
VU Research Portal

Rapid oceanographic changes associated with last glacial ice-rafting events

Jonkers, L.P.

2010

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Jonkers, L. P. (2010). Rapid oceanographic changes associated with last glacial ice-rafting events: Observations
from the past and present northern North Atlantic. [PhD-Thesis – Research external, graduation internal, Vrije
Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/83900fd4-3ae8-419b-b5a4-2945714c0181


VRIJE UNIVERSITEIT

Rapid oceanographic changes associated with
last glacial ice-rafting events

Observations from the past and present northern 
North Atlantic

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad Doctor aan
de Vrije Universiteit Amsterdam,

op gezag van de rector magnificus
prof.dr. L.M. Bouter,

in het openbaar te verdedigen
ten overstaan van de promotiecommissie

van de faculteit der Aard- en Levenswetenschappen
op woensdag 12 mei 2010 om 11.45 uur

in de aula van de universiteit,
De Boelelaan 1105

door

Lukas Pieter Jonkers
geboren te Hannover, Duitsland



promotor:  
prof.dr. T.C.E. van Weering

copromotoren:  
dr. G.J.A. Brummer
dr. M.A. Prins



Reading committee:
dr. H.M. van Aken
dr. H.A. Bauch
prof.dr. I.R. Hall
dr. L.D. Keigwin
dr. M. Moros
prof.dr. H. Renssen

This research was carried out at:

Royal Netherlands Institute for Sea Research
Department of Marine Geology
Texel, the Netherlands
and
VU University
Faculty of Earth and Life Sciences
Amsterdam, the Netherlands

ISBN: 9789086594498
Rapid oceanographic changes associated with last glacial ice-rafting events. Observations from the past 
and present northern North Atlantic.

In Dutch:
Snelle oceanografische veranderingen geassocieerd met episodisch ijs-transport tijdens de laatste ijstijd. 
Observaties van de vroegere en huidige noordelijke Noord-Atlantische oceaan.

Cover: East Greenland. All satellite images were taken from NASA’s Visible Earth website  
(http://visibleearth.nasa.gov/).
Design: Ellen De Jong, Amsterdam (www.2words2capitals.com)
Print: Wöhrmann Print Service, Zutphen

This research was funded through the VAMOC project, a NL-UK-NO collaboration within RAPID.  
NWO grant no. 854.00.020.



Om veel te weten moet je kennis vergaren die je tevoren nog niet had. 

– Herman Brusselmans



[Contents]

Preface 7
Summary/Samenvatting 9

[1] Introduction 21

[2] The use of laser diffraction  
particle sizing in paleoceanography 31

[3] Intra-annual variability  
of rapid sedimentation on Gardar Drift 49

[4] Spatial and temporal habitats  
of left-coiling N. pachyderma and T. quinqueloba 67

[5] Warm glacial ice-rafting events 85

[6] Delayed response of the glacial  
circulation to freshwater input 99

[7] Outlook and further considerations 111

References 124
Acknowledgments/Dankwoord 140





7[Preface]
The study of paleoceanography and associated past climate change is fascinating  
and challenging in two ways. Firstly there is the challenge how to reconstruct the past 
in the absence of instrumental data. We evidently depend on proxies to infer the past 
conditions and a mechanistic understanding of how proxies reflect specific climatic 
parameters is thus absolutely necessary. Secondly, there is the challenge to under-
stand the paleoclimate record; which processes or mechanisms explain the observa-
tions and thus ultimately how does (or did) the climate system function. This latter 
aspect requires large scale and four-dimensional thinking. For me it is this combination 
that makes research of past climate and oceanography tremendously fascinating and  
I hope that through illustrating both aspects in this thesis I am capable of conveying 
some of that enthusiasm and curiosity for paleoceanographic research.
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[Samenvatting]
Oceanen spelen een cruciale rol in het  
klimaat vanwege hun grote warmtecapaci-
teit. Circulatie in de oceanen is daarom 
van groot belang voor de verdeling van 
warmte over de aarde. Veranderingen in 
de intensiteit van de circulatie in het verle-
den hebben dientengevolge grote invloed 
gehad op het klimaat. In de Atlantische 
tak van het wereldwijde circulatiesysteem 
stroomt oppervlaktewater over het alge-
meen naar het noorden, terwijl diep water, 
dat is gevormd in de noordelijke Noord-
Atlantische oceaan en de noordelijke 
zeeën, naar het zuiden stroomt. Dit alge-
mene circulatiepatroon wordt wel de Atlan-
tische Meridionale Overslaande Circulatie 
(AMOC) genoemd. Het oppervlaktewater 
transporteert zout en warmte vanuit het 
zuidelijk halfrond over de evenaar naar het 
noorden. Elke verandering in deze circula-
tie heeft effect op de warmteverdeling en 
de AMOC speelt dus een belangrijke rol 
in het klimaat van de Atlantische regio, 
vooral in West Europa en Noord Amerika. 
De AMOC wordt deels aangedreven door 
dichtheidsgradiënten in de oceaan en dit 
deel wordt de thermohaliene circulatie 
genoemd. Veranderingen in de dichtheid 
van het oppervlaktewater op plekken waar 
diepwatervorming optreedt hebben in het 
verleden grote invloed gehad op de inten-
siteit van de AMOC. Toen het noorden van 
Europa en Amerika tijdens de laatste ijstijd 
bedekt was met grote ijskappen, werden 
geregeld enorme hoeveelheden ijs in de 
Noord Atlantische oceaan geloosd. Het 
smelten van al dit ijs verlaagde de dicht-
heid van de oppervlaktewateren en leidde 
tot een reductie van de AMOC. Vanwege 
deze gevoeligheid voor verstoringen door 
zoet water wordt de Noord-Atlantische 
oceaan wel de achilleshiel van de AMOC 
genoemd. Onderzoek in de Noord-Atlanti-

[Summary]
The oceans play a crucial role in cli-
mate due to their large heat capacity 
and circulation in the oceans is impor-
tant for the global distribution of heat. 
Consequently, past changes in the 
intensity of the circulation had profound 
influence on climate. In the Atlantic 
limb of the global circulation system, 
surface waters generally flow north-
ward, while deeper waters, which are 
formed in the northern North Atlantic, 
are directed towards the south. This 
general flow pattern is known as the 
Atlantic Meridional Overturning Circu-
lation (AMOC). The surface waters 
transport salt and heat across the equa-
tor towards the north and any change 
in this circulation will affect the distri-
bution of heat. As such the AMOC plays 
an important role in the climate of the 
Atlantic region particularly in that of 
Western Europe and North America. 
The AMOC is partly driven by density 
gradients in the ocean and this part is 
referred to as the thermohaline circu-
lation. Past changes in the density of 
the surface waters at the deep-water 
formation sites in the northern North 
Atlantic had profound effects on the 
intensity of the AMOC. When Northern 
Europe and America were covered with 
huge icecaps during glacial periods, 
occasional input of massive amounts 
of ice into the Atlantic Ocean took 
place. The melting of this ice caused a 
decrease of the density of the surface 
waters and slowed down the AMOC. 
Because of this sensitivity to freshwa-
ter perturbations, the North Atlantic 
has been named the Achilles heel of 
the AMOC. Consequently, research in 
the northern North Atlantic is essential 
for the understanding of (past) climate 
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sche oceaan is dus voor het begrip van 
klimaatverandering, zowel nu als tijdens 
het verleden, cruciaal. In deze thesis wordt 
de evolutie van oppervlakte en diepe circu-
latie in de noordelijke Noord-Atlantische 
oceaan tijdens een periode van herhaalde-
lijke ijstoevoer gedurende de laatste ijstijd 
geanalyseerd. Echter, omdat het onmoge-
lijk is om oceaancondities uit het verleden 
direct te meten, is paleoceanografisch 
onderzoek afhankelijk van proxies – meet-
bare benaderingen van vroegere parame-
ters. Reconstructie van het verleden vereist 
dus een degelijk begrip van hoe proxies 
bepaalde oceaancondities weergeven en 
hoe ze in het sedimentair archief worden 
opgenomen. Deze thesis bestaat derhalve 
uit twee delen. Het eerste deel (hoofdstuk 
[2] tot [4]) concentreert zich op de 
methodiek en het tweede deel (hoofd-
stukken [5] en [6]) behandelt benade-
ringen, gebaseerd op proxy metingen, van 
oceanische processen tijdens periodes 
van ijstoevoer gedurende de laatste ijstijd.

In hoofdstuk [2] wordt het gebruik 
van laser-diffractie voor het bepalen van 
korrelgrootte in paleoceanografisch 
onderzoek geëvalueerd. De korrelgrootte 
van lithogeen diepzee-sediment kan 
namelijk informatie opleveren over vroe-
gere variaties in stroomsnelheid dichtbij  
de zeebodem en in de aanvoer van door 
ijs getransporteerd sediment. Hoofdstuk 
[3] beschrijft de huidige intra-jaarlijkse 
variabiliteit van deeltjes fluxen op een 
sediment drift en hoe deze variabiliteit 
paleoceanografische reconstructies kan 
beïnvloeden. Over de jaren hebben plank-
tonische foraminiferen zich bewezen als 
nuttig gereedschap voor het reconstrueren 
van vroegere condities nabij of aan het 
zee oppervlak. Hoofdstuk [4] laat zien  
dat het verschil in de productieperiode 
van twee veel voorkomende foraminifera 
gebruikt kan worden als een indicator 
voor seizoensgebonden temperatuurver-
schillen in de bovenste waterlaag.  

change. This thesis analyses the evo-
lution of near-surface and deep circu-
lation in the northern North Atlantic 
throughout a period of repeated ice-
rafting events during the last Glacial. 
However, since past ocean conditions 
cannot be measured directly, pale-
oceanographic research relies on prox-
ies – measurable approximations of 
past oceanic parameters. Reconstruc-
tion of the past thus requires a solid 
understanding of how such proxies 
reflect oceanic processes and how they 
become incorporated into the sedi-
mentary archive. Therefore, this thesis 
consists of two parts. The first part 
(chapters [2] to [4]) focuses on the 
methodology and modern processes 
and the second part (chapters [5] and 
[6]) describes inferences of ocean 
processes associated with ice-rafting 
events during the last glacial period.

In chapter [2] the use of the 
laser diffraction particle sizing tech-
nique for paleoceanographic research 
is evaluated. Grain-size characteristics 
of lithogenic deep-sea sediments may 
yield information on past near-bottom 
flow conditions and on variations in the 
contribution of ice-rafted material. 
Chapter [3] describes the modern intra-
annual variability of particulate matter 
fluxes onto a sediment drift and how 
this may affect paleoceanographic 
inferences. Planktonic foraminifera 
have proven to be a very useful tool  
for the reconstruction of near sea sur-
face conditions. And in chapter [4] it  
is shown that the difference in the pro-
duction period of two widespread fora-
miniferal taxa provides an indicator  
of seasonal temperature contrast. In 
chapters [5] and [6] foraminiferal and 
grain-size based inferences of deep 
and surface ocean dynamics during 
marine isotope stage 3 (29.000- 
59.000 years ago) are presented.
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In hoofdstukken [5] en [6] worden recon-
structies van oppervlakte en diepe oceaan 
condities gebaseerd op foraminifera en 
korrelgrootte verdelingen tijdens marien 
zuurstof stadium 3 (MIS 3; 29.000-
58.000 jaren geleden) gepresenteerd.

Het gebruik van laser  
diffractie korrelgrootte meting  
in paleoceanografie
Voor een betekenisvolle bepaling van het 
vroegere klimaat aan de hand van korrel-
grootte data is het van belang om niet 
alleen naar de korrelgrootte van het sedi-
ment te kijken, maar ook naar de meng-
structuur aangezien deze de variërende 
input van verschillende sediment-types 
weergeeft. Het statistisch ontmengen van 
korrelgrootteverdelingen in verschillende 
subpopulaties maakt het mogelijk om op 
een objectieve manier te corrigeren voor 
menging van sediment en dus om recon-
structies van het klimaat te verbeteren. 
Vandaar dat het ideale instrument voor het 
bepalen van korrelgrootte in staat moet 
zijn om reproduceerbare korrelgrootte 
data over een breed spectrum te genere-
ren. Voorts moet het instrument kleine  
veranderingen in de mengstructuur op 
een voorspelbare wijze registreren. Laser-
diffractie korrelgrootte bepaling voldoet 
aan beide eisen en is dus een krachtig ge-
reedschap voor paleoceanografen. 
Echter, korrelgrootte metingen op basis 
van laser diffractie kunnen misleidende in-
formatie bevatten door de overschatting 
van de grootte en proportie van platige 
deeltjes. Derhalve wordt het gebruik van 
laser-diffractie voor het bepalen van korrel-
grootte van fijne korrelige sedimenten  
door sommige wetenschappers onge-
schikt geacht. Wij hebben getest of deze 
bezorgdheid terecht is door het uitvoeren 
van drie mengexperimenten met deeltjes 
in het grootte bereik van fijnkorrelige diep-
zee sedimenten. De standaarden die zijn 

The use of laser  
diffraction particle sizing  
in paleoceanography
For meaningful grain-size based infer-
ences of past climate, not only grain-
size but also the mixing structure of 
the sediment must be known as this 
reflects the varying contribution of 
genetically different sediment types. 
Statistical decomposition of the grain-
size distributions into different sub-
populations allows for objective cor-
rection for mixing that may otherwise 
negatively affect climate reconstruc-
tions. The ideal instrument for grain-
size measurements must consequently 
allow for the precise determination of 
particle size over a wide size range and 
must register changes in the mixing 
structure of the sediment in a predict-
able way. Since laser diffraction parti-
cle sizing fulfils these demands, it is  
a very fast and powerful tool for pale-
oceanographers. However, measure-
ments of fine-grained sediments based 
on laser diffraction may contain spuri-
ous information due to the overesti-
mation of the size and proportion of 
platy particles. Consequently, some 
scientists consider the use of laser 
diffraction particle sizing for the deter-
mination of fine-grained sediment 
size distributions inappropriate. We 
have tested whether such concerns 
are warranted by conducting mixing 
experiments with particles in the  
size range of fine-grained deep-sea 
sediments. The standards used in  
the experiments ranged from glass 
spheres to deep-sea sediments: from 
homogeneous and ideal particles for 
laser diffraction to heterogeneous, but 
real-world sediment particles. These 
experiments show that the laser dif-
fraction particle sizer yields highly 
reproducible results and that small 
changes in the mixing structure of the 
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gebruikt varieerden van glasparels tot 
echt diepzee sediment: van homogene en 
ideale deeltjes voor laser diffractie tot hete-
rogene, echte sediment deeltjes. De expe-
rimenten hebben laten zien dat de laser 
diffractie korrelgrootte meter zeer reprodu-
ceerbare data oplevert en dat kleine ver-
anderingen in de mengverhoudingen op 
een voorspelbare manier worden geregis-
treerd. Correctie voor het verschil tussen 
de verwachte en de daadwerkelijk gemeten 
mengverhoudingen resulteert dus slechts 
in een kleine fout. Het gebruik van verschil-
lende standaarden heeft aangetoond dat 
het bovengenoemde verschil niet volledig 
wordt veroorzaakt door de platige vorm van 
sediment deeltjes, maar dat een klein ver-
schil tussen de verwachte en gemeten 
mengverhouding inherent is aan de me-
tho  de. Omdat dit verschil goed kan worden 
gecorrigeerd en omdat laser diffractie re-
produceerbare data over een breed groot-
te spectrum oplevert, is de conclusie dat 
deze techniek zeer geschikt is voor paleo-
ceanografisch onderzoek gerechtvaardigd.

Intra-jaarlijkse variabiliteit van 
snelle sedimentatie op Gardar drift
Tijdseries van deeltjes fluxen, gemeten met 
sedimentvallen, geven niet alleen inzicht in 
de korte termijn dynamiek van sedimentatie, 
maar vergroten ook onze kennis van hoe 
proxies oceanische processen reflecteren. 
In combinatie met onderzoek aan zee-
bodemafzettingen, wat informatie oplevert 
over de opname van proxies in het sedi-
mentair archief, zijn zulke tijdseries van 
cruciaal belang om reconstructies van het 
klimaat te verbeteren. Sedimentdrift-afzet-
tingen worden gevormd onder invloed  
van variërende stroming dichtbij de zee-
bodem. Tevens worden zij vaak gekenmerkt 
door een hoge sedimentatie snelheid en 
vormen drift afzettingen dus een ideaal 
archief voor paleoceanografische recon-
structies op hoge resolutie.

sediment are indeed registered in a 
predictable way. Correction for the 
misfit between the measured and 
expected mixing structure can thus be 
achieved with minor errors. The use of 
different types of standards indicates 
that the misfit is not entirely due to the 
platy shape of fine particles, but to some 
degree inherent to the method. How-
ever, this misfit can be compensated 
and since laser diffraction allows for 
predictable and precise measurement 
of grain-size over a broad size spec-
trum, the conclusion that the tech-
nique is very useful for paleoceano-
graphic reconstructions is justified.

Intra-annual variability  
of rapid sedimentation on 
Gardar Drift
Modern time-series of particulate 
matter fluxes from sediment traps 
provide insight into the short-term 
sedimentation dynamics as well as an 
understanding of how oceanic condi-
tions are reflected in proxies. Com-
bined with the study of seabed deposits, 
which addresses the incorporation of 
proxies into the sedimentary archive, 
such time-series are instrumental to 
improve paleoceanographic inferences. 
Sediments drift deposits are formed 
under the influence of varying bottom-
currents and thanks to their enhanced 
sedimentation rates often allow for 
high-resolution paleoceanographic 
reconstructions. The Gardar Drift lies 
along the path of the Iceland-Scotland 
Overflow Waters and constitutes an 
archive of past dynamics of this impor-
tant limb of the AMOC. Understanding 
the development of these deposits is 
thus fundamental; yet, particularly  
on the short term (< 1 year) dynamics 
of this system very little is known. To 
achieve insight into this variability we 
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De Gardar drift ligt langs het pad van het 
IJsland-Schotland overstortwater en 
omvat dus een archief van de vroegere 
dynamiek van deze belangrijke tak van de 
AMOC. Begrip van de ontwikkeling van 
deze afzettingen is dus doorslaggevend 
voor goede reconstructies, maar juist van 
de korte termijn (< 1 jaar) dynamiek is 
weinig bekend. Om inzicht te verkrijgen  
in deze korte termijn variabiliteit hebben 
wij een 319 daagse tijdserie van deeltjes- 
fluxen en hydrodynamica op 4 m. boven 
de bodem op de zuidelijke Gardar drift 
(op 2600 m diep) geanalyseerd. De stu-
dielocatie wordt gekenmerkt door een 
extreem hoge sedimentatiesnelheid en 
geeft dus potentieel de vroegere oceaan 
condities met enorm hoge resolutie weer. 
De moderne data zijn vervolgens vergele-
ken met de lokale afzettingen. De opge-
vangen flux liet een verrassend grote 
variabiliteit in grootte en samenstelling 
zien. Met name tijdens de lente was de 
aanlevering van biogeen materiaal hoog. 
Veranderingen in de grootte van de flux 
waren direct afhankelijk van de intensiteit 
van de stroming. Er bleken twee bronnen 
van sediment te zijn: een bron van ouder, 
herwerkt lithogeen materiaal en carbona-
ten die al langere tijd in (re)suspensie 
waren, en een tweede bron bestaande uit 
vers geproduceerd biogeen materiaal. De 
extreem hoge fluxen en het hoge aandeel 
labiel biogeen materiaal kunnen niet ver-
klaard worden zonder een actieve concen-
tratie van sediment te veronderstellen. Een 
dergelijke concentratie van sediment kan 
ook worden afgeleid uit de 210Pb activiteit 
van het sediment, deze is namelijk boven 
de natuurlijke productiesnelheid. Derge-
lijke concentratie is waarschijnlijk het 
gevolg van een samenspel tussen de locale 
bathymetrie en de stroming dichtbij de 
bodem. De opgevangen fluxen represen-
teren echter slechts 60% van de daad-
werkelijke jaarlijkse sedimentaccumulatie, 
hetgeen aangeeft dat er waarschijnlijk 

collected and analysed a 319 days 
long time-series of particulate matter 
fluxes and hydrodynamic parameters 
recorded at 4 m above the bottom on 
a 2600 m deep site on the southern 
Gardar Drift. The study site is charac-
terised by an extremely high sedimen-
tation rate, thus potentially yielding a 
very high-resolution archive of past 
ocean conditions. The modern data 
were subsequently compared with the 
actual seabed deposits at the site. The 
intercepted flux showed surprisingly 
pronounced changes in magnitude 
and in composition, with enhanced 
input of biogenic matter following the 
springbloom. Changes in the magni-
tude of the flux were directly related 
to intensity of the flow over the site. 
There appear to be two different 
sources of the sediment that is depos-
ited here; a source providing reworked 
lithogenics and carbonates that have 
been in suspension for a long time, 
and another source providing freshly 
produced biogenic matter. Without 
presuming active local sediment 
focussing, the extremely high fluxes 
and the large contribution of easily 
degraded biogenic material cannot be 
explained. Active sediment focussing 
is supported by 210Pb values above 
their production rate and is most likely 
caused by the interplay between the 
local bathymetry and the deep currents. 
The observed sediment trap fluxes 
account, however, for only 60% of the 
sediment accumulation rate, indicating 
active advection of additional sediment 
closer to the bottom and/or possibly 
even higher variability of both the bio-
genic and lithogenic fluxes. Such tem-
poral variability in the composition and 
amount of material deposited under-
scores the importance of seasonality 
in the biogenic flux but also highlights 
intra-annual changes in the lithogenic 
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extra materiaal aangevoerd wordt dichter bij 
de bodem en/of dat de korte termijn varia-
biliteit nog hoger is. Dergelijke variabiliteit 
in de samenstelling en hoeveelheid van het 
materiaal dat wordt afgezet onderstreept 
het belang van seizoensgebonden biolo-
gische productie, maar geeft ook aan dat 
de korte termijn veranderingen in de litho-
gene flux van belang zijn voor de ontwikke-
ling van zulke afzettingen. Beide bronnen 
van variabiliteit dienen in acht te worden 
genomen bij het interpreteren van sedimen-
taire tijdseries van dergelijke afzettingen.

De ruimtelijke en temporele  
habitats van linksdraaiende  
N. pachyderma en van  
T. quinqueloba 
De biologische exportflux wordt geken-
merkt door een vaste seizoensgebonden 
variatie in zowel samenstelling als grootte. 
Kennis van jaarlijkse fluxpatronen kan der-
halve worden gebruikt om reconstructies 
gebaseerd op biologische proxies te 
begrenzen tot een bepaald seizoen. Plank-
tonische foraminiferen leggen de tempe-
ratuur en de zuurstofisotopen samenstel-
ling van het oppervlaktewater vast in hun 
kalk skelet. Fossiele resten van foramini-
feren worden dan ook veelvuldig gebruikt 
voor de reconstructie van omstandigheden 
aan of nabij het zeeoppervlak. Voor zinvolle 
reconstructies is het dus van belang om de 
seizoensgebonden productie periodes te 
kennen en om te weten op welke diepte 
de foraminifeer zijn skelet vormt. Verschillen 
in de temporele of diepte habitats van ver-
schillende foraminifera kunnen worden 
toegepast om een seizoensgebonden of 
ruimtelijk temperatuur contrast in het boven-
ste deel van de waterkolom te reconstrueren.

In hoofdstuk [4] rapporteren wij over 
de productieperioden en zuurstofisotoop-
dynamica van linksdraaiende Neoglobo-
quadrina pachyderma en Turborotalita 
quinqueloba in de Irminger Zee, een plek 

flux. Both sources of variability should 
therefore be taken into account when 
interpreting the paleorecord from such 
depositional settings.

Spatial and temporal habitats 
of left-coiling N. pachyderma 
and T. quinqueloba 
Biological export fluxes show consis-
tent seasonal variability in magnitude 
and composition. Consequently, knowl-
edge of the annual flux patterns can 
be applied to constrain biogenic proxy 
reconstructions to a specific period of 
the year. Planktonic foraminifera live 
close to the sea surface and register 
the temperature and the oxygen iso-
tope signature of the ambient water  
in their skeletal oxygen isotope signal, 
which has therefore been widely used 
to reconstruct past (near) sea surface 
conditions. However, knowledge on 
the seasonality of the foraminiferal 
flux and on the water depth at which 
the species compose their skeletons 
and thus by their isotope characteris-
tics is instrumental for sensible recon-
structions. Seasonal or depth habitat 
difference among different foraminifera 
can then be used to infer intra-annual 
temperature contrast or differences in 
stratification of the upper water column.

In chapter [4] we report on the 
seasonality and oxygen isotope dynam-
ics of left-coiling Neogloquadrina 
pachyderma and Turborotalita quin-
queloba in the Irminger Sea, where 
intermittent formation of deep water 
takes place during winter. The area is 
thus of importance for the AMOC as 
the conversion of surface to deep 
waters occurs here and it is potentially 
sensitive for any disruptions of the cir-
culation intensity. Both N. pachyderma 
and T. quinqueloba are species of 
colder water and the relatively warm 
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waar af en toe diepwater vorming optreedt 
tijdens de winter. Het gebied is dus van 
belang voor de AMOC vanwege deze 
omzetting van oppervlakte- naar diepwater 
en is derhalve ook gevoelig voor verstorin-
gen van de circulatie. Zowel N. pachyderma 
als T. quinqueloba zijn soorten die in rela-
tief koud water leven en zijn in de Irminger 
Zee dichtbij de bovengrens van hun tempe-
ratuurverspreiding. Het gedrag van beide 
soorten in de Irminger Zee vormt dus een 
voorbeeld voor klimatologisch milde peri-
odes uit het verleden. Het oppervlakte 
water in de Irminger Zee wordt gekenmerkt 
door grote seizoensgebonden verschillen 
in thermische gelaagdheid. De reactie van 
beide foraminifera op deze veranderingen 
is onderzocht door middel van een drie 
jaar lange tijdserie van een diep verankerde 
(2750 m.) sedimentval. Omdat het zout-
gehalte van het oppervlakte water nauwe-
lijks varieert, geeft de δ18O van de soorten 
vooral temperatuur aan. Het bleek dat de 
zuurstofisotopensamenstelling van zowel 
N. pachyderma als T. quinqueloba de tem-
peratuur aangeeft op ongeveer dezelfde 
diepte van rond de 50 m, de basis van de 
door de wind gemengde oppervlaktelaag. 
De zuurstof isotopen samenstelling van  
T. quinqueloba week af van de verwachte 
evenwicht-calcificatie. Tussen de beide 
soorten bestaat een groot verschil in pro-
ductieperiode. N. pachyderma begint veel 
eerder in het jaar te groeien en zijn δ18O 
waarden geven een gewogen gemiddelde 
van minimum- en maximumtemperatuur 
weer. De export flux van T. quinqueloba 
laat daarentegen alleen tijdens de zomer 
een piek zien en de δ18O hiervan reflecteert 
dus met name maxima in de temperatuur. 
Het verschil in δ18O tussen beide soorten 
kan dus gebruikt worden als een indicator 
van het contrast tussen de zomer maxi-
mum- en de winter minimumtemperatuur.

In de volgende twee hoofdstukken wordt 
de nadruk verplaatst van methodologie en 

waters of the Irminger Sea are close 
to their maximum temperature range. 
This study therefore intends to provide 
an analogy for the species’ behaviour 
during climatically mild periods of the 
past. The surface waters in the Irminger 
Sea display strong seasonal changes 
in thermal stratification and the spe-
cies’ response to these changes is 
determined by a three year long time-
series from a deep (2750 m) moored 
sediment trap. Since the salinity vari-
ability is very small, changes in the 
δ18O of both species reflect dominantly 
temperature. The δ18O values of both 
N. pachyderma and T. quinqueloba 
reflect temperature at approximately 
the same depth in the watercolumn, at 
about 50 m at the base of the surface 
wind-mixed layer. Only T. quinqueloba 
shows an offset from equilibrium calci-
fication. The seasonal flux patterns of 
both species however differ markedly. 
N. pachyderma starts to grow much 
earlier in the year and its δ18O values 
reflect a weighted average of minimum 
and maximum temperatures. The 
export flux of T. quinqueloba on the 
other hand peaks in summer and its 
δ18O signal therefore mainly reflects 
maximum temperatures. The isotopic 
contrast between both species thus 
yields an indicator of the difference 
between the summer maximum and 
winter minimum temperatures and 
consequently can be used to infer 
past changes in seasonal thermal 
stratification.

