circulation in the North Atlantic is indicated by grey arrows. Abbreviations as in Figure 5.1a. Position of 
studied sediment cores is indicated by yellow dot. c) Bathymetric map of the area indicated by black 
rectangle in Figure 5.1a. 
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ganisms. For example the AzF separates the northern transitional from the southern sub-

tropical biogeographical province of coccolithophore (McIntyre and Bé, 1967; Schiebel et 

al., 2011). 

 

 

5.4 Material and methods 
 

5.4.1 Sample material 
 

Sediment core GEOFAR KF16 was retrieved during research cruise GEOFAR 

onboard the research vessel Le Noroit (Richter, 1998), whereas the other two cores 

(MD08-3179Cq, MD08-3180Cq) were taken during cruise MD-168 onboard the research 

vessel Marion Dufresne (Kissel et al., 2008). GEOFAR KF16 and MD08-3180Cq are near-

ly from the same coring site, and have been taken in a small basin at the Mid Atlantic 

Ridge at a water depth of approximately 3050 m (Table 2.1, Figure 5.1c). This basin acts 

as a sediment trap for diffusive sediment transport (Richter, 1998), resulting in high sedi-

mentation rates and enabling high-resolution analysis (Schwab et al., 2012). On the other 

hand MD08-3179Cq has been taken slightly east of the two other cores and has been tak-

en from a plateau at the Mid Atlantic Ridge at a water depth of 2040 m (Table 2.1, Figure 

5.1c). All cores exhibit an undisturbed and purely pelagic character, as they consist of 

foraminifera bearing nannofossil ooze and show slight laminations. However, the first   

80.5 cm of core MD08-3179Cq have been neglected, due to a double penetration of the 

coring device. 

 

5.4.2 Age control 
 

The age models of GEOFAR KF16 and MD08-3180Cq are based on 15 AMS 14C ag-

es and tuning the oxygen isotope and alkenone records to the NGRIP ice core record. A 

detailed description of the age models and of the splicing of the two cores (in order to get a 

continuous coccolithophore record over the last 16 kyrs) is given in Schwab et al. (2012). 

Likewise, the age model of MD08-3179Cq, which is based on tuning the oxygen isotope 

record to the oxygen isotope stack of Lisiecki and Raymo (2005), has already been de-
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scribed (Schwab et al., submitted). Additionally, an age model for Termination I and the 

Holocene section in core MD08-3179Cq has been constructed for this study. Therefore the 

Ba/Ti record measured by XRF in MD08-3179Cq has been correlated to the Ba/Ti record 

of MD08-3180Cq, which is well dated as described above and shows the clear deglacial 

sequence of Heinrich event 1, Bølling/Allerød, Younger Dryas and Preboreal (Figure 5.2, 

Table 5.1). The resulting sedimentation rates show maximum values of 9 cm/kyr during the 

Younger Dryas and a subordinate maximum during the Preboreal, whereas the 

Bølling/Allerød and Holocene are characterized by low sedimentation rates. This pattern of 

changes in sedimentation rates can also be observed in MD08-3180Cq (Schwab et al., 
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Figure 5.2: a) Ba/Ti measured by XRF in sediment core MD08-3180Cq (upper panel) and 
Ba/Ti measured by XRF in MD08-3179Cq. MD08-3180Cq serves as a stratigraphic refer-
ence for MD08-3179Cq. Tuning of MD08-3179Cq on MD08-3180Cq is indicated by grey 
stippled vertical lines. Abbreviations: Heinrich event 1 (H1), Bølling/Allerød (BA), Younger 
Dryas (YD), Preboreal (PB). b) Resulting age vs. depth plot (upper panel) and resulting 
sedimentation rates (lower panel) in MD08-3179Cq. Abbreviations as in Figure 5.2a. 
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2012), which therefore corroborates the applied deglacial and Holocene age model of 

MD08-3179Cq. 

 

 

5.4.3 Coccolithophore and diatom analysis 

 

Coccolithophore assemblages during Termination I and the Holocene in sediment 

cores GEOFAR KF16 and MD08-3180Cq, as well as coccolithophore assemblages during 

MIS 5 to MIS 3 in sediment core MD08-3179Cq have already been investigated (Schwab 

et al., 2012; submitted). For this study we additionally investigated coccolithophore as-

semblages during Termination I and the Holocene in sediment core MD08-3179Cq. There-

fore the core section 85 - 185 cm has been sampled in 5 cm intervals corresponding to an 

average temporal resolution of 1000 years during the Holocene and 700 years during the 

deglacial. For coccolithophore analysis we applied the same analytical methods as in 

Schwab et al. (2012), following the method described by Andruleit (1996). Therefore 0.06 - 

0.07g freeze-dried bulk sediment was weight and brought into suspension in tab water. 

The suspension was then wet-split by a factor of 100 and filtered onto polycarbonate filters 

with a pore size of 0.4 µm.  After drying, a small piece of filter was mounted on a Scanning 

Electron Microscopy (SEM) stub and sputtered with Au/Pd. The samples were then ana-

lyzed by SEM with a magnification of 5000, whereby 340 - 430 coccoliths (average: 372 

coccoliths) were counted along measured transects and identified according to the taxon-

omy given in Young et al. (2003). A taxonomic list of the identified species is given in the 

Appendix. In order to improve the record of the rare species C. pelagicus, extended counts 

 
Table 5.1: Age points of MD08-3179Cq derived by tuning to 
MD08-3180Cq 
 

Depth 
[cm] 

Age 
[kyrs BP] Comment 

85.5 0 First 80.5 cm due to double 
penetration of coring device 

130 10.46 End Preboreal 
137.7 11.61 End Younger Dryas 
147.7 12.73 Beginning Younger Dryas 
159.7 14.67 Beginning Bølling/Allerød 
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(counting only C. pelagicus across the whole filter at a magnification of 1000) were carried 

out. The previously published coccolith concentrations in the three sediment cores 

(Schwab et al., 2012; submitted) were converted into weight% coccolith carbonate accord-

ing to equation (2.4), using species-specific coccolith weights given in Table 2.2. 

 

 

5.5 Results and discussion 
 

5.5.1 Can Holocene and MIS 5.5 coccolithophore assemblages be compared? 
 

Looking at the abundances of the individual coccolithophore species reveals signifi-

cant differences between the present and last interglacial coccolithophore assemblages 

(Figure 5.3). During the Holocene the assemblages are dominated by E. huxleyi (Figure 

5.3a), whereas the assemblages during MIS 5.5 are dominated by small gephyrocapsids 

(G. ericsonii and G. ornata) (Figure 5.3b). This difference is related to the evolutionary
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Figure 5.3: a) Contribution of individual coccolithophore species to the present interglacial as-
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MIS 5.5 as explained in the text. 
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 development of coccolithophores, which results in distinct acme zones of certain cocco-

lithophore species during particular Late Quaternary time periods (e.g. Thierstein et al., 

1977; Bollmann et al., 1998; Hine and Weaver, 1998). For example the observed domi-

nance of E. huxleyi during the Holocene is a well-known feature of global coccolithophore 

records, reflecting its evolutionary trend (e.g. Thierstein et al., 1977). This species first oc-

curred around 294 ka BP (MIS 8) (Wei and Peleo-Alampay, 1993), an event, which is seen 

to be time-transgressive in the eastern North Atlantic, with progressively younger ages 

from north to south (Hine and Weaver, 1998). During the first two-thirds of its abundance 

range (including MIS 5.5), E. huxleyi played only a minor role in coccolithophore assem-

blages (Thierstein et al., 1977), as it can also be observed in our records (Figure 3b). 

Around 76 ka BP E. huxleyi started to become the dominant coccolithophore species in 

global coccolithophore assemblages, an event, which again is seen to be time transgres-

sive in the North Atlantic, with progressively younger ages from south to north (Thierstein 

et al., 1977). This increase in E. huxleyi abundance is also seen at our coring site, taking 

place around 72 ka BP (Schwab et al., submitted), resulting in the observed dominance of 

this species during the Holocene (Figure 5.3a). 

Contrary to the Holocene, coccolithophore assemblages during MIS 5.5 are dominat-

ed by small gephyrocapsids at the coring site (Figure 5.3b). The dominance of small to 

medium sized gephyrocapsids during MIS 5 is a well-known feature of Late Quaternary 

coccolithophore records (Flores et al., 1997; Kinkel and al, 2000; Lototskaya et al., 1998; 

López-Otálvaro et al., 2008), which can again be related to the evolutionary succession of 

Late Quaternary coccolithophore dominance intervals (e.g. Hine and Weaver, 1998). 

Therefore, coccolithophore assemblages during the Holocene and MIS 5.5 cannot directly 

be compared, and the observed marked difference between these two interglacial cocco-

lithophore assemblages is primarily not related to any changes in the environmental condi-

tions at the coring site. 

However, the evolutionary turnovers in Late Quaternary coccolithophore assemblag-

es are most pronounced in coccolithophore species of the family Noelaerhabdaceae, 

which includes the genera Gephyrocapsa, Pseudoemiliania, Emiliania and Reticulofenes-

tra (e.g. Hine and Weaver, 1998), whereas other coccolithophore species seem to be rela-

tively unaffected by evolutionary trends during this time period. Therefore these species 

can probably be used for a quantitative comparison of the Holocene and MIS 5.5. In par-

ticular only the abundance records of E. huxleyi and small gephyrocapsids seem to be 
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affected by an evolutionary turnover during the considered time intervals. Thereby the 

dominance of small gephyrocapsids during MIS 5.5 is replaced by a dominance of E. hux-

leyi during the Holocene. As E. huxleyi and small gephyrocapsids show nearly the same 

ecological preferences (warm, stratified, oligotrophic) during MIS 5 at the coring site 

(Schwab et al., submitted), the dominance reversal between these two species probably 

took place in one distinct ecological niche, leaving all other coccolithophore species unaf-

fected. In summary, Holocene and MIS 5.5 coccolithophore assemblages can be quantita-

tively compared at the coring site, except of the abundances of E. huxleyi and small 

gephyrocapsids, which are affected by an evolutionary turnover during the considered time 

interval. 

Another drawback to the comparison of Holocene and MIS 5.5 coccolithophore as-

semblages may be the slightly different geographical position of the cores (Figure 5.1c). 

Although sediment cores GEOFAR KF16 and MD08-3179Cq are close to each other, floral 

and faunal assemblages can be assumed to be very diverse on a small spatial scale in the 

region of the Azores Current System with its associated oceanic front (cf. Ottens, 1991; 

1992; Schiebel et al., 2011). Therefore we counted the Holocene section of MD08-3179Cq 

with a low resolution and compared the results to the Holocene section of GEOFAR KF16 

(Figure 5.4). Aside of the good correlation of the Holocene records from the two different 

cores, two small offsets are observed at around 8 and 6.5 ka BP in the small gephyrocap-

sids and C. pelagicus record respectively (Figures 5.4c, f). The offset between the Holo-

cene small gephyrocapsids records around 8 ka BP is most probably an artifact of the low-

resolution sampling of MD08-3179Cq. As MD08-3179Cq has been sampled with a resolu-

tion of 5 cm during the Holocene, corresponding to a time-resolution of approximately 1000 

yrs, the sample resolution is to low to detect the short-term event around 8 ka BP with a 

duration of approximately 600 yrs. Similarly, the offset in the C. pelagicus records around 

6.5 ka BP may be the result of the under-sampling of MD08-3179Cq together with an off-

set due to the coarse Holocene age model of MD08-3179Cq (Figure 5.2). Another expla-

nation may be that dissolution, which caused the drastic increase of the heavily calcified C. 

pelagicus in GEOFAR KF16 (Schwab et al., 2012), took place only in the deep basin 

where GEOFAR KF16 has been retrieved (Table 2.1, Figure 5.1). However, beside the two 

small discrepancies due to low-resolution sampling and dissolution, a very good correlation 

of the two different Holocene records exist in terms of absolute values and observed 

trends (Figure 5.4). Therefore we conclude that coccolithophore assemblages are not af-
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fected by the different geographical position of the cores, and the two interglacial periods 

from the different cores can be compared. 