In the following two chapters the focus 
is shifted from methodology and 
modern processes to the rapid climatic 
changes during marine isotope stage 
3 (MIS 3). During MIS 3 abrupt warm-
ing events, observed in the Greenland 
ice-cores and in marine records, follow 
the input of ice-rafted detritus in the 
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moderne processen naar klimaatverande-
ringen tijdens MIS 3. Deze periode wordt 
gekenmerkt door periodes van abrupte 
klimatologische opwarming die volgen op 
de afzetting van door ijs getransporteerd 
materiaal. Deze snelle veranderingen 
worden derhalve vaak toegeschreven aan 
veranderingen in de AMOC door de aan-
voer van zoet water via ijs. Hoofdstuk [5] 
beschrijft de bron van deze plotselinge 
opwarming en in hoofdstuk [6] wordt de 
respons van de diepe circulatie op de 
aanvoer van ijs in detail geanalyseerd.

Warme glaciale ijs-transport  
episodes
Op basis van verschillende proxies uit twee 
diepzeekernen van de Reykjanes Rug 
worden de oppervlaktewatercondities die 
zijn geassocieerd met ijs-transport gebeur-
tenissen gereconstrueerd. Korrelgrootte 
en geo-chemische kenmerken zijn gebruikt 
om door ijs getransporteerd sediment 
(IRD) te herkennen en oppervlakte condi-
ties zijn bepaald aan de hand van het voor-
komen van bepaalde foraminiferen soorten 
en hun stabiele isotopen en chemische 
samenstelling. Beide kernen laten zien dat 
de hoogste temperaturen in de halocliene 
werden bereikt kort nadat de aanvoer van 
IRD stopte. De opwarming begon echter 
al tijdens de aanvoer van IRD, maar deze 
toename in temperatuur trad waarschijn-
lijk alleen op tijdens de zomer, want koude 
winters zijn een vereiste om ijs naar het 
studiegebied te transporteren. Vergelijk-
bare opwarming tijdens ijs-transport epi-
sodes vond plaats elders in de Noord- 
Atlantische oceaan en kan derhalve niet 
verklaard worden door een verschuiving 
van de route van de warme Noord-Atlanti-
sche Stroming. De opwarming wordt dan 
ook toegeschreven aan het naar het/de 
oppervlakte komen van een diepere warm-
watermassa. Deze watermassa was 
gevormd door de afgenomen ventilatie 

North Atlantic. These abrupt warming 
events have therefore often been attrib-
uted to the rapid resumption of the 
AMOC and associated advection of 
warm surface waters from the south 
when freshwater forcing ceased. Chap-
ter [5] considers the source of this rapid 
warming of the surface waters and chap-
ter [6] analyses the response of the 
deep circulation to ice rafting in detail.

Warm glacial ice-rafting events
Chapter [5] explores the rapid changes 
in near surface conditions associated 
with ice-rafting events on the basis of 
two multi-proxy records of ice-rafted 
detritus (IRD) input, near sea surface 
temperature and ventilation state. IRD 
is identified on the basis of geochem-
ical and grain-size characteristics and 
surface conditions are inferred from 
census counts of planktonic foramini-
fera as well as from the stable isoto-
pic and trace elemental composition 
of left-coiling N. pachyderma. Both 
records show that highest tempera-
tures in the halocline were reached 
shortly after the input of IRD ended. 
The onset of the temperature increase 
occurred however during the ice-raft-
ing events. These higher temperatures 
likely were a summer phenomenon 
only, as cold waters during winter are 
required to allow for the transport of 
sediment-laden ice to the study area. 
Similar warming during ice-rafting 
events has been observed elsewhere 
in the northern North Atlantic and can 
therefore not be explained by a rerout-
ing of the North Atlantic Current. Con-
sequently the temperature increase is 
attributed to a shoaling of a warm 
subsurface watermass that was formed 
during the ice-rafting event as a result 
of decreased ventilation caused by 
pronounced stratification of the upper 
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van de diepere water lagen door toege-
nomen stratificatie en voorgezette noord-
waartse stroming van warm water onder 
het oppervlak. Koolstofisotopen waarden 
van N. pachyderma suggereren inderdaad 
dat tijdens de afzetting van IRD de venti-
latie van het oppervlaktewater afnam. 
Bovendien laten de zuurstofisotopen van 
dezelfde soort zien dat naast smeltwater 
van ijsbergen, zee-ijs een belangrijke rol 
kan hebben gespeeld in de afname van 
ventilatie en de daarmee samenhangende 
opbouw van warmte onder het oppervlak. 
Het hier voorgestelde scenario is in over-
eenstemming met simulaties van klimaat-
verandering waarbij het plotselinge vrijko-
men van warmte van onder het zee opper-
vlak vereist is om de AMOC te herstarten.

Vertraagde response van de  
glaciale circulatie op de aanvoer 
van zoet water
Numerieke modellen hebben gesugge-
reerd dat de thermohaliene circulatie 
(THC) twee stabiele circulatie staten kan 
hebben met dezelfde zoetwatertoevoer. 
Deze bi-stabiliteit is geassocieerd met 
hysterese ten opzichte van de zoetwater 
sturing. Een afzwakking van de AMOC 
door aanvoer van zoet water is dus waar-
schijnlijk in hoge mate non-lineair. Samen 
met de trage reactietijd van het oceaan 
circulatie systeem zorgt dit hysterese 
gedrag ervoor dat de afzwakking en het 
weer op gang komen van de THC ver-
traagd is ten opzichte van de zoetwater 
sturing. Hysterese en de daarmee samen-
hangende vertraagde respons zijn tot nu 
toe echter niet waargenomen in geologi-
sche of oceanografische data. In hoofdstuk 
[6] wordt aan de hand van op korrel-
grootte gebaseerde reconstructies van 
zoetwateraanvoer en stroomsnelheid 
dichtbij de bodem bekeken of hysterese 
wel of niet een kenmerk was van het cir-
culatie systeem tijdens MIS 3. Naast een 

waters and continued northward sub-
surface flow of warm water. Carbon 
isotope values of N. pachyderma indeed 
suggest such decreased ventilation 
during deposition of ice-rafted detritus. 
In addition, the N. pachyderma δ18O 
data may suggest that besides glacial 
melt water, the presence of sea-ice 
may have been responsible for the 
decrease in ventilation and associated 
subsurface heat built up. Such a sce-
nario is in agreement with modelling 
studies that require release of below 
surface trapped heat to restart the 
overturning circulation and highlight 
the role of sea-ice in the climate system.

Delayed response of the 
glacial circulation to fresh-
water input
Numerical simulations suggest that 
the thermohaline circulation (THC) can 
be characterised by two stable circu-
lation regimes. This bistability is as-
sociated with pronounced hysteresis 
with respect to freshwater forcing.  
A slowdown of the circulation due to 
input of freshwater in the North Atlan-
tic is thus associated with pronounced 
non-linear behaviour. Together with 
the slow response time of the ocean 
system, this hysteresis leads to a de-
layed slowdown and recovery of the 
THC when fresh water forcing is ap-
plied. Hysteresis and associated de-
layed response of the circulation sys-
tem have however not yet been 
observed in geological or oceano-
graphic data. In chapter [6] grain-size 
based inferences of IRD input and 
current-sorted sediment grain-size, 
that serve as indicators of freshwater 
forcing and near bottom current speed, 
are used to evaluate whether or not 
hysteresis characterised the North At-
lantic circulation system during MIS 3. 
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direct verband tussen de hoeveelheid zoet-
water en de intensiteit van de circulatie, 
laten de data zien dat de response van de 
stroming consistent achterliep ten opzichte 
van de aanvoer van zoetwater. Het is echter 
nog niet mogelijk om te bepalen of deze 
vertraagde reactie veroorzaakt werd door 
non-lineaire dynamiek en hysterese of 
slechts een vertraagde, maar lineaire, 
reactie van het systeem is. De vraag of 
hysterese wel een echt kenmerk van de 
THC is, en zo ja, hoe dat bewezen kan 
worden, blijft dus voorlopig onbeantwoord. 
De korrelgrootte data laten in ieder geval 
zien dat de glaciale circulatie met een sig-
nificante vertraging reageerde op zoetwa-
ter aanvoer, hetgeen in overeenstemming 
is met de meeste klimaatmodellen.

Vooruitblik
In dit hoofdstuk worden de resultaten van 
de thesis geëvalueerd en in een breder per-
spectief geplaatst. De eerste drie hoofd-
stukken worden apart bediscussiëerd. 
Vervolgens worden enkele algemene kant-
tekeningen geplaatst bij het reconstrueren 
van de vroegere variabiliteit van de AMOC. 
Het laatste deel schetst de paleoceano-
grafische implicaties van de reconstructies 
die zijn gepresenteerd in deze thesis. 
Daarna worden enkele gedachten over de 
primaire oorzaak van de ijs-transport episo-
des en over de rol van atmosferische pro-
cessen op klimaatverandering geformuleerd. 
Voorts wordt stilgestaan bij de gelijkenis 
tussen de gereconstrueerde patronen  
van de Noord-Atlantische zeewatertempe-
ratuur en de Antarctische ijskernsequen-
ties. De thesis eindigt met een vraag aan 
de klimaat-modelleer-gemeenschap om 
een manier te bedenken om te testen of 
bi-stabiliteit werkelijk de thermohaliene 
circulatie kenmerkt of niet. Tevens worden 
onbeantwoorde en nieuwe onderzoeks-
vragen gesteld en toekomstige onder-
zoekrichtingen gesuggereerd.

Besides a direct link between fresh-
water forcing and the intensity of the 
deep circulation, the data consistently 
indicate that the circulation response 
lagged freshwater forcing. However, it 
is not yet possible to conclude whether 
this delay reflects non-linear dynam-
ics and hysteresis, or a linear, but de-
layed response of the circulation sys-
tem. Indeed, the question if hysteresis 
is a real feature of the THC and if so, 
whether that can be shown in geolog-
ical records and data remains open. In 
any case, the grain-size data show, in 
agreement with many climate models, 
that the glacial Atlantic circulation re-
sponded with a significant delay to 
the input of freshwater.

Outlook
In this chapter the results of the entire 
thesis are evaluated and put in a wider 
perspective. The first three chapters 
are discussed separately and some 
notes on the reconstruction of past 
variability of the Atlantic Meridional 
Overturning Circulation are presented. 
The final section discusses the pale-
oceanographic implications of the re-
constructions presented in the thesis. 
Some reflections on the ultimate 
cause of the North Atlantic ice-rafting 
events and the role of atmospheric 
processes in modulating climate are 
put forward and a resemblance be-
tween North Atlantic MIS 3 sea sur-
face temperature patterns and those 
in the Antarctic ice-core records is de-
liberated. The thesis ends with a chal-
lenge to the climate modelling com-
munity to provide a real world test for 
bistability of the thermohaline circula-
tion. Questions remaining after this 
research, or new questions that have 
arisen are identified and further re-
search directions are suggested.
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[1]
INTRODUCTION

The role of the ocean in Earth’s climate system has since long been recognised. Over 
70% of the earth’s surface is covered with saline waters and with an average depth of 
nearly four kilometres the oceans contain virtually all water at the Earth’s surface. The 
oceans influence climate through their large heat capacity and global distribution of 
heat via complicated patterns of surface and deep water circulation. Biochemical pro-
cesses in the ocean also play an important role in climate through modulation of global 
greenhouse gas levels. The oceans thus affect climate in multiple ways and for the 
understanding of climate, insight into functioning of the ocean system, both in the 
present and past, is pivotal. Paleoceanographic records indicate significant changes 
in the ocean system associated with past climatic changes and modelling studies also 
emphasize the importance of the ocean system for climate change. This thesis con-
centrates on past rapid oceanographic changes. It consists of two parts, each dealing 
with different, but associated, aspects of paleoceanography. In the first three chapters 
([2] to [4]) the focus is on methods to infer past changes in ocean dynamics. The next 
two chapters ([5] and [6]) present paleoceanographic reconstructions of deep and 
surface ocean changes in the northern North Atlantic during a period of abrupt climate 
changes of the last glacial period. In the final chapter the obtained results are put in  
a wider perspective and future research directions are suggested. The aim of this 
thesis is to further understanding of past ocean and climate dynamics through com-
bined observations from the present and past North Atlantic.

The Atlantic meridional overturning circulation
Northward flow of surface waters in the Atlantic Ocean brings warm water from the 
tropics to high latitudes. Part of the heat that is transported to the north is transferred 
to the atmosphere and causes the climate of NW Europe to be relatively mild com-
pared to NW North America, as no warm northward surface current exists in the  
NE Pacific. The northward flow of Atlantic surface waters forms part of the large global 
circulation system known as the meridional overturning circulation, which plays an 
important role in the global distribution of heat [Broecker, 1991; Broecker and Denton, 1989; 

Rahmstorf, 2002] (Fig. 1.1). Simplified, the Atlantic part of the meridional overturning cir-
culation (AMOC) consists of a warm northward surface flow and a cold deep return 
flow. In the northern North Atlantic and in the Greenland-, Iceland and Norwegian 
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Seas surface waters cool, sink and start their way to the south (Fig. 1.1). The AMOC  
is in part driven by density gradients in the ocean, with the deep water formation in the 
north due to atmospheric cooling of the salty southern sourced waters. Through this 
cooling the density of the water increases, leading to a disappearance of the stratifica-
tion and possibly to deep-convection and descent of the surface waters. The newly 
formed watermasses subsequently spread away from their source and pump warm 
waters from the south. This density driven part of the AMOC is generally known as  
the thermohaline circulation (THC). 

Changes in the intensity of the meridional overturning circulation would affect  
climate globally, but particularly in the northern North Atlantic region [Vellinga and Wood, 

2002; Wood et al., 2003]. A reduced AMOC transports less heat northwards, leading to 
cooling in the north and, at the same time, a build-up of heat in the south [Broecker, 1998; 

Stocker, 1998]. Such a slowdown of the circulation could be the result of a (small) 
decrease in the buoyancy of the North Atlantic surface waters at the sites of deep 
water formation that would result in reduced thermohaline ‘pumping’. Increased buoy-
ancy could be due to a salinity decrease and/or an increase in temperature. Indeed 
past cold climatic periods in the North Atlantic region have been associated with 
enhanced delivery of fresh water to the North Atlantic ocean [e.g. Bond et al., 1992;  

Heinrich, 1988; Ruddiman, 1977]. Such freshwater forcing caused a salinity decrease and 
led to reduced deep return flow and a more sluggish AMOC [Broecker et al., 1989; Elliot 
et al., 2002; Peck et al., 2006; Prins et al., 2002; Vidal et al., 1997a]. Some numerical modelling 
studies additionally suggested that the THC may have multiple stable circulation 
states that are separated by thresholds, i.e. that the system may show pronounced 
hysteresis behaviour with respect to freshwater forcing (Fig. 1.2) [Rahmstorf, 1995;  

Stommel, 1961]. Whether such hysteresis behaviour is required to explain abrupt climate 
change is subject to debate and has not yet been proven by geological data [Lenton  
et al., 2007; Liu et al., 2009; Nof et al., 2007; Yin et al., 2006].

The density driven/thermohaline component of the meriodional overturning cir-
culation yields not enough energy to keep the entire circulation going; particularly for 
the mixing of the vast, deep circulation more energy is required [Munk and Wunsch, 1998; 

Sandström, 1908]. Thus only with additional turbulent mixing to stir the ocean, the MOC 
functions and is heat effectively transported around the globe. Various sources for this 
additional mixing energy have been proposed. Wind-driven mixing and upwelling, inter-
nal waves and (deep) tidal movements all provide energy to the deeper ocean [Kuhlbrodt 

(Fig 1.1) Cartoon of the 
global circulation system. 
Surface and deep circula-
tion paths are indicated by 
light and dark colours, 
respectively. Areas where 
deep water formation and 
heat release to the atmos-
phere currently take place 
are shaded.
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et al., 2007; Munk and Wunsch, 1998; Wunsch and Ferrari, 2004], but their exact contributions 
remain one of the hottest debated topics in physical oceanography. Recently, the role 
of energy provided by marine organisms in oceanic mixing has received renewed 
attention [Katija and Dabiri, 2009]. Changes in the MOC, rather than in the THC, might 
thus cause or follow changes in these various energy sources and affect oceanic  
heat transport.

The AMOC evidently plays an important role in global climate and is sensitive  
to freshwater perturbations at the deep water formation sites in the northern North 
Atlantic. This region has therefore been a hotspot for research of (past) climate since  
a long time. This thesis builds upon that previous research and analyses AMOC 
dynamics through a period of repeated input of freshwater by melting ice in the north-
ern North Atlantic during the last glacial period.

Glacial climate variability
The notion of an unstable climate is already quite old and arguably started with the  
formulation of the ice-age theory [Agassiz, 1840]. Later on marine records showed that 
series of alternating warm and cold periods occurred during the last two million years 
or so and hinted at general instability of the climate system [e.g. Emiliani, 1966; Imbrie  
et al., 1984]. However, only since the availability of continuous oxygen isotope records 
from the Greenland ice-cores since the 1990’s the idea of an unstable glacial climate 
has become more commonly accepted [Dansgaard et al., 1993; Johnsen et al., 1992]. 
During the last glacial it was generally much colder than today, but repeated rapid 
shifts to relatively high temperatures occurred. These shifts are very well expressed  
in the Greenland ice-core records (Fig. 1.3) and particularly the period from 29.000  
to 59.000 years ago displays cyclic climatic variability [Dansgaard et al., 1993; Johnsen  
et al., 1992]. The cycles start with an abrupt warming of several degrees, followed by a 
period of slow cooling of some centuries before rapid cooling returns conditions back 
to background values. These abrupt variations in climate appear to have a near global 
imprint [Voelker and participants, 2002], but are most prominent in the northern North 
Atlantic. These cycles are known as Dansgaard-Oeschger events and display a spac-
ing of about 1500 years [Alley et al., 2001]. The climatically unstable period from 29.000 
to 59.000 years ago is referred to as marine isotope stage (MIS) 3 and chapters [5] 
and [6] of this thesis focus on this period.

During MIS 3 the background climate was very different from today. Orbital forc-
ing parameters were different, greenhouse gas concentrations were lower, sea level 

(Fig.1.2) Schematised  
stability diagram of the 
thermohaline circulation 
with respect to fresh water 
forcing in the North Atlan-
tic. The bistable domain  
is highlighted by grey  
shading.
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was lower (but variable) and huge ice-sheets covered North America and Eurasia. 
These different boundary conditions had important implications for the (stability) of the 
ocean circulation system [Ganopolski and Rahmstorf, 2001]. The location of deep water 
formation shifted southward and it predominantly took place south of the Iceland-
Scotland ridge (Fig. 1.1) [Sarnthein et al., 1994; Sarnthein et al., 1995]. Deep waters did prob-
ably not reach as deep as today and the influence of southern sourced waters below 
2000 m was greater [Duplessy et al., 1988; Sarnthein et al., 1994]. However, there are also 
indications for sustained overflow across the ridge [Ballini et al., 2006; Kissel et al., 1999] 
as well as for inflow of warm Atlantic waters and convection in the GIN seas [Dokken 

and Jansen, 1999; Rasmussen et al., 1996; Rasmussen and Thomsen, 2004].
Cold periods recorded in North Atlantic sediments correlate with stadials in the 

ice-cores and are often characterised by the presence of ice-rafted detritus (IRD) in 
the sediment [Bond et al., 1993; Bond and Lotti, 1995]. Layers of IRD can be traced across 
the North Atlantic from Newfoundland to Portugal [Grousset et al., 2001; Hemming, 2004; 

Robinson et al., 1995; Ruddiman, 1977]. The presence of IRD testifies to the melting of huge 
amounts of ice derived from ice caps covering the landmasses surrounding the North 
Atlantic Ocean. Melting of ice would have decreased the salinity of the surface ocean 
and could have slowed down the THC [e.g. Bond et al., 1992; Broecker et al., 1992; Manabe 

and Stouffer, 1995; Rahmstorf, 1996; Schmittner et al., 2002]. The effect of input of meltwater 
appears to have been particularly severe during the so-called Heinrich events (HEs) 
when the Laurentide ice cap shed huge amounts of its ice into the ocean [e.g. Bond et al., 
1992; Grousset et al., 2001; Heinrich, 1988]. Various proxy records and modelling studies 
indicate an almost total collapse of the THC during the HEs and an increase in the 
amount of southern sourced waters at depth [Cortijo et al., 1997; Sarnthein et al., 1994; Seidov 

and Maslin, 1999; Stocker and Wright, 1991; Vidal et al., 1997a]. Between the HEs that are spaced 
irregularly at approximately 7000 years [Heinrich, 1988; Hemming, 2004], other ice-rafting 
events occurred at higher, millennial scale, frequencies [e.g. Bond and Lotti, 1995; Elliot et al., 
1998]. These ice-rafting events do not appear characterised by a (near) complete shut-
down of the THC, nor by an extensive northward expansion of deep waters from the 
south [Elliot et al., 2002; Sarnthein et al., 1994; Van Kreveld et al., 2000]. However, proxy evidence 
form the central northern North Atlantic suggests that some reduction in the intensity 
of the deep return flow of the THC took place during these high frequency ice-rafting 
events [Moros et al., 2002; Prins et al., 2002; Snowball and Moros, 2003]. The millennial scale 
ice-rafting events also occur during cold periods in the Greenland ice-core records 
(Fig. 1.3). Consequently, all Greenland stadials are correlated with the input of freshwater 
into the North Atlantic [Bond and Lotti, 1995; Elliot et al., 1998; Van Kreveld et al., 2000], which 
illustrates the importance of perturbations of the AMOC for rapid climate change.

The cause of Heinrich events may be related to the collapse and subsequent 
surging of the Laurentide ice-sheet and thus be a glaciological phenomenon indepen-
dent of climate [Alley and MacAyeal, 1994; Marshall and Koutnik, 2006]. The synchronous 
input of IRD from different sources across the North Atlantic suggests a climatic trig-
ger for the millennial scale ice-rafting events. However, the distinction between cause 
and effect of these events remains difficult and is still subject to debate [Knutti et al., 
2004; Marshall and Koutnik, 2006; Moros et al., 2002; Rahmstorf, 2002; Van Kreveld et al., 2000; 

Wang and Mysak, 2006]. Nevertheless, modelling studies underscore the importance of 
cyclic (small) freshwater perturbations, as these are often invoked to simulate the 
abrupt climate changes during the glacial period [e.g. Ganopolski and Rahmstorf, 2001].
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Inferring past ocean dynamics
Since it is impossible to directly measure climatic or oceanographic parameters such 
as for instance temperature and salinity from the past, paleoclimate and paleoceano-
graphic research relies on indirect measurements of oceanographic parameters. 
These measurable parameters – proxies – are used to reconstruct the past. Deep-sea 
sediment cores serve as archives of past oceanographic conditions, as they often con-
tain continuous records of biogenic and non-biogenic input. A few long established 
proxies in paleoceanography are planktonic foraminiferal assemblages that reflect sea 
surface conditions, stable isotope ratios of biogenic carbonates reflecting water tem-
perature and salinity as well as grain-size characteristics and geochemical tracers to 
reconstruct transport mechanisms and/or sediment provenance.

The use of proxies to infer climatic parameters is challenging; it requires a mech-
anistic understanding of how ocean dynamics are incorporated in the proxy and sub-
sequently archived in the sediment. Therefore, to increase the quality of our 
reconstructions, studies on how, where and when proxies register ocean dynamics 
remain vital. Similarly, knowledge on the build-up of sedimentary archives is essential. 

(Fig. 1.3) Glacial climate 
variability: correlations 
between the Greenland 
ice-cores and marine 
records [Bond and Lotti, 
1995]. Left panel shows 
the Greenland Summit ice 

core δ18O record, low 
values indicate higher tem-
peratures [Dansgaard et 
al., 1993]. The right panel 
shows proxy records of 
North Atlantic sediment 
core VM23-81. The amount 

of lithic grains in the sedi-
ment serves as an indicator 
for ice rafting and the abun-
dance of the cold water for-
aminifer N. pachyderma 
reflects the influence of 
polar waters
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These issues can be addressed through analysis of time-series of modern particulate 
fluxes and hydrodynamics. At the basis of all useful measurements lies a solid knowl-
edge of the methodologies and instrumentation involved. Evaluation of the methodol-
ogy is thus instrumental. These three aspects of the use of proxies are discussed in 
chapters [2] to [4] of this thesis. In chapters [5] and [6] proxy records of surface and 
deep ocean conditions are presented. To assess the ocean’s response to MIS 3 ice-
rafting events three lines of evidence have been used which are shortly introduced 
below.

Ice-rafting and freshwater forcing
Icebergs and sea-ice often carry sediment to the ocean (Fig. 1.4) and the presence of 
ice-rafted sediment in a core points to melting ice and thus the input of fresh water  
into the ocean during deposition. Ice-rafted sediment is often recognised by its coarse 
grained texture, as only icebergs are able to transport such large grains to the open 
ocean [e.g. Bond et al., 1992; Heinrich, 1988; Ruddiman, 1977]. However, uptake of sediment 
by glaciers tends not to be restricted to coarse grains only [e.g. Andrews, 2000;  

Dowdeswell and Dowdeswell, 1989; Prins et al., 2001]. Typical glacio-marine sediments are 
therefore often poorly sorted or may even be dominated by silts and clays [Barnes et al., 
1982; Dowdeswell and Dowdeswell, 1989; Dowdeswell et al., 1998; Lemmen, 1990; Nurnberg et 
al., 1994]. A grain-size based estimation of the IRD contribution to the sediment should 
thus not be limited to the sand fraction only, but should take the entire grain-size spec-
trum into account.

If multiple sources of sediment are present, estimation of the proportions of  
different sediment types from grain-size distributions requires decomposition of the 
entire distribution. Geologically reasonable decomposition can be achieved by apply-
ing the End-Member Modelling Algorithm, which allows for statistically robust decom-
position without a priori knowledge of the composition or number of components in 
the mixture [Weltje, 1997; Weltje and Prins, 2003; 2007]. Thus by applying this method  
a more reasonable, less conservative, estimate of the contribution of IRD can be 
made. Geochemical tracers can also reveal the presence and in addition the prove-
nance of IRD. Continental crust derived material in North Atlantic sediments was  

(Fig. 1.4) Examples of sed-
iment-bearing ice-bergs 
(left) and sea-ice (right). 
Photographs taken near 

Svalbard by Maarten Prins 
(left) and in the Bering Sea 
by Robyn Staub (right).
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likely transported by ice [Moros et al., 2004; Richter et al., 2006] and different rock types/
minerals can identify specific source areas of the ice-rafted sediment [Bond et al., 1992; 

Bond et al., 2001; Grousset et al., 2001; Peck et al., 2007]. Next to icebergs, sea-ice can  
also transport sediment to the open ocean [Barnes et al., 1982; Hebbeln, 2000; Kempema  
et al., 1989; Nurnberg et al., 1994]. However, the distinction between sea-ice and glacier 
ice rafted sediment is up to today problematic, but may be achieved on the basis of 
grain shape [Dunhill, 1998]. Independent proxies based on planktonic foraminiferal 
oxygen isotopes, specific diatoms or biomarkers thereof may provide additional clues 
to the presence of sea-ice [Belt et al., 2007; de Vernal and Hillaire-Marcel, 2000; Hillaire-Marcel 
and de Vernal, 2008b].

The conversion of IRD input to freshwater forcing is not necessarily straight-
forward and amongst others dependent on the sediment concentration in the ice. 
Many studies indicate that sediment needs not to be randomly distributed in ice,  
but may be concentrated in layers [Dowdeswell and Dowdeswell, 1989; Lawson et al., 1998]. 
In glaciers sediment concentration tends to be highest at the base of the ice and this 
basal sediment is deposited closest to the glacier when icebergs start to drift [Death  
et al., 2006; Dowdeswell and Dowdeswell, 1989; Dowdeswell et al., 1998]. The sediment distri-
bution in icebergs in the open ocean, when most basal IRD has melted out, is unclear. 
Therefore, the presence of IRD in deep-sea sediment cores unequivocally points to 
freshwater forcing, but whether changes in the contribution of IRD to the sediment 
also reflect changes in the amount of freshwater forcing or merely result from changes 
in the sediment concentration in ice needs to be better understood. However, as a  
first order approximation it can be argued that given the long timescales (100s of 
years), the enormous ice volumes and geographical extent of the several source areas 
involved, it is reasonable to assume that relative freshwater forcing can be inferred 
from the presence of IRD.

Near bottom current and AMOC strength
As direct inference of the past strength of the entire AMOC is difficult many recon-
structions focus on the variability of the deep return flow. The grain-size characteristics 
of fine-grained sediments deposited by bottom-currents have been used to infer 
changes in the speed of the waters that flow across the Greenland-Scotland ridge  
to the south [Bianchi and McCave, 1999; Prins et al., 2002; Snowball and Moros, 2003]. The 
basic idea is that faster flowing currents will, through winnowing and selective deposi-
tion, result in coarser grained deposits and vice-versa [Ledbetter, 1986b; McCave  
et al., 1995]. A major caveat in this approach is that the grain-size of the sediment  
need not necessarily be dependent on current speed only [McCave and Hall, 2006;  

Prins et al., 2002]. Input of material from different sources or transported by different 
media, for instance IRD, may influence the bulk grain-size and it is therefore imperative 
to account for the admixture of sediment that is not current sorted. The end-member 
modelling algorithm introduced above enables decomposition of the grain-size distri-
butions and thus quantification of the size distribution of the current-sorted sediment 
fraction.

Sea surface conditions and planktonic foraminifera
Skeletal remains of planktonic foraminifera can provide important information on the 
surface and subsurface layer of the ocean. Foraminiferal taxa often have specific envi-
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ronmental requirements and thus live within in a restricted range of water conditions. 
The abundance of specific planktonic taxa in the sediment can thus be used to infer 
past sea surface conditions and/or the presence of specific water masses and fossil 
species assemblages have been applied extensively to reconstruct past sea surface 
temperature [e.g. CLIMAP project members, 1981; Sarnthein et al., 1995; Van Kreveld et al., 
2000]. In this thesis relative abundance of left-coiling Neogloboquadrina pachyderma 
(Fig. 1.5) was used as an indicator of cold polar waters and as relative temperature 
proxy [Kandiano and Bauch, 2003; Peck et al., 2008; Pflaumann et al., 1996].

Oxygen and carbon isotope ratios of the carbonate skeletons of foraminifera 
yield information on the ambient water in which the foraminifer grew. The 18O/16O ratio 
(δ18O) of the foraminiferal shell reflects a combination of temperature and δ18O of the 
ambient water (δ18Ow). On short timescales the δ18Ow is dominantly governed by  
salinity, but other factors, such as sea-ice melt and formation, also influence the δ18Ow 
signal [Rohling and Bigg, 1998]. To fully interpret the foraminiferal δ18O signal, such data 
should be complemented with other information. Only if an independent temperature 
estimate is available, the foraminiferal δ18O can be decomposed into a temperature 
and δ18Ow part. Besides from foraminiferal census data, temperature can also be 
inferred from skeletal Mg/Ca ratio of foraminifera. As it is energetically less unfavour-
able to build in magnesium at higher temperatures, more Mg will be incorporated when 
the sea water is warmer [Nurnberg et al., 1996]. Independent temperature estimation 
allows for the reconstruction of δ18Ow and possibly of salinity [e.g. Elderfield and Ganssen, 

2000; Rohling, 2007]. What exactly determines the planktonic foraminiferal 13C/12C ratio 
(δ13C) is less well understood, but this ratio has often been used to infer nutrient con-
centrations and thus ventilation of the water mass in which the foraminifer lived [e.g. 
Sarnthein et al., 1995].

Different foraminiferal taxa live at different depth intervals in the watercolumn and 
grow during different times of the year [Bé and Tolderlund, 1971; Mulitza et al., 1997; Zaric et 
al., 2005]. This diversity in temporal and depth habitat allows for the reconstruction of 
temperature or δ18O gradients in the water column or through the season, when two or 
more taxa are analysed [Rashid and Boyle, 2007; Simstich et al., 2003; Thornalley et al., 2009]. 
However, this approach requires a solid understanding of the seasonal succession 
and depth habitats of the species involved as well as the climatic dependence thereof. 
The oxygen isotope difference between N. pachyderma and T. quinqueloba (Fig. 1.5)  
as an indicator for seasonal temperature contrast is evaluated in chapter [3].

(Fig.1.5) The planktonic 
forminifera Neoglobo-
quadrina pachyderma  
(left-coiling) and Turboro-
talita quinqueloba, scale 
bar is 0.1 mm [after Norris 
and de Vargas, 2000].
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[2]
THE USE OF  
LASER DIFFRACTION  
PARTICLE SIZING  
IN PALEOCEANOGRAPHY
Based on: Jonkers, L., M. A. Prins, G.-J.A. Brummer, M. Konert, and B. C. Lougheed (2009), 
Experimental insights into laser diffraction particle sizing of fine-grained sediments for use in palaeocean-
ography, Sedimentology, 56, 2192–2206, doi: 2110.1111/j.1365-3091.2009.01076.x.

Abstract
Grain-size measurements of fine-grained sediments based on laser diffraction may 
contain spurious information due the overestimation of the size and proportion of platy 
particles. Consequently, some regard the use of laser diffraction particle sizing in pale-
oceanography inappropriate. Here we show experimentally that such concerns are not 
warranted. Laser diffraction particle sizing is known to be fast, precise and allows for 
detailed particle sizing over a broad size range, it is therefore potentially a very power-
ful technique if the complications associated with it can be overcome. Since most  
sediments are mixtures of different components transported by different mechanisms, 
inferences of past environmental parameters require decomposition of the grain-size 
record in question. Useful decomposition can only be performed if changes in the con-
tribution of the components are predictably registered by the measuring device. We 
report on mixing experiments that show that the Fritsch A22 laser diffraction particle 
sizer does indeed register small changes in the contribution of the mixing components 
in a predictable way. Mixing proportions estimated from the measurements do how-
ever differ from the /initial mixing proportions, but these can be converted with only 
small errors. Application of the conversion equations to a North-Atlantic grain-size 
record that showed consistent slowdown of deep-ocean-circulation in response to 
millennial scale ice-rafting events during the last glacial, does not quantitatively affect 
the original inferences. Laser diffraction particle sizing of fine-grained sediments there-
fore yields reproducible and useful data for paleoceanographic reconstructions.  
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Introduction
Grain-size characteristics of the lithogenic fraction of deep-sea sediments are often 
used in paleoceanography for reconstructing the vigour of the transporting medium  
or the proportion of the sediment transported by a single mechanism. Mostly simple 
descriptive statistics, such as the mean or modal size (of a certain size fraction) are 
used to infer vigour of the transporting medium [cf. McCave et al., 1995] implicitly assum-
ing that the sediments concerned were transported and deposited by a single mecha-
nism. However, sediments generally consist of mixtures of different components with a 
characteristic grain-size distribution (GSD), contributed by multiple mechanisms [Prins 

and Weltje, 1999; Weltje and Prins, 2003; 2007]. Recognition that sediments consist of mix-
tures has greatly improved inferences of past ocean circulation dynamics [cf. Prins et al., 
2002], but such inferences obviously require that the device that is used to determine 
the GSD is able to accurately recognize small changes in the contribution of different 
components to the mixture. However, the size distribution of sedimentary particles is 
difficult to define due to their often irregular (non-spherical) shape [cf. Blott and Pye, 2008]. 
And arguably the many existing methods/devices to determine grain-size all measure 
slightly different properties [cf. Goossens, 2008; Konert and Vandenberghe, 1997; Syvitski, 
1991]. Particle sizing based on laser diffraction enables grain-size determination in a 
wide spectrum, typically ranging from <1 μm to >103 μm and is known to be relatively 
fast and very precise [McCave et al., 2006; Sperazza et al., 2004], but tends to overestimate 
the ‘size’ and proportion of very fine particles when contrasted with measurements 
based on settling velocity. As the algorithms to estimate the GSD from the diffraction 
pattern require perfectly spherical particles, this effect is possibly due to the presence 
of platy (clay) minerals in the finest fractions [Beuselinck et al., 1998; Konert and Vandenberghe, 

1997; McCave et al., 2006]. These issues motivated critical assessment of the use of laser 
diffraction particle sizing in paleoceanography. Therefore three mixing experiments with 
standards resembling typical deep-sea sediments were conducted and the insights 
obtained were applied to evaluate inferences of the response of overflow strength  
to freshwater forcing based on a North Atlantic grain-size record [Prins et al., 2002].

Background
Previous mixing experiments with natural loess sediments with modal grain-sizes 
exceeding ~30 μm indicated that the measured volume proportions of the individual 
standards were dependent on the overall mixing structure of the sample [Vriend and 

Prins, 2005]. Conversion of individual standard volume proportion to weight proportion 
was however shown to be achievable. The amount of misestimation of a specific stan-
dard proportion in the sediment mixtures could thus be predicted, and corrected for, if 
necessary. We have conducted a similar experiment to assess laser diffraction particle 
sizing with very fine-grained standards, since these resemble typical deep marine sedi-
ments more closely and it is in this fraction that largest conversion errors are expected.

In the marine environment part of the finer particles is transported in aggregates 
[cf. Gardner et al., 1985; Wheatcroft and Butman, 1997] and it has been argued that little size 
sorting of individual particles takes place below ~10μm [McCave et al., 1995]. Therefore 
the average size of particles in the 10-63μm range (‘sortable silt’) has been proposed 
as an indicator of near-bottom current speed [McCave et al., 1995]. However, notwith-
standing the occurrence of aggregates of finer particles, the notion of total absence of 
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sorting below ~10 μm is disputable. Indeed grain-size spectra from surface sediments 
from the Nova Scotia Rise [McCave, 1985; McCave et al., 1995] show a gradual decrease 
of the proportion of sediment below 10 μm with increasing current speed (Fig. 2.1), 
most likely as a result of selective removal and/or non-deposition of the fine fraction. 
Indirect evidence stems from decomposition of the grain-size record of a North Atlan-
tic sediment core, which revealed two independent end-members with modal sizes 
below 10 μm. Prins et al. [2002] showed that these two fine end-members represent 
the extremes of grain-size variation due to changing near-bottom current-speed, this 
suggests a sorting mechanism acting below the 10 μm boundary. Given that sorting 
may take place below 10 μm, disregarding this fraction might cause a loss of informa-
tion and even lead to erroneous conclusions and it is consequently useful to assess 
the applicability of laser diffraction particle sizing in this size domain.

Apart from inferring paleocurrent speeds, the mixing structure of fine-grained 
deep sea sediments has been used to reconstruct other environmental parameters, 
such as the proportion of eolian vs. hemipelagic material to infer continental aridity 
[Prins and Weltje, 1999; Stuut et al., 2002; Weltje and Prins, 2003] and to distinguish turbidites 
from (hemi)pelagic deposits [Prins et al., 2000]. Assessing the performance of a laser 
diffraction particle sizer for very fine particles is thus of wider importance.

Since no method exists that measures ‘true’ grain- size, we chose not to com-
pare different methods/machines, but have tested whether the Fritsch A22 laser dif-
fraction particle sizer is able to observe small changes in the contribution of components 
to a mixture in a predictable manner. If the latter is the case, the complications associ-
ated with laser diffraction can be corrected for and thus overcome, making the tech-
nique a powerful tool for paleoceanographic studies. 

Material and methods
Three mixing experiments were carried out. The first with spherical glass beads, the 
second with certified grain-size standards of ground quartz whose physical properties 
are known precisely and the third with natural sediments of which the properties are 
less well constrained, resembling the normal procedure for grain-size analysis of sedi-
ments more closely. The standards were mixed by weight and subsequently the mea-
sured (volumetric) grain-size spectra were compared to those calculated from the 
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(Fig. 2.1) Size distributions 
of current-sorted sedi-
ments from the Nova 
Scotia Rise (drawn after 
[McCave et al., 1995]). 
Current speeds increase 
from a to c. Note the dimin-
ishing contribution of very 
fine sediment with increas-
ing flow speed, indicating a 
sorting mechanism acting 
below 10μm.
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weight proportions of the standards, and it was assessed to which degree the 
observed mixing proportions differed from the weight proportions and if such differ-
ence could be predicted.

Description of the standards
Shape parameters of the BCR [BCR-Information, 1980] and sediment standards were 
determined using a Sympatec QICPIC dynamic image analysis system that performs 
particle shape analysis of suspended particles captured on film. This approach allows 
analysis of a high number of particles (up to 106), yielding statistically robust results. 
However, the finest particles (<~1 μm) of the standards used here approach the 
dimensions of the pixels used by the system’s camera and a shape analysis of these 
particles becomes less straightforward. Particle shape is expressed as sphericity and 
aspect ratio, which are calculated as follows:

 sphericity = 
PEQPC Eq. 1

where PEQPC denotes the perimeter of a circle with the same projection area as the par-
ticle and Preal the perimeter of the actual particle, and

 aspect ratio = 
χmin  Eq. 2

with χmin and χmax being the minimum and maximum Feret’s diameter, respectively.
Density of the natural sediments was measured with gas pycnometry, using a 
Micromeritics AccuPyc II 1340 and helium gas.

In the first experiment binary mixtures of four glass bead standards (Fig. 2.2A) 
were measured. These standards are very similar to those used by Stuut and Prins 
[2001]. Modal sizes of A1 and A2 are 31 and 44 μm respectively and those of A1x and 
A1y, which were split from A1, 26 and 37 μm respectively. The glass beads used in all 
standards are virtually spherical (Fig. 2.2D) and since they consist of the same material 
they have equal density, refraction indices and adsorption coefficients.

For the second experiment BCR standards 67, 69 and 70 [BCR-Information, 1980] 
consisting of ground quartz were used. Modal sizes are ~3, 11 and 37 μm (Fig. 2.2B  

and E). Like the glass beads these standards consist of the same material and their 
physical properties are thus identical. Median sphericity of all three standards is ≥0.8  
(Fig. 2.3A). The finest standard, BCR 70, has highest sphericity, but these particles 
approach the pixel size, thereby artificially enhancing sphericity. Median aspect ratios 
vary between ~0.51 and ~0.66 (Fig. 2.3B), with coarser standards having slightly more 
elongated particles. However, for the fine standards these results may also be skewed 
towards higher values because the small particle sizes approach the pixel size of the 
image analysis system. Overall shape differences between the standards are small.

The standards for the third mixing experiment were obtained from natural sedi-
ments by separation using Stokes’ settling. Standard C (SC) was derived from Chi-
nese loess and has previously been used in an experiment described by Vriend and 
Prins [2005]. Standards M and F (SM and SF) were made from the <63 μm sieve frac-
tion of sediment from box-core 64PE225-01 from the Portuguese margin. The finest 
standard (SF) has a modal size of approximately 2 μm and is only slightly fine skewed 
(Fig. 2.2C). The intermediate and coarse standards (SM and SC) are both clearly fine 
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(Fig. 2.2) Description of 
the standards. A to C: 
Grain-size spectra of the 
glass bead standards, the 
ground quartz BCR stan-
dards and of the natural 
sediment standards, 

respectively. D: Scanning 
electron microscope 
(SEM) images of the glass 
bead standards (A1 is a 
mixture of A1x and A1y). E: 
SEM images of the BCR 
standards. All three stan-

dards have an irregular 
blocky shape. F: SEM 
images of the natural sedi-
ment standards. Note 
poorer sorting of all stan-
dards and possible more 
platy shape of SF.
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skewed with modal sizes of ~11 and ~31 μm (Fig. 2.2C), respectively. Sphericity and 
aspect ratios of the medium and coarse standards (Fig. 2.3C and D) are very similar with 
median values of ~0.8 and 0.6, respectively. The fine standard appears more spherical 
and less elongated, likely caused by the fact that particle size approaches pixel size. 
From the SEM photographs the particles in SF appear however, platier than those of 
SM and SC (Fig.2F), illustrating the limitations of the image analysis method for very fine 
particles. Bulk densities are 2.59, 2.66 and 2.67 gr cm-3 for SF, SM and SC, respec-
tively. All sediments were oxidised using H2O2 to remove organic matter and decalci-
fied with HCl [Konert and Vandenberghe, 1997]. As the biogenic silica content of the 
marine sediments was <5% (Erica Koning pers. comm.) no leaching with NaOH was 
performed. The three sediment standards have a different mineral composition and 
mineral heterogeneity, likely resulting in different refraction indices and absorption 
coefficients for each standard.

Measurements and data processing
Grain-size distributions were measured using the Fritsch A22 laser diffraction particle 
sizer with modified deconvolution software [Bikker and Konert, 1990; Konert and Vanden-
berghe, 1997]. It provides relative volumetric data in 56 size classes between 0.15 and 
2000 μm. Samples were weighed to the nearest milligram, mixed (in 10% intervals) 
and heated in a solution of sodium pyrophosphate to ensure dispersion of all particles 
prior to the measurement. All sediment standards were measured individually at least 
nine times and the mixtures thrice. No replicate analyses were conducted with the 
glass bead standards. Measurements were conducted at 15% obscuration of the 
laser beam. To test the effect of a lower obscuration two thirds of the measurements of 
the natural sediments were also performed at 7%. 
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(Fig. 2.3) Shape analysis. 
Sphericity and aspect ratio 
of BCR (A+B) and sedi-
ment standards (C+D). 
Equations for sphericity 
and aspect ratio are given 
in the text. N.B. shape 
parameters for finest stan-
dards are probably too high 
due to limitations of the 
shape analysis device.
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The assessment of the laser diffraction particle sizer follows the approach taken 
by Vriend and Prins [2005] and consisted of two steps in which the actual measured 
GSDs were compared to the expected GSDs calculated from the weight proportions 
and GSDs of the sediment standards. Note that the expected GSDs are based on 
weight proportions whereas the laser diffraction particle sizer measures the relative 
volume proportion of particles. This might cause discrepancies between the measured 
and expected GSDs when standards with differing densities are mixed. In our case 
this only applies to the natural sediment standards. The associated weight to volume 
conversion error is however small as density differences are minimal (~3%), but will 
nonetheless be shown. Correction of this error is performed in a later stage of the  
evaluation procedure as density of the sediments is in paleo studies usually poorly 
constrained and not taken into account.

In the first step of the assessment focus was on the simple descriptive statistics 
as these are most often used in paleoceanographic studies [cf. McCave et al., 1995]. 
Grain-size statistics of both the measured and expected populations were calculated 
according to the method of moments which takes the whole grain-size spectrum into 
account using the GRADISTAT program [Blott and Pye, 2001]. In the second step the 
measured GSDs were described as mixtures of the standards and the obtained mixing 
proportions were subsequently compared to the expected (weight) mixing proportions. 
The standards’ contributions to the observed GSD were estimated by constrained 
least-squares fitting of the calculated GSD (from the initial mix proportions) to the 
measured GSD. The Generalized Reduced Gradient non-linear optimization code 
[Lasdon et al., 1978]; available in Microsoft® Excel) was used to minimise the difference 
(expressed as the root mean square (RMS) deviation) between the observed and cal-
culated GSD. A detailed description of the method is outlined in Vriend and Prins [2005].

Results
Precision

Replicate analyses indicate very high precision (reproducibility) of the Fritsch A22.  
The coefficient of variation of the mean grain size (expressed in Phi units) is always 
<1%. That for the BCR standards is slightly higher than that for the natural sediment 
standards (Table 2.1). It is also lower for measurements carried out at 15% obscuration 
of the laser beam than for measurements conducted at 7% obscuration (Table 2.1).

Descriptive statistics
The mean grain-size of the glass bead mixtures agrees well with the expected mean size, 
but is in general a little bit underestimated (Fig. 2.4A). For both the A1-A2 and the A1y-
A1x mixtures the underestimation shows a parabolic pattern (Fig. 2.4A). Such underes-
timation of the mean grain-size is more pronounced in the BCR mixtures (Fig. 2.4B), yet 
again the offset follows a parabolic curve with smallest differences towards the fine 
and coarse ends. For the mixtures of natural sediments the difference between the 

(Table 2.1) Precision of the 
Fritsch A22: coefficients of 
variation of the mean grain-
size of all standards and 
mixtures.

15% obscuration 7% obscuration

Natural sediments 0.3% (n = 217) 0.4% (n = 146)

BCR (pure standards only) 0.5% (n = 39) not determined
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measured and expected mean grain-size is small (Fig. 2.4C), with only some minor over-
estimation for mean size between ~8 and 15 μm. However, for all three mixing experi-
ments this only holds for the mean grain-size; discrepancies for modal size or sorting 
are greater, suggesting that the measured and expected GSDs are not identical. This is 
indeed the case, especially for the distributions measured at 15% obscuration (Fig. 2.5).

Observed mixing proportions
Given that the measured GSDs differ somewhat from the ones expected and that for 
palaeoceanographic reconstructions it is imperative to determine the changing contri-
bution of the components that make up the mixture [cf. Weltje and Prins, 2003], the 
weighed standard proportions are compared to the proportions (back-) calculated 
from the measurements. The error associated with the fitting procedure is small; aver-
age RMS values amount to 1.4, 1.6 and 3.4% for the glass bead, BCR and natural 
sediment standards mixtures, respectively. For simplicity the proportions estimated 
from the measured GSDs will subsequently be referred to as the observed propor-
tions (q) and the initial weight proportions as the expected (p).

Glass bead standards
Observed mixing proportions of the glass bead standards resemble the expected pro-
portions closely (Fig. 2.6A, Appendix 1), especially when contrasted to the misestimation 
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ith last glacial ice-rafting eventspatterns of the mixtures of the other standards (Fig. 2.6B and C). The proportions of the 
fine standards (A1 and A1x) are however generally slightly overestimated and the 
reverse holds for the coarse standards (not plotted, binary mixtures). The misestima-
tion pattern appears slightly curved, even for these ideal particles.

BCR standards
Observed proportions of the ground quartz standards differ significantly from the 
expected proportions (Fig. 2.6B, Appendix 2). The proportions of the coarse standard 
(BCR69) are always underestimated and those of BCR67 and BCR70 are either esti-
mated correctly or overestimated. The overestimation of the proportion of the finest 
standard BCR70 is greatest when mixed with the intermediate BCR67 only.

Natural sediments
The pattern of over- and underestimation for the natural sediments is very different  
(Fig. 2.6C, Appendix 3). The proportion of the finest standard (SF) is underestimated in all 
experiments; that of the intermediate standard always overestimated and those of the 
coarsest standard underestimated in all cases but in the two-component mixtures with 
SF, where they are overestimated. The misfit between the observed and expected  
proportion is not simply determined by the relative amount of that specific standard, 
but rather by the mixing proportions of all three standards (Fig. 2.7). This (also) explains 
(partly) the large spread in the estimated proportions in the two-dimensional plots  
(Fig. 2.6 and 8). However, notwithstanding the fact that the proportions of all compo-
nents determines the mixing structure, calibration of the laser diffraction particle sizer 
and paleoceanographic inferences require independent conversion of the observed 
proportion of each individual standard to the actual (expected) proportion. The large 
number of measurements of the natural sediment mixtures allow for establishment of 
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(Fig. 2.6) Scatter plot of 
the expected (px) versus 
observed (qx) mixing pro-
portions. A: for the binary 
mixtures of glass bead 
standards. There is slight 
overestimation of the pro-
portion of the finer stan-
dards even for these 
spherical particles. B: for 
the experiment with the 

BCR standards. Note the 
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est standard (BCR69). C: 
for the experiment with the 
natural sediment stan-
dards. The proportions of 
the medium and fine stan-
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SF overestimated (these 
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are indicated in red). The  
x = y line is included for ref-
erence.
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Jonkers et al. Figure 8
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The observed proportion of 
standard X is a function of 
the expected proportion of 
all three standards.

such a calibration curve. Prior to conversion a log-ratio transformation is applied  
[cf. Vriend and Prins, 2005]; note that such a transformation is only possible since 
observed proportions of 0 and 1 do not need to be calibrated. The regression func-
tions of the standards then take the following form:

 

where p and qSx denote the expected and observed proportion of standard X (F, M or 
C), respectively . The values of a and b can be obtained from linear regression plots of 
each individual standard (Fig. 2.8 and Table 2.2). Conversion of log (pSX/1 – pSX) to pSX 
requires a simplified four-parameter sigmoid function:

 pS
x
 = (1 + exp ( 

log(
     

pSx

     
)
 )

–1

 Eq. 4

Conversion of the standards’ proportions using the equations above is associated 
with small errors. When all standards are calibrated, these errors will lead to violation 
of the basic requirement that, therefore all converted mixing proportions are subse-
quently normalised to one. As the laser diffraction particle sizer measures volume pro-
portions whereas the standards were mixed by weight, such conversion of observed 
to expected values incorporates an error when mixing components have different den-
sities, which might be the case when working with natural sediments. The density dif-
ferences between SF, SM and SC are, however, minimal and correction does not alter 
the calibration significantly (Table 2.2).

An equal conversion approach was applied to the sediment mixtures measured 
at 7% obscuration which yielded nearly identical results (Table 2.2). For the BCR mix-
tures this resulted in different constants, but a well predictable misfit between the 
observed and expected contributions of the standards (Table 2.2).
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The high degree of correlation between the observed and expected mixing pro-
portions of the standards (Fig. 2.8, Table 2.2) shows that calibration of laser diffraction 
particle sizer measurements can be accomplished with small errors.

Discussion
The ability of the Fritsch A22 laser diffraction particle sizer to recognize small changes 
in the contribution of individual components to the GSD was assessed by conducting 
mixing experiments with up to three standards. Laser diffraction particle sizing appears 
as a precise method to determine high resolution grain-size spectra in a short time, in 
accordance with earlier studies [Goossens, 2008; Loizeau et al., 1994; McCave et al., 2006; 

Sperazza et al., 2004]. The lower precision but closer approximation of the expected GSD 
(i.e. a lower RMS value) for measurements at 7% obscuration is probably due to a 

(Table 2.2) Conversion of 
the observed to expected 
mixing proportions: linear 
regression equations and 
regression coefficients for 
the mixing experiments  
with natural sediments  
carried out at 7% and  
15% obscuration of the 
laser beam (* indicates 
density-corrected values) 
and those with the BCR 
standards.

a b r2

SF7% 0.94 +0.32 0.97

SM7% 1.07 -0.37 0.90

SC7% 0.79 +0.02 0.87

SF15% 0.95 +0.34 0.97

SM15% 1.03 -0.44 0.90

SC15% 0.75 +0.07 0.91

S*
F15% 0.95 +0.35 0.97

S*
M15% 1.03 -0.45 0.90

S*
C15% 0.75 +0.06 0.91

BCR70 0.80 -0.17 0.91

BCR67 1.12 -0.24 0.94

BCR69 0.65 +0.24 0.84

log(    pX   ) = a (log(    qX   )) + b
1–pX 1–qX
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(Fig. 2.8) Scatter plots  
and linear regression func-
tions of log (pSX/1-pSX) vs. 
log (qSX/1-qSX) for SF, SM 
and SC.
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reduced influence of multiple scattering of the laser light. With more particles in the 
solution the precision increases, but more fine particles also lead to increased multiple-
scattering effects, causing the observed GSD to deviate further from the expected 
distribution. An ideal obscuration is thus a trade-off between precision and the degree 
to which the measured distributions match the ones expected. 