 

5.5.2 A general structure of interglacials in the Azores region 

 

Although a quantitative comparison of coccolithophore assemblages can be hindered 

by evolutionary processes as described above, the individual trends in the coccolithophore 

records still contain valuable information about ecological changes. In the following we will 

investigate and compare ecological changes during the Holocene and MIS 5.5 based on 

abundance changes of certain coccolithophore species. 

A generally consistent pattern of interglacial changes is observed during the Holo-

cene and MIS 5.5 based on abundance changes of individual coccolithophore species 

(Figure 5.4). This can be deduced for example from similar interglacial abundance chang-

es of E. huxleyi (Figure 5.4a, h). E. huxleyi is a cosmopolitan species occurring in nearly 

every oceanic realm and tolerating temperatures between 1 and 30°C (McIntyre and Bé, 

1970; Okada and Honjo, 1973; Okada and McIntyre, 1979). Because of its broad ecologi-

cal tolerance, it is difficult to deduce any ecological changes based on its abundance varia-

tions. However, high abundances of E. huxleyi are observed during warm and stratified 

periods during the last 130 ka BP at the coring site (Schwab et al., 2012; submitted). 

Therefore the observed peak abundances of this species during the early interglacials (PB 

during the Holocene and P1 during MIS 5.5) indicate a first amelioration of climate follow-

ing the glacial terminations. This is followed by a reversal towards glacial conditions during 

the early/mid interglacials (EH during the Holocene and P2a during MIS 5.5) as evidenced 

by minimum abundances of E. huxleyi (Figure 5.4a, h). After a transitional phase (MH dur-

ing the Holocene and P2b during MIS 5.5) maximum abundances of E. huxleyi are ob-

served during the late interglacials (LH during Holocene and P3 during MIS 5.5), indicating 

that peak interglacial conditions (warm, stratified) are reached only late during both inter-

glacials.  

A similar picture of climatic changes in the Azores region can be drawn from abun-

dance variations of G. muellerae (Figure 5.4b, i). This species prefers cold-water condi-

tions (Samtleben, 1980; Samtleben and Bickert, 1990; Samtleben et al., 1995) and there-

fore is used as an indicator for cold-water temperatures (e.g. Di Stefano and Incarbona, 

2004; Weaver and Pujol, 1988). Minimum abundances of G. muellerae are observed dur-
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ing the early interglacials, followed by a maximum during the early to mid interglacials and 

minimum abundances during the late interglacials (Figure 5.4b, i). In accordance to the 

abundance records of E. huxleyi this indicates a first climatic optimum during the early in-

terglacials, followed by a reversal towards glacial conditions. Based on minimum abun-

dances of G. muellerae, warmest sea surface temperatures are observed during the late 

interglacials. Furthermore, in the midlatitude North Atlantic, this species only occurs north 

of the AzF within NATW (cf. Figure 5.1a) (Jordan, 1988; Giraudeau et al., 2010; Schiebel et 

al., 2011) and can be used as an indicator for the influence of NATW at the coring site, 

which is related to latitudinal displacements of the AzF (Schwab et al., 2012). Based on the 

abundance records of G. muellerae, a southward retreat of the AzF is recognized during 

the early to mid interglacials, which is followed by the northernmost position of the AzF dur-

ing the late interglacials. The observed changes in the latitudinal position of the AzF are in 

line with the well-known AzF dynamics, at which warm interglacial periods are character-

ized by a more northern position of the AzF, whereas cold glacial periods are characterized 

by a southward retreat (Schiebel et al., 2002a; Schwab et al., 2012). 

Although the consistent subdivision of the interglacials into three to four distinct peri-

ods can be observed in the abundance records of small gephyrocapsids (Figure 5.4c, j), 

especially during MIS 5.5, we observe opposite trends in the abundance records of these 

species during the Holocene and MIS 5.5. For example, the late and very early periods of 

the present interglacial are characterized by minimum abundances of these species, 

whereas maximum abundances of small gephyrocapsids are observed during the same 

periods of the last interglacial. This difference indicates different ecological preferences of 

small gephyrocapsids during the present and last interglacial. During MIS 5 maximum 

abundances of small gephyrocapsids are observed during substages 5.5, 5.3 and 5.1, in-

dicating an affinity to warm and stratified conditions (Schwab et al., submitted). On the 

other hand, during the last deglaciation and Holocene increased abundances of small 

gephyrocapsids in the Azores region are observed during periods of cold, nutrient-rich and 

fresh sea surface water conditions (Schwab et al., 2012). Especially the fresh and nutrient-

rich conditions during the 8.2 kyr event resulted in maximum abundances of these species 

at the coring site (Figure 5.4c) (Schwab et al., 2012). The shift in the ecological prefer-

ences is most probably related to the dominance reversal at the MIS 5/4, at which E. hux-

leyi replaced small gephyrocapsids (Schwab et al., submitted), forcing these species to 

occupy a new ecological niche. These findings shed new light on the temperature equation 
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based on the abundance of different Gephyrocapsa morphotypes proposed by Bollmann et 

al. (2002). As small gephyrocapsids altered their ecological preferences, which are as-

sumed to be constant over time when applying the equation, temperature estimates might 

be biased at least during MIS 5. 

Difficulties in dividing the interglacials, especially the present one, into three to four 

periods arise, when looking at the abundances of F. profunda (Figure 5.4d, k). This spe-

cies dwells in the lower photic zone (150 - 200 m water depth) and is abundant in tropical 

to subtropical regions (e.g. Andruleit and Rogalla, 2002; Okada and McIntyre, 1979). F. 

profunda is only abundant south of the AzF (Schiebel et al., 2011), and therefore our coring 

site is situated at the northern distribution limit of this species, resulting in its observed low 

abundances. The low abundances of this species, which hardly exceed 3% of the total as-

semblage during most of the investigated periods, hampers a robust interpretation and 

most probably results in the observed difficulties. However, increased abundances of F. 

profunda are observed during the late period of the present interglacial (Figure 5.4d), 

whereas minimum abundances are observed during the late period of the last interglacial 

(Figure 5.4k). This species is widely used to monitor changes in nutricline depth (Molfino 

and McIntyre, 1990a; 1990b) and associated surface water productivity changes (Ahagon 

and al, 1993; Beaufort, 1997; Flores et al., 2000; Kinkel and al, 2000; Li et al., 2010), at 

which minimum abundances indicate a shallow nutricline and associated enhanced sur-

face productivity and vice versa. Therefore the lower abundances of F. profunda during the 

late period of MIS 5.5 indicate an increased productivity compared to the late Holocene. 

This discrepancy in the productivity conditions during the two interglacials will be dis-

cussed more thoroughly in the next section. However, in accordance to the previously de-

scribed subdivision of the interglacials, an abundance peak of F. profunda is observed dur-

ing the early to mid MIS 5.5 (Figure 5.4k). In contrast to the widely used interpretation of 

this species, the observed increased abundances during the early to mid MIS 5.5 occur 

during a period of enhanced productivity (Schwab et al., submitted). This discrepancy indi-

cates that the nutrients that fueled surface water productivity had a deep source and there-

fore reached the lower photic zone, whereas the surface dwelling coccolithophores are 

outcompeted by more opportunistic plankton species (e.g. diatoms) during this time 

(Schwab et al., submitted). 

A consistent subdivision of both interglacials can again be observed in the abun-

dances of C. leptoporus (Figure 5.4e, l). Although C. leptoporus is a cosmopolitan species, 
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occurring at nearly all latitudes (McIntyre and Bé, 1967), this species has been shown to 

be abundant during periods of warm and oligotrophic surface water conditions at the coring 

site (Schwab et al., 2012; submitted). Therefore, in accordance to the previously inferred 

ecological conditions at the coring site, the observed minimum abundances of C. lepto-

porus during the early to mid interglacials (early and mid Holocene, and P2a and P2b dur-

ing MIS 5.5) indicate a reversal towards more glacial conditions, which are characterized 

by cold temperatures and an increased surface water productivity. Maximum abundances 

of C. leptoporus during the late interglacials again indicate that full interglacial conditions 

are reached only late in the Azores region. 

A consistent pattern of interglacial changes can be observed in the abundance rec-

ords of C. pelagicus (Figure 5.4f, m). This species is known to tolerate very low tempera-

tures (< 0°C) and to live preferentially in the polar to subpolar regions, where it can domi-

nate the coccolithophore assemblages (e.g. Okada and McIntyre, 1979; Baumann and 

Matthiessen, 1992; Samtleben et al., 1995). Although there are different morphotypes of 

this species, all with distinct ecological preferences (e.g. Parente et al., 2004), the low 

abundances at the coring site permit a statistically robust differentiation. However, as the 

overall abundance pattern of C. pelagicus shows clear abundance maxima in the polar to 

subpolar regions (Baumann et al., 2005), we use this species as a proxy for the influence 

of subpolar waters at the coring site (cf. Schwab et al., 2012). Based on the gradually de-

creasing abundances of C. pelagicus during the early and mid interglacials (Figure 5.4f, 

m), a gradually decreasing influence of subpolar waters at the coring site can be deduced. 

The decreasing influence of subpolar waters might reflect the decreasing influence of cold 

core rings, which pinch off the North Atlantic Current and potentially can transport subpolar 

waters to the coring site (e.g. Kupferman et al., 1986; Beckmann et al., 1987). The de-

creasing influence of the cold core rings may in turn reflect the gradual northward retreat of 

the North Atlantic Current and its associated subpolar front (cf. Schwab et al., 2012). Mini-

mum abundances of C. pelagicus are consistently found during the late interglacials, indi-

cating a minimum influence of subpolar waters during this period (Figure 5.4f, m). 

A consistent pattern of interglacial changes can also be deduced based on abun-

dance variations of grouped subtropical species (Umbellosphaera spp., Umbilicosphaera 

spp., Oolithotus spp.) (Figure 5.4g, n). These K-strategic species are adapted to warm and 

especially oligotrophic conditions, and therefore preferentially live in the subtropical realm 

of the oceans (e.g. Incarbona et al., 2010, and references therein). These species can be 
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used to trace the influence of subtropical water, which occasionally reaches the coring site 

due to the advection within anticyclonic eddies (cf. chapter 5.3). Thereby minimum abun-

dances of subtropical species indicate a diminished influence of subtropical waters at the 

coring site due to a diminished influence of anticyclonic eddies, which is most probably 

caused by a more southern position of the AzF (cf. Schwab et al., 2012). Consistent with 

the abundance variations of G. muellerae and the inferred changes in the latitudinal posi-

tion of the AzF, slight peak abundances of subtropical species during the early interglacials 

indicate a more northern position of the AzF (Figure 5.4g, n). A southward retreat of the 

AzF is recognized during the mid interglacials, based on minimum abundances of subtrop-

ical species. After these reversals, full interglacial conditions, characterized by the north-

ernmost position of the AzF, are consistently reached during the late interglacials based on 

maximum abundances of subtropical species (Figure 5.4g, n). 

In summary, based on abundance variations of individual coccolithophore species, a 

consistent pattern of ecological changes in the Azores region is observed during the pre-

sent and the last interglacial. Thereby a first amelioration of climatic conditions and a 

northward displacement of the AzF are observed during the early interglacials, following 

the glacial terminations. After this first interglacial peak, a reversal towards more glacial 

conditions is observed during the early to mid interglacials, which is characterized by a 

southward retreat of the AzF. Finally, full interglacial conditions, characterized by the 

northernmost position of the AzF, are observed during the late interglacials. That full inter-

glacial conditions established late during the present and last interglacial in the Azores re-

gion is in line with other results from more northern North Atlantic sites (Bauch et al., 2011; 

Baumann and Matthiessen, 1992; Oppo et al., 2006; Sánchez Goñi et al., 2012; Solignac 

et al., 2008; 2004; Vautravers et al., 2007), indicating that this is probably a basin-wide 

phenomena. Overlain on these changes, a varying contribution of subpolar waters, proba-

bly due to latitudinal displacements of the North Atlantic Current and its associated subpo-

lar front, is observed. Thereby the influence of subpolar waters gradually decrease follow-

ing the glacial terminations culminating in a nearly absence of these waters during the late 

interglacials. 

Although the succession of a first interglacial peak followed by a reversal towards 

glacial conditions and followed by full interglacial conditions during the late interglacials 

can be observed during the present as well as during the last interglacial, the timing and 

duration of the individual periods seem to be different during the two interglacials (Figure 
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5.4). This might be due to the less well-constrained age model of the last interglacial, 

where only the flanks of MIS 5.5 have been tuned (cf. chapter 5.4.2). However, the timing 

and duration of the reversal towards more glacial conditions during MIS 5.5 (P2a) is com-

parable to previously published results from the North Atlantic (Bauch et al., 2011; Irvalı et 

al., 2012; Stolz and Baumann, 2010). This period probably has been triggered by an in-

creased input of freshwater to the North Atlantic due to melting ice sheets, as evidenced by 

an accelerated sea level increase (Rohling et al., 2007) and a freshwater anomaly in the 

North Atlantic (Irvalı et al., 2012). Similarly a still increased input of freshwater due to melt-

ing ice sheets can be observed during the early to mid present interglacial (e.g. Fairbanks, 

1989). In a final step the melting ice sheets caused a collapse of ice-dammed proglacial 

lakes, which than delivered an immense amount of freshwater to the North Atlantic, caus-

ing an abrupt and wide-spread cooling like during the 8.2 kyr event (e.g. Ellison et al., 

2006; Kleiven et al., 2008). The same scenario can be observed during MIS 5.5, where a 

short-lived salinity decrease and increase in ice rafted detritus is observed at the end of 

the interglacial cooling period (Bauch et al., 2011; Irvalı et al., 2012). That such short-term 

interglacial cooling events, caused by an immense and rapid input of freshwater to the 

North Atlantic due to the collapse of ice-dammed proglacial lakes, are probably character-

istic for interglacials has recently been proposed by Bauch et al. (2011). Although the 8.2 

kyr event is well-expressed at the coring site (Schwab et al., 2012), an additional further 

cooling is missing at the end of the last interglacial cooling period (Figure 5.4). This proba-

bly indicates that the final outburst of proglacial lakes into the northern North Atlantic dur-

ing MIS 5.5 was not as severe as during the Holocene, and therefore is not well-expressed 

at our subtropical coring site. 

Altogether, we propose the following scenario of causes and consequences that may 

have led to the observed similar pattern of changes during the present and last interglacial 

in the North Atlantic, and that probably can also be applied to older interglacials: An early 

maximum in Northern Hemisphere summer insolation during both interglacials (cf. Laskar 

et al., 2004) resulted in an early interglacial peak, characterized by warm conditions and a 

more northern position of the AzF in the midlatitude North Atlantic (e.g. Figure 5.4b, i). Due 

to the delayed response of ice sheets to solar forcing, melting of ice sheets continued after 

the maximum in insolation (e.g. Fairbanks, 1989; Rohling et al., 2007), delivering freshwa-

ter to the North Atlantic and causing a reversal towards more glacial conditions. This melt-

ing culminated in a collapse of ice-dammed proglacial lakes, which then abruptly delivered 
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an immense amount of freshwater to the North Atlantic and therefore caused for example a 

widespread cooling (Barber et al., 1999; Kleiven et al., 2008; Bauch et al., 2011). After the 

freshwater forcing ceased, full interglacial conditions in the North Atlantic established dur-

ing the late interglacials. This scenario is in line with a previously proposed scenario for 

observed changes during the present and last interglacial period in the more northern lati-

tudes of the North Atlantic (Baumann and Matthiessen, 1992; Solignac et al., 2004; 2008; 

Sánchez Goñi et al., 2012). Therefore our results extend these findings to the open ocean 

subtropical realm of the North Atlantic, an area where existing high-resolution records are 

rare. 

 

5.5.3 A quantitative comparison of peak interglacial conditions during the present 
and last interglacial in the Azores region 

 

As already mentioned, it is important to know about the interglacial climate sensitivity 

to different boundary conditions, in order to improve future climate predictions (cf. chapter 

5.2). During the last interglacial several boundary conditions were different compared to 

the present one. For example, insolation forcing in the high northern latitudes was in-

creased during this time (Laskar et al., 2004). Furthermore global temperatures were 1.5 -

2°C warmer (e.g. Clark and Huybers, 2009), the Greenland ice shield was smaller (e.g. 

Carlson and Winsor, 2012) and global sea-level was about 6 m higher than today (e.g. 

Kopp et al., 2009). In the following we will quantitatively compare the present and last in-

terglacial, in order to test if the different boundary conditions during these periods have an 

impact on the ecological conditions in the Azores region. 

Assuming that evolutionary processes of coccolithophores do not affect coccolith 

concentrations in the sediment, we carried out a quantitative comparison of the last and 

present interglacial. However, this proxy can be affected by carbonate dissolution, which 

would also hamper a quantitative comparison. As the coring sites are situated above the 

present and even above the glacial lysocline in the eastern North Atlantic (e.g. Crowley, 

1983), dissolution most probably can be neglected during the investigated periods at the 

coring site. Furthermore, the excellent preservation of coccoliths in the sediment at the 

coring sites is indicated by high CEX‘ values and the presence of well-preserved fragile 

coccoliths of e.g. G. ornata and holococcoliths (Schwab et al., 2012; submitted). Therefore 

we conclude that dissolution does not exert a major control on the observed coccolith con-
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centrations in the sediment. Looking at the coccolith concentration records during the peak 

interglacials reveal a nearly doubling of coccolith concentrations during peak MIS 5.5 com-

pared to the late Holocene (Figure 5.5a). This doubling might have two explanations: 1) As 

most coccolithophores are K-selected, they increase their abundance within plankton 

communities under oligotrophic conditions, resulting in maximum coccolith concentrations 

in the subtropical gyre realm (e.g. Baumann et al., 2004). Therefore the increased concen-

trations during peak MIS 5.5 may reflect more oligotrophic conditions compared to the 

Holocene. This is probably a consequence of a more northern position of the AzF, corre-

sponding to an expansion of the North Atlantic subtropical gyre (cf. chapter 5.3), which 

would result in an increased advection of oligotrophic subtropical waters to the coring site. 

A more northern position of the AzF and therefore an expanded North Atlantic subtropical 

gyre during MIS 5.5 has been reported by Schwab et al. (submitted). 2) The increased 

coccolith concentrations may be the result of increased coccolithophore productivity during 

MIS 5.5. Increased coccolithophore productivity during MIS 5.5 in the eastern North Atlan-

tic has been reported by Lototskaya et al. (1998), Stolz and Baumann (2010) and Schwab 

et al. (submitted). Thereby the increased coccolithophore productivity has been related to 

optimal grow conditions (warm and stratified) and to the opportunity to occupy new habi-

tats after the preceding glacial period (e.g. Stolz and Baumann, 2010). However, as the 

Holocene at the coring site is also characterized by more warm and stratified conditions 

after the preceding glacial period (Schwab et al., 2012), this factor alone can probably not 

explain the observed difference between the present and last interglacial coccolith concen-

trations. Therefore, additional nutrients probably further increased coccolithophore produc-

tivity during MIS 5.5. An increased production and advection of nutrient-rich Subantarctic 

Mode Water (SAMW) into the North Atlantic during MIS 5.5, which resulted in an increased 

productivity in the North Atlantic, has been proposed by Romero et al. (2011). Therefore, 

the upwelling of these waters within the AzF and their advection to the coring site during 

MIS 5.5, probably further enhanced coccolithophore productivity (Schwab et al., submit-

ted). 

If coccolithophore productivity was increased during peak MIS 5.5 compared to the 

late Holocene, can be deduced from coccolith fluxes, which are more directly related to 

coccolithophore productivity. As coccolith fluxes during peak MIS 5.5 were twice as high as 

during the late Holocene (Figure 5.5b), the observed increased coccolith concentrations 
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Figure 5.5: a) Coccolith concentrations during the late Holocene (black solid line) and during late MIS 
5.5 (P3) (black stippled line). b) Coccolith accumulation rates during the late Holocene (black solid line) 
and during late MIS 5.5 (P3) (black stippled line). c) Diatom concentrations during the late Holocene 
(dots) and during late MIS 5.5 (P3) (squares). d) Relative abundance of G. muellerae during the late 
Holocene (black solid line) and during late MIS 5.5 (P3) (black stippled line). e) Relative abundance of 
grouped subtropical coccolithophore species during the late Holocene (black solid line) and during late 
MIS 5.5 (P3) (black stippled line). f) Coccolith carbonate content in the sediment during the late Holo-
cene (black solid line) and during late MIS 5.5 (P3) (black stippled line). Horizontal lines indicate mean 
values during the late Holocene (black solid lines) and during the late MIS 5.5 (black stippled line). Dif-
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are at least partly caused by an increased coccolithophore productivity. Furthermore, not 

only coccolithophore productivity was increased during peak MIS 5.5 but also diatom 

productivity (Figure 5.5c). Diatoms are known to be opportunistic species, occurring under 

nutrient-rich conditions (e.g. Abrantes et al., 2002). Therefore the observed increased dia-

tom concentrations indicate an increased surface nutrient inventory (probably due to an 

increased production and advection of SAMW) and most probably an enhanced overall 

productivity during peak MIS 5.5 compared to the late Holocene. 

Assuming a positive correlation between temperature and the position of the AzF, at 

which increased temperatures are associated with a more northern position of the AzF 

(Schwab et al., 2012), the increased global temperatures during MIS 5.5 (e.g. Clark and 

Huybers, 2009) imply a more northern position of the AzF during the last interglacial com-

pared to the present one. In order to deduce differences in the latitudinal position of the 

AzF during both interglacials we are investigating the abundances of key coccolithophore 

species (G. muellerae and grouped subtropical species), which can be used to trace latitu-

dinal displacements of the AzF (cf. chapter 5.5.2). As already mentioned, care must be 

taken in comparing the abundance records of coccolithophore species, as evolutionary 

processes resulted in different coccolithophore assemblages during the present and last 

interglacial (chapter 5.5.1). However, as the differences in coccolithophore assemblages is 

most pronounced in the abundances of E. huxleyi and small gephyrocapsids, due to a 

dominance reversal within the same ecological niche, other coccolithophore species are 

probably unaffected and may well be compared (see chapter 5.5.1). Assuming that other 

coccolithophore species are unaffected by evolutionary processes, a same or slightly more 

southern position of the AzF during peak MIS 5.5 compared to the late Holocene can be 

deduced, based on the abundance records of G. muellerae and subtropical species (Fig-

ure 5.5d, e). This is in contrast to what can be expected due to higher global temperatures 

during MIS 5.5. However, the increased abundances of G. muellerae and the decreased 

abundances of subtropical species may result from the increased surface nutrient invento-

ry during MIS 5.5. An affinity of G. muellerae to nutrient-rich conditions has been proposed 

by Sprengel et al. (2002). Therefore the nearly similar abundances of this species during 

late MIS 5.5 and late Holocene, due to the increased nutrient availability during the last 

interglacial, probably indicate a more northern position of the AzF during MIS 5.5 in ac-

cordance to what would be expected. Similarly, the low abundances of subtropical species 

during peak MIS 5.5 may be the result of the increased surface nutrient availability. As the-
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se species are adapted to oligotrophic conditions (e.g. Incarbona et al., 2010, and refer-

ences therein), the additional nutrients during MIS 5.5 (due to an increased production and 

advection of SAMW) are less favorable for these species. Therefore subtropical species 

may have been outcompeted by the more r-selected coccolithophore species of the family 

Noelaerhabdaceae (e.g. E. huxleyi and gephyrocapsids) during MIS 5.5, resulting in the 

observed low abundances. 

In summary, we propose that the AzF most probably resided at a more northern posi-

tion during the last interglacial compared to its present position. Furthermore an increased 

productivity, as evidenced by increased coccolithophore and diatom productivities, is ob-

served during the last interglacial in the Azores region. This increased productivity is most 

probably related to an increased production and advection of nutrient-rich SAMW into the 

North Atlantic during MIS 5.5 (Romero et al., 2011).  