Mean size of the mixtures resembles the expected values closely, although it is under-
estimated in mixtures of the BCR standards. However, a larger misfit is observed 
when other parameters, such as the modal size or sorting, are contrasted. This sug-
gests that although small changes in the proportion of a mixed standard are regis-
tered, the measured proportions are offset from those weighed. This is indeed the 
case for most mixtures of all different standards, but this misestimation of the standard 
contribution appears to be well predictable. Density differences within a sediment may 
explain (part of) the misfit between the expected and observed mixing proportions as 
the algorithms used to convert laser diffraction patterns to volumetric GSDs assume 
equal density of all particles. Size sorting in the real world is, however, not only depen-
dent on particle size, but also on particle density, which is not taken into account by 
laser diffraction particle sizing. In the experiment with natural sediments density differ-
ences were however small and did significantly affect the observed misestimation pat-
terns. In other sediments density effects may be larger especially when heavy minerals 
are present. However, presence of such minerals, which tend to be concentrated in 
the fine fraction, should lead to an underestimation of the proportion of the fine fraction 
by the laser particle sizer, contrary to what is often observed [Konert and Vandenberghe, 

1997; Vriend and Prins, 2005]. Furthermore, density differences need to be considerable 
to significantly affect the observed mixing structure; consequently the experimental 
results reported here can be applied, at least qualitatively, to other sediments where 
density differences are not too large.

The (mis)estimation patterns of the mixtures of glass bead and BCR standards differ 
remarkably from those of the natural sediments. Underestimation of the proportion of 
the coarse glass bead and BCR standard resembles the observations by Vriend and 
Prins [2005]. They attributed this to the non-spherical shape of fine particles (in partic-
ular that of micas and clay minerals) that leads to an overestimation of their proportion. 
However, even the proportion of glass bead standards is slightly misestimated, although 
they consist of almost perfectly spherical particles (Fig. 2.2D) and have equal physical 
properties and are thus ideal particles for size determination using laser diffraction. 
Furthermore, shape differences between the BCR standards are small and as these 
standards consist of ground quartz their physical properties are also identical and yet 
their observed proportions also differ from the expected values. Remarkably, the grains 
of the fine standard, whose proportion is overestimated, are possibly closer to an ideal 
sphere (Fig. 2.3C) and should thus according to theory be estimated more correctly. 
However, shape analysis of such minute particles is problematic and the higher spheric-
ity and aspect ratio of BCR 70 are probably artificial and shape differences between 
the BCR standards consequently minimal. Therefore, since the glass bead standards 
as well as the BCR standards are virtually identical except for their size distribution, 
the observed misestimation of the standards’ proportions is likely to be inherent to the 
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method of laser diffraction particle sizing and perhaps due to the increased influence 
of multiple scattering of the laser beam at higher concentrations of very fine particles.

The experiment with natural sediments shows a totally different result as the pro-
portion of the finest standard was underestimated of in all cases. These standards 
consist of grains of different shape and density, both exerting their influence on the 
measured distribution. Although the shape differences between the fine and medium 
standard are minor (Fig. 2.2F and 2.3C), there is a large difference in how their contribu-
tions are measured. The same goes for the medium and coarse standards, whose 
shape parameters are nearly identical (Fig. 2.3C and D). Moreover, if shape factors 
played a role, one would expect overestimation of the standards made up of platier 
grains. Consequently, the misestimation is not due to grain shape effects. Density dif-
ferences between the standards are too small to explain the misestimation patterns as 
they hardly influence the difference between the observed and expected mixing struc-
tures at all. The most likely explanation remaining is that part of the distribution of the 
fine standard is not detected by the particle sizer because grain-sizes approach to the 
wavelength of the laser light (0.6 μm), i.e. part of the fine tail of SF is not ‘seen’. This 
would not only explain why the observed proportion of the fine standard in mixtures is 
always underestimated with respect to the expected proportions, but also almost per-
fect parabolic shape of the misestimation curve (Fig. 2.6C). Based on the results from 
these experiments it remains impossible to resolve whether or not this interference 
effect masked any shape and/or multiple scattering effects. 

We showed that conversion of the observed proportions to expected proportions can 
be accomplished with small errors, even for mixtures made out of fine-grained sedi-
ments. Similar predictability of the mixing coefficients was observed by Vriend and 
Prins [2005] in a mixing experiment with coarser standards carried out on the same 
particle sizer. Mixing experiments with two components consisting of spherical parti-
cles (polystyrene and glass) on a Malvern Instruments Laser Particle Sizer type 2600 
and a Malvern Mastersizer S show similar results as the experiment with glass beads 
reported here: a polynomial but near linear correlation between the expected and 
observed mixing proportions [Prins and Stuut, 1999; Stuut and Prins, 2001]. Prins and Stuut 
[1999] also used natural sediments with modal sizes ranging from ~4 to ~80 μm for  
a two-component mixing exercise, indicating that the mixing structure of the sediment 
can be accurately estimated from the observations. Interestingly, McCave et al. [2006], 
based on a comparable two-component mixing experiment with fine-grained natural 
sediments using a Malvern Mastersizer X concluded that their laser diffraction particle 
sizer was unable to reliably measure grain-size in the 10 to 63 μm range. However, 
their results seem to plot on a mixing line between the two standards used [cf. Fig. 1D, 

McCave et al., 2006]. We therefore conclude that grain-size measurements based on 
laser diffraction are very reproducible and that the mixing structures of fine-grained 
sediments can be reliably derived from the observed GSDs. Literature [McCave et al., 
2006; Prins and Stuut, 1999; Stuut and Prins, 2001; Vriend and Prins, 2005] indicates that this 
probably holds true for a wide range of grain-sizes and for different instruments. Con-
sequently, given that grain-size based paleo(ceanographic) reconstructions are most 
useful when the mixing structure of the widest possible size range is taken into 
account, laser diffraction particle sizing offers a viable (if not preferable) alternative  
to settling techniques.
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Implications for laser grain-size based  
paleoceanographic inferences
To explore the implications of our findings for inferences of past ocean dynamics 
based on grain-size records measured using laser diffraction particle sizing, we apply 
the conversion procedure to a glacial record [Prins et al., 2002] with grain-sizes in the 
range of the sediment standards used here. The grain-size record (determined with  
the same laser-diffraction particle sizer) from Reykjanes Ridge in the North Atlantic 
was decomposed into a current-sorted and an ice-rafted part (Fig. 2.9A) to infer of varia-
tions of near-bottom current-speed in response to freshwater perturbations by melting 
ice. The interpretation of the inferred transport mechanisms was tested through geo-
chemical analysis of the lithogenic fraction <28 μm. Prins et al. [2002] showed that 
during periods of increased delivery of ice-rafted material the contribution of upper 
continental crust derived material increased relative to the amount of basaltic material; 
thereby confirming the grain-size based inferences. The sum of end-member (EM)1 
and EM2 can thus serve as an indicator of the amount of ice-rafted detritus and the 
ratio of EM3 over EM4 as an indicator of near bottom current speed. Ice-rafted detritus 
content and near bottom current speed were subsequently used to infer fresh water 
forcing and overflow vigour of Iceland-Scotland Water. Prins et al. [2002] showed that 
decomposition of the grain-size record to be essential for useful reconstruction and 
inferred a direct slowdown of the overflow system in response to millennial scale ice-
rafting events. The conversion equations determined here allow re-evaluation of their 
grain-size record.

Since the offset between the observed and expected mixing proportions seems 
to be predictable not only for the laser diffraction particle sizer and sediment types 
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used here, the implications described here are probably applicable to a wider range  
of laser diffraction grain-size based inferences of paleoceanography. The conversion 
results are arguably valid in a qualitative way, as the standards resemble the end- 
members and there are no reasons why the predictability of the weight proportions 
would not apply [cf. Vriend and Prins, 2005]. For simplicity the proportion of EM1 was 
ignored. When converted (Fig. 2.9B), the proportion of the fine component (EM4) is 
increased relative to the medium and coarse ones (EM3 and EM2), leading to an  
overall decrease of inferred relative grain-size of the current-sorted fraction. However, 
since grain-size based inferences of bottom-current vigour are only quantitative  
this does not affect the inferred changes in current speed. The proportion of EM2 
increased as well, leading to a somewhat noisier, but still clear, signal. Although the 
shape of the curves of the end-member proportions changed somewhat due to the 
conversion errors and the normalisation procedure, the signal appears robust, thereby 
underscoring the applicability of laser diffraction particle sizing in paleoceanography. 

Conclusions
Mixing experiments with glass bead, ground quartz and natural sediment standards 
were carried out to asses the Fritsch A22 laser diffraction particle sizer for use with 
fine-grained sediments with modal sizes from 3 to 44 μm. Comparison of the observed 
with the expected grain-size characteristics of the individual mixtures showed that:
•  The laser diffraction particle sizer enables fast and very reproducible determination 
of the grain-size distribution of sediments.
•  Observed and expected mean grain-size of the mixtures are similar, differences 
however appear when other statistical parameters such as sorting, skewness and 
modal size are compared, indicating that observed and expected grain-size distribu-
tions are not identical.
•  The laser diffraction particle sizer is sensitive to small changes in the mixing propor-
tions of subpopulations in mixtures.
•  Small differences between observed proportions estimated from the measure-
ments and initial proportions of the subpopulations are probably due to multiple scat-
tering of or interference with the laser light (when particle size approximates light wave 
length), rather than to grain-shape effects.
•  Conversion of the observed (volume) proportions to expected (weight) proportions 
can be accomplished with minor errors, whatever the exact cause of the misestima-
tion. The results for fine-grained sediments presented here extend the grain-size 
domain for which such conversion can be achieved 
•  Paleoceanographic reconstructions yield extra credibility if the mixing structure of  
a wide grain-size spectrum is taken into account. Given the high precision, the wide 
measuring range, and the ability to predictably measure small changes in the mixing 
structure of sediments, laser diffraction particle sizing is thus the technique of favour 
for grain-size based inferences of paleoceanography.
•  Application of the conversion equations to a North Atlantic grain-size record 
strengthens earlier inferences on the response of the Iceland-Scotland Overflow  
to freshwater forcing.
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[3]
INTRA-ANNUAL VARIABILITY 
OF RAPID SEDIMENTATION 
ON GARDAR DRIFT
Based on: Jonkers, L., F. Mienis, W. Boer, I.R. Hall and G.-J.A. Brummer. 
Intra-annual variability of extremely rapid sedimentation onto Gardar Drift in the northern North Atlantic.  
Submitted to Deep Sea Research, Part 1.

Abstract
North Atlantic sediment drifts are valuable archives for paleoceanographic reconstruc-
tions spanning various timescales. However, the short-term dynamics of such systems 
are poorly known and this impinges on our ability to quantitatively reconstruct past 
change. Here we describe a high-resolution 319 days long time-series of hydrodynam-
ics and near bottom (4 m) particulate matter fluxes variability at a 2600 m deep site 
with an extremely high sediment accumulation rate on the southern Gardar Drift in the 
North Atlantic. We compare our findings with the actual deposits at the site. The total 
annual particle flux amounted to ~360 g m-2 yr-1, varied from ~0.15 to >5.0 g m-2 day-1 
and displayed strong seasonal compositional changes, with the highest proportion  
of fresh biogenic matter arriving after the springbloom in June and July. Flux variability 
also depended on the changing input of lithogenic matter that had been (re)sus-
pended for a longer time. Active focussing of material from both sources is required  
to account for the composition and the magnitude of the total flux, which exceed 
observations elsewhere with an order of magnitude. The enhanced focussing and/or 
increased delivery appeared to be positively related to current velocity. The inter-
cepted annual particle flux accounted for only 60% of the sediment accumulation rate 
of 600 ± 20 g m-2 yr-1 (0.20 ± 0.07 cm yr-1) indicating higher intra- and inter-annual vari-
ability of both the biogenic and lithogenic fluxes and/or advection of additional sedi-
ment closer to the seafloor (i.e. <4 m). This temporal variability in the composition and 
amount of material deposited underscores the importance of focussing and seasonal-
ity of the biogenic flux but also highlights intra-annual changes in the flux of lithogenic 
material. All should be taken into account when interpreting the paleorecord from such 
depositional settings.
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Introduction
Sediment drift deposits that are formed under the influence of deep watermasses  
represent valuable archives as they contain long, continuous and often high resolution 
records of past ocean dynamics. The drifts in the North Atlantic have yielded important 
information on past changes in the return flow of the Atlantic Meridional Overturning 
Circulation (AMOC) [e.g. Bianchi and McCave, 1999; Ellison et al., 2006] which is crucial in 
modulating (global) climate [Broecker et al., 1985]. On the eastern flank of Reykjanes 
Ridge several sediment drifts are found, with Gardar Drift being the most extensive. 
The Gardar Drift stretches for over 1000 km from NE to SW between ~1400 and 
3000 m water depth. It is deposited under the influence of the Iceland Scotland Over-
flow Waters (ISOW) that flow as a deep (western) boundary current (DWBC) towards 
the SW, parallel to the Ridge. ISOW represents a mixture of waters from the Nordic 
Seas and other intermediate waters that are entrained in the subpolar North Atlantic 
during its descent to depth following passage across the Iceland-Scotland ridge [Van 
Aken, 1995b; Van Aken and De Boer, 1995]. As such ISOW is a precursor watermass of 
North Atlantic Deep Water and represents an important part of the cold southward 
flowing limb of the AMOC [Swift, 1984]. Sedimentary records may thus provide insights 
into the past dynamics of this deep watermass as well as contain valuable information 
on changing surface ocean conditions and the linkages between the deep and surface 
ocean. Additionally, sedimentation rates on Gardar Drift vary enormously, allowing 
reconstructions to be acquired at temporal ranges from millions of years to sub- 
decadal timescales [Bianchi and McCave, 1999; Boessenkool et al., 2007; Ellison et al., 2006; 

Mc Intyre et al., 1999; Raymo et al., 1998]. While several studies on the large scale sedi-
mentary processes and long-term development of Gardar Drift have been undertaken 
[Bianchi and McCave, 2000; Kidd and Hill, 1986], few, if any, have focussed on the intra- 
annual variability of the sedimentation processes occurring within an open ocean drift 
setting. Here we present a 319 days time-series of particulate matter fluxes and cur-
rent dynamics recorded by a benthic bottom boundary (BOBO) lander [Van Weering et 
al., 2000] deployed at a site on the southern Gardar Drift (Fig. 3.1A). The BOBO Gardar 
(BG) site is characterised by an extraordinary high accumulation rate of >2 mm yr-1 
over at least the last two centuries [Boessenkool et al., 2007]. We assess seasonal vari-
ability in the magnitude and composition of the particulate flux in the light of changes  
in current speed and direction and compare our findings with the most recently depos-
ited sediments at the site. Additionally, in order to better interpret the site’s very high 
resolution record of past ocean variability, we aim to better constrain the processes 
leading to the high sedimentation rates as well as the changes in the magnitude and 
composition of the particulate flux.

Regional setting
The bathymetry around the BG site is characterised by the SE sloping flank of the 
Reykjanes Ridge. Superimposed are isolated seamounts and particularly close to  
the site series of E-W oriented troughs and ridges (Fig. 3.1A). These are probably 
related to strike-slip faulting associated with the Bight fracture zone at 57° N  
[Appelgate and Shor, 1994].

Deep circulation above Gardar Drift is dominated by ISOW that flows baroclini-
cally in a DWBC that is steered by the topography in a SW direction [Bianchi and 
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McCave, 2000; Van Aken and De Boer, 1995]. Topographic features, such as seamounts, 
may significantly alter the direction of the bottom flow [Bianchi and McCave, 2000]. Mean 
current speeds near the bottom are in the order of 10 to 20 cm s-1 [Van Aken, 1995a]. At 
shallower depths Labrador Sea Water, Intermediate Water and Subpolar Mode Water 
are encountered, while Lower Deep Water may be present below ISOW or squeezed 
in between two layers of ISOW [Van Aken and De Boer, 1995]. Nepheloid layers of high 
turbidity, with particle concentrations of up to 1 mg L-1, are frequently encountered 
close to the bottom as well as at intermediate depths [Bianchi and McCave, 2000].

The majority of the sediment supplied to Gardar Drift by the DWBC consists of 
resuspended material that originated from Iceland and the NW European landmasses 
[Revel et al., 1996]. Another source of particulate matter to the Drift is the upper ocean 
where most production of biogenic particles takes place. Whereas the supply of sus-
pended material should not necessarily show cyclic intra-annual variability, the bio-
genic matter flux will to a first order be determined by seasonal production in the 
euphotic zone, i.e. be higher during bloom periods [e.g. Honjo and Manganini, 1993].

Material and methods
The benthic lander

To monitor particle fluxes and near bottom hydrographic variability a modified version 
of the benthic Bottom Boundary (BOBO) lander [Van Weering et al., 2000] was deployed 
at 57° 29.09 N, 27° 54.53 W on the Gardar Drift and at a water depth of 2630 m  
(Fig. 3.1A and B). Prior to deployment of the lander, water column temperature, salinity 
and optical backscatter were profiled with CTD sensors at three locations surrounding 
the site and a detailed bathymetric survey carried out using a Kongsberg multi-beam 
system. The BOBO lander was positioned on a gentle slope that dips north to an EW 
oriented elongated depression that is approximately 50 m deeper (Fig. 3.1B). North of 
this depression the seafloor rises steeply towards >160 m above the depression floor, 
i.e. >110 m above the lander. To prevent the lander from sinking into the soft sediment 
it was fitted with extra wide feet attached to the standing poles. Deployment lasted 
from September 2007 to August 2008.

Current velocity and acoustic backscatter were monitored at 15 minute intervals 
using an upward looking RD Instruments 1200-kHz ADCP. For calculations we use 
only the information at 6.65 meters above the bottom (mab), which is reasonable given 
the limited vertical variation in speed and direction in the water column (Fig. 3.2). Salinity 
and temperature were logged every 15 minutes at 3 mab with a SBE-16 CT sensor. 
Two Seapoint optical backscatter sensors were fitted to the lander at 1 and 3 mab 
recording data every 15 minutes. Biofouling of the sensor windows may have affected 
the results and the lowest sensor (1 mab) appeared temporarily saturated due to high 
turbidity near the bottom. Although the relation between backscatter (both acoustic and 
optical) and suspended matter concentration need not to be linear and stable in time, 
both record changing turbidity and particle concentration [cf. Bianchi and McCave, 2000].

The lander was fitted with three extended Technicap PPS 4/3 sediment traps, each 
with a baffled collecting area of 0.05 m2 positioned at 4 mab. Trap bottles were filled 
with ambient seawater and poisoned with a pH-buffered HgCl2-solution and rotated 
every 11 days (Table 3.1). To test the performance of each sediment trap, two traps 
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were programmed to collect material synchronously for three intervals during the 
deployment. All traps performed flawlessly except for the third sediment trap during 
last four collecting periods, which were excluded from the time-series. Pitch and roll of 
the lander were recorded and displayed very little variation (-1.83 ± 0.03° and 0.33 ± 
0.04°, respectively); trapping efficiency was thus uncompromised by movement of the 
lander. Upon recovery the pH of the supernate was measured and found to range from 
8.5 to 8.8, indicating minimum sample degradation. The samples were stored at 4 °C. 
Before sample processing in the laboratory the supernatant was sampled for dis-
solved Si analysis to correct for the dissolution of the particulate biogenic silica [Bauer-
feind and Bodungen, 2006; Koning et al., 1997]. Swimmers larger than 1 mm were removed 
prior to splitting of the samples for further analysis [Loncaric et al., 2006].

Finally, for comparison, chlorophyll-a concentration in the surface ocean was 
obtained from SeaWIFS images accessed through the Giovanni online data system 
[Acker and Leptoukh, 2007]. Due to the intermittent presence of clouds obscuring the  
surface ocean over the site this time-series is not continuous over the BOBO deploy-
ment period. 
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(Fig. 3.2) Current speed 
above the lander during 
deployment. This part of 
watercolumn showed very 
little vertical changes, 
allowing the use of a single 
bin to characterise the 
near-bottom current 
dynamics.

(Table 3.1) Sediment trap 
rotation scheme. Synchro-
nously opened bottles are 
highlighted.

Bottle 
Number

Opening 
Date

Bottle 
Number

Opening 
Date

Bottle 
Number

Opening 
Date

01 19 Sep. 2007 12 18 Jan. 2008 23 07 May 2008

02 30 Sep. 2007 13 18 Jan. 2008 24 18 May 2008

03 11 Oct. 2007 14 29 Jan. 2008 25 07 May 2008

04 22 Oct. 2007 15 09 Feb. 2008 26 18 May 2008

05 02 Nov. 2007 16 20 Feb. 2008 27 29 May 2008

06 13 Nov. 2007 17 02 Mar. 2008 28 09 Jun. 2008

07 24 Nov. 2007 18 13 Mar. 2008 29 20 Jun. 2008

08 05 Dec. 2007 19 24 Mar. 2008 30 01 Jul. 2008

09 16 Dec. 2007 20 04 Apr. 2008 31 12 Jul. 2008

10 27 Dec. 2007 21 15 Apr. 2008 32 23 Jul. 2008

11 07 Jan. 2008 22 26 Apr. 2008
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Sediment analyses
Sediment accumulating at the site was sampled during the deployment cruise in  
2007 using a multi-corer that should ensure intact sampling of the sediment-water 
interface. A 51 cm long core was sliced at 0.5 cm intervals and samples were stored  
in PE bags at 4 °C.

Intercepted fluxes and sediment were analysed for major components and 210Pb 
activity. Carbon and nitrogen were separately analysed on weighed aliquots of the bulk 
material before and after removal of the carbonate-carbon [Bonnin et al., 2002] using a 
Carlo Erba Instruments Flash 1112 elemental analyzer. Biogenic silica (BSi) was deter-
mined by continuous alkaline leaching that accounts for contributions by co-leaching 
of Al-silicates [Koning et al., 2002]. The lithogenic content was calculated according to 
Romero et al. [2002].

To determine the accumulation rate of the sediments and the relative age of the 
intercepted fluxes, samples were analysed for 210Pb activity using the granddaughter 
210Po by means of α-spectrometry. About 10 mg of trap material or 200 mg of sedi-
ment was spiked with 209Po and leached with concentrated HCl. Polonium isotopes 
were collected onto silver disks and counted during at least two days with Canberra 
alpha detectors. Correction for compaction was applied by plotting the 210Pb profiles 
against a cumulative mass depth using dry bulk densities calculated with a particle 
density of 2.2 g cm-3. The 210Pb data were first modelled assuming a constant flux and 
constant sedimentation (CF/CS) [Appleby and Oldfield, 1992], then with a mixing model 
[Soetaert et al., 1996] and a flux balance model [Fuller et al., 1999]. Background 210Pb activ-
ity was taken from a different core at the same site [Boessenkool et al., 2007] as our core 
did not penetrate deep enough to reach background values. The obtained error of the 
sediment mass accumulation rate and inventory is based on two extreme background 
values. The 210Pb based age model of the core was fine-tuned using anthropogenic 
137Cs that is detectable in the environment only after 1952. Samples from the top 8 cm 
were measured with a CANBERRA germanium BEGY detector with a low back-
ground and high efficiency. The detector was calibrated using a IAEA-300 standard.

Results
Hydrographic forcing

The CTD profiles showed that the water mass near the bottom consisted of Iceland-
Scotland Overflow Water that was overlain by Labrador Sea Water; no major differ-
ences between the three stations in the structure of the lower ~1500 dbar were 
observed (Fig. 3.3). 

In agreement with Bianchi and McCave [2000] the potential temperature of the water 
mass is higher and the salinity lower than the typical ISOW, indicating that some 
mixing with Lower Deep Water has occurred [Van Aken and De Boer, 1995]. Potential  
temperature and salinity were on average 2.748 ± 0.035 °C and 34.956 ± 0.002 
PSU, demonstrating that ISOW bathed the BG site during the entire deployment  
(Fig. 3.4A and B). Compared to the neighbouring CTD profiles the BG site showed a 
very pronounced layer of high turbidity near the bottom and a second layer of even 
higher turbidity at around 80 m above the sea floor (Fig. 3.3D). Chlorophyll-a concentra-
tions in the surface waters are ~0.5 mg m-3 during autumn 2007 and show two promi-
nent peaks reaching almost 2.5 mg m-3 in spring and summer 2008 (Fig. 3.7).
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Modal current velocities were 5-10 cm s-1 with a maximum of 36.4 cms-1, yet for  
over 90% of the deployment current speeds were below 20 cm s-1 (Fig. 3.4 and 3.5). 
Most variability in the current speed was associated with the semi-diurnal tidal com-
ponent, with little variability in the tidal amplitude during deployment (Fig. 3.4). Longer 
term variability was clearly present in the EW component of the current speed (Fig. 

3.4). Dominant displacement over the whole deployment period was in a NW direction 
towards the steep rise north of the site (Fig. 3.1C and 3.6). Acoustic backscatter dis-
played variability at timescales comparable to EW velocity with highest values when 
currents flowed fast in a westerly direction (r ~0.6, n = 36, p <0.01; not shown).  
Optical backscatter below the traps was always higher and more variable at 1 mab 
than at 3 mab. Turbidity below the trap and current velocity above it showed no rela-
tionship.

Intercepted fluxes
The fluxes of the trap bottles that collected sediment during the same sample inter-
vals are very similar in magnitude and composition, especially when contrasted with 
the overall variability (Fig. 3.7). Consequently, the comparison of the three traps is not 
hindered by differential trapping efficiency. Total mass fluxes varied from ~0.15 to  
>5.0 g m-2 day-1 (Fig. 3.7). While background fluxes varied around 0.4-1.0 g m-2 day-1, 
three pulses of enhanced particle flux were registered; the first in October 2007 
when fluxes reached maximum values >5 g m-2 day-1 and the second and third in May 
and July 2008 with fluxes of >2 and 3 g m-2 day-1, respectively. These latter two pulses 
appear to be associated with surface productivity as indicated by the double pulse  
in chlorophyll concentration, particularly when consideration is given for the delay for 
particle settling (Fig. 3.7). Higher fluxes tended to occur during periods of high acous-
tic backscatter (r ~0.8, n = 32, p<0.01) associated with relatively fast flow in a NW 
direction (Fig. 3.4). By simple extrapolation, the annual deposition flux based on the 
deployment period (319 days) amounts to 363 g m-2 yr-1 (Table 3.2).
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Relative contributions of biogenic silica (BSi), organic carbon (Corg) and total nitrogen 
(N) co-vary (Fig. 3.7). Values were low until the end of April 2008 (with the exception of 
interval 5 in November 2007), then increased by more than a factor two until the end of 
May 2008 and then declined. By August 2008 BSi, Corg and N percentages were still 
higher than during the previous winter. CaCO3 percentages were constant at ~50% 
until May 2008 and then fell slightly to about 40% (Fig. 3.7). Only in October and Novem-
ber 2007 relative CaCO3 contributions were lower than 50%, with interval 5 being again 
anomalous (Fig. 3.7). From May 2008 onwards the CaCO3 percentages appear to have 
been negatively correlated to the total flux. The lithogenic contribution showed little 
variation apart from the two earlier mentioned intervals in October and November 2007 
and a slight decrease during the first pulse in the total mass flux in May to July 2008 
(Fig. 3.7). The lithogenic fraction contained virtually no particles larger than 20 μm and 
mean particle sizes varied between 8.5 and 9.5 μm throughout the deployment period.