Furthermore, the increased coccolithophore productivity resulted in an increased 

coccolith carbonate content of the sediment during peak MIS 5.5 compared to the late 

Holocene (Figure 5.5f). Increased coccolithophore productivity during MIS 5.5 has also 

been reported from more northern latitudes of the eastern North Atlantic (Lototskaya et al., 

1998; Stolz and Baumann, 2010). Therefore these results probably indicate an enhanced 

carbonate production in the entire eastern North Atlantic during MIS 5.5. As calcification of 

coccolithophores releases CO2 (e.g. Buitenhuis et al., 1999; Van der Wal et al., 1995), the 

proposed enhanced coccolithophore carbonate production in the eastern North Atlantic 

potentially acted as an atmospheric CO2 source during MIS 5.5. A similar impact on at-

mospheric CO2 levels can be expected from the more northern position of the AzF and the 

associated expansion of the subtropical gyre during MIS 5.5. This is because an expan-

sion of the oligotrophic waters of the North Atlantic subtropical gyre would decrease overall 

marine primary productivity (Polovina et al., 2008), which is a sink for atmospheric CO2 

(e.g. Falkowski, 2000). However, similar or only slightly increased atmospheric CO2 levels 

are observed during MIS 5.5 compared to the Holocene (e.g. Petit et al., 1999; Rundgren 

et al., 2005). This indicates that the observed changes in the eastern North Atlantic proba-

bly were insignificant for global atmospheric CO2 levels or that the observed increased 

primary productivity during MIS 5.5 (due to an increased production and advection of 

SAMW) counteracted the combined effects of the increased carbonate production and ex-

panded oligotrophic subtropical gyre. Therefore modeling experiments are urgently need-
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ed, in order to evaluate the impact of ecological changes in the eastern North Atlantic on 

global climate. 

 

 

5.6 Conclusions 
 

Holocene and MIS 5.5 coccolithophore assemblages are markedly different, due to 

the evolutionary adaption of certain coccolithophore species during the Late Quaternary. 

This hampers a quantitative comparison of individual coccolithophore species abundan-

ces. However, the evolutionary processes probably only affected abundances of E. huxleyi 

and small gephyrocapsids during the investigated time periods at the coring site, as evi-

denced by a dominance reversal within the same ecological niche. Nevertheless, abun-

dance variations within individual coccolithophore species still contain valuable information 

about past ecological changes. Comparing the individual abundance changes of key coc-

colithophore species at the coring site indicates a general pattern of ecological changes in 

the Azores region that can be observed during both interglacials. A first interglacial peak, 

characterized by warm, stratified conditions and a more northern position of the AzF, is 

observed during the early interglacials, as evidenced by abundance changes of E. huxleyi, 

G. muellerae and subtropical coccolithophore species. This first amelioration of climate is 

followed by a reversal towards more glacial conditions, which in turn is followed by peak 

interglacial conditions during the late interglacials. The observed similar pattern of intergla-

cial changes may be the consequence of an early interglacial peak in Northern Hemi-

sphere summer insolation, resulting in the observed early interglacial peak conditions. The 

delayed response of ice-sheets and the associated input of freshwater to the North Atlantic 

then caused a reversal towards the more glacial conditions during the early to mid inter-

glacials. After the freshwater forcing ceased, full interglacial conditions are established dur-

ing the late interglacials. The melting of the ice sheets during the early to mid interglacials 

culminated in a collapse of ice-dammed proglacial lakes, leading to an abrupt and im-

mense input of freshwater to the North Atlantic and resulting in a wide-spread cooling. Alt-

hough this event is well-expressed at the coring site during the Holocene (8.2 kyr event), 

an additional further cooling is missing in our records at the end of the last interglacial cool-

ing period, indicating that this event probably was weaker than during the Holocene. 
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In order to test the sensitivity of ecological changes in the Azores region to the differ-

ent boundary conditions during the last and present interglacial, we quantitatively com-

pared different proxies between the present and last interglacial period. This comparison 

indicates that the AzF most probably resided at a more northern position and that primary 

productivity was increased during MIS 5.5 compared to the Holocene. The increased pri-

mary productivity probably resulted from an increased production and advection of SAMW 

into the North Atlantic during MIS 5.5. The increased coccolithophore productivity during 

MIS 5.5 resulted in an increased coccolith carbonate production, which probably can be 

traced into the more northern latitudes of the eastern North Atlantic. The increased car-

bonate production in the eastern North Atlantic as well as the expansion of the subtropical 

gyre could potentially act as a source for atmospheric CO2. However, as atmospheric CO2 

levels are more or less similar during MIS 5.5 and the Holocene, the observed changes in 

the eastern North Atlantic were probably insignificant on a global scale. Another explana-

tion would be that the observed increased primary productivity during MIS 5.5 counteract-

ed the combined effect of the increased carbonate production and the expanding oligo-

trophic subtropical gyre. Therefore further (modeling) studies are need, in order to evaluate 

the impact of ecological changes in the eastern North Atlantic on global climate. 
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6.1 General conclusions 
 

The presented study provides high-resolution reconstructions of past changes in 

productivity and hydrography from the transitional zone between the temperate and sub-

tropical regions of the open ocean North Atlantic (Azores Island region). Changes in 

productivity and hydrography have been deduced based on quantitative coccolithophore 

assemblage analysis, alkenone analysis, XRF measurements and diatom counts. Consid-

erable changes in the paleoecological conditions in the Azores region are found during the 

Holocene, last deglacial and between 130 and 48 ka BP. In general, the observed changes 

are synchronous with the well-known environmental changes in the more northern lati-

tudes of the North Atlantic Ocean, indicating that the investigated low latitude sites are 

strongly influenced by high latitude processes. Furthermore as the described changes can 

convincingly be deduced from changes in coccolithophore assemblages, the presented 

study further strengthens the potential of coccolithophores in paleoceanographic studies. 

 

 

6.2 Holocene and last deglacial 
 

Based on changes in coccolithophore assemblages, the AzF resided at a more 

southern latitude during the deglacial and early Holocene, especially during H1 and the 

Younger Dryas. This corroborates and refines the results of Schiebel et al. (2002a), who 

postulated that the AzF occupied a more southern position during glacial periods. As the 

AzF delineates the northern boundary of the North Atlantic subtropical gyre, the more 

southern position of the AzF also corresponds to a less northward extension of the gyre. 

Furthermore, the last deglacial and early Holocene, and particularly H1 and the Younger 

Dryas, are characterized by an increased productivity at the coring site. This can be de-

duced based on increased coccolith accumulation rates, increased diatom abundances, 

high Ba/Ti ratios and increased alkenone concentrations/accumulation rates. Especially 

the increased productivity during H1 and the Younger Dryas might be related to the advec-

tion of northern-sourced, fresh and nutrient-rich surface waters to the coring site. Similar 

increased productivities during H1 and the Younger Dryas have also been reported from 

more eastern and more western sites of the midlatitude North Atlantic (Lebreiro et al., 
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1997; Rogerson et al., 2004; Gil et al., 2009; Penaud et al., 2011) and from the western 

Mediterranean Sea (Jimenez-Espejo et al., 2007). As Heinrich event 1 and the Younger 

Dryas are associated with a reduced AMOC (e.g. McManus et al., 2004; Carlson et al., 

2007; Barker et al., 2009), the observed increased productivity is in contrast to model pre-

dictions in this region (Schmittner, 2005; Menviel et al., 2008; Mariotti et al., 2012). How-

ever, this might be related to the low spatial resolution of models and/or to processes (e.g. 

advection of nutrient-rich surface waters) not considered by the models (Mariotti et al., 

2012). In general, during times of reduced AMOC, a band of strongly increased productivi-

ty can be found at the northern rim of the contracted North Atlantic subtropical gyre, which 

potentially could have counteracted the decreased organic carbon pump in the high north-

ern latitudes of the North Atlantic (Nave et al., 2007). 

Regarding the Holocene, a major reorganization of the productivity and hydrographic 

conditions in the Azores region is found during the mid-Holocene. The early Holocene is 

characterized by an increased productivity and a more southern position of the AzF, 

whereas lowest productivity and the northernmost position of the AzF are found during the 

late Holocene. This mid-Holocene reorganization of the productivity and hydrographic con-

ditions in the Azores region is in line with a global reorganization of environmental condi-

tions (Steig, 1999). 

 

 

6.3 Changes between 130 and 48 ka BP 
 

The coccolithophore assemblage records indicate a more southern position of the 

AzF during cold periods (Termination II, MIS 5.4, MIS 5.2 and MIS 4), whereas warm peri-

ods (MIS 5.5, MIS 5.3, MIS 5.1 and MIS 3) are characterized by a more northern position 

of the AzF. Again, the cold periods, which are also characterized by a weak AMOC (e.g. 

Evans et al., 2007), are accompanied by an increased productivity at the coring site, as 

indicated by increased coccolith accumulation rates and increased diatom abundances. 

However, the last interglacial period (MIS 5.5) is an exception to the general productivity 

pattern. During this warm period, a strongly increased coccolithophore productivity is 

found, which is in line with results from more northern latitudes of the eastern North Atlan-

tic (Lototskaya et al., 1998; Stolz and Baumann, 2010). This coccolithophore productivity 
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peak can be related to the opportunity for coccolithophores to occupy new habitats after 

glacial conditions (Stolz and Baumann, 2010) and/or to the advection of nutrient-rich Sub-

antarctic Mode Water (SAMW) and it’s upwelling within the AzF (Romero et al., 2011). 

In general, the results indicate that the AzF resides at a more northern position during 

warm periods, whereas it occupies a more southern position during cold periods. This in 

turn indicates that the North Atlantic subtropical gyre expands during warm periods and 

contracts during cold periods. Taking this relation, a global warming as it can be expected 

for the near future (Jansen et al., 2007), probably will lead to an expansion of the North 

Atlantic subtropical gyre. An expansion of the North Atlantic subtropical gyre and an asso-

ciated decrease in primary productivity in the North Atlantic has already been observed 

during the last decade (Polovina et al., 2008). However, as global climate during MIS 5.5 

was approximately 1.5 - 2°C warmer than the pre-anthropogenic global average of the 

past 10 kyrs, MIS 5.5 could serve as a future scenario for human induced climate change 

(e.g. Clark and Huybers, 2009; Kopp et al., 2009). Therefore the presented results indicate 

that an expected decrease in the organic carbon pump due to an expansion of the subtrop-

ical gyre could probably be mitigated by an increased coccolithophore productivity, which 

probably increases due to the occupation of new habitats and/or by an increased advec-

tion of SAMW. 

 

 

6.4 Short-term variability 
 

The well-known 8.2 kyr event, which was triggered by a freshwater-outburst of glacial 

lake Agassiz (e.g. Barber et al., 1999; Ellison et al., 2006), is recorded at the investigated 

midlatitude site. During this event productivity increased and the AzF resided at a more 

southern position. The increased productivity was probably triggered by nutrients brought 

by icebergs. These results corroborate modeling results, which indicate that a substantial 

fraction of the delivered freshwater enters the subtropical realm (Condron and Winsor, 

2011). A similar short-term event, probably corresponding to the Inter-Allerød Cold Period 

is recognized at the Allerød/Younger Dryas boundary. 

During early MIS 5.5 a short reversal towards more glacial conditions (increased 

productivity, more southern position of AzF) is found. The timing of this event corresponds 
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to the well-established Inter-Eemian Cooling Period, which is primarily recognized in rec-

ords from more northern latitudes of the Atlantic Ocean (e.g. Cortijo et al., 1994; Stolz and 

Baumann, 2010; Bauch et al. 2011). At the end of the Inter-Eemian Cooling event a pro-

nounced freshwater peak and a peak in ice-rafted detritus is recorded in the high northern 

latitudes, indicating analogies to the 8.2 kyr event (Bauch et al., 2011; Irvalı et al., 2012; 

Nicholl et al., 2012). Such short reversal towards glacial conditions due to a final drainage 

of glacial lakes may be a recurrent feature of Late Quaternary interglacials. 

 

 

6.5 A general structure of interglacial climate 
 

The comparison of the Holocene and last interglacial period reveals a general struc-

ture of changes in the Azores region. Both interglacials are characterized by a first early 

amelioration of climatic conditions, characterized by a decrease in productivity and north-

ward shift of the AzF in the Azores region. This is followed by a reversal towards more gla-

cial conditions (increase in productivity and southward shift of the AzF). The full interglacial 

conditions, characterized by minimum productivity and northernmost position of the AzF, 

are reached during the late interglacials. The sequence of changes may be caused by a 

similar chain of causes proposed for observed Holocene changes in the northern North 

Atlantic (Baumann and Matthiessen, 1992). A first insolation maximum during the early 

interglacials led to an amelioration of climate. Then, the delayed response of northern ice-

shields to the insolation forcing caused an increased input of freshwater, resulting in a re-

versal towards more glacial conditions. The accelerated melting of the northern ice-shields 

culminated in a final collapse of the ice-shield and a drainage of proglacial lakes (e.g. lake 

Agassiz). Although this final drainage event is recognized during the Holocene, an addi-

tional, final cooling event is missing during the Inter-Eemian cooling period in the Azores 

region. This probably indicates that this event was not as severe as during the Holocene 

and therefore is not recognized in the midlatitudes, and/or the routing of the discharged 

meltwater was different during this time. Finally, as the freshwater forcing ceased, full in-

terglacial conditions could establish during the late interglacials in the Azores region.
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7.1 Morphometry and morphotype analysis 
 

A fourth manuscript dealing with the ecological preferences of C. leptoporus and its 

morphotypes will be prepared. Although clear ecological preferences of this species have 

been established on a local scale (Kinkel et al., 2000; Andruleit and Rogalla, 2002), its 

patchy distribution pattern in the North Atlantic indicates no relation to specific environmen-

tal parameters (Ziveri et al., 2004). However, in the working area, the abundance pattern of 

this species shows the clear succession of deglacial events (Figure 7.1), indicating a close 

relationship to changes in the environmental conditions. As reconstructions of several

 
environmental parameters (temperature, salinity, nutrients) are available or will be availa-

ble soon, a canonical correspondence analysis (CCA) (see e.g. Boeckel et al., 2004) will 

help to disentangle the main factors that drive C. leptoporus abundances in the working 

area. Furthermore, the ecological preferences of the different morphotypes of C. lepto-
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Figure 7.1. a) Abundance of all C. leptoporus morphotypes together. Abundances of the b) small, c) 
intermediate and d) small morphotype of C. leptoporus. Blue vertical bars mark the Heinrich event 1 
and the Younger Dryas. Overall abundances and abundances of the different morphotypes show a 
clear response to the deglacial environmental changes at the coring site (cf. chapter 3). 
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porus are still unclear (Renaud and Klaas, 2001; Renaud et al., 2002). Therefore the dif-

ferent morphotypes (large, intermediate, small) were counted separately. Again, a PCA 

conducted with the abundances of the different morphotypes will help to understand their 

different ecological demands.  

Traditionally, E. huxleyi is analyzed to gain insights into the effect of rising atmos-

pheric CO2 on the calcification of coccolithophores (e.g. Riebesell et al., 2000; Beaufort et 

al., 2011; Lohbeck et al., 2012). However, as C. leptoporus is a cosmopolitan species, oc-

curring in nearly every oceanic realm, and as it produces more carbonate than E. huxleyi 

(Young and Ziveri, 2000), it probably also plays an important role in the oceanic carbon 

cycle. Therefore, the above described analysis will be supplemented by morphometric 

analysis currently conducted with SYRACO and light microscopy (Claußen, in prep.). This 

will additionally give insights into effect of the deglacial increase in atmospheric CO2 on the 

calcification of C. leptoporus. 

Morphotype and morphometric analysis have also been conducted on E. huxleyi. The 

preliminary results indicate that E. huxleyi decreases in size during the course of the last 

deglacial. This contradicts the findings of Beaufort et al. (2011). However, the sample reso-

lution is very low (only 12 samples during the last deglacial and Holocene period), and 

therefore a higher resolution is needed, which probably can be accomplished in the near 

future. 

 

 

7.2 High-resolution analysis of the 8.2 kyr event 
 

The high sedimentation rates during the 8.2 kyr event (see chapter 3.4.1) allow high-

resolution sampling. High-resolution coccolithophore analyses have been conducted dur-

ing this period (Figure 7.2). These results indicate, that the 8.2 kyr event was probably a 

two-step event, corroborating results from more northern latitudes of the North Atlantic 

Ocean (Kleiven et al., 2008; Bamberg et al., 2010). However, as only coccolithophore and 

XRF analysis were conducted with a high temporal resolution, other high-resolution mea-

surements (e.g. AMS 14C, planktonic and benthic oxygen and carbon isotopes, alkenones) 

are needed in order to fully deduce the environmental changes (productivity, temperature, 

salinity) in the Azores region during this period. 
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7.3 Other sediment cores 

 

Another sediment core (MD08-3181Cq) from the same location as GEOFAR KF16 

and MD08-3180 probably contains an expanded MIS 3 section. However, the age model of 

this core is yet not well constrained and therefore has not been analyzed in high resolution. 

Nevertheless, this core probably provides the opportunity to sample MIS 3 with a high 

temporal resolution, which would allow comparing the results with the famous „Shackleton 

Sites“ at the Iberian Margin. 

At last, the analyses of coccolithophores and other primary productivity related prox-

ies on sediment cores from more southern latitudes of the open ocean North Atlantic would 

yield more detailed insights into changes of the subtropical gyre geometry and productivity. 

This in turn could lead to a more quantitative estimation of productivity changes in the mid- 

to low-latitude North Atlantic, which would help to draw more quantitative conclusions in 

terms of ocean carbon cycle changes. 
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Taxonomic list of identified species 
 

Acanthoica spp. 

Algirosphaera robusta (Lohmann, 1902) Norris, 1984 

Alisphaera spp.  

Alisphaera unicornis Okada & McIntyre, 1977 

Alveosphaera spp. 

Calcidiscus leptoporus small type 

Calcidiscus leptoporus (Murray & Blackman, 1898) Loeblich & Tappan, 1978 

Calcidiscus quadriperforatus (Kamptner, 1937) Geisen et al., 2002 

Calciopappus caudatus Gaarder & Ramsfjell, 1954 

Calciosolenia brasiliensis (Lohmann, 1919) Young in Young et al., 2003 

Calciosolenia murrayi Gran, 1912 

Ceratolithus cristatus Kamptner, 1950 

Coccolithus pelagicus (Wallich, 1877) Schiller, 1930 

Coronosphaera mediterranea (Lohmann 1902) Gaarder, in Gaarder & Heimdal, 1977  

Coronosphaera spp. 

Cyrtosphaera lecaliae Kleijne, 1992 

Discosphaera tubifera (Murray & Blackman 1898) Ostenfeld, 1900 

Emiliania huxleyi (Lohmann, 1902) Hay & Mohler in Hay et al., 1967 

Florisphaera profunda Okada and Honjo, 1973 

Gephyrocapsa ericsonii McIntyre & Bé, 1967 

Gephyrocapsa muellerae Bréhéret, 1978 

Gephyrocapsa oceanica Kamptner, 1943 

Gephyrocapsa ornata Heimdal, 1973 

Gephyrocapsa protohuxleyi McIntyre, 1970 

Gladiolithus flabellatus (Halldal & Markali 1955) Jordan & Chamberlain, 1993 

Hayaster perplexus (Bramlette & Riedel, 1954) Bukry, 1973 

Helicosphaera carteri (Wallich, 1877) Kamptner, 1954 

Helicosphaera hyalina Gaarder, 1970 

Helicosphaera pavimentum Okada & McIntyre, 1977 

Michaelsarsia elegans Gran 1912 emend. Manton et al., 1984 
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Oolithotus antillarum (Cohen, 1964) Reinhardt in Cohen & Reinhardt, 1968 

Oolithotus fragilis (Lohmann, 1912) Martini & Müller, 1972 

Ophiaster formosus Gran 1912 emend Manton & Oates, 1983 

Pontosphaera syracusana Lohmann, 1902 

Pontosphaera discopora Schiller, 1925 

Pontosphaera spp. 

Retculofenestra spp. 

Rhabdosphaera clavigera Murray & Blackman, 1898 

Scyphosphaera apsteinii Lohmann, 1902 

Syracosphaera molischii Schiller, 1925 

Syracosphaera ossa (Lecal 1966) Loeblich & Tappan,1968  

Syracoshaera pulchra Lohmann, 1902 

Syracosphaera spp. 

Tetralithoides spp. 

Umbellosphaera irregularis Paasche in Markali & Paasche, 1955 

Umbellosphaera tenuis (Kamptner, 1937) Paasche in Markali & Paasche, 1955 

Umbilicosphaera anulus (Lecal, 1967) Young & Geisen n. comb. 

Umbilicosphaera foliosa (Kamptner 1963, ex Kleijne 1993) Geisen in Sáez et al., 2003  

Umbilicosphaera hulburtiana Gaarder, 1970 

Umbilicosphaera sibogae (Weber-van Bosse 1901) Gaarder, 1970  
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SEM pictures of coccoliths 

 

1 µm 1 µm

3 µm

3 µm 1 µm

3 µm 3 µm

a) b)

c) d)

e) f)

g) h)

1 µm
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SEM pictures of coccoliths from important coccolithophore species (previouse page). a) coccolith from E. 
huxleyi (sample: GEOFAR KF16 94.5 cm, magnification: 14000), b) coccolith from G. mullerae (sample: 
MD08-3180Cq 50.25 cm, magnification: 13500), c) coccolith from G. ericsonii (sample: MD08-3180Cq 
79.25 cm, magnification: 20000), d) coccolith from C. pelagicus (sample: MD08-3180Cq 290.25 cm, mag-
nification: 5000), e) coccoliths from C. leptoporus (left: large morphotype, right: intermediate morphotype) 
(sample: GEOFAR KF16 8.5 cm, magnification: 5500), f) in the center of this picture: coccolith from Um-
bellosphaera tenius, to the left: coccolith from F. profunda, to the upper right: coccolith from C. mediterra-
nea (sample: GEOFAR KF16 30 cm; magnification: 10500), g) coccolith from Umbilicosphaera foliosa 
(sample: GEOFAR KF16 39.5 cm, magnification: 8000), h) coccolith from O. fragilis (sample: GEOFAR 
KF16 39.5 cm, magnification: 8000). 
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Records of less abundant species in GEOFAR KF16 and MD08-3180Cq 
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a) Helicosphaera spp.

b) Acanthoica spp.

c) Calciosolenia spp.

d) R. clavigera

e) Oolithotus spp.

f) Syracosphaera spp.

g) D. tubifera

h) Umbellosphaera spp.

i) Umbilicosphaera spp.

j) Others II
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Late Holocene YD BA H1MH EH PB

Relative (solid lines) and absolute (grey areas) abundances of coccolithophore species that contribute to 
the group Others from Figure 3.3. Only coccoliths from species that contribute significantly are shown. All 
other species identified but not shown only occur sporadically in abundances < 1% and are grouped un-
der the term Others II. a) Helicosphaera spp., b) Acanthoica spp., c) Calciosolenia spp., d) Rhabdosphae-
ra clavigera, e) Oolithotus spp., f) Syracosphaera spp., g) Discosphaera tubifera, h) Umbellosphaera 
spp., i) Umbilicosphaera spp., j) Others II. Abbreviations and markers used are the same as in Figure 3.3. 
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Records of less abundant species in MD08-3179 (low resolution) 
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Relative (solid lines) and absolute (grey areas) abundances of coccolithophore species that contribute to 
the group Others from Figure 4.3. Only coccoliths from species that contribute significantly are shown. All 
other species identified but not shown only occur sporadically in abundances < 1% and are grouped un-
der the term Others II. a) Helicosphaera spp., b) Acanthoica spp., c) Calciosolenia spp., d) Oolithotus 
spp., e) R. clavigera, f) Syracosphaera spp., g) Umbilicosphaera spp., h) Others II. Abbreviations and 
markers used are the same as in Figure 4.3. 
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Records of less abundant species in MD08-3179Cq (high resolution) 
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Relative (solid lines) and absolute (grey areas) abundances of coccolithophore species that contribute to 
the group Others from Figure 4.3. Only coccoliths from species that contribute significantly are shown. All 
other species identified but not shown only occur sporadically in abundances < 1% and are grouped un-
der the term Others II. a) Helicosphaera spp., b) Acanthoica spp., c) Calciosolenia spp., d) Oolithotus 
spp., e) R. clavigera, f) Syracosphaera spp., g) Umbilicosphaera spp., h) Others II. Abbreviations and 
markers used are the same as in Figure 4.3. 
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Records of less abundant species in MD08-3179Cq (Holocene) 
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Relative (solid lines) and absolute (grey areas) abundances of less abundant coccolithophore species in 
the Holocene section of MD08-3179Cq. Only coccoliths from species that contribute significantly are 
shown. All other species identified but not shown only occur sporadically in abundances < 1% and are 
grouped under the term Others II. a) Helicosphaera spp., b) Acanthoica spp., c) Calciosolenia spp., d) 
Oolithotus spp., e) R. clavigera, f) Syracosphaera spp., g) Umbilicosphaera spp., h) Others II. Abbrevia-
tions and markers used are the same as in Figure 5.4. 
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Coccolithophore abundance data from GEOFAR KF16 
 
 

Depth 
[cm] E. huxleyi G. muellerae G. spp. 