The activity of 210Pb varied between 1000 and 2400 Bq kg-1, with highest and 
lowest values coinciding with maxima and minima in the lithogenic content, respec-
tively (Fig. 3.8). The 210Pb time-series exhibits some variability during the winter season, 
but large activity changes appear to be related to the lithogenic content of the sam-
ples. The flux-weighted activity of 210Pb amounts to ~1500 ± 65 Bq kg-1, which, by 
extrapolation, yields an annual flux of 546 Bq m-2 yr-1.

(Table 3.2) Annual inter-
cepted and sedimentary 
fluxes. Note that the annual 
intercepted fluxes are 
based on extrapolation.

Intercepted flux Sediment accumulation rate

total mass (gr m-2 yr-1) 363 600 ± 20

CaCO3 (gr m-2 yr-1) 158 (43.5%) 262 (43.7%)

BSi (gr m-2 yr-1) 57 (15.7%) 22 (3.6%)

total N (gr m-2 yr-1) 1 (0.3%) 1 (0.2%)

organic matter (gr m-2 yr-1) 15 (4.1%) 14 (2.3%)

lithics (gr m-2 yr-1) 132 (36.3%) 302 (50.3%)
210Pb (Bq m-2 yr-1) 546 661 ± 30
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Sediment accumulation
Average composition of the topmost sediment differs mainly from the intercepted by 
lower BSi and higher lithogenic content (Fig. 3.9). Sediment porosity is very high and 
decreases only slightly from 89% at the top to 81% at the bottom of the core (Fig. 

3.10). Measured total 210Pb activity of the sediments is 1028 ± 22 Bq kg-1 in the top  
0.5 cm and decreases smoothly to values around 75 Bq kg-1 at 30 cm depth (Fig. 3.10). 
Below 30 cm slightly higher 210Pb values suggest input of non-local material. Surface 
210Pbxs activity is modelled to be 1063 Bq at 0 cm. Except for the spring bloom 210Pb 
activity of the intercepted particulate matter exceeded that of the surface sediments 
(Fig. 3.10). Anthropogenic 137Cs (Fig. 3.10) was detected in the upper 6.25 cm and not 
detectable at 8.25 cm and showed a prominent peak at 4.25 cm, thus indicating that 
the material above 6.25 cm was deposited after the bomb spike (1952).
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60 The CF/CS mixing model indicates an average accumulation rate of 600 ± 20 g m-2 year-1 
(0.20 ± 0.07 cm yr-1) for the last ~150 years. This is about 1.7 times higher than the 
estimated annual flux based on the time-series. The annual flux of 210Pbxs calculated 
from the sedimentary 210Pbxs inventory according to Thomson et al. [1993a] is 661 ±  
30 Bq m-2 yr-1 and thus ~1.2 times higher than the flux derived from the time-series. 

Discussion
Currents and fluxes

The time-series of particulate flux onto the BG site at Gardar Drift showed consider-
able intra-annual variability, both in magnitude and composition. In general, flux and 
composition variability depend on both the primary export flux from the surface ocean 
(e.g. May 2008) and the secondary flux consisting of resuspended material (October 
2007). Higher particulate fluxes tend to occur during periods of enhanced current 
speeds, especially when the flow is faster in westerly directions, thus indicating more 
resuspension upstream and/or more efficient delivery (focussing) of material to the 
site. The double pulse in the flux that occurred between May and July 2008 however 
appears to be governed to a greater degree by biological export from the surface 
ocean. All indicators of productivity (Corg, total N and BSi) increase and the flux pattern 
mimics the chlorophyll-a concentration in the surface waters (Fig. 3.7). The springbloom 
at the site started during mid April 2008, while the associated pulse in the biogenic 
flux arrived approximately one month later at the sea floor (2630 m). The time lag 
between the second chlorophyll maximum and the second pulse in the flux is approxi-
mately equally long. No peak in chlorophyll content was present about one month prior 
to the extremely high flux in October-November 2007, nor is this pulse characterised 
by elevated biogenic matter content (Fig.7). This period of very high turbidity and fluxes 
appears therefore not related to biological processes, but reflects pulsed input of (re)
suspended material. Although the interval represents a period of fast flow and little 
change in the direction of the current, such a flow regime did not always result in simi-
lar extreme fluxes (cf. April 2008; Fig. 3.4). Maybe the proximity (in time) to the preceding 
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spring and summer bloom also determined the magnitude of the resuspended/
rebound flux. Higher primary fluxes would be associated with increased secondary 
fluxes as more material is available for resuspension and recently deposited material 
might be more easily taken up from the seabed. Consequently, flux variability at the 
Gardar Drift site is controlled by the strength of the current that brings material from 
the SE as well as by seasonal variability associated with the export of fresh biogenic 
material from the surface ocean.

Sediment focussing
Compared to other long-term sediment trap deployments in the open North Atlantic 
the high fluxes on Gardar Drift stand out. Fluxes of all components onto Gardar Drift 
are generally 10-20 times higher than reported from elsewhere in the open North 
Atlantic. Annual total mass fluxes at the two Joint Global Ocean Flux Study (JGOFS) 
site at 48° and 38° N, 21° W at 700 mab were in the order of 20-26 g m-2 [Honjo and 

Manganini, 1993]. Fluxes at approximately the same latitude in the Porcupine Abyssal 
Plain at 2 mab reached similar values of 20 to 30 g m-2 yr-1 [Lampitt et al., 2001;  

Vangriesheim et al., 2001]. In the Irminger Sea (59° N, 39° W) annual total mass flux at 
250 mab was even lower (~11 g m-2; Jonkers et al. in press). Some discrepancy with 
the Gardar Drift data may arise from differences in trap deployment depth and height 
above the sea floor, causing resuspension to affect the traps differently. Also due  
to the relatively short deployment period of the lander, the flux variability may have 
been underestimated. Regardless, the annual mass flux of 360 g m-2 onto Gardar Drift 
is extraordinary high. Notably however, the underlying sediment show accumulation 
rates that are even higher, regardless of the uncertainties in our estimation of the sup-
ported 210Pb activity (Table 3.2). Since biogenic fluxes are also very high compared to 
the other sites, the magnitude of the flux cannot readily be explained by the inclusion  
of a simple admixture of resuspended ‘old’ sediment. As biogenic matter such as BSi, 
Corg and total N is highly susceptible to dissolution/degradation, resuspended material 
would typically be enriched in lithogenic material and carbonates. Therefore sedimen-
tation at the site must also involve active focussing of freshly produced material.  
The high 210Pb fluxes onto the BG site also point to focussing of sediment. Compared 
to measurements along the Biogeochemical Ocean Flux Study (BOFS) transect in  
the North Atlantic, the 210Pb flux onto Gardar Drift is at least two times higher than  
at sites with highest fluxes on Feni Drift [Thomson et al., 1993a]. This indicates that it  
is unlikely that the 210Pbxs flux is in equilibrium with the production rate and under-
scores the importance of focussing of lead-bearing sediment at the site. The sediment 
focussing is probably caused by the interaction between the DWBC and the local 
bathymetry, with the EW orientation of the ridges around the site (Fig. 3.1A) forcing the 
flow of ISOW to deviate from its SW course and follow a path more to the (N)W, 
thereby bringing material to the site [cf. Bianchi and McCave, 2000]. Additionally, the 
steep slope north of the site may play an important role in preventing the suspended 
sediment from being transported further NW (Fig. 3.1B).

Depositional flux variability
The discrepancy between the time-series annual particle flux (0.36kg m-2 yr-1) and the 
accumulation rate of the sediment (0.60 kg m-2 yr-1) suggests either (i) that during the 
deployment period the flux variability was significantly lower than the average during 



62

the previous ~150 years, (ii) that the inter-annual flux variability is very large, or (iii) that 
the flux below 4 mab (trap level) is much higher than that collected in the traps. To rec-
oncile both flux estimates, two additional events like the October 2007 high fluxes are 
required to bring the annual flux to a total of ~0.6 kg m-2 yr-1. While intra- and inter-an-
nual flux variability may have been underestimated, it is unlikely that the differences in 
the fluxes are solely due to higher inter-annual variability. Compared to other sites in 
the North Atlantic, the inter-annual flux variability would have to be very large to match 
the intercepted and sedimentary fluxes [Lampitt et al., 2001; Vangriesheim and Khripounoff, 
1990]. Therefore, it is reasonable to assume that the measured intra-annual variability 
represents a lower boundary. Additionally, part of the sedimentary mass flux may not 
have been intercepted by the traps since near-bottom processes below the trap are 
also important in determining the actual sediment accumulation. In the CTD profile tur-
bidity increases towards the bottom and the OBS sensors on the lander also show 
higher turbidity near the bottom. Higher accumulation rates at the sea floor than at 4 
mab are therefore not surprising. The observed intra-annual variability has implications 
for interpretation of the sedimentary record. For biogenic particles the intra-annual flux 
variability is well documented and often follows a more or less predictable seasonal 
pattern [e.g. Deuser and Ross, 1980; Jonkers et al., submitted manuscript; Schröder-Ritzrau et al., 
2001; Zaric et al., 2005]. Our results however also indicate significant variability in the flux 
of lithogenic particles, which may affect proxies based on this fraction of the sediment, 
such as grain-size characteristics, Pa/Th, magnetic properties and Nd isotopes. Short 
term events, such as the period of high fluxes in October 2007 when about a quarter 
of the total flux was collected, may alias proxy signals towards extreme conditions and 
bias paleoceanographic inferences.

Lead-210 fluxes
The activity of 210Pb in the sediment provides a measure of the freshness of the material, 
with fresh particles having a higher activity due to their exposure to seawater where 
they scavenge lead. The residence time of 210Pb in the deep ocean with respect to 
particle scavenging is in the order of 30-100 years [Cochran et al., 1990; Craig et al., 1973], 
with the length probably dependent on particle concentration and particle characteris-
tics. Particles with a high activity thus have been exposed to sea-water for substantial 
time. Compared to the bottom sediment the material intercepted in the traps has a 
higher activity, except for during the springbloom in May to July 2008 (Fig. 3.8). The 
covariance between 210Pb activity and the lithogenic content is in agreement with the 
affinity of lead for fine lithogenic material and thus that dilution by biogenic matter plays 
an important role in determining the 210Pb signal [Bacon et al., 1994; Hung and Chung, 1998; 

Thomson et al., 1993b; Van den Bergh et al., 2007]. Unfortunately the 210Pb variability in winter 
is too high to allow for correction of dilution, but the reduction in the activity during 
springbloom is unlikely to be caused by resuspension of ‘old’ material as the composi-
tion of these samples differs from the underlying sediment. It seems most likely that the 
spring reduction reflects dilution and the peaks in autumn enrichment of lithogenic 
material. The remaining variability in winter is not related to changes in the current 
velocity and probably stems from different exposure histories of the particles. Given 
the high activities, the intercepted material must have been exposed for considerable 
time and is possibly advected to the site from further away, as resuspension of locally 
deposited material would result in lower 210Pbxs values, more similar to the surface sed-
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iment. Apparently there is a continuous source of (re)suspended material that supplies 
the site depending on the current speed and direction. A likely source of suspended 
material is the turbid layer seen in the CTD profile between 0 and ~100 mab (Fig. 3.3).

While the 210Pb values suggest that the material intercepted must have been in 
suspension for some time, the high biogenic (except carbonate) content of the flux 
indicates relatively rapid deposition because of its susceptibility to degradation [Koning 
et al., 1997; Loncaric et al., 2007]. This paradox suggests decoupled delivery of fresh bio-
genic and older lithogenic material and may explain the positive relationship between 
210Pb activity and lithogenic content. It indicates a constant source of lithogenic mate-
rial that has been in suspension for at least a few decades supplemented by seasonal 
input of fresh biogenic matter. The relatively modest increase in the carbonate flux and 
decrease in carbonate content during the springbloom (Fig. 3.7), suggests that part of 
the carbonate fraction also resides in the suspended reservoir. Since the BG site is 
located well above the calcite compensation depth [Biscaye et al., 1976] it is likely that 
the fine carbonate fraction remains well preserved during prolonged (re)suspension.

The difference between the sedimentary and the intercepted 210Pb flux is of the 
same sign as, but smaller than the difference between the sedimentary and inter-
cepted total mass fluxes (1.2 and 1.7, respectively). Besides a large underestimation 
of the inter-annual variability, there could be two reasons for the discrepancy between 
the fluxes. The first could be an overestimation of the sediment mass flux obtained 
from the down core 210Pb profile as a result of sediment mixing. Although, the 210Pb 
profile shows an excellent exponential decay curve, the two lowest points point to the 
possibility of non-local exchange in the profile (Fig. 3.10). Moreover, the high porosity is 
also consistent with mixing. Consequently, if sediment mixing occurred, the accumula-
tion rate of 0.60 kg m-2 yr-1 obtained with the CF/CS model should be regarded as a 
maximum value. Correction for possible mixing is hindered by lack of a known mixing 
rate. However, the Flux Balance model [Fuller et al., 1999], allows to calculate the mass 
accumulation rate independently of the shape of the 210Pb profile. The underlying 
assumption of this model is that the incoming 210Pb flux is in balance with the flux to 
the sediment, so the incoming flux must be known. Given the flux-weighted 210Pb activ-
ity of 1500 Bq kg-1 and the sedimentary 210Pb flux of 661 Bq m-2 yr-1, we obtain a mass 
accumulation rate of 440 g m-2 yr-1 (0.15 cm yr-1). This value is a lot closer to the total 
mass flux of 360 g m-2 yr-1 of the intercepted material and the difference may, consider-
ing the potential errors, be insignificant. Considering mixing, the 210Pb profile would 
then be described by a sedimentation rate of 0.15 cm yr-1 and a diffusive mixing coeffi-
cient of 0.33 cm2 yr-1 where the latter parameter is solved with a mixing model [Soetaert, 

1996]. The fact that the 210Pb profile is exponential, regardless of mixing, may be 
caused by a large number of small reworking events by bioturbation or a large number 
of resuspension/deposition cycles. Given the high accumulation rates even when 
mixing is taken into account, the role of bioturbation is probably small, yielding the pos-
sibility of multiple resuspension and deposition cycles not unlikely.

The difference in the 210Pb fluxes could have an alternative explanation. Assum-
ing a 210Pb flux proportional to the total mass flux, the 210Pb flux of 661 Bq m-2 yr-1 in the 
sediment should be an underestimate through the loss of top sediment during coring, 
erosion or non-deposition. If this were the case then a 910 (546 * 1.7) Bq m-2 yr-1 210Pb 
flux in the sediment would be predicted. To account for the larger 210Pb inventory, the 
210Pb profile would need to be extrapolated by approximately 3-4 cm to an initial 210Pbxs 



64

activity of 1200 Bq kg-1. Note that for this extrapolation we assume that the 1.7 multi-
plication factor remains constant, that the additional sediment flux has a 210Pb activity 
similar to the intercepted flux and that no changes in the porosity of the sediment 
occurred. Loss of 3-4 cm would put the 137Cs maximum at 4.25 cm depth around the 
atomic bomb testing peak of the mid 1960’s and explain the lack of a 1986 Chernobyl 
associated maximum (Fig. 3.10). If no loss of sediment occurred, the sample at 8.25 cm 
should represent the mid 1960’s maximum, which is clearly not the case (Fig. 3.10). 
Mixing of the sediment would place the 137Cs peak at 4.25 cm between the 1960’s and 
1986 and not explain the low values at 6.25 cm, which would then represent ~1965.  
It is therefore likely that the sedimentary 210Pb flux into the sediment has been underes-
timated due to core top loss. This highlights the difficulties of intact recovering such 
very porous sediments, even with dedicated instrumentation. In addition, it illustrates 
the need to verify 210Pb age models by independent methods as core top loss may be 
invisible in the 210Pb profile. However, such loss of core top material does not affect the 
extraordinary high accumulation rate of 600 ± 20 g m-2 yr-1 for an open ocean setting. 

Summary and conclusions
The intra-annual variability of the sedimentation the BG site at 2630 m depth on the 
southern Gardar Drift in the open North Atlantic was assessed. Recent sediment 
accumulation rates were determined and particle fluxes were monitored for 319 days 
using a benthic lander. We have confirmed the extraordinary high accumulation rate of 
0.20 ± 0.07 cm yr-1 at the site, which thus potentially yields a very high resolution pale-
oceanographic record. Sedimentation is influenced by ISOW that flows generally with 
5-10 cm s-1 in a NW direction at the site, with occasional bouts of faster flow. The 
direction of flow deviates from the general SW course of ISOW indicates bathymetric 
steering of the watermass around the site. The lower 100 m of the watercolumn at the 
site showed very high turbidity levels during deployment of the lander.

Intercepted particle fluxes showed pronounced intra-annual variability in magni-
tude and composition, related to seasonal surface ocean productivity changes as 
well as intermittently enhanced lateral advection of (re)suspended material. Highest 
fluxes occurred when flow was relatively fast and in a dominant NW direction. Focus-
sing of sediment accounts for the extremely high fluxes and the large contribution of 
easily degraded biogenic matter. Only rapid advection of freshly produced material  
to the site can explain that the biogenic flux is higher than primary export production. 
At the same time the 210Pb activity of the intercepted fluxes indicate a reservoir of 
lithogenics, and possibly also of carbonate, that has been (re)suspended for a 
longer time. This reservoir may be the turbid layer close to the bottom. Although both 
are being advectively focussed at the site, the biogenic and lithogenic fluxes thus 
appear decoupled.

Sediment accumulation at the site is considerably larger (1.7 times) than deduced 
from the time-series flux, indicating higher flux variability, both intra- and inter-annually, 
and underestimation of the settling flux. Near-bottom (below trap) advection of addi-
tional sediment must therefore be considerable and the observed intra-annual variabil-
ity probably represents a minimum. Such variable fluxes throughout the year for both 
biogenic and non-biogenic particles have implications for the interpretation of pale-
oceanographic reconstructions as proxies could dominantly reflect short-term rather 
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than average conditions of the past ocean. While such is known for biogenic proxies, 
our study highlights that intra-annual variability also affects the lithogenic fraction of 
the sediment.
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SPATIAL AND  
TEMPORAL HABITATS  
OF LEFT-COILING  
N. pachyderma &  
T. quinqueloba 
Based on: Jonkers, L., G.-J.A. Brummer, F.J.C. Peeters, H.M. van Aken and F.M. de Jong (2010). 
Seasonal stratification, shell fluxes and oxygen isotope dynamics of left-coiling N. pachyderma and  

T. quinqueloba in the western sub-polar North Atlantic, Paleoceanography, doi:10.1029/2009PA001849.

Abstract
We present an almost three year long time-series of shell fluxes and oxygen isotopes 
of left-coiling Neogloboquadrina pachyderma and Turburotalita quinqueloba from sed-
iment traps moored in the deep central Irminger Sea. We determined their response to 
the seasonal change from a deeply mixed water column with occasional deep convec-
tion in winter, to a thermally stratified water column with a surface mixed layer (SML) of 
around 50 m in summer. Both species display very low fluxes during winter with a rem-
nant summer population holding out until replaced by a vital population that seeds the 
subsequent blooms. This annual population overturning is marked by a 0.7‰ increase 
in δ18O in both species. The shell flux of N. pachyderma peaks during the spring bloom 
and in late summer, when stratification is close to its minimum and maximum, respec-
tively. Both export periods contribute about equally and account for >95% of the total 
annual flux. Shell fluxes of T. quinqueloba show only a single broad pulse in summer, 
thus following the seasonal stratification cycle. The δ18O of N. pachyderma reflects 
temperatures just below the base of the seasonal SML without offset from isotopic 
equilibrium. The δ18O pattern of T. quinqueloba shows a nearly identical amplitude and 
correlates highly with the δ18O of N. pachyderma. Therefore T. quinqueloba also 
reflects temperature near the base of the SML, but with a positive offset from isotopic 
equilibrium. These offsets contrast with observations elsewhere and suggest a vari-
able offset from equilibrium calcification for both species. In the Irminger Sea the spe-
cies consistently show a contrast in their flux timings. Their flux-weighted Δδ18O will 
thus dominantly be determined by seasonal temperature differences at the base of the 
SML, rather than by differences in their depth habitat. Consequently, their sedimentary 
Δδ18O may be used to infer the seasonal contrast in temperature at the base of the SML. 
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Introduction
The oxygen isotope signature of planktonic foraminifera has long been successfully 
applied to reconstruct past continental ice volumes and sea surface conditions from 
sediment cores [e.g. Shackleton, 1967]. In-depth knowledge on when and at what depth 
planktonic foraminifera register the oxygen isotope signature of the ambient water is 
not only a prerequisite for paleoceanographic inferences, but may additionally carry 
reconstructions beyond conventional estimates of mean conditions towards address-
ing past upper ocean seasonal variability. Given depth habitat differences between 
species, their interspecies Δδ18O can be used to trace past stratification of the upper 
ocean [Mulitza et al., 1997; Rashid and Boyle, 2007; Simstich et al., 2003]. Seasonal differ-
ences in growing periods may however result in similar sedimentary Δδ18O and bias 
paleoceanographic inferences of stratification [e.g. Conan and Brummer, 2000; Deuser and 

Ross, 1989; Hillaire-Marcel and de Vernal, 2008a]. It is therefore essential to constrain both 
the vertical and seasonal distribution of planktonic foraminifera whose oxygen isotope 
composition is used to infer past ocean dynamics.

Here we report on an almost three year long record of intercepted sediment 
fluxes from the central Irminger Sea. We concentrate on Neogloboquadrina pachyderma 
(the sinistral coiled species as opposed to the dextral N. incompta) and Turborotalita 
quinqueloba as together they account for over half of the total planktonic foraminiferal 
shell flux during the main export season. Both species are found abundantly in the  
sedimentary record [eg. Carstens et al., 1997; Pflaumann et al., 1996; Schröder-Ritzrau et al., 
2001] and often used to infer past oceanography [e.g. Aksu et al., 2002; Castañeda et al., 
2004; Kahn et al., 1981; Nørgaard-Pedersen et al., 2007; Van Kreveld et al., 2000]. Additionally, 
the species oxygen isotopic difference has been proposed as an indicator of thermal 
stratification [Simstich et al., 2003] and our data set allows for evaluating this proposed 
method in the North Atlantic. The left coiling (morpho)species N. pachyderma [Cifelli, 
1973; Darling et al., 2006] is a (sub)polar species that dominates in cold areas, where it 
constitutes almost 100% of the total foraminiferal fauna found in sediments [Bé and 

Tolderlund, 1971; Schröder-Ritzrau et al., 2001].The species thrives at temperatures below 
10 °C [Bé and Tolderlund, 1971; Tolderlund and Bé, 1972]. Individuals are found throughout 
the upper water column, generally most abundantly in the upper 50 to 100 m, but most 
calcification is reported to occur at depths ranging from 100 to 200 m [Bauch et al., 
1997; Simstich et al., 2003; Stangeew, 2001; Volkmann and Mensch, 2001].

The other species of interest, T. quinqueloba, is generally found in warmer 
waters than N. pachyderma [Bé and Tolderlund, 1971], yet may dominate at high northern 
latitudes [Stangeew, 2001]. In the Nordic Seas it is associated with the western side 
(cold) of the Arctic front [Schröder-Ritzrau et al., 2001]. According to Hemleben et al. 
[1989] the species is symbiont-bearing and due to the symbionts’ dependence on light 
for photosynthesis it is considered a (near)surface dweller [Bé and Tolderlund, 1971;  

Simstich et al., 2003]. High abundances at greater depth [Schiebel and Hemleben, 2000; 

Stangeew, 2001] may be introduced by the low sinking speed of its small, thin-walled 
test [Schiebel and Hemleben, 2000]. Since T. quinqueloba undergoes little secondary cal-
cification at depth, its isotopic signal is thought to reflect conditions near the surface 
[Simstich et al., 2003]. Based on depth habitat differences between N. pachyderma and 
T. quinqueloba Simstich et al. [2003] proposed that their Δδ18O reflects thermal stratifi-
cation of the upper water column. We document the flux and oxygen isotope patterns 
of N. pachyderma and T. quinqueloba in relation to seasonal hydrographic changes, 
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assess their isotopic offset from equilibrium δ18O and propose a new mechanism 
based on interspecies Δδ18O to infer past stratification and seasonality.

Regional hydrography 
The surface water masses in the central Irminger Sea east of the southern tip of 
Greenland (Fig. 4.1) are characterized by the relatively warm and saline waters of the 
cyclonic Irminger Gyre that surround colder waters in the centre of the basin. The cold 
and fresh waters of the East Greenland Current are confined to a narrow zone along 
the Greenland continental slope. At intermediate depths (~500-2000 m) Labrador 
Sea Water is present [Falina et al., 2007; Yashayaev et al., 2007].

During the annual cycle sea surface salinity varies from 34.92 PSU in winter to 
34.65 PSU in summer; with the slight decrease mainly due to increased net precipita-
tion and some meltwater input. Sea surface temperature varies from ~10 °C in summer 
to ~5 °C in winter, whereas temperatures at 200 to 250 m depth (and deeper) remain 
relatively constant at approximately 5 °C (Fig. 4.2 A and B). Consequently the upper 
water column exhibits strong temperature stratification in summer. Multiple CTD-casts 
during late summer and early autumn, i.e. during and just after maximum stratification 
show a wind-driven surface mixed layer (SML) that is about 50 m deep (Fig. 4.2C). 
Highest fluorescence levels (0.45 to 1.0 mg m-3) are observed within the SML. The 
water column is cold and virtually homogenous (down to nearly 1000 m depth) during 
the winter season. This lack of stratification during the winter season is one of the main 
preconditions for deep convection, which occurs incidentally when atmospheric and 
oceanic conditions allow [Bacon et al., 2003; Pickart et al., 2003; Vage et al., 2009]. The 
Irminger Sea is thus characterised by pronounced (~5 °C) seasonal changes in sea 
surface temperature (SST) and low sea surface salinity (SSS) variability (Fig. 4.2A), 
allowing to determine the effects of seasonal changes in thermal stratification on fora-
miniferal fluxes and isotope signatures.

Material and methods
Export fluxes were intercepted for nearly three years using moored time-series sedi-
ment traps at ~2750 m water depth (250 m above the seafloor) in the central Irminger 
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Sea (Table 4.1) on the WOCE A1/AR7E section. Collecting cups were rotated every  
19 days during the first year and every 16 days during the last two. Tilt of the traps on 
the mooring line was monitored every eight minutes and was on average less than 2° 
(σ < 0.7) with occasional short intervals of up to 6°. Mean current speeds at trap depth 
during September 2007- September 2008 were ~10 cm s-1, with maxima not exceed-
ing ~40 cm s-1. Consequently, mooring line motion and hydrodynamic contrasts 
should not have compromised trapping efficiency. 

Prior to deployment the trap bottles were filled with ambient seawater, poisoned 
with HgCl2 (1.9 g L-1) and pH-buffered with Borax (Na2B4O7

.10H2O, 1.9 g L-1). Upon 
recovery samples were stored at 4 °C. Before sample processing the supernatant was 
sampled for dissolved Si analysis to enable correction for the dissolution of the partic-
ulate biogenic silica [Bauerfeind and Bodungen, 2006; Koning et al., 1997]. Swimmers larger 
than 1 mm were removed prior to splitting of the samples. One half of the samples was 
analysed for total mass flux, total and organic carbon, carbonate, nitrogen and bio-
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ture and salinity variability 
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depth. A: daily resolved e 
temperature and salinity at 
the surface and at depth 
(black and grey symbols, 
respectively). B: contoured 
annual temperature down 
to 300 m water depth  
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recovery. Note that even 
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not extend deeper than 
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genic silica (BSi) content. Carbon and nitrogen were separately analysed on weighed 
aliquots of the bulk material before and after removal of the carbonate-carbon [Bonnin 
et al., 2002], using a Carlo Erba Instruments Flash 1112 elemental analyzer. Biogenic 
silica was determined by continuous alkaline leaching that accounts for contributions 
by co-leaching of Al-silicates [Koning et al., 2002]. 