(small) C. pelagicus C. leptoporus F. profunda Others 
Concentration 
[coccoliths/g 
sed. x 1010] 

0 56.2 11.3 2.8 0.009 8.7 5.6 15.4 2.48 
2.5 65.8 7.8 3.7 0.007 6.4 2.2 14.1 3.81 
3.5 62.7 7.7 2.3 0.009 9 3.5 14.8 4.16 
4.5 66.7 6.8 3 0.004 6.9 3.5 13.1 2.9 
5.5 63.6 11.1 2.1 0.003 9.3 3.3 10.6 3.86 
6.5 60 7.9 2.9 0.008 10.4 3.7 15.1 4.41 
7.5 56.4 10 1.8 0.004 11.7 4.1 16 3.26 
8.5 60.7 10.4 3.4 0.012 7.5 4.4 13.6 4.32 
9.5 62.7 10.6 3.8 0.007 8.7 4.4 9.8 3.53 

11.5 60.3 8.2 4.4 0.006 7.7 4.1 15.3 3.94 
13.5 61.6 7.4 3.5 0.014 9.1 4.1 14.3 4.3 
14.5 61.6 6.9 3.3 0.007 8 2.9 17.3 3.39 
17.5 58.9 10.4 3.4 0.005 7.2 4.1 16 4.65 
19.5 57.5 9.9 4.7 0.004 8.3 6 13.6 3.71 
21.5 60 10.1 3.8 0.003 5.2 6.8 14.1 4.39 
22.5 56 10.3 5 0.002 7 4.6 17.1 4.78 
24.5 57.3 12.4 5.2 0.006 7.7 5.2 12.2 3.96 
26.5 54.6 10.7 4.6 0.004 5.7 9.1 15.3 3.54 
27.5 53.6 11.4 3.9 0.005 6.8 6.4 17.9 4.14 
30 66.2 9.2 4.2 0.02 5.1 3 12.3 4.7 

31.5 60 9.8 2.9 0.008 7.7 3.8 15.8 4.55 
32.5 53 11 4.9 0.014 7.2 7.2 16.7 4.57 
34.5 59 9 4.5 0.005 4.4 4.5 18.6 5.21 
36.5 55.1 9.2 5.5 0.009 5.8 8.2 16.2 4.25 
37.5 55.5 7.1 5.3 0.015 5.8 6.4 19.9 4.26 
39.5 60.2 10.9 6.2 0.017 6.9 3 12.8 3.5 
41.5 51 10.7 5.5 0.073 5.2 7.9 19.6 3.5 
42.5 53.1 10.2 5.3 0.031 5.7 5.9 19.8 4.52 
44.5 57.2 12.3 6.5 0.045 4.1 3.4 16.5 3.22 
47.5 46.6 18.3 5.1 0.104 3.9 4.6 21.4 3.53 
49.5 40.4 22.7 3.8 0.245 6.5 6.5 19.9 1.79 
51.5 35.8 25.3 6.4 0.133 3.1 3.7 25.6 2.07 
54.5 45.4 18.2 8.4 0.105 4.8 4.8 18.3 1.43 
56.5 50.7 21 6.2 0.019 5.5 6.2 10.4 4.48 
59.5 49.6 17.6 6.6 0.029 6 3.3 16.9 3.08 
61.5 44.2 14 9.6 0.005 3.2 8.1 20.9 2.74 
64.5 48.4 19.3 7.8 0.022 6.9 3.7 13.9 2.13 
66.5 40.3 20.8 10.1 0.018 4.7 2.5 21.6 3.2 
69.5 44 20.4 9.8 0.024 8.6 3.6 13.6 3.93 
74.5 46.5 21.2 9.7 0.004 4.2 2.7 15.7 3.77 
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Depth 
[cm] E. huxleyi G. muellerae G. spp. 

(small) C. pelagicus C. leptoporus F. profunda Others 
Concentration 
[coccoliths/g 
sed. x 1010] 

76.5 27 18.7 29.9 0.062 3.4 2.3 18.6 2.69 
79.5 29.4 30.8 15.7 0.03 6.3 1.3 16.5 4.11 
82.5 23.6 26.7 24.5 0.045 3.6 1.8 19.8 2.58 
84.5 23.2 32.1 26.5 0.018 4.3 1.3 12.6 3.25 
89.5 32.8 31.8 12.7 0.015 4.1 3.5 15.1 3.85 
94.5 32.6 32 10.7 0.061 4.6 2.2 17.8 3.4 

100.5 31.7 31.5 7.9 0.024 4.8 1.6 22.5 4.1 
104.5 32 36.2 7.5 0.027 2.1 3.3 18.9 2.72 
109.5 25.3 37.1 8.4 0.031 5.8 0.8 22.6 4.09 
114.5 28.3 36.9 8.3 0.024 4.8 1 20.7 2.64 
119.5 34.7 32 8.3 0.034 2.9 1.3 20.8 2.5 
124.5 32.3 33.5 7.5 0.052 5.5 2.2 18.9 2.39 
129.5 32.9 33.9 7.2 0.028 6.6 0.6 18.8 3.75 
134.5 43.5 21.7 8.9 0.074 5 1.7 19.1 2.48 
137.5 37 23 9.1 0.029 6.5 1.1 23.3 3.44 
139.5 39.7 30 8.8 0.05 3.9 1.5 16.1 2.7 
142.5 35.8 27.8 9 0.043 5 0.6 21.8 2.46 
144.5 40.8 28.6 6 0.052 4.3 2 18.2 2.99 
147.5 40.5 28.9 8.8 0.047 7 0.3 14.5 2.83 
149.5 43.1 22.8 5.9 0.072 6.6 1.8 19.7 2.21 
152.5 41.8 31.5 7 0.049 7.8 0.8 11.1 3.04 
154.5 50.6 26.2 7.1 0.031 3.1 0.5 12.5 3.94 
157.5 45.4 19.8 10.2 0.077 7.8 0.6 16.1 3.09 
159.5 46.2 20.5 7.4 0.057 5.9 1.2 18.7 2.55 
164.5 48.8 21.7 7.9 0.038 4.9 0 16.7 2.13 
169.5 43.1 27 7.1 0.053 7.4 0.5 14.8 2.66 
172.5 43.1 29 5.4 0.076 5 0.7 16.7 3.28 
174.5 45.8 22.7 4.9 0.05 7.6 1.3 17.7 3.15 
177.5 43.4 30.5 5.2 0.041 4.6 0.3 16 3.97 
179.5 47.9 20.1 9.9 0.065 5.8 0.4 15.8 1.77 
182.5 45.9 30.2 4.2  5.2 0.8 13.6 4.05 
183.5 42.7 22.8 8.6  7 0.9 18 1.87 
184.5 50.3 22.4 8.3 0.055 4 1.2 13.7 2.36 
187.5 43.7 26.3 7 0.03 7.8 0 15.1 2.74 
188.5 44 29.7 6.1  5.5 1.2 13.5 3.67 
189.5 44.3 32.1 4 0.062 7.1 0 12.5 2.58 
194.5 54.2 19.3 4 0.063 7.5 0 15 3.05 
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Coccolithophore abundance data from MD08-3180Cq 
 
 

 

Depth 
[cm] E. huxleyi G. muellerae G. spp. 

(small) C. pelagicus C. leptoporus F. profunda Others 
Concentration 
[coccoliths/g 
sed. x 1010] 

90.25 38.5 25.6 10.08 0.03 4.9 1.96 18.9 3.05 
100.25 33.4 42.1 4.14 0.035 6.6 1.61 12.1 3.51 
110.25 27.6 34.2 8.94 0.023 5.5 1.08 22.7 3.5 
120.25 43.6 18.6 6.85 0.09 4.4 0.3 26.2 1.61 
160.25 48.2 25.2 4.2 0.057 7.2 1.2 13.9 2.73 
165.25 49.6 26.3 3.5 0.087 3.8 0.3 16.4 3.2 
170.25 41.4 32 3.1 0.129 4.5 1.5 17.4 1.69 
175.25 47.3 27.3 5.3 0.043 4.4 0.6 15.1 2.67 
180.25 39.1 31.1 5.8 0.076 3.5 1.2 19.2 3.11 
185.25 47.8 28.2 5.7 0.09 5 0.3 12.9 2.64 
190.25 46.1 25.7 4.9 0.117 5.3 0.9 17 2.16 
195.25 53.4 22.7 5.1 0.089 3.6 1.1 14 2.52 
200.25 41.2 28.1 8.9 0.087 3.4 0.3 18 2.23 
205.25 46.5 27.3 6.2 0.081 3.5 0.9 15.5 2.64 
210.25 40.6 33.9 6.2 0.072 5.1 0.9 13.2 2.02 
215.25 41.3 31.6 5.8 0.09 1.7 2 17.5 1.84 
220.25 34.3 39.9 5.6 0.075 2.2 0.9 17 2.36 
225.25 47.3 27.2 4.7 0.087 5 1.7 14 3.13 
230.25 44.7 27.6 4.8 0.104 4.2 0.6 18 2.36 
235.25 38.9 35.8 5 0.057 4.3 0 15.9 3.22 
240.25 43.9 30.9 5.2 0.127 4.1 0.6 15.2 2.49 
245.25 39.1 31.3 6.8 0.042 3.6 1.2 18 1.73 
250.25 44.1 29.1 6.2 0.129 4.1 0.6 15.8 2.04 
255.25 35.3 36.2 9.1 0.084 4.2 0.3 14.8 3.24 
260.25 21.2 31.1 29.8 0.144 2.3 0.9 14.6 1.79 
265.25 29.7 30.8 18.1 0.136 3.7 2.9 14.7 2.04 
270.25 36 17.8 13.4 0.082 8 1.5 23.2 3.11 
275.25 44.4 24.2 5.9 0.087 4.5 1.1 19.8 3.74 
280.25 43.6 25.4 6 0.124 3.8 2.1 19 2.24 
285.25 44.7 24.3 3.7 0.147 6.4 0.5 20.3 3.32 
290.25 41 21.4 7.1 0.142 5.4 2.3 22.7 3.19 
295.25 46.8 19.4 5.4 0.112 5.4 0.8 22.1 2.44 
300.25 50.9 12.8 6.4 0.175 5.5 1.2 23 2.85 
305.25 53.1 16.1 3.9 0.102 6.8 0.5 19.5 3.43 
310.25 51.1 20.5 3.7 0.064 5.8 1.1 17.7 4.1 
315.25 44.3 26.4 5.9 0.159 4.6 1.8 16.8 2.56 
320.25 43.3 29.8 5.9 0.143 1.5 1.5 17.9 2.01 
325.25 38.2 33.1 6.9 0.181 1 2 18.6 2.66 
330.25 36.2 35.7 5.2 0.078 2.4 3.2 17.2 4.09 
335.25 41.2 33.8 5.7 0.132 1 1.2 17 3.17 
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Depth 
[cm] E. huxleyi G. muellerae G. spp. 

(small) C. pelagicus C. leptoporus F. profunda Others 
Concentration 
[coccoliths/g 
sed. x 1010] 

340.25 41.2 31.6 4.9 0.092 0.9 2 19.3 3.62 
345.25 41.9 35.2 5.6 0.162 1 1.8 14.3 2.75 
350.25 39.6 32.9 4.9 0.135 1.7 4.6 16.2 2.57 
355.25 41.1 34.9 6.6 0.23 0.5 1.1 15.6 2.95 
360.25 45.5 31.9 2.7 0.156 1.7 2.1 15.9 3.62 
365.25 39.8 33.5 6.3 0.166 1.2 2.2 16.8 2.89 
370.25 39 35.7 3.2 0.158 1.5 0 20.4 2.71 
375.25 42 29.3 4.8 0.162 2.4 2.5 18.8 3.26 
380.25 44.7 34.9 3 0.227 1.2 1.8 14.2 2.92 
385.25 47.2 32.3 3 0.239 0.6 2.7 14 2.28 
390.25 49.3 28.1 4.3 0.283 1.6 0.6 15.8 3.49 
395.25 43.4 31.7 4.1  0.6 2.6 17.3 2.23 
399.75 52.8 25 5.9 0.296 1.6 1.9 12.8 2.8 

 
 
 
Coccolithophore abundance data from MD08-3179Cq 
 
 

Depth 
[cm] E. huxleyi G. muellerae G. spp. 

(small) C. pelagicus C. leptoporus F. profunda Others 
Concentration 
[coccoliths/g 
sed. x 1010] 

85.5 54.1 9.7 5.5 0.006 6.7 4.9 19.1 4.73 
90.5 58.4 9.6 3.4 0.009 5.6 4.9 18.1 2.66 
95.5 52.2 11.4 3.2 0.004 6.4 5.4 21.4 3.05 

100.5 53.6 12.5 5.4 0.02 6.2 6 16.3 3.68 
105.5 46.5 17.1 6.2 0.01 5.7 3.5 21 1.24 

110.5 48.4 20 5.2 0.013 5.2 4.9 16.3 3.65 
115.5 38.9 19.7 7.4 0.029 5.8 3 25.2 3.14 
120.5 29.6 35 5.8 0.017 4.7 3.9 21 3.21 
125.5 31.2 33.8 6.8 0.032 5.8 2.4 20 3.16 
130.5 42.3 27.3 5.3 0.066 6.3 2.5 16.2 2.77 

135.5 49.5 26.2 2.8 0.113 3.2 0.3 17.9 3.17 
140.5 45.8 27.2 4.5 0.099 4.9 0.5 17 3.05 
145.5 45.1 27 4.6 0.151 4.2 1.6 17.3 2.98 
150.5 44.1 25.4 4.8 0.131 4.2 1.4 20 2.8 
160.5 40.2 29.7 4.7 0.188 3.5 2.9 18.8 2.64 

165.5 39.5 33 4.4 0.222 2.7 1.6 18.6 3.74 
170.5 39 34 3.8 0.303 2.6 2.6 17.7 3.44 
175.5 42.1 29.8 4.5 0.352 1.1 5.3 16.8 2.28 
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Depth 
[cm] E. huxleyi G. muellerae G. spp. 

(small) C. pelagicus C. leptoporus F. profunda Others 
Concentration 
[coccoliths/g 
sed. x 1010] 

180.5 45.5 29.6 8.2 0.409 1.6 3.4 11.3 2.41 
185.5 40.8 24.3 7.5 0.439 1.7 5.2 20.1 2.79 

385.5 32.9 37.9 7.3 0.132 2.9 1.8 17.1 3.51 
395.5 30.7 36.6 11.1 0.18 3.8 2.2 15.4 2.95 
405.5 26.6 38.8 9.9 0.105 6.9 0.9 16.8 3.56 
415.5 20.9 35.5 12.8 0.083 7.3 3.7 19.7 2.11 
425.5 28.9 30.7 17 0.105 6 1.4 15.9 3.19 

430.5 33.7 31.7 9.7 0.082 6.4 1.7 16.7 3.87 
435.5 32.4 34.9 11.4 0.098 3 0.6 17.6 3.26 
440.5 28.9 34.9 18 0.108 3.2 2.3 12.6 3.98 
445.5 32.5 34 14.2 0.121 3.1 1.4 14.7 3.23 
450.5 29.1 34.3 12 0.07 3.3 2.3 18.9 3.13 

455.5 29.8 36.1 15.4 0.142 5.3 1.2 12.1 3.3 
460.5 26.9 32.2 17 0.122 7.1 1.5 15.2 3.59 
465.5 25.1 33.5 18.1 0.096 3.5 3.2 16.5 3.42 
470.5 33.2 32.9 14.1 0.15 3.2 3.2 13.3 3.6 
475.5 25.9 41.2 14.5 0.052 2 3.2 13.1 3.05 

480.5 20.5 43 16.4 0.06 1.1 3.6 15.3 3.62 
485.5 16.9 51.4 13.9 0.123 1.2 3.4 13.1 3.57 
490.5 11.7 53.3 17.7 0.188 0.6 3 13.5 3.62 
495.5 23.1 48 15 0.263 0.6 2.1 10.9 2.93 
500.5 18.2 46.8 18.4 0.205 0.6 4.3 11.5 4.15 

505.5 19.9 52.4 15.8 0.137 0.9 2.6 8.3 4.29 
510.5 11.7 58.2 17.7 0.115 0.9 2.7 8.7 4.07 
515.5 17.3 57.7 11.4 0.187 0.6 4.3 8.5 3.11 
520.5 10.2 61.5 14.8 0.166 1.2 3.1 9 5.52 
525.5 5.9 68.5 13.8 0.216 1.1 2 8.5 4.35 

530.5 3.2 65.1 20.1 0.242 1.2 2.4 7.8 3.43 
535.5 9.2 65.3 16.5 0.166 1.6 1.6 5.6 5.39 
540.5 11.7 52.2 24.5 0 2.4 3.1 6.1 4.29 
545.5 19.2 39.9 28.5 0.121 2.9 1.2 8.2 5.28 
550.5 19.6 23.9 45.1 0.055 1.9 0.8 8.6 7.53 

555.5 19.4 31.7 40.4 0.076 2.7 0 5.7 5.97 
560.5 16.4 24.9 49.8 0.069 1.2 1.5 6.1 6.39 
565.5 9.1 28.4 50 0.033 2.8 1 8.7 7.96 
570.5 8.8 26.1 55.5 0.039 2.7 0.6 6.3 5.37 
575.5 8.5 28.5 51.1 0.028 2.1 0 9.8 7.85 

580.5 4.4 37.9 49.8 0.057 0.4 0 7.4 6.19 
585.5 5.1 43.6 42.2 0.057 0.6 1.4 7 6.09 
590.5 7 41.3 42.2 0.052 0.9 1.2 7.3 6.25 
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Depth 
[cm] E. huxleyi G. muellerae G. spp. 

(small) C. pelagicus C. leptoporus F. profunda Others 
Concentration 
[coccoliths/g 
sed. x 1010] 

595.5 10.1 34.8 44.2 0.048 2.5 1 7.4 5.97 
600.5 8.4 26.3 57.9 0.013 0.6 0.8 6 7.96 

605.5 9.6 27.2 55.4 0.038 1 0.8 6 5.16 
610.5 9.6 23 58 0.02 1.9 0.9 6.6 8.87 
615.5 9.3 21.2 58.1 0.017 3 0 8.4 8.1 
620.5 6.5 25 59.1 0.012 1.6 0.3 7.5 8.85 
625.5 5.5 12.2 70.9 0.015 1.5 0.9 9 6.87 

630.5 12.5 15 62 0.011 1.5 0.5 8.5 7.67 
635.5 12.2 17.9 56.4 0.013 2.9 2 8.6 7.38 
640.5 10.1 16 59.5 0.01 2.4 2.4 9.6 8.28 
645.5 8.8 22.8 57.9 0.036 1.2 0.8 8.5 6.94 
650.5 12.6 24.3 50 0.023 1.6 2.9 8.6 9.27 

655.5 6 37.1 43.1 0.062 1.2 3.2 9.3 6.06 
660.5 8.3 27.9 52.4 0.047 1.7 2 7.7 4.93 
665.5 5 25.4 55.3 0.065 4.4 0.3 9.5 5.54 
670.5 8.9 22.4 57 0.047 3.7 0.3 7.7 6.48 
675.5 11.4 25.5 53.8 0.069 2.1 0.9 6.2 6.28 

680.5 13.7 22.8 53.7 0.07 3.9 0.8 5 6.54 
685.5 10.1 21.2 55.1 0.114 4.8 0.3 8.4 5.51 
690.5 13.8 22.3 48.2 0.076 3.5 0.3 11.8 5.24 
691.5 13.5 28.7 46.6 0.084 2.8 0.6 7.7 5.44 
692.5 9.3 24.6 54 0.094 4.6 0.6 6.8 4.61 

693.5 9.3 23.3 53.5 0.09 4.2 0.9 8.7 5.63 
694.5 13.1 19.8 53.6 0.091 4.3 1.6 7.5 5.72 
695.5 12.3 17.9 57.6 0.063 3.4 1.3 7.4 6.04 
696.5 12.5 25.3 47.5 0.076 5.9 1.4 7.3 6.18 
697.5 14.2 20.2 52.9 0.067 2.8 1.5 8.3 5.3 

698.5 11.5 21.8 56.2 0.052 3.7 0.6 6.1 6.53 
699.5 13.9 18.4 58.1 0.035 2.8 0.6 6.2 6.42 
700.5 12.9 21.9 51 0.039 3.4 0.7 10.1 5.66 
701.5 13.6 19.1 58.1 0.041 2.8 1.3 5.1 6.76 
702.5 12.6 17.9 60.1 0.038 3.5 0.9 5 6.52 

703.5 14.9 18 55.3 0.076 4.4 1.1 6.2 5.5 
704.5 13.5 14.8 58.9 0.047 5.5 0 7.3 6.28 
705.5 17.4 14.4 57.1 0.037 2.1 1.2 7.8 6.23 
706.5 11 18.7 61.4 0.055 6.2 0.3 2.3 6.3 
707.5 16.7 14.6 60.3 0.044 3 0.3 5.1 7 

708.5 15.2 15.2 57.3 0.036 2.6 0.8 8.9 6.61 
709.5 20.3 12.8 56.9 0.04 2.9 0.3 6.8 5.73 
710.5 20.2 10.9 56.2 0.017 3.4 0.3 9 6.06 
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Depth 
[cm] E. huxleyi G. muellerae G. spp. 