For foraminifera analysis the other half of the samples was washed using milliQ 
water over 150 and 250 μm sieves and dried at 45 °C. All shells were picked from the 
150 to 250 μm fraction as this is the size range normally used in paleoceanographic 
studies. Approximately 200 individuals (if present) were counted to determine the flux 
of N. pachyderma and T. quinqueloba and a rest group containing all other taxa. 
Stable isotopes were measured with a Finnigan MAT 253 mass spectrometer with an 
automated Carbo-Kiel IV preparation line. To ensure that representative samples were 
taken from the entire population and to assess intra population spread, six aliquots of 
every sample consisting of four shells were measured. Due to low shell numbers in the 
winter samples it was not always possible to perform multiple measurements on the 
same sample, yielding these observations less representative of the foraminiferal pop-
ulation. All isotopic values are reported vs. the PDB scale established via the NBS19 
carbonate stable isotope standard. Analytical precision of the standard is 0.05‰ for 
δ18O (1 s.d.). All raw export flux and isotope data are available as auxiliary material.

Insolation values at the top of the atmosphere are based on the Berger [1978] 
solution and were downloaded from http://aom.giss.nasa.gov. Equilibrium δ18O values 
were calculated according to Kim and O’Neill [1997] following the equation in King and 
Howard [2005]:

	 δ18Oeq = 4.64 – √21.53 – (16.1– T )  + δ18Ow (1)

where T denotes temperature in °C and δ18Ow the oxygen isotope composition of the 
ambient water. Temperature and salinity data were compiled from in situ measurements, 
real-time remote sensing and hydrographic databases. The entire water column was 
profiled by CTD during deployment and/or recovery of the moorings. Temperature and 
salinity variability below ~200 m water depth was monitored daily by an adjacent moored 
McLane CTD profiler (Table 4.1). For the 2003-2004 period the average temperature 
between 190-210 m was used, and for 2005-2007 a more continuous data set was 
available from the 240-260 m depth interval. Temperature differences between these 
depths appear negligible for this study. Satellite-derived daily sea surface temperature 
data (L4 AVHRR_OI) was obtained from the GODAE High Resolution Sea Surface 

0.18

(Table 4.1) Details 
on moored sediment 
traps.

Position Type Collecting 
area (m2)

# of 
bottles

Collecting 
interval (days)

Start 
date

CTD-profiler 
position

IRM-1 59° 20.74’ N
38° 51.82’ W

Kiel HDW 0.5 20 19 Aug. 31 
2003

59° 25.78’ N
39° 00.09’ W

IRM-3 59° 14.86’ N
39° 39.47’ W

McLane mark 
78G-21

0.5 21 16 Sep. 21 
2005

59° 16.21’ N
39° 29.80’ W

IRM-4 59° 14.85’ N
39° 39.47’ W

Technicap  
PPS-5

1.0 17 16 Sep. 5 
2006

59° 11.76’ N
39° 30.61’ W
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Temperature Pilot Project (obtained from the Physical Oceanography Distributed 
Active Archive Center (PO.DAAC) at the NASA Jet Propulsion Laboratory, Pasadena, 
CA. http://podaac.jpl.nasa.gov). Sea surface salinity data from CTD-casts was com-
plemented by data gathered from a wider area around the site (61.5-57.5° N, 37.5-
41.5° W) for the entire deployment period from the Global Temperature-Salinity Profile 
Program [Operational Oceanography Group, 2006]. Given the spatial and temporal scarcity 
of surface salinity data, an average sea surface salinity curve was composed (Fig. 4.2A) 
and used throughout this study. Salinity variability at 200 m depth is only 0.12 PSU, of 
which about half is caused by a short period of increased salinity and temperature in 
summer 2004. Seawater δ18O was estimated assuming a linear relationship between 
salinity and δ18Ow based on regional data available through the Global Seawater Oxy-
gen-18 Database [Bigg and Rohling, 2000; Schmidt, 1999] (δ18Ow = 0.5417 * S – 18.767) 
and subsequently converted to the PDB scale by subtracting 0.27‰ [Hut, 1987]. Note 
that the influence of varying salinity on surface equilibrium δ18O is much smaller com-
pared to that of temperature (0.27 PSU ~0.15‰ vs. 7.80 °C ~1.82‰), yielding our 
inferences relatively insensitive to the chosen salinity-δ18Ow relationship.

In order to link the deep time-series fluxes and isotope changes to (near) surface 
processes we considered the time delay the particles need to reach the trap at 2750 m 
depth. Von Gyldenfeldt et al. [2000] reported sinking speeds for N. pachyderma and  
T. quinqueloba ranging from 163-372 and 129-190 m/day, respectively. We shifted all 
N. pachyderma and T. quinqueloba records two and three weeks earlier, respectively, 
to compensate for production and settling time of the shells. Both settling times are on 
the high end of the velocity ranges of Von Gyldenfeldt et al. [2000]. This is to account 
for the difference between sieve and true diameter sizes, as the sieve fraction tends to 
be coarser and thus to settle faster. These time lags are in the same range as the tem-
poral offset between the SST and shell δ18O maxima in summer 2006, which serve as 
the tie-point in the time-series since δ18O cannot lead SST. The BSi flux has been 
shifted back by four weeks to account for the lower sinking speed of the aggregates  
in which most BSi settles. In the subsequent sections and in the figures (except Fig. 4.3) 
this settling delay has been applied. In order to average out inter-annual variability,  
all time-series records have been collapsed onto one-year composites. This was 
achieved by converting all calendar dates to yeardays and calculation of daily aver-
aged fluxes assuming that the observed fluxes did not vary during the 16 or 19 days 
collecting interval. Based on these values we derived weekly averages of different 
parameters and a synthetic sedimentary signal (Fig. 4.4 and 4.6). Note that the symbols 
in these figures represent the mid dates of the 16 to 19 days collecting intervals.

Results
Seasonal fluxes

Total mass fluxes intercepted at 2750 m depth vary from about 7 to 103 mg m-2 day-1 
and are generally lowest in winter to early spring when the water column is mixed to 
great depths and highest during summer when maximum stratification occurs (Fig. 4.3A 

and B). As a measure of diatom export production the biogenic silica flux shows a more 
pronounced seasonality with low fluxes (approximately 2.5 mg m-2 day-1) during winter 
and early spring (Fig. 4.3C and 4.4B). The spring bloom starts in early April as evidenced 
by the increase in BSi fluxes, which reach maximum values of up to 22 mg m-2 day-1 in 
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July (Fig. 4.4B). BSi fluxes above background levels occur when insolation at the top of 
the atmosphere exceeds ~275W m-2. Similar to BSi, fluxes of total nitrogen and 
organic carbon (Fig. 4.3D) vary from only 0.05 and 0.27 mg m-2 day-1 in winter to 1.17 
and 7.13 mg m-2 day-1 in summer, respectively.
Total foraminifera fluxes range over three orders of magnitude from near zero in winter to 
almost 2000 shells m-2 day-1 in summer and show two prominent pulses during the year 
(Fig. 4.3B). One pulse arrives in late spring from May to June and the second in autumn, 
from September to November-December (Fig. 4.3B). The spring peak in the foraminifera 
flux is formed almost entirely by N. pachyderma and its start is concurrent with the onset 
of the spring bloom as evidenced by an increased BSi flux (Fig. 4.3C and 4.4). Shell fluxes 
of N. pachyderma remain rather low during summer, but peak again in early autumn, when 
stratification is at its maximum (Fig 3C and 4C). By contrast, the flux of T. quinqueloba 
shows only one broad pulse that starts to develop in spring approximately two to three 
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(Fig. 4.3) Intercepted 
fluxes (J) in relation to tem-
perature. A: Satellite-de-
rived daily sea-surface 
temperature and in situ 
measured temperature at 

200 m depth, averaged for 
the collecting intervals.  
B: Total mass and shell 
fluxes. C: Biogenic silica 
(BSi) and species-specific 
fluxes. D: total N and 

organic carbon fluxes. Note 
distinct seasonality in all 
fluxes and that these are 
raw data, not compensated 
for settling time.
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weeks after N. pachyderma (Fig. 4.4). Its maximum is reached in late September around 
SST maximum and lasts longer than that of N. pachyderma into December (Fig. 4.4). 

The seasonal succession of settling particles can be categorised in five intergrading 
phases (Fig. 4.4) of which the exact timings will differ somewhat from year to year:
1. November – March: No stratification and almost zero or background fluxes of all 
biogenic particles. Deep convection occasionally takes place during this period  
[Bacon et al., 2003; Pickart et al., 2003; Vage et al., 2009], but shell fluxes contribute very little 
to the total annual flux. 
2. April – mid May: When the deep winter mixed layer starts to disappear and some 
stratification develops occasionally the flux of N. pachyderma increases to a maximum 
of around 200 shells m-2 day-1 in mid May. The BSi flux increases simultaneously with 
that of N. pachyderma.
3. mid May – July: The SST rises, reflecting that stratification starts to increase rapidly. 
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(Fig. 4.4) Stacked and 
time-shifted time-series 
fluxes. A: Annual cycles of 
temperature (open circles 
black 0 m, grey -200 m), 
surface salinity (black solid 
line) and insolation at the 

top of the atmosphere 
(black dashed line). In 
graphs B-D the symbols 
denote the actual observa-
tions and the lines the 
weekly averaged value.  
B: BSi flux. C: N. pachy-

derma flux (extremely high 
flux in June 2007 omitted). 
D: T. quinqueloba flux. Ver-
tical dashed lines separate 
phases (see text).

S
pa

tia
l a

nd
 te

m
po

ra
l h

ab
ita

ts
 o

f l
ef

t-c
oi

lin
g 

N
. p

ac
hy

de
rm

a 
an

d 
T.

 q
ui

nq
ue

lo
ba



75

R
apid oceanographic changes associated w

ith last glacial ice-rafting events

The shell flux of N. pachyderma decreases to < 40 shells m-2 day-1, while those of other 
species, including T. quinqueloba, start to increase. 
4. July – mid September: The stratification reaches its maximum after the maximum 
insolation, just before the storm season starts. The flux of T. quinqueloba reaches its 
maximum at ~900 shells m-2 day-1 and N. pachyderma develops a second maximum 
around 300 shells m-2 day-1. Both species peak around SST maximum when stratifica-
tion is most pronounced. The flux of BSi decreases to background values.
5. mid September – October: Surface cooling weakens stratification until the upper 
water column is mixed at the end of October. All shell fluxes fall to background levels, 
but that of T. quinqueloba is sustained longest.

Oxygen isotopes
The temporal patterns of oxygen isotope values are very similar in both species  
(Fig. 4.5 to 4.7). Both show a seasonal amplitude of ~2‰ with highest values in early 
spring and lowest in autumn and winter (Fig. 4.5A). Both species exhibit an increase of 
over 0.7‰ from winter, when export production almost ceased (phase 1), to spring 
when production is resumed during phase 2 (Fig. 4.5A and 6). Oxygen isotopes of  
N. pachyderma vary between 0.9 and 2.6‰, i.e. with an amplitude comparable to  
that of surface δ18Oeq (Fig. 4.5A). Highest values occur when production starts in spring 
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(Fig 4.5) Time-shifted 
oxygen isotopes patterns  
of T. quinqueloba and  
N. pachyderma. A: δ18O  
of T. quinqueloba and  
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with respect to δ18Oeq (thin 
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depict measurements of 
single aliquots and should 

be taken as an indication 
only. Note reversed δ18O 
axis. B: Fluxes of T. quin-
queloba and N. pachy-
derma plotted on a 
logarithmic scale. 
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D

(Fig. 4.6) Stacked and 
time-shifted time-series 
δ18O with respect to 
surface δ18Oeq. Symbols 
indicate observed 
values plotted at mid 
date of the intervals; 
lines are weekly aver-
ages. Thin black and 
grey lines show weekly 
δ18Oeq at the surface 
and at 200 m depth; 

red and blue colours 
depict N. pachyderma 
and T. quinqueloba, 
respectively. A: Sea sur-
face temperature and 
salinity and insolation at 
the top of the atmo-
sphere, legend is pro-
vided in Fig. 4.4. B: 
δ18O of N. pachyderma 
and T. quinqueloba vs. 
δ18Oeq, note low values, 

especially during spring 
and summer; N.B. 
reversed δ18O axis. C: 
Weekly averaged inter-
species oxygen isotope 
contrast. D: Weekly 
averaged shell fluxes of 
N. pachyderma and T. 
quinqueloba. Vertical 
dashed lines separate 
phases defined in 
Figure 4.4.

when SST is still low; a minimum is present around SST maximum during the start of 
autumn. Low isotope values are recorded again in late autumn/winter (Fig. 4.5A), but 
since only very few shells could be measured for these low fluxes δ18O values are less 
accurate than for the preceding phases. The oxygen isotope values for T. quinqueloba 
vary over a wider range, between 1.4 and 3.8‰. In 35 out of 37 cases they are higher 
than in N. pachyderma (Fig. 4.5A). The seasonal pattern is similar to that of N. pachy-
derma (r2 = 0.7, n = 45, P<0.001; and 0.9, n = 25, P<0.001 during the growing 
season; Fig. 4.7), resulting in a relatively stable Δδ18O of 0.7 ± 0.2‰ (Fig. 4.6B) that is 
independent of SST and stratification (r2 = 0.2, not shown). Like N. pachyderma,  
T. quinqueloba δ18O shows a shift to lower values during late autumn/winter cooling. 
The spread within one sample is also considerably larger for T. quinqueloba (0.20 vs. 
0.07‰), probably due to the low shell mass with low gas yields that enhance the  
scatter in the measurements. 

The N. pachyderma δ18O is lighter than surface δ18Oeq when fluxes are low 
during phase 1 (Fig. 4.6). As fluxes increase during spring bloom in phase 2, the offset 
from surface equilibrium disappears. Oxygen isotope values become progressively 
higher than surface equilibrium during phases 2 to 4 and remain relatively constant, 
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crossing the surface equilibrium line, during phase 5 (Fig. 4.6A). Values for T. quinque-
loba are consistently larger than surface δ18Oeq when export production is above back-
ground during phases 2 to 5 and even larger than δ18Oeq at 200 m depth during 
phases 2, 3 and most of 4 (Fig. 4.6A). Both species show very similar temporal δ18O 
patterns that primarily differ in their offset from surface equilibrium (Fig. 4.6 and 4.7). 

Discussion
Time-series shell fluxes show distinctly different patterns for N. pachyderma and  
T. quinqueloba. The flux of N. pachyderma starts earliest in the season and shows a 
bimodal pattern with one pulse in May and a second in early September. The flux of  
T. quinqueloba, on the other hand, starts later during the year, is clearly unimodal and 
reaches a maximum in September. Given their coherent temporal patterns and large 
amplitudes, the oxygen isotopes of both species closely trace a (near) surface signal 
rather than one at greater depth. The flux data thus suggest that differences in tempo-
ral habitat are more important in determining the sedimentary oxygen isotope signal 
than differences in the depth habitat of both species [cf. Rashid and Boyle, 2007; Simstich 
et al., 2003]. In the next section we will analyse the observed flux patterns and constrain 
the depth at which both species record temperature to propose a new way to infer 
past stratification differences.

Annual flux patterns
All particle fluxes are lowest during winter and highest during summer (Fig. 4.3 and 4.4). 
The shell flux patterns show a temporal structure different from seasonal SST, sug-
gesting that they are not directly related. Moreover, elsewhere both species also thrive 
at lower temperatures than those reached in winter in the Irminger Sea when fluxes are 
virtually zero [Bé and Tolderlund, 1971]. Deep winter mixing [Pickart et al., 2003; Vage et al., 
2009] and low insolation apparently limit primary production and ultimately cause the 
shell fluxes to be near zero in winter. Shell fluxes show two peaks during the year. The 
first peak occurs when the deep winter mixed layers starts to erode due to intermittent 
(re)stratification. The second peak arrives around the SST maximum when the upper 
water column is fully stratified. We therefore conclude that in the Irminger Sea not 
absolute temperature, but rather temperature differences, i.e. stratification and other 
factors such as light and food availability control export shell fluxes.

The rise in BSi flux during phase 2 marks the start of the spring bloom (Fig. 4.4B), 
which is also evident from the increasing N and Corg fluxes (Fig. 4.3D). Its timing agrees 
well with enhanced surface chlorophyll concentrations recorded by space-borne sen-
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(Fig. 4.7) Scatter plot of 
weekly averaged oxygen 
isotope values of N. pachy-
derma and T. quinqueloba. 
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when fluxes of both spe-
cies are above background 
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tion takes place.
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sors [Henson et al., 2006; Siegel et al., 2002]. The BSi flux appears to reach a broad maxi-
mum between the shell flux maxima of N. pachyderma and T. quinqueloba (Fig. 4.4B). 
The flux of BSi, considered to reflect diatom export from the surface layer, reached 
values above background only when insolation exceeded a threshold (~275 W m-2  
at the top of the atmosphere) during phases 2, 3 and 4. Together with BSi the flux  
of N. pachyderma starts to increase during the springbloom (phase 2). With the onset 
of stable surface stratification, when SST increases rapidly (phase 3), the export flux  
of N. pachyderma decreases again (Fig. 4.4B and C). The second flux pulse during 
phase 4 and 5 starts after BSi fluxes reached their maxima and peaks around SST 
maximum. The export flux of N. pachyderma is not directly related to permanent stratifi-
cation, as it starts earlier and because its temporal pattern is bimodal. Such bimodality 
of the N. pachyderma flux might be caused by competition by other species in June 
and July (Fig 3C) that is overcome when growth conditions are optimal and all species 
fluxes peak at maximum SST and stratification. A double pulse in the flux of N. pachy-
derma (Fig. 4.4C) is consistent with findings by Tolderlund and Bé [1972] in the North 
Atlantic, but was not found in the colder Arctic and Nordic Seas that are characterised 
by a single broad production period in summer [Bauch et al., 1997; Simstich et al., 2003;  

Volkmann and Mensch, 2001]. The relative contribution of the two seasonal pulses to the 
annual flux appears to be approximately equal (spring/autumn = 0.9), suggesting that 
the high N. pachyderma flux in July 2007 would be proportional to the following 
autumn pulse (Fig. 4.3C). 

There is pronounced inter-annual variability in the N. pachyderma fluxes during 
phase 4 and 5 (Fig. 4.4C). Using a Student’s t-test we evaluated whether the monthly 
shell fluxes during the minimum around the transition from phase 3 to 4 were significantly 
different from those during the months surrounding it. With a confidence level of alpha 
= 10% it is yet impossible to conclude that there is a significant difference in the mean 
of the monthly fluxes from April to September. However, such statistics are confounded 
by (i) the inter-annual differences in timing of the flux pulses, (ii) the fact that the data 
represent intervals that spread beyond the month boundaries and (iii) the unequal tem-
poral spacing of the data over the three year long record. Therefore, we stress the 
importance of the observation of a double pulse and the associated minimum in the 
annual flux of N. pachyderma. Although the present time-series is too short to provide 
a statistically robust basis, we observe that bimodality characterises the annual flux 
pattern of N. pachyderma in the Irminger Sea in our record. Such a bimodal flux agrees 
with temporal abundance data of the species in the North Atlantic [Tolderlund and Bé, 

1972]. Finally and importantly, the statistics should not distract from the fact that the  
N. pachyderma export flux clearly starts earlier in the year than that of T. quinqueloba.

The unimodal flux pattern of T. quinqueloba (Fig. 4.4D) suggests that this species 
is more uniformly driven by seasonal variations in stratification than N. pachyderma. 
Repeated plankton tows further south in the North Atlantic [Tolderlund and Bé, 1972] 
revealed a bimodal abundance pattern for T. quinqueloba whereas a unimodal flux pat-
tern is a common feature at higher latitude localities [Schröder-Ritzrau et al., 2001; Simstich 
et al., 2003]. The unimodal flux pattern of T. quinqueloba suggests that the species is in 
the colder part of its temperature range in the Irminger Sea. The observation that the 
flux of T. quinqueloba is sustained further into the cold season than N. pachyderma 
(Fig. 4.4D, phase 5) might be due to the presence of symbionts [Hemleben et al., 1989]  
that would allow T. quinqueloba to persist when food availability declines. 

S
pa

tia
l a

nd
 te

m
po

ra
l h

ab
ita

ts
 o

f l
ef

t-c
oi

lin
g 

N
. p

ac
hy

de
rm

a 
an

d 
T.

 q
ui

nq
ue

lo
ba



79

R
apid oceanographic changes associated w

ith last glacial ice-rafting events

Seasonal differences in shell fluxes cause the flux-weighted δ18O of both spe-
cies to represent temperature during different times of the year. Thus N. pachyderma 
reflects an average of near minimum and maximum temperature, whereas T. quinque-
loba dominantly reflects the latter. The similarity in the amplitude and pattern of δ18O  
of both species N. pachyderma and T. quinqueloba can only be explained by variations 
in the upper ocean and not by temperature changes at greater depths. Therefore,  
the seasonal shell flux variability and not interspecies depth habitat differences, domi-
nantly determine the sedimentary Δδ18O signal.

Shell δ18O: temperature at what depth?
Since annual surface salinity variability is small compared to temperature changes, 
shell δ18O will dominantly register temperature. The hydrographic data allow us to 
derive the depth at which the shell δ18O reflects temperature. This depth is not neces-
sarily equal to the depth habitat of the species involved as the foraminifera migrate 
through the upper water column while they build their skeleton [e.g. Hemleben et al., 
1989; Loncaric et al., 2006; Peeters et al., 2002]. A species’ δ18O thus reflects a weighted 
average of seawater δ18O of its depth range. For inference of past upper ocean 
dynamics it is imperative to constrain the depth at which the oxygen isotopes reflect 
temperature, rather than knowing the actual depth habitat of the living species. Sea-
sonal changes in the salinity-δ18Ow relationship due to meltwater input may potentially 
bias our depth inferences. However, the influence of salinity on δ18Oeq is much smaller 
than that of temperature (0.12 vs. 1.82‰). The effect of a constant salinity- δ18Ow 
relationship is thus insignificant for the annual δ18Oeq pattern and our depth estimates 
will not critically depend on the relationship used.

The upper water column is well mixed during phase 2 and equilibrium δ18O 
values are therefore effectively equal at all depths. This period thus allows for the 
determination of any species specific offset from δ18Oeq. During phase 2, N. pachy-
derma δ18O approaches δ18Oeq closely (Fig 4.6B), thus recording δ18Ow and tempera-
ture without a significant offset from δ18Oeq. When the water column is stratified 
(phase 3 to 5) the isotopic offset from surface equilibrium increases, indicating that  
N. pachyderma traces temperature below the developing surface mixed layer. For a 
constant zero offset from δ18Oeq, the depth at which N. pachyderma δ18O reflects tem-
perature can be constrained with the CTD profiles to just below the isothermal surface 
mixed layer at approximately 50 m depth in summer (Fig. 4.8). This is shallower than  
the 100 –150 m calcification range reported previously [e.g. Kozdon et al., 2009; Peck  
et al., 2008; Simstich et al., 2003] and in apparent contradiction with abundance and iso-
tope data from plankton tows in the North Atlantic Ocean and Nordic Seas conducted 
in July and August [Bauch et al., 1997; Stangeew, 2001; Volkmann and Mensch, 2001]. These 
contrasting observations can however be reconciled when N. pachyderma incorpo-
rates a significant part of its δ18O signal in the upper water column before descending 
to export depths around 150 m. Contrary to the zero offset in the Irminger Sea,  
N. pachyderma in the Nordic Seas records temperature with an offset around -0.6‰ 
from δ18Oeq [Simstich et al., 2003]. During phase 1, the δ18O of N. pachyderma values  
are lower than surface δ18Oeq and similar anomalously low values are found for  
T. quinqueloba (Fig. 4.6). These low values are within range of the δ18Oeq of the preced-
ing SST maximum, particularly when considering the poorly constrained error on  
the single aliquot measurements. Therefore, we attribute these low isotopic values to  
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a non-calcifying late summer population that survives into the winter, rather than 
advection of shells from much warmer and/or fresher water. The subsequent step of 
0.7‰ in δ18O observed for both species during phase 1 (Fig. 4.6) marks the turnover 
from a dormant non-calcifying population to a vital calcifying population that seeds the 
subsequent blooming. Since export fluxes outside the bloom period amount to only a 
few percent of the total annual flux, these low δ18O values are insignificant for the aver-
age annual δ18O signal. Thus the δ18O of N. pachyderma accurately and dominantly 
reflects sea water temperature at the base of the surface mixed layer with a flux-
weighted mean offset from surface δ18Oeq of around +0.3‰ (Fig. 4.9) equivalent to 
about –1.3 °C.

Oxygen isotope values of T. quinqueloba seem to reflect very low temperatures 
at face value, hence suggesting a much deeper habitat compared to N. pachyderma 
(Fig. 4.3C and 4.6B). However, the expected isotope temperatures as calculated from 
the Kim and O’Neill [1997] equation would drop well below the observed 2.5 °C at trap 
depth (2750 m). Furthermore, the amplitude in δ18O indicates that T. quinqueloba 
experienced a seasonal temperature cycle that matches that of SST at the site as well 
as that of N. pachyderma from the same samples. Since the annual temperature ampli-
tude at the site decreases with depth, the δ 18O of T. quinqueloba must reflect temper-
ature at, or close to, the sea surface. This strongly provides evidence for an offset from 
equilibrium calcification, with a flux-weighted modal value of +0.85‰ with respect to 
surface δ18Oeq (Fig. 4.9). Period 2 offers again the possibility to deduce the offset from 
δ18Oeq directly, since the water column is then completely mixed. Indeed, T. quinque-
loba shows a +0.7‰ offset from δ18Oeq, which is consistent with the +0.85‰ offset 
from surface δ18Oeq (Fig. 4.6). The high correlation between the δ18O of N. pachyderma 
and T. quinqueloba and the close to 1 slope of the regression line indicates that both 
species record temperature at approximately the same depth near the surface (Fig. 4.7). 
We therefore conclude that in the Irminger Sea the δ18O of T. quinqueloba reflects 
temperature at a similar near surface depth as N. pachyderma. However, in contrast  
to in the Nordic Seas, it does so with a significant positive offset from equilibrium  
[Simstich et al., 2003]. Interestingly the δ18O values of T. quinqueloba show an abrupt 
decrease in the offset from surface δ18Oeq in phase 4, just prior to SST maximum (Fig 

6A). This possibly indicates minor differences in calcification regimes or depths before 
and after the shift. The flux-weighted offset from surface δ18Oeq (Fig. 4.9) has however  
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(Fig. 4.8) N. pachyderma 
δ18O with respect to δ18Oeq 
of the upper 300 m. δ18Oeq 
values are based on CTD 
casts (legend in Fig. 4.2). 
Grey bars highlight N. pachy-
derma δ18O at same time 
during the year as the CTD 
casts. Since N. pachyderma 
reflects δ18Ow without a sig-
nificant offset from equilib-
rium (see Fig. 4.6C, phase 
2 and 5), its oxygen isotope 
signal reflects δ18Ow at or 
just below the base of the 
surface mixed layer.
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a clear mode at +0.85‰, indicating that the sedimentary δ18O T. quinqueloba reflects 
δ18O and temperature at the same depth as N. pachyderma, but with a greater offset 
from surface δ18Oeq.