(small) C. pelagicus C. leptoporus F. profunda Others 
Concentration 
[coccoliths/g 
sed. x 1010] 

711.5 14.3 13.2 60.3 0.021 4.6 0.5 7.1 6.24 
712.5 13.4 8 62.7 0.033 4.5 0.6 10.8 6.19 

713.5 18.1 13.6 56.5 0.018 3.8 0 8 6.95 
714.5 14.5 13.1 61.6 0.04 3.8 0.6 6.4 6.69 
715.5 15.8 12.1 58 0.038 3.8 0.6 9.7 7.07 
716.5 16.6 9.8 60.4 0.05 5.6 0 7.6 7.11 
717.5 15.2 12.7 58.7 0.038 3.4 0.3 9.7 6.03 

718.5 17.1 11.4 58.7 0.02 3.6 1.6 7.6 5.94 
719.5 16.2 11.5 61.2 0.058 3 0 8 6.4 
720.5 20.1 13.7 56.1 0.047 1.6 0.9 7.6 5.07 
721.5 13.7 12.4 61.5 0.03 4.1 1.1 7.2 6.8 
722.5 13.8 10.8 66.6 0.012 1.6 0.9 6.3 7.13 

723.5 14.4 10.9 62.7 0.028 4 0.8 7.2 7.6 
724.5 15.8 9.7 63.7 0.022 2.4 1.9 6.5 7.75 
725.5 11.6 12 61.8 0.032 3.7 1.5 9.4 5.53 
726.5 17.9 5.5 66.6 0.018 4.1 0.6 5.3 6.71 
727.5 11.9 9.3 68.9 0.02 1.6 1.5 6.8 7.92 

728.5 12.3 11.3 65.2 0.009 3 1.4 6.8 6.84 
729.5 15.7 8.7 62.5 0.025 4.7 0.6 7.8 7.18 
730.5 15.6 8 64.3 0.018 3.8 0.5 7.8 8.81 
731.5 13.4 10.1 64.9 0.026 4.1 0.7 6.8 8.33 
732.5 13.7 13.2 60.6 0.021 3.5 0.3 8.7 7.75 

733.5 16.8 9.4 61.7 0.037 3.3 1 7.8 6.69 
734.5 14.8 8.6 63.5 0.01 4.7 0.2 8.2 8.06 
735.5 18.7 8.4 64.9 0.024 1.9 0 6.1 9.01 
736.5 19.6 10.7 56.1 0.016 4 1.2 8.4 8.73 
737.5 13.1 14.4 61.4 0.016 4.4 1.2 5.5 8.85 

738.5 17.4 7.2 63 0.01 3.7 1.3 7.4 8.23 
739.5 14.1 10.2 65 0.013 3 0.2 7.5 8.42 
740.5 13.1 14 60.5 0.012 3.1 0.5 8.8 7.82 
741.5 17.2 12.1 59.7 0.028 3.8 0.6 6.6 6.94 
742.5 13.9 9.8 62.3 0.035 2.9 1 10.1 6.86 

743.5 11.4 8.1 68 0.022 4.9 0.8 6.8 7.06 
744.5 13.9 11.1 61.6 0.007 6.4 0.3 6.7 6.8 
745.5 16 11.3 56.8 0.016 4.2 0.3 11.4 8.4 
746.5 11.8 10.8 63.4 0.008 3.9 1.4 8.7 8.34 
747.5 16 12.3 57.6 0.02 4.1 0.5 9.5 8.96 

748.5 14.8 10.7 60.9 0.011 2.3 1.6 9.7 8.16 
749.5 11 14 58.6 0.004 4.3 1.5 10.6 7.44 
750.5 12.7 12.8 60.5 0.015 3 0.9 10.1 6.21 
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Depth 
[cm] E. huxleyi G. muellerae G. spp. 

(small) C. pelagicus C. leptoporus F. profunda Others 
Concentration 
[coccoliths/g 
sed. x 1010] 

751.5 16.1 13.5 56.7 0.015 3.2 0.5 10 7.97 
752.5 12.2 11.5 65.5 0.019 4.3 1.6 4.9 8.5 

753.5 11.8 16.5 61.4 0.022 3.7 1 5.6 9.04 
754.5 10.3 13.3 63.1 0.013 2.8 1.5 9 8.59 
755.5 14.9 13.3 62 0.025 2.7 0 7.1 7.15 
756.5 12.3 12.5 61.7 0.02 2.8 0.9 9.8 9.78 
757.5 15.4 16.8 56.1 0.012 2.4 1 8.3 8.8 

758.5 12 11.7 63.4 0.037 3.1 1.4 8.4 7.64 
759.5 13.4 15.8 60.2 0.029 2.9 0.9 6.8 7.54 
760.5 13.3 15.7 60.1 0.012 1.7 1.7 7.5 6.64 
761.5 10.7 21.9 51.5 0.026 2.6 2.5 10.8 8.25 
762.5 9.5 21.3 54.9 0.009 2.3 1.6 10.4 8.23 

763.5 10.4 17.7 59 0.033 2.6 1 9.3 7.24 
764.5 12.7 14.5 58.8 0.025 2.6 2.6 8.8 6.88 
765.5 11.5 18.5 57.4 0.034 2.7 2.7 7.2 7.77 
766.5 12.8 12.8 63.6 0.032 2.6 1.4 6.8 7.46 
767.5 11.3 21.6 54.7 0.041 1.4 1.9 9.1 7.63 

768.5 12.3 21.1 55.9 0.029 2.7 0.5 7.5 7.89 
769.5 6.2 17.7 63.3 0.025 3 2.5 7.3 7.83 
770.5 10.4 21 57.6 0.038 4.6 1.1 5.3 7.48 
771.5 6.8 18.8 59.5 0.056 3.5 1.6 9.7 6.5 
772.5 7.3 21.9 58.8 0.046 4.1 0.9 7 7.72 

773.5 6.5 23.5 54.8 0.044 2.6 2.8 9.8 7.57 
774.5 6.9 29.7 53 0.068 2 1 7.3 8.04 
775.5 6.8 29.3 48.6 0.066 3.6 2.7 8.9 6.86 
776.5 7.3 27 51.8 0.066 2.4 2.4 9 8.33 
777.5 7.5 29.1 54.7 0.09 1.1 1.6 5.9 8.6 

778.5 5.9 25.6 56.8 0.049 1.8 1.1 8.8 7.82 
779.5 8.4 25.2 54.7 0.056 3.8 0 7.8 8.98 
780.5 7.6 22.8 58.1 0.071 3.5 0.8 7.1 6.94 
781.5 8.5 29.5 49.6 0.078 2.5 1.4 8.4 8.45 
782.5 8.6 21.2 56.2 0.089 3.8 1.9 8.2 6.74 

783.5 10.5 24.6 53.9 0.078 3.6 0.6 6.7 6.94 
784.5 7.6 19.4 64.9 0.064 3.1 1 3.9 7.95 
785.5 8.3 19.1 59.3 0.058 3.8 0.9 8.5 7.67 
786.5 9.8 19 59 0.061 3 1 8.1 6.66 
787.5 9.3 21.3 58 0.077 2.9 1.5 6.9 7.15 

788.5 10.5 13.6 63.9 0.058 3.1 0.8 8 8.4 
789.5 9.2 18.4 57.2 0.06 4.5 1.2 9.4 7.9 
790.5 10.6 15.6 63.1 0.058 1.8 2.1 6.7 8 
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Depth 
[cm] E. huxleyi G. muellerae G. spp. 

(small) C. pelagicus C. leptoporus F. profunda Others 
Concentration 
[coccoliths/g 
sed. x 1010] 

791.5 8.1 18.7 61.2 0.067 4.1 0.6 7.2 6.86 
792.5 8.5 20.1 63.5 0.075 2.9 0.3 4.6 7.15 

793.5 12 23.2 55.6 0.08 2 2.3 4.8 6.65 
794.5 7.8 22.5 59.8 0.099 2.3 1.5 6 7.29 
795.5 5 26.5 59.3 0.092 2 0.6 6.5 7.31 
796.5 7.9 24.5 56.4 0.071 2.9 0.8 7.4 5.15 
797.5 9.5 21.8 54.7 0.092 4.6 1.2 8.1 5.79 

798.5 5.1 31.8 49.1 0.12 4.2 0.9 8.8 5.77 
799.5 7 38.8 41.6 0.241 0.8 2.1 9.5 4.29 
800.5 5.7 33.7 48.6 0.218 5.7 0 6.1 5.07 
801.5 5.9 34.6 44 0.204 3.1 2.7 9.5 4.61 
802.5 4.8 39.6 42.1 0.178 3.2 2.6 7.5 5.26 

803.5 5 37.1 47.6 0.253 1.8 1.9 6.3 6.68 
804.5 4.7 39.2 48.5 0.102 1.6 0.6 5.3 6.53 
805.5 5.3 39.7 39.9 0.181 1.3 2.9 10.7 5.57 
806.5 4.8 45 39.6 0.16 2.6 1.9 5.9 3.8 
807.5 5.6 37.9 43.5 0.233 3.7 1.7 7.4 5.83 

808.5 5.9 41.7 42.6 0.277 1.8 2.2 5.5 5.15 
809.5 6.4 35.8 47.8 0.283 1.4 2.1 6.2 4.49 
810.5 4.5 38.6 46.2 0.308 1.5 1.5 7.4 5.14 
811.5 5.8 34.2 48.4 0.297 2.3 1.7 7.3 5.51 
812.5 8.1 28.3 53.7 0.177 1.4 0.8 7.5 7.35 

813.5 7.8 31.8 48 0.251 3.6 0.9 7.6 4.71 
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Diatom abundance data 
 
 

Depth [cm] Concentration 
[valves/g sed. x 107] 

GEOFAR KF16 
19.5 0 
34.5 0 
61.5 0.06 

100.5 0.07 
104.5 0.44 
134.5 1.17 

MD08-3180Cq 
75.25 0.13 
77.25 0.24 
79.25 0.36 
82.25 0.06 

200.25 1.63 
205.25 2.63 
220.25 1.42 
230.25 1.93 
260.25 0.25 
270.25 0.35 
280.25 0.6 
300.25 0.41 
335.25 1 
360.25 1.37 
375.25 1.05 
380.5 1.27 

 
 
 
 
 
 
 
 

	   	  
Depth [cm] Concentration 

[valves/g sed. x 107] 

MD08-3179Cq 
385.5 0.6 
410.5 0.36 
445.5 0.38 
465.5 0.38 
480.5 1.61 
485.5 1.57 
510.5 1.24 
520.5 1.27 
545.5 0.51 
555.5 0.56 
565.5 0.28 
575.5 0.3 
585.5 0.23 
600.5 0.15 
615.5 0 
630.5 0.12 
640.5 0.24 
650.5 1.13 
665.5 0.87 
675.5 0.25 
700.5 0.16 
725.5 0.27 
730.5 0.15 
738.5 0.08 
772.5 0.55 
785.5 0.56 
795.5 0.18 
797.5 0.07 
800.5 0.6 
806.5 0.4 
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Alkenone analysis from MD08-3180Cq
 
 

Depth [cm] SST [°C] Concentration 
[ng/g] 

5.25 18.85 63 
10.25 18.82 45 
15.25 19.03 33 
20.25 19.48 24 
25.25 18.58 36 
30.25 18.52 62 
35.25 18.76 76 
40.25 19.18 68 
45.25 18.79 59 
50.25 18.82 66 
55.25 18.67 12 
60.25 19.45 28 
65.25 18.91 26 
70.25 19 24 
75.25 17.88 42 
80.25 17.79 49 
85.25 19.88 55 
90.25 20.15 80 
94.25 19.79 75 
95.25 19.97 55 

100.25 19.24 293 
105.25 19.61 443 
110.25 19.85 235 
115.25 19.94 336 
120.25 19.67 372 
125.25 19.42 354 
130.25 18.97 405 
135.25 18.97 449 
140.25 18.91 523 
145.25 18.06 527 
150.25 18.39 532 
155.25 18.33 519 
160.25 18.39 567 
165.25 18.21 667 
170.25 17.36 482 
175.25 16.39 471 
180.25 15.12 368 
185.25 16.82 538 
190.25 14.97 483 
195.25 14.7 400 

	  
	  

	   	  
Depth [cm] SST [°C] Concentration 

[ng/g] 

200.25 14.73 342 
205.25 14.27 388 
210.25 14.21 346 
215.25 14.48 314 
220.25 14.73 270 
225.25 14.45 288 
230.25 15.15 299 
235.25 15.48 403 
240.25 15.85 492 
245.25 15.82 349 
250.25 15.64 446 
255.25 18.73 116 
260.25 18.03 147 
265.25 18.21 103 
270.25 19.06 170 
275.25 19.39 188 
280.25 18.79 208 
285.25 17.85 217 
290.25 18.21 139 
295.25 18.3 215 
300.25 18.18 179 
305.25 17.24 194 
310.25 16.61 245 
315.25 18.24 130 
320.25 14.97 90 
325.25 13.76 172 
330.25 13.12 233 
335.25 13.61 231 
340.25 12.91 304 
345.25 13.85 434 
350.25 13.61 478 
355.25 13.45 543 
360.25 12.58 541 
365.25 12.55 485 
370.25 12.67 524 
375.25 12.88 374 
380.25 13.09 451 
385.25 12.73 490 
390.25 13.12 465 
395.25 13.55 618 
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