Both species thus record temperatures at or just below the seasonal SML;  
N. pachyderma with very little offset from δ18Oeq and T. quinqueloba on average 
+0.7‰ heavier δ18Oeq. To the best of our knowledge only Volkmann and Mensch 
[2001] reported such a positive interspecies Δδ18O in a high northern location,  
whereas others found isotopically lighter T. quinqueloba relative to N. pachyderma  
[e.g. Castañeda et al., 2004; Simstich et al., 2003; Stangeew, 2001]. To account for the 
observed Δδ18O, the local hydrography (Fig. 4.1 and 2) offers little ground as the water 
column appears normally stratified. Advection of T. quinqueloba from a different water 
mass is unlikely given the remarkable similarity, in both timing and amplitude, between 
its δ18O and the ambient δ18Oeq pattern. To compensate for the 0.6‰ offset between 
the two species, T. quinqueloba would need to be advected from areas far south of the 
mooring site where δ18Ow values are higher, or from within the East Greenland Current 
(EGC) where temperatures are much lower. However, in the first case advection is 
unlikely given the settling velocity of the shells that prevent their transport over such 
distances [cf. V. Gyldenfeldt et al., 2000] and in the second case the δ18O amplitude of  
T. quinqueloba would remain unexplained as seasonal temperature differences in the 
EGC are only in the order of 2-3 °C. Advection of only the shells of T. quinqueloba is 
unlikely anyhow given the consistently high correlation between the δ18O of T. quin-
queloba and N. pachyderma throughout the three-year time-series (Fig. 4.6 and 4.7).  
An alternative explanation for the contrasting Δδ18O could be a difference in the spe-
cies specific offset from equilibrium calcification between the Irminger Sea and the 
Nordic Seas [Simstich et al., 2003]. Clearly, such a variable isotopic offset and interspe-
cies contrast require further study as they may seriously affect reconstructions of past 
oceanographic change.

Seasonal palaeoceanography
Since fluxes are nearly zero during the winter season when the water column is mixed 
to great depths, wintertime phenomena will not be directly reflected in the sedimentary 
record. Consequently, it is difficult to infer the past occurrence of deep convection in 
the Irminger Sea from planktonic foraminiferal proxies. Spring to autumn conditions,  
on the other hand, will dominate the sedimentary δ18O signal, enabling inference of 
seasonal stratification changes. Simstich et al. [2003] proposed the use of the isotopic  
difference between N. pachyderma and T. quinqueloba as an indicator of stratification. 
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They argued that in the Nordic Seas N. pachyderma records temperature deeper  
in the water column than T. quinqueloba and that therefore the interspecies Δδ18O 
could be used to infer thermal stratification from sediment records. In the Irminger  
Sea however, the species seem to reflect temperature at the same depth, offering  
an alternative approach to infer past stratification that is based on flux timings rather  
than differences in depth habitat. Evidently, all such approaches depend critically  
on the assumption of a constant species specific offset from equilibrium calcification. 
This assumption may not always hold as our data suggest that regional differences  
in isotopic offsets occur.

The data presented here offer two potential ways to assess past seasonal near 
surface temperature variability from sedimentary records. The first way is to use the 
bulk isotopic contrast between T. quinqueloba and N. pachyderma. Since the export 
flux of T. quinqueloba is concentrated in summer, its sedimentary δ18O dominantly rep-
resents temperature maxima. The export flux of N. pachyderma however extends from 
early spring to late summer and the species δ18O consequently reflects a weighted 
average of near minimum and maximum temperatures (Fig. 4.10). Their isotopic difference 
thus reflects the seasonal thermal contrast at the base of the surface mixed layer and 
consequently an indicator for stratification. Smaller Δδ18O values indicate decreased 
seasonality and vice versa. This approach requires that N. pachyderma records early 
spring and late summer temperatures, thus either a bimodal flux or a single broad pro-
duction period through the year. Both are probably not the case when N. pachyderma 
dominates the sedimentary record, such as in colder conditions at higher latitudes 
where it only displays a narrow unimodal flux in late summer. Care should thus be taken 
when interpreting Δδ18O changes across large temperature shifts. To derive an equa-
tion that links sedimentary Δδ18O quantitatively to seasonal SST contrast, similar time-
series of shell fluxes across an SST gradient are required. Such studies may also reveal 
the mechanism causing the uni- and bimodal flux patterns of planktonic foraminifera.
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As a second approach a bimodal flux pattern such as shown by N. pachyderma 
could be more optimally used for seasonal palaeoceanography when individual shell 
isotope variability is considered. Potentially the two production periods during the year 
will result in a bimodal δ18O frequency histogram, allowing direct inference of both 
maximum and near minimum temperature and consequently a conservative estimate of 
seasonality. Such a single specimen approach clearly offers great potential for the 
reconstruction of seasonal temperature and stratification variability.

Conclusions
Multi-year time-series of intercepted particle fluxes in the central Irminger Sea reveal that:
•  Total mass and especially shell fluxes of N. pachyderma and T. quinqueloba are not 
primarily controlled by absolute seas surface temperatures, but rather by other factors 
such as seasonal stratification of the upper water column, insolation and food availability.
•  Production of N. pachyderma starts earliest in the season and shows one pulse in 
spring and a second around maximum stratification in late summer. The production of 
T. quinqueloba follows later during the season with a single peak around maximum 
stratification. It is continued longer during autumn/winter cooling. 
•  The low fluxes during winter preclude the registration of wintertime phenomena such 
as deep convection, in sediments.
•  A dormant non-calcifying summer population of N. pachyderma and T. quinqueloba 
remains present in the water column during autumn and winter cooling. This popula-
tion is replaced upon re-stratification of the water column during spring when shell 
fluxes rise.
•  The oxygen isotope signal of N. pachyderma reflects temperature at around 50 m, just 
below the base of the surface mixed layer when stratification is at its maximum. Oxygen 
isotope values of T. quinqueloba reflect temperature at the same depth, but show a 
flux-weighed mean offset of about +0.7‰ with respect to equilibrium calcification.
•  Based on previous findings reported in literature, there are indications that the offset 
from equilibrium calcification of both species may vary regionally. This likely compli-
cates paleoceanographic reconstructions based on the δ18O of either N. pachyderma 
or T. quinqueloba or on their Δδ18O.
•  In the Irminger Sea both species record temperature around the same depth but 
during different periods of the year, the sedimentary isotopic contrast between  
N. pachyderma and T. quinqueloba may serve as an indicator of (changes in) past  
seasonality. 
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WARM GLACIAL 
ICE-RAFTING EVENTS
Based on: Jonkers, L., M. Moros, M.A. Prins, T. Dokken, N. Dijkstra, K. Perner and G.-J.A. Brummer. 
Sea surface warming during glacial ice-rafting events in the northern North Atlantic.  
Submitted to Quaternary Science Reviews.

Abstract
Marine isotope stage 3 is characterised by rapid shifts from cold stadial to warm inter-
stadial periods. These may be linked to changes in the vigour of the Atlantic Meridional 
Overturning Circulation due to freshwater input by melting ice. Here we present two 
northern North Atlantic multi-proxy records of sea surface conditions that indicate sur-
prisingly warm (sub) sea surface conditions during such ice-rafting events. We infer 
near surface temperature from planktonic foraminiferal counts, Mg/Ca and oxygen  
isotopes of left-coiling N. pachyderma and from carbonate content. Temperatures 
increased during ice-rafting and rose rapidly to interstadial values after ice-rafting 
ceased. This pattern is clearest during Heinrich Event 4, but also present throughout 
the other millennial scale ice-rafting events. It indicates that stadials in the Greenland 
ice-cores are concurrent with a (sub)surface warming in the North Atlantic, which was 
probably restricted to the summer, as winter temperatures must have remained low for 
sediment-laden ice to reach the site. As similar warming during ice-rafting events is 
seen in more places in the northern North Atlantic we cannot explain it by a rerouting 
of the North Atlantic Current. Rather, we attribute it to a shoaling of a warm subsurface 
watermass that was formed as a result of decreased ventilation of the upper waters 
and a continued northward subsurface flow of warm water. Planktonic carbon iso-
topes do indeed suggest such decreased ventilation during deposition of ice-rafted 
detritus. The δ18O records suggest that besides freshwater, sea ice may have been 
responsible for the ventilation decrease and associated subsurface heat built up. The 
proposed scenario would be in agreement with modelling studies that require release 
of heat that was trapped below the surface to restart the overturning circulation.
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Introduction
Freshwater input into the North Atlantic Ocean by melting ice has had profound 
impacts on climate during the last glacial, through its slowing effect on the Atlantic 
Meriodional Overturning Circulation (AMOC) that affects the global distribution of 
heat [e.g. Bond et al., 1992; Ganopolski and Rahmstorf, 2001]. Past abrupt climatic changes 
from cold stadials to warm interstadials during marine isotope stage 3 (MIS 3; 29-59 
kyr BP) are most obvious in the Greenland ice-cores [Dansgaard et al., 1993; Johnsen et al., 
1992], but also evident in marine records and are indeed associated with freshwater 
input [Bond et al., 1993; Cortijo et al., 2000; Elliot et al., 2002; Prins et al., 2002; Van Kreveld et al., 
2000]. Freshwater input by melting icebergs left a clear trace in the sediment in the 
form of layers of ice-rafted detritus (IRD) [e.g. Bond et al., 1992; Heinrich, 1988]. These IRD 
layers are generally recognized by their coarse-grained nature and are found over a 
huge area in the North Atlantic [Hemming, 2004 and references therein]. MIS3 is also char-
acterised by changes in global sea-level in the order of 20 to 40 m, but the exact rela-
tionship between the sea-level changes and the ice-rafting events remains yet poorly 
understood [Siddall et al., 2008; Sierro et al., 2009]. Many studies have confirmed the 
impact of ice-rafting events on past ocean circulation [e.g. Elliot et al., 2002; Prins et al., 
2002; Van Kreveld et al., 2000]. Much attention has been given to a glacial origin of IRD 
and the source areas of IRD are well known [Bond et al., 1992; Grousset et al., 2001; Peck  
et al., 2007], but the underlying mechanism that causes the ice-rafting events remains 
subject to debate. Internal ice-sheet dynamics have been proposed [Alley and MacAyeal, 
1994] as well as (climatic) factors outside the ice-sheets [Heinrich, 1988; Lagerklint and 

Wright, 1999; Moros et al., 2002; Rasmussen and Thomsen, 2004]. Modelling studies show a 
pronounced slowdown of the AMOC in response to freshwater forcing, but also sug-
gest that the rapid resumption when freshwater forcing ceases may be related to the 
sudden release of subsurface heat that was built up due to reduced ventilation during 
freshwater forcing [Kaspi et al., 2004; Mignot et al., 2007; Shaffer et al., 2004]. Such release 
of heat could explain the abrupt change to warm conditions that characterise the 
Greenland interstadials. However, proxy records that document such a warming 
during ice-rafting are scarce [Rasmussen and Thomsen, 2004], and the abrupt tempera-
ture increase and therefore the onset of circulation remain not fully understood. 
Hence, high-resolution time-series that document past oceanic changes during such 
ice-rafting events are instrumental to increase our understanding of the rapid changes 
in the MIS3 climate system.

Here we present data from sediment cores LO09-18 and DS97-2P from the 
central northern North Atlantic that span ~31-48 kyr BP, a period characterised by 
high frequency and amplitude climatic changes [cf. Cortijo et al., 2000]. We focus on 
MIS 3 because of this pronounced variability and the clarity of the signals in the two 
cores. Both records show frequent input of IRD and associated slowdown of deep-
circulation [Moros et al., 1997; Moros et al., 2002; Prins et al., 2002; Rasmussen et al., 2002; 

Snowball and Moros, 2003]. Through planktonic foraminiferal counts, stable isotope and 
trace metal analysis as well as bulk geochemical tracers/proxies we infer upper ocean 
dynamics associated with these ice-rafting events.
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Cores and regional surface hydrography
Cores LO09-18 and DS97-2P were retrieved from intermediate depths on the eastern 
flank of the Reykjanes Ridge (Fig. 5.1; Table 5.1). Surface circulation at the sites is pres-
ently influenced by the Irminger Current, a branch of the North Atlantic Current that brings 
warm and salty water to the north. The Irminger Current is thus a major component of 
the warm northward flow of the AMOC. The polar front, which separates the cold and 
fresh Polar waters that carry ice to the south, from the warm and salty Atlantic waters 
presently lies just east of the East Greenland Current [Dickson et al., 1988] (Fig. 5.1). 
During cold periods of the glacial however, the front shifted towards the SE and reached 
the site repeatedly [Bard et al., 1987; Eynaud et al., 2009; Ruddiman and McIntyre, 1981] and 
associated IRD deposition occurred. The sites lie north of the main Heinrich belt and 
received IRD from Greenland, Iceland and Eurasian sources [Moros et al., 2004; Prins et al., 
2002; Van Kreveld et al., 2000], rather than from Laurentian sources during the last glacial. 
During the Last Glacial Maximum (LGM) the cyclonic Central North Atlantic Gyre served 
as the major transport belt of icebergs to the North Atlantic [Robinson et al., 1995; Watkins 
et al., 2007]. The sites positions at the boundary of the gyre led to relatively little input of 
IRD compared to areas along the track of icebergs [Robinson et al., 1995]. According to 
Sarnthein et al. [2003] the sites are situated close to the sea-ice limit in LGM winter.
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(Fig. 5.1) Simplified 
modern surface circulation 
in the northern North Atlan-
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(Table 5.1) core  
positions and depths.

Core Latitude Longitude Water depth (m)

LO09-18 58° 58.04 N 30° 40.99 W 1471
DS97-2P 58° 56.33 N 30° 24.59 W 1685
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Material & Methods 
Foraminiferal and isotope analysis

To complement the Rasmussen et al. [2002] dataset, additional foraminiferal counts in 
core DS97-2P were made on >200 specimen per sample between 150-250 μm. The 
same size fraction is used for isotope analyses. At least four aliquots of four specimen 
of left-coiling Neogloboquadrina pachyderma (N. pachyderma s.) for the intervals 
580.5-621.5 cm, 672.5-710.5 cm and 784.5-815.5 cm were measured on a Finnigan 
MAT 252 mass spectrometer with a Kiel II device. Reproducibility was monitored 
using an internal standard and amounted to <0.1‰ (1 s.d.). Other samples were mea-
sured using a Delta Plus mass spectrometer with GASBENCH (reproducibility 
~0.15‰) on aliquots of ~25 specimen. The use of two different methods was found 
not to have affected our results.

Foraminiferal census counts of core LO09-18 were performed on the >150 μm 
fraction; a minimum of 500 individuals was counted per sample. Sea surface tempera-
tures were estimated from the foraminiferal assemblages using the maximum likelihood 
method [Telford and Birks, 2005] and the training set of Pflaumann et al. [2003]. For stable 
isotope analyses at least three aliquots of seven specimen from the same size fraction 
were measured using a Finnigan MAT 253 coupled to a Kiel IV device. Reproducibility 
of an external standard (NBS19) amounted to ≤0.05‰ (1 s.d.). All isotope values are 
reported on the PDB scale and samples were ultrasonically cleaned with ethanol prior 
to measurement. The combination of both a temperature estimate and planktonic δ18O 
enabled calculation of the δ18O of sea water (δ18Ow), which was done according to the 
equation for equilibrium calcification from Kim and O’Neill [1997].

For Mg/Ca analyses of DS97-2P approximately 50 shells of left-coiling N. pachy-
derma were cleaned following the protocol outlined by Barker et al. [2003], centrifuged 
after sample dissolution and measured according to de Villiers [2002]. Contamination 
by terrigenous material was monitored by Fe and Al concentrations; no indications of 
contamination were found. Paleotemperature estimates are based on the Nurnberg et 
al. [1996] temperature calibration, which yields temperatures that agree with previous 
estimates of summer sea surface temperatures based on foraminiferal abundance 
data from a nearby core [Van Kreveld et al., 2000].

Grain-size measurements
The grain-size record of DS97-2P [Prins et al., 2001; Prins et al., 2002] was extended atcm 
resolution from 650 cm downward using a Fritsch A22 laser diffraction particle sizer. 
Precision of the laser particle sizer has been shown to be better than 0.5% for the 
mean grain-size [Jonkers et al., 2009]. To isolate the lithogenic fraction, samples were 
treated according to Konert and Vandenberghe [1997]. The sand percentage reported 
here represents the volume fraction >63 μm.

Previous analyses on these cores, built upon here, include XRF scanning of DS97-2P 
for Ti, K and Ca [Prins et al., 2001; Prins et al., 2002]. Ca counts have been converted to 
carbonate weight% [Prins et al., 2001]. Calcite content and quartz/plagioclase ratios of 
core LO09-18 were determined by XRD [Moros et al., 2002; Moros et al., 2004]. Although 
calcite and carbonate content are not the same, they are, for the sake of simplicity, 
referred to as carbonate. 
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Age model
Both cores show remarkably similar patterns of carbonate content and contribution of 
IRD, which enables detailed correlation. Accelerated mass spectrometry (AMS) radio-
carbon dating was performed on 11 monospecific samples of N. pachyderma s. from 
deeper than 300 cm of core LO09-18 at the Poznan radiocarbon laboratory (Fig. 5.2; 

Table 5.2). After correction for reservoir effects (400 yrs) radiocarbon years were con-
verted to calendar years based on the Fairbanks0107 calibration curve [Fairbanks et al., 
2005] and an age model was developed as outlined by Heegaard et al. [2005]. Around 
~37 kyr some rapid short term changes in sediment accumulation rate occurred, 
which may be related to rapid input of IRD [Francois and Bacon, 1994; Thomson et al., 1995].

30 35 40 45
Cal. kyr BP

300

350

400

450

500

550

D
ep

th
 [

cm
]

10

14

18

22

Se
d 

ra
te

 [
cm

 k
yr

-1
]

(Fig. 5.2) Age model 
LO09-2P, constructed 
using a generalized mixed-
effect regression. Con-
verted radiocarbon dates 
(minus 400 years to cor-
rect for reservoir effect) are 
indicated with error bars 
representing 1 s.d. The 
grey area represents the 
95% confidence interval.

(Table 5.2) radiocarbon 
dates.

Sample, depth 
(cm)

AMS 14C - 0.4* 
(kyr)

Lab code Calibrated age 
(kyr)

LO09-18 312.5 25.59 ± 0.21 Poz-8174 30.79 ± 0.26

LO09-18 350 28.04 ± 0.28 Poz-8176 33.41 ± 0.33

LO09-18 394.5 29.60 ± 0.30 Poz-29243 35.02 ± 0.33

LO09-18 403 31.10 ± 0.40 Poz-8171 36.47 ± 0.42

LO09-18 426.5 31.36 ± 0.28 Poz-29244 36.73 ± 0.32

LO09-18 453 31.90 ± 0.50 Poz-8182 37.28 ± 0.53

LO09-18 467.5 33.30 ± 0.40 Poz-29246 38.69 ± 0.42

LO09-18 484.5 35.00 ± 0.60 Poz-29247 40.34 ± 0.59

LO09-18 503 36.60 ± 0.80 Poz-8178 41.78 ± 0.72

LO09-18 514.5 39.20 ± 0.70 Poz-29250 44.03 ± 0.63

LO09-18 552.5 41.20 ± 0.90 Poz-29252 45.78 ± 0.81

DS97-2P 535 27.86 ± 0.18 Poz-29234 33.22 ± 0.24

DS97-2P 586 28.80 ± 0.17 Poz-29235 34.20 ± 0.23

DS97-2P 631.5 31.61 ± 0.29 Poz-29237 36.99 ± 0.33

DS97-2P 667.5 32.27 ± 0.32 Poz-29238 37.66 ± 0.36

DS97-2P 701.5 31.09 ± 0.28 Poz-29239 36.45 ± 0.31

DS97-2P 740 26.42 ± 0.20 Poz-29240 31.69 ± 0.26

DS97-2P 752 37.40 ± 0.60 Poz-29810 42.48 ± 0.55

DS97-2P 769.5 29.31 ± 0.28 Poz-29242 34.73 ± 0.32

* Reservoir effect
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The age-model of DS97-2P has been revised because of the chronological inconsisten-
cies in the glacial part of the record in earlier versions [Prins et al., 2001; Rasmussen et al., 
2002]. Matching of the carbonate and IRD records of both cores using AnalySeries 2.0 
[Paillard et al., 1996] served as a first order age estimate (Fig. 5.3), which was subsequently 
confirmed by new AMS radiocarbon dates of monospecific samples of N. pachyderma s. 
(Table 5.2). Down to ~450 cm (on the common depth scale) the new radiocarbon dates 
agree well with the age inferred from correlation with LO09-18. Beyond that, the radio-
carbon ages appear younger, although the correlation between both cores remains high 
until at least 560 cm, suggesting that the stratigraphy of DS97-2P is uncompromised.

Results
Sand percentages and quartz/plagioclase ratios display distinct millennial scale vari-
ability during the glacial period (Fig. 5.4A). The quartz/plagioclase ratio of North Atlantic 
sediments reflects the varying contribution of continental derived quartz versus that of 
basaltic plagioclase and can be used as a proxy for the contribution of ice-rafted detri-
tus (IRD) [Moros et al., 2002; Moros et al., 2004]. The presence of sand grains in North 
Atlantic sediments has since long been used to infer ice-rafting events, since large 
lithogenic particles are most likely transported by ice. The sand% thus provides a 
robust indicator of the contribution of IRD to the sediment. In core DS97-2P this is 
supported by the Ti/K ratio of the sediment (Fig. 5.4A) [Prins et al., 2001], which reflects 
the relative contribution of continental crust vs. mid-oceanic ridge basalt derived  
material [Richter et al., 2006]. Regardless of the methods used to infer ice-rafting, both 
records show a similar sequence of IRD input events. In none of the cores Heinrich 
events (HEs) stand out as events of high magnitude or long duration.

350 400 450 500 550
composite depth [cm]

5

10

15

20

25

30

C
al

ci
te

 [
%

]

0

0.4

0.8

1.2

1.6

qt
z/

pl
ag

33
.4

35
.0
36

.5
36

.7
37

.3
38

.7
40

.3
41

.8
44

.0
45

.8

0

4

8

12

16

S
an

d 
[v

ol
.%

]

0

5

10

15

20

25

Ca
rb

on
at

e 
[w

t.%
]

0.2

0.1

0

-0.1

-0.2

lo
g 

(T
i/K

)
33

.2
34

.2
37

.0
37

.7
36

.5
31

.7
34

.7
42

.5

LO09-18

DS97-2P

(Fig. 5.3) Core LO09-18 
and DS97-2P on a 
common depth scale (of 
core LO09-18). Upper 
panel shows quartz/plagio-
clase ratio and calcite con-
tent of LO09-18; lower 
panel depicts sand, Ti/K 
and carbonate content of 
DS97-2P. Carbonate 
peaks used for correlation 
are highlighted by grey 
shaded bars. Overall corre-
lation between both cores 
is high, suggesting that 
DS97-2P is stratigraphi-
cally undisturbed.

W
ar

m
 g

la
ci

al
 ic

e-
ra

fti
ng

 e
ve

nt
s



91

R
apid oceanographic changes associated w

ith last glacial ice-rafting events

The carbonate contributions show significant variation with distinct peaks reached in 
between the ice-rafting events (Fig. 5.4B). It is likely that these variations reflect changes 
in the upper ocean productivity [Brummer and van Eijden, 1992]. Carbonate content 
started to increase after or, especially in the older part of the sequence (HE5 and 
events k and j), during IRD input. Highest values are reached after IRD deposition 
ceased. Assuming constant accumulation rates between dating points, the duration of 
these carbonate peaks can be constrained to ~600-800 years, although the maximum 
following HE4 may have longer.
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(Fig. 5.4) Proxy records 
of LO09-18 (left panel) 
and DS97-2P (right 
panel). A: IRD contribu-
tion. B: Calcite/carbon-
ate content and relative 
abundance of N. pachy-
derma s. (note inverted 

axis). C: planktonic 
oxygen isotopes and 
paleotemperature esti-
mates based on Mg/Ca 
(values in mmol/mol are 
indicated) for DS97-2P 
and foraminiferal 
assemblages for 

LO09-18. D: Carbon 
isotope values of N. 
pachyderma s. with 
5-point running aver-
age. Grey bars indicate 
ice-rafting events.
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In core DS97-2P the carbonate record is mimicked by the relative abundance of left-
coiling N. pachyderma, with the species being less abundant during high carbonate 
excursions (Fig. 5.4B). The species dominates the sedimentary planktonic foraminiferal 
assemblage at high Northern latitudes [Pflaumann et al., 1996; Schröder-Ritzrau et al., 2001] 
and its relative abundance serves as an indicator of the influence of polar waters  
[Bé and Tolderlund, 1971; Pflaumann et al., 1996; Pflaumann et al., 2003]. Consequently, fora-
miniferal based estimates of past sea surface temperatures (SST) at high latitudes are 
largely determined by the abundance of N. pachyderma s. [Kandiano and Bauch, 2003]. 
Therefore we use its abundance as a paleo (near) SST indicator. The presence of  
Globigerina bulloides on the other hand, is indicative of warmer conditions; as is that 
of Turborotalita quinqueloba, which is also often associated with oceanic fronts [Bé  

and Tolderlund, 1971; Schröder-Ritzrau et al., 2001]. In LO09-18 the relative abundance of  
N. pachyderma s. decreased from virtually 100 to around 50% during the transition 
from interstadial (IS) 8 to HE4 (Fig. 5.4 and 5.5). At the same time G. bulloides and  
T. quinqueloba increased to over 40% (Fig. 5.5). A similar, but less pronounced, pattern 
is also visible during IRD input associated with HE4 (Fig. 5.4 and 5), when G. bulloides 
and T. quinqueloba together gradually reach up to 18% before abruptly dropping back 
to almost 0%. Even the short IS9 is characterised by a small, but significant drop in 
the N. pachyderma s. content (Fig. 5.4 and 5.5). The carbonate peaks associated with 
higher surface productivity are thus characterized by lower abundances of cold water 
dwelling N. pachyderma s. and higher abundance of warmer species, indicating that 
surface productivity and warming went hand in hand [cf. Lackschewitz et al., 1996].  
The alternation from periods with ice-rafting to warm intervals resembles the stadial- 
interstadial pattern of the Greenland ice-cores. However, in contrast to the cold Green-
land stadials, some warming of the surface waters already occurred during input of 
IRD. In LO09-18 this is clear during HE4, but the calcite record indicates that also 
during events k, j and f surface water conditions became warmer (Fig. 5.4 and 5.5). Sur-
face warming inferred from carbonate content and abundance of N. pachyderma s. in 
DS97-2P may have started during ice-rafting events HE5, HE4, k, j, h and g (Fig. 5.4). 
Although the resolution of the counting record is not very high, its covariance with the 
carbonate record is clear . Peaks in the carbonate content of both cores are thus con-
current with (near) surface warming, and importantly, some warming also took place 
during IRD input.

The δ18O of N. pachyderma s. varies between ~3 and 4.5‰, the amplitude of the 
changes in DS97-2P being slightly larger than in LO09-18 (Fig. 5.4C). Temporal pat-
terns are very similar between the two cores. Highest values tend to occur during the 
start of or between IRD events, whereas lowest values are associated with the inter-
stadials. The transition from high to low δ18O starts in both cores during IRD deposi-
tion, except during event i in LO09-18 and event f in DS97-2P (Fig. 5.4 and 5.5). In 
LO09-18 the δ18O decrease is gradual and the following increase abrupt; the δ18O 
curve is thus not dissimilar to a saw-tooth pattern. Such pattern is less clear in 
DS97-2P, but HE5, HE4 and h have a similar shape (Fig. 5.4C). In general the δ18O  
co-varies with CaCO3 content and the abundance of N. pachyderma s., except prior 
to the HE4 and HE5, when δ18O already reached low values. Even the small decrease 
in the abundance of N. pachyderma s. during the second half of HE4 is reflected in the 
δ18O record of LO09-18 (Fig. 5.5). Since the oxygen isotopes, carbonate content and 
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N. pachyderma s. abundance co-vary, the δ18O values appear to be dominated by tem-
perature rather than by changes in the δ18O of the seawater. The planktonic δ18O data 
support the onset of a warming trend during IRD deposition and the temperature 
maxima after the events (Fig. 5.4 and 5.5). The minimum in δ18O prior to HE3 in DS97-2P 
seems anomalous, but coincides with increased abundance of the infaunal dwelling 
benthic foraminifer Fursenkoina fusiformis that is indicative of low oxygen levels possi-
bly related to high nutrient fluxes from the surface [Rasmussen et al., 2002]. The interval 
thus seems to reflect atypical conditions. 

Foraminiferal based paleotemperatures in LO09-18 range between -1.6 to 8.6 °C  
(Fig. 5.4C and 5.5D). From just before IS9 through HE4 to IS8 temperature generally 
increased and only after peak IS8 temperatures dropped back to around pre IS9 
values (Fig. 5.5D). A similar trend is visible in the oxygen isotopes of N. pachyderma s. 
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(Fig. 5.5) Detailed proxy 
records of LO09-18 tuned 
to the NGRIP δ18O record 
[NGRIP Members, 2004] 
on the GICC05 age scale 
[Svensson et al., 2008]. 
A: NGRIP δ18O recorded 
on inverted axis . B: Rela-
tive planktonic foraminiferal 
abundances. C: quartz/pla-
gioclase values as indicator 
of IRD input. D: Sea sur-
face temperature (general 
warming trend indicated) 
and seawater δ18O esti-
mates (error bars accord-
ing to [Telford and Birks, 
2005]). E: δ18O of N. 
pachyderma s. (error bars 
are standard deviations on 
the mean of three measure-
ments) and calcite percent-
age . The AMS radiocarbon 
dates of LO09-18 are indi-
cated. Note that the error 
on the GICC05 scale is in 
the order of 1.5 kyr. The 
shaded areas highlight 
interstadials (IS) 8 and 9.
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Superimposed on this general warming trend are two temperature dips at the start 
and the end of HE4 (Fig. 5.5D). The paleotemperature estimates indicate unambigu-
ously that during peak ice-rafting sea surface temperatures reached (at least season-
ally) over 6 °C. Calculated seawater δ18O varied between 0.0 and 1.9‰, values were 
around 0.6 before and during IS9 and after IS8 and between 1.7 and 1.9 during IS8 
(Fig. 5.5D). HE4 was characterised by unstable δ18Ow that fluctuated with an amplitude 
of over 1‰ (Fig. 5.5D).

The Mg/Ca values of N. pachyderma s. obtained from DS97-2P vary between 
0.6 and 1.0 mmol mol-1 and show a pattern very similar to the oxygen isotopes (Fig. 5.4C). 
Estimated temperatures vary between 3 and 10 °C (Fig. 5.4C). In accordance with the 
record of LO09-18 the higher temperatures are reached during the interstadial peri-
ods after ice-rafting, but notably HE4 and event h are already characterised by rela-
tively warm conditions (Fig. 5.4C). The Mg/Ca data indicate that temperature dominates 
the δ18O signal of N. pachyderma s. The Mg/Ca derived temperature maxima are 
within error of the assemblage based estimates of LO09-18, but the minima do not 
reach as low. Together with the low resolution of the Mg/Ca data, the noisier δ18O 
record of DS97-2P hinders useful estimation of δ18Ow. However, temperature esti-
mates of both cores clearly indicate that relatively warm conditions prevailed during 
HE4 as well as during the other ice-rafting events.

 Stable carbon isotope values of left-coiling N. pachyderma vary between 0.5 and 
-0.4‰ with, again, the amplitude of the changes greater in DS97-2P (Fig. 5.4D). Nega-
tive excursions are associated with IRD-events. In LO09-18 peaks in IRD are concur-
rent with δ13C minima and the decrease in δ13C starts with the onset of IRD deposition 
(Fig. 5.4D). In DS97-2P IRD events also show low planktonic δ13C values, but the exact 
timing with respect to the IRD peak depends on the parameter used to infer IRD  
(Fig. 5.4). When sand is used only HE4 and event h lead the δ13C minima, but when the 
Ti/K is used events HE4 to f lead. Note however that δ13C minima always occur before 
the peak in carbonate content (Fig. 5.4). Stable carbon isotope ratios of planktonic for-
aminifera may be used to infer ventilation of the (near) surface waters [cf. Sarnthein et al., 
1995]. The consistency in the signal suggests that reduced surface ventilation was a 
common feature of the IRD-events and warming did only peak after mixing of the 
upper ocean commenced.

Discussion
In both cores a sequence of IRD-events followed by an increase in carbonate is pre-
sent. The covariance between the carbonate record and presence of a warmer plank-
tonic foraminiferal fauna indicates that the carbonate peaks reflect, through changes  
in productivity, a warming of the (near) surface waters (Fig. 5.4). This warming is cor-
roborated by the oxygen isotopes of the planktonic foraminifer N. pachyderma s. that 
show shifts to lower values concurrent with the carbonate excursions and by Mg/Ca 
data from the same species in DS97-2P and foraminiferal census counts in LO09-18 
(Fig. 5.4 and 5.5). The records show repeatedly that the interstadial warming that peaked 
after the ice-rafting event already started when IRD deposition was going on. During 
HE4 and event h warming may even have started before or at least simultaneously 
with ice-rafting (Fig 4 and 5). The generally cold stadial periods, were thus characterised 
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by relatively warm (sub)surface waters at the Reykjanes Ridge sites. In the North 
Atlantic IRD-events are generally characterised by decreased planktonic δ18O values 
associated with changes in the surface salinity [e.g. Bond et al., 1992; Labeyrie et al., 1995; 

Vidal et al., 1997b], but such changes are not clearly visible in the δ18O records of the 
core presented here, similar to many sites north of the Heinrich belt [Cortijo et al., 1997]. 
Apparently the oxygen isotope signal of N. pachyderma s. at the Reykjanes ridge sites 
was not dominated by the vast amounts of isotopically depleted glacier-derived ice 
that were dumped into the ocean during ice-rafting events.

In all events peak warming is observed following IRD deposition and after increasing 
ventilation as indicated by the δ13C of N. pachyderma s. (Fig. 5.4). The transition from 
cold to warm conditions however started already during the ice-rafting events (Fig. 5.4 

and 5.5). This warming was probably a very seasonal phenomenon as the growing 
season of planktonic foraminifera living at high latitudes is limited to a short period in 
summer [Schröder-Ritzrau et al., 2001]. Nevertheless, it unequivocally indicates that a cli-
matic amelioration already started during ice-rafting. It appears not unlikely that this 
warming even contributed to increased melting of ice and IRD deposition. Similar 
warm conditions during IRD deposition are also evident from calcite content and fora-
miniferal assemblages in core SO82-05 on the western flank on Reykjanes Ridge  
[Van Kreveld et al., 2000]. Mg/Ca derived temperatures from N. pachyderma s. and  
G. bulloides in a core offshore southern Ireland also show relatively high temperatures 
during IRD input [Peck et al., 2008], which was suggested to be related to changes in 
the pathway of the warm NAC. On the western flank of Reykjanes Ridge and in the 
Irminger basin, peak IRD input also preceded minima in δ18O N. pachyderma s. [Elliot  
et al., 1998; Van Kreveld et al., 2000]. These records also show shifts to lower values occur-
ring during the IRD input and minimum δ18O values being reached afterwards. During 
some events the relative abundance of N. pachyderma s. showed a transient decrease 
[Elliot et al., 1998; Van Kreveld et al., 2000], suggesting similar progressively more influence 
of warmer water during IRD input as observed in LO09-18 and DS97-2P. Both authors 
explained the lag of the δ18O shift with respect to IRD deposition by a decoupling 
between IRD input and freshwater forcing, where either only clean ice melted after 
IRD deposition or the fresh water anomaly was transported away from the site of ice 
melting and release of IRD. Such decoupling would however not explain the warming 
inferred from other proxies that accompanied the shift to low δ18O values. It would also 
imply advection of the meltwater anomaly over long distances, which would be possi-
ble only when very little mixing occurred. We argue therefore that the Reykjanes Ridge 
records of planktonic δ18O reflect a seasonal warming concurrent with IRD input.

It is important to constrain the depth at which this warming occurred, especially 
since the water column likely exhibited strong stratification (cf. the low δ13C values) 
due to meltwater input. N pachyderma s. is able to tolerate low temperatures and salin-
ities as is evident from its calcification habitat in the upper 100 m in the East Green-
land Current, which is characterised by cold and low salinity water [Kohfeld et al., 1996; 

Kozdon et al., 2009; Simstich et al., 2003; Stangeew, 2001]. The species’ oxygen isotopes 
reflect temperature and δ18Ow of the halocline waters [Carstens and Wefer, 1992; Volkmann 

and Mensch, 2001]; the inferred warming is thus (partly) a subsurface phenomenon. 
However, the foraminiferal assemblages indicate that sea surface temperatures also 
increased when the halocline waters warmed. Since Mg/Ca values indicate calcifica-
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tion temperature and foraminifera assemblages yield SST, the mismatch between the 
Mg/Ca and assemblage based temperature minima estimates may reflect depth differ-
ences between both proxies. The δ18Ow variability might thus be overestimated due to 
the potentially larger temperature amplitude at the surface than at halocline depth. 
Secondly, seasonality differences between the δ18O of N. pachyderma s. and the SST 
estimates may cause some additional (minor) uncertainty to the inferred δ18Ow values. 
Nevertheless, even with a smaller temperature amplitude the δ18Ow changes are larger 
than the 0.1 to 0.4‰ that could be expected from sea level changes alone [Dannen-
mann et al., 2003; Siddall et al., 2008].

The rapid warming into the interstadials may reflect the sudden release of heat 
from the subsurface after the stratification due to the presence of a meltwater lens or 
drift ice broke down [Bakke et al., 2009]. This implies continued warm water flow to the 
north, beneath the surface [Rasmussen and Thomsen, 2004], and reduced or zero ventila-
tion of intermediate waters during ice-rafting [Mignot et al., 2007] to allow for the built-up 
of a heat reservoir. Our data indicate that warmer waters already reached the surface 
episodically, when ice-rafting was going on, most likely during warm summers. The 
data thus hint at the presence of warmer waters, mostly below the surface, during gen-
erally cold conditions and at the formation of such a subsurface heat reservoir. Similar 
observations further west [Van Kreveld et al., 2000] and off Ireland [Peck et al., 2008] sug-
gest that the warming was indeed a regional phenomenon caused by a shoaling of a 
warm subsurface water mass, rather than by a local rerouting of the North Atlantic 
Current. Warming parallel with the IRD input (e.g. HE4) would support the hypothesis 
that advection of warm waters to the north lead to the destabilisation of tide-water gla-
ciers and thus triggered the ice-rafting events [Lagerklint and Wright, 1999; Moros et al., 2002].

The absence of a clear isotopically depleted glacier-derived meltwater signal 
during IRD input may reflect a balance between meltwater and temperature effects. 
Another possibility could be that part of the IRD was supplied via sea-ice, since sea-
ice is isotopically identical to sea water [O’Neil, 1968; Tan and Strain, 1996]. Sea-ice can 
contain considerable amounts of, even sand-sized, sediment [Eicken et al., 2000;  

Kempema et al., 1989; Nurnberg et al., 1994]. Such scenario would require enhanced trans-
port of sea-ice from the north [Bradley and England, 2008; Duplessy et al., 1996; Hillaire-Marcel 
and de Vernal, 2008b]. Future geochemical provenance and/or particle shape analyses of 
the IRD may provide insights into the exact role of sea-ice as a carrier of IRD. How-
ever, a sea-ice cover would provide a very efficient insulator of the ocean and its disap-
pearance may play an important role in the rapid climatic switches during MIS3 [Gildor 
and Tziperman, 2000; Kaspi et al., 2004; Li et al., 2005]. Whether the disappearance of the 
stratification is caused by external factors (e.g. changing wind stress) or due to accu-
mulation of too much heat below the pycnocline, remains difficult to infer from the 
data. However, regardless of its cause, rapid emptying of a subsurface heat reservoir 
could be instrumental in reinvigorating the AMOC, may even cause the overshooting 
of the circulation, and explain the abrupt warming associated with Dansgaard-Oe-
schger events [Ganopolski and Rahmstorf, 2001; Liu et al., 2009; Mignot et al., 2007; Shaffer et 
al., 2004; Wang and Mysak, 2006]. In any case, the Reykjanes Ridge records show that 
MIS3 ice-rafting events, although occurring under generally cold conditions, were 
characterised by relatively high and progressively increasing temperatures. This warm-
ing may even have played a role in the destabilisation of tide-water glaciers and pro-
vide a trigger for the onset of ice-rafting.
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Conclusions
We have presented two high resolution records of sea surface conditions from the 
northern North Atlantic spanning 31 to 48 kyr BP. The records show a series of nine 
ice-rafting events in which the HEs do not stand out. Using carbonate content, plank-
tonic census counts, stable carbon and oxygen isotopes and paleothermometry we 
infer sea surface conditions associated with these ice-rafting events. The records 
show relatively high (sub)surface temperatures during stadial ice-rafting events. At the 
same time δ13C values were low, possibly indicating reduced ventilation of the surface 
waters. The temperature increase during ice-rafting culminated during the interstadials 
just after IRD deposition ended. Subsequently, sea surface temperature decreased 
and were back to normal stadial conditions before the start of the next ice-rafting 
event. In accordance with climate models, we attribute the warm temperatures during 
ice-rafting to the presence of a subsurface heat reservoir that was formed because of 
reduced ventilation of subsurface waters due to the insulating effect of a meltwater 
lens and/or a sea-ice layer. Shoaling of this warm water mass during summer would 
explain the observed warming during ice-rafting. Upon a total stop in ice-rafting, the 
insulating layer at the sea surface disappeared, enabling rapid emptying of the subsur-
face heat reservoir, which lead to the abrupt onset of the warm interstadial periods.
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[6]
DELAYED RESPONSE  
OF THE GLACIAL  
CIRCULATION TO  
FRESHWATER INPUT
Based on: Jonkers, L., M. A. Prins, G. J. Weltje, A. Ganopolski, S. R. Troelstra and G.-J.A. Brummer.
Delayed response of the glacial circulation in the northern North Atlantic. Submitted to Geophysical  
Research Letters.

Abstract
Variations in the freshwater flux into the Northern Atlantic have been proposed as the 
primary forcing of abrupt glacial climate changes. We derive proxies for the ocean  
circulation and freshwater forcing from a sediment core from 1685 m depth on Reyk-
janes Ridge and show that the near-bottom circulation slowed down in response to 
meltwater input. We applied an inverse modelling technique to quantify the relative 
contributions of ice-rafted and current-sorted sediments, of which the proportion and 
relative grain-size were used to infer freshwater forcing and near bottom circulation 
strength, respectively. Apart from the direct link between meltwater input and the 
intensity of bottom circulation, our analysis repeatedly indicates that the circulation 
response lagged freshwater forcing. Observational inferences show remarkable simi-
larities with model simulations and may support non-linearity in the Atlantic circulation 
response to freshwater forcing. A delayed response to freshwater forcing is a robust 
feature of many climate models, but our data indicate that such delay indeed charac-
terized the glacial North Atlantic circulation.
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Introduction
Enhanced freshwater input into the Atlantic Ocean may slow down the Atlantic Meridi-
onal Overturning Circulation (AMOC), reduce the meridional oceanic heat flux and 
cool the North Atlantic [e.g. Wood et al., 2003]. Freshwater perturbations of the AMOC 
by melting ice may account for the rapid climatic changes during the last glacial period 
[Broecker et al., 1989]. Such ice-rafting events have left a clear trace in the sedimentary 
record in the form of layers of ice-rafted detritus (IRD) [Bond et al., 1992; Heinrich, 1988] 
and are associated with major reorganizations of the deep Atlantic circulation [e.g. Elliot 
et al., 2002]. However, given the rather slow response time (decades to centuries) of 
the ocean circulation to freshwater forcing it is not expected that the AMOC reacts 
instantaneously to an applied forcing. Moreover, quasi-equilibrium modelling studies 
[Rahmstorf et al., 2005] indicate that the AMOC may have different equilibrium states that 
would cause an additional delay in the response of the AMOC to varying freshwater 
forcing. However, observational data are needed to complement the insights gained 
from climate modelling. We present grain-size based inferences of varying input of IRD 
and changing near bottom current speed from core DS97-2P from the northern North 
Atlantic in order to assess time-lags and non-linearity in the circulation system. 
DS97-2P is from a waterdepth of 1685 m on the eastern flank of Reykjanes Ridge 
[Prins et al., 2002](Fig. A1) and we focus on the part of Marine Isotope Stage 3 (MIS3) 
between Heinrich Event (HE) 3 and 4. 

Regional hydrography
Modern surface circulation at the site is dominated by the Irminger Current (Fig. A1), a 
branch of the North Atlantic Current that brings relatively warm and saline water from 
the south [Van Aken, 1995a]. The Central North Atlantic gyre and a further east spread-
ing East Greenland Current brought ice to the site during cold periods of the glacial 
[Robinson et al., 1995; Watkins et al., 2007]. Presently the deep circulation is dominated by 
southward flowing Iceland Slope Water, which is formed by mixing of Iceland-Scotland 
Overflow Water (ISOW) and thermocline waters, the former residing at greater depths 
[Van Aken and De Boer, 1995]. Waters below ~2000 m had a southerly origin during the 
last glacial and at shallower depths Glacial North Atlantic Intermediate Water (GNAIW), 
probably formed south of Iceland, was present [Curry and Oppo, 2005; Duplessy et al., 
1988; Lynch-Stieglitz et al., 2007]. There are however also indications of sustained over-
flow over the Greenland-Scotland Ridge [Ballini et al., 2006; Kissel et al., 1999]. Only the 
major ice-rafting events (Heinrich events) were associated with drastic changes in 
deep water formation and a greater extent of southern sourced water; inter-Heinrich 
events may only have influenced circulation deeper than 2000 m, if at all [Elliot et al., 
2002]. During the warm phases in MIS3 circulation was reduced but similar to the 
modern situation [Rasmussen et al., 2002; Sarnthein et al., 1994]. High resolution C. wuel-
lerstorfi δ13C data around event f and HE4 do not indicate changes in the watermass 
at the site during the studied interval (unpub. data).

Material and methods
We extended the grain-size record of Prins et al. (2002) at cm-resolution using the 
same laser diffraction particle sizer, which has a precision <1% and is very sensitive to 
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small changes in the mixing structure of the sediment [Jonkers et al., 2009]. Replicate 
analyses were performed to assess intra sample variability during HE4.

Variability in the grain-size record was described by changes in the contribution 
of four previously modelled end-members (Fig. A2) that can be attributed to ice-rafting 
and near bottom current sorting [Prins et al., 2002; Weltje, 1997]. This allows for the recon-
struction of IRD input and bottom-current vigour. Contributions of the end-members to 
the observed grain-size distributions were estimated by constrained least-squares fit-
ting. The validation of the end-member model (EMM) is discussed in detail in the auxil-
iary material. The EMM is a geologically feasible statistical description of the variability 
in the entire record and it should be regarded as such. Its strength lies in the objective 
decomposition that allows for correction of the bias in the grain-size of current-sorted 
sediments due to IRD input.

Age model
A new age model for DS97-2P is based on visual correlation of the IRD, carbonate 
and magnetic susceptibility (MS) record with nearby core LO09-18 as well as addi-
tional AMS 14C dates [Jonkers et al., submitted]. Temporal patterns of IRD, MS and car-
bonate of DS97-2P are very similar to a suite of cores from the Reykjanes Ridge area 
[Moros et al., 2002], indicating that the changes registered are of regional significance. 
Here we focus on the chronologically most robust part of the core that spans MIS 3 
from HE3 to HE4.

Circulation response to freshwater input
The contribution of IRD shows discrete peaks of up to 50% of the total lithogenic frac-
tion (Fig. 6.1). The peaks of IRD are concurrent with increased contribution of sand-
sized material and decreased log (Ti/K) values, both indicators of enhanced input of 
continental crust derived IRD [e.g. Bond et al., 1992; Richter et al., 2006]. Together with the 
input of IRD, the relative size of the current-sorted sediments (CGS) decreases (Fig. 6.1) 
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which indicates slower near-bottom flow. The reduction in size does not seem to be 
linearly related to the magnitude of IRD input, but appears greater during HEs and 
progressively less during the other events (Fig. 6.1). The correlation between 
decreased bottom current flow and IRD-input suggests a tight link between both 
parameters, in line with other studies [Snowball and Moros, 2003; Van Kreveld et al., 2000]. 
Deep-water ventilation changes associated with freshwater forcing events on similar 
timescales have also been inferred from δ13C of benthic foraminifera [Elliot et al., 2002; 

Vidal et al., 1997a]. Melt-water input by icebergs and sea-ice reduced the density of sur-
face waters and led to a slowdown of the overturning and consequently to a decrease 
of bottom-current strength [Prins et al., 2002; Van Kreveld et al., 2000]. 

In high resolution the peaks in IRD input appear non-synchronous with minima in 
the CGS. Plots of IRD vs. CGS reveal that the slowdown of the deep circulation 
lagged IRD-input and that recovery followed a different pathway once freshwater input 
was diminished (Fig. 6.2). This implies that the response of the deep circulation system 
with respect to freshwater forcing is delayed and dependent on the previous circula-
tion state. Independent proxies for IRD-input and bottom-current speed in nearby 
cores from similar depths also show a slowdown in flow speed in response to fresh-
water forcing [Moros et al., 2002; Snowball and Moros, 2003]. Careful inspection of these 
records even reveals a comparable delay in the response. Although the resolution of 
these records is somewhat lower, the similarity between the records indicates that the 
delay is of regional significance.

Discussion and conclusion
Many numerical hosing experiments show a delayed AMOC response [Ganopolski and 

Rahmstorf, 2001; Rahmstorf et al., 2005]. However, modelled response loops are associ-
ated with hysteresis effects and non-linear behaviour of the circulation system that 
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depends on how the CGS approximates paleoflow speed and on how well the amount 
of freshwater forcing applied to the core site can be inferred from IRD-content.  
We therefore evaluate how these factors affect the reconstructed loops using the 
CLIMBER-2 (intermediate complexity) [Petoukhov et al., 2000] simulated response of the 
deep circulation to sinusoidal freshwater forcing of small magnitude similar to [Ganopol-
ski and Rahmstorf, 2001](Fig. 6.3). As reliable values on the sediment concentration in ice 
(IRDice) are lacking and constraints on the flux of current sorted sediment are poor, all 
parameters have been normalized, but this has no effect on the inferred patterns.

The grain-size of current-sorted sediments is a conventional proxy for paleoflow 
vigour [cf. McCave et al., 1995]; changes in current speed are thus reliably recorded in 
the sediment. However, changes in current speed may also affect the flux of sediment 
and consequently the relative contribution of IRD. At current speeds below the win-
nowing threshold, a positive relation between the flow velocity and sedimentation rate 
is most likely [McCave and Hall, 2006]. This relationship affects the shape of the loop. 
However, at decreased current speeds, the IRD peak will increase in relative magni-
tude, enhancing the chance that a response loop is recognizably archived in the sedi-
ment (scenario 1; Fig. 6.3).

The magnitude and timing of the IRD peak depends also on the concentration 
and distribution of sediments within ice. As long as the sediment concentration in ice 
remains constant or decreases in time, the peak IRD will lead the minimum in CGS 
(scenario 2a; Fig. 6.3). Only an increase in sediment concentration would obscure the 
observed loops (2b). However, in icebergs the sediment tends to be concentrated at 
the base, which is also the part that melts earliest and therefore the bulk of the IRD is 
deposited close to the ice-sheets [Death et al., 2006; Dowdeswell and Dowdeswell, 1989]. 
An increase in sediment concentration in icebergs is therefore unlikely. In contrast 
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sediment concentration in sea-ice depends on the uptake process, with scavenging  
of sediment during freeze-up leading to relatively constant concentration and subse-
quent melt and re-freeze cycles to concentration in layers [Eicken et al., 1997; Nurnberg  
et al., 1994]. Additionally, given the long timescales, the enormous ice volumes and vari-
ous source areas of ice involved it seems reasonable that no consistent change in the 
IRDice occurred. We therefore argue that IRDice remained relatively constant during 
each ice-rafting event. Evaluation of this assumption requires insight in sea-surface 
salinity changes during ice-rafting events. However, salinity estimates will be difficult  
to obtain as a linear relation between δ18Ow and salinity is unlikely during melt water 
input [Rohling and Bigg, 1998]. Nevertheless, as IRD can reasonably be translated to 
freshwater input and the record is consistent, a delayed response to freshwater forc-
ing was probably a real feature of the glacial circulation system. The maximum length 
of the delay is 101 to 102 years, but due to rapidly changing sedimentation rates 
during the ice-rafting events [Thomson et al., 1995] this is only a tentative estimate.

Our inferences focused on the response of the deep circulation at the site, 
which is presently dominated by the Iceland Slope Water, a mixture of thermocline 
waters and ISOW. During the glacial period the overflow waters either shoaled or 
were replaced by GNAIW [Curry et al., 1988; Curry and Oppo, 2005; Duplessy et al., 1988; 

Sarnthein et al., 1994]. Both are tightly linked to the AMOC [e.g. Gherardi et al., 2005; Mignot 
et al., 2006] and allow to extend our inferences for comparison with modelled AMOC 
behaviour. A delayed response of the AMOC to freshwater forcing is a robust feature 
of simulations of past rapid climate change [Rahmstorf et al., 2005; Schmittner et al., 2002]. 
Quasi-equilibrium modelling studies also suggest the presence of two stable circula-
tion modes that are separated by thresholds, i.e. they indicate bistability and hysteresis 
behaviour of the system [Ganopolski and Rahmstorf, 2001; Rahmstorf, 1995; Rahmstorf et al., 
2005]. Transient simulations also show a delayed response and different pathways of 
slowdown and recovery of the AMOC and indicate strong non-linearity in the 
response, often with an overshoot once the circulation recommences. However, other 
models do not require bistability to simulate abrupt climate change [Liu et al., 2009; 

Stouffer et al., 2006]. The question if bistability characterizes the circulation system thus 
remains open. Our reconstructed response loops cannot, by definition, demonstrate 
bistability of the AMOC because the forcing is too fast to allow the system to reach 
equilibrium. Non-linearity of transient hysteresis in simulations is reflected in the over-
shoot and the angular shape of the response loop, whereas linear delayed response 
loops have an elliptic form. As the shape of the reconstructed response loop may be 
influenced by geological effects (Fig. 6.3) it is difficult to ascertain whether the deep  
circulation showed transient hysteresis and associated non-linear response to fresh-
water forcing. Nevertheless, the inferred loops provide a clear link between deep cir-
culation and freshwater forcing on millennial timescales. They indicate that a delay, 
whether related to nonlinearity or not, characterized the response of the glacial circula-
tion system.
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[6. Auxiliary text]
Grain-size decomposition
Numerous paleoceanographic studies have indicated that variability of ocean circula-
tion can be inferred from grain-size characteristics of terrigenous deep-sea sediments. 
Average silt size is often used to reconstruct bottom-current vigour [McCave et al., 1995] 
and the sand fraction of North-Atlantic sediments is generally interpreted as ice-rafted 
detritus [Bond et al., 1992; Heinrich, 1988]. However, Prins et al. [2002] showed that if the 
silt fraction is not exclusively transported and deposited by bottom currents, but, for 
instance, also by ice, silt-based proxies for bottom-current vigour lead to erroneous 
reconstructions. Thus, for realistic grain-size based reconstruction of ocean circulation 
it is necessary to quantitatively distinguish the contributions of different sediment 
types. The end-member modelling algorithm EMMA [Weltje, 1997] provides a technique 
to decompose grain-size distributions in a genetically meaningful way, which helps to 
overcome the problems associated with mixing [Weltje and Prins, 2003; 2007]. The 
method has been successfully applied to unravel information from GSDs under very 
different depositio
nal settings [Arz et al., 2003; Prins and Weltje, 1999; Stuut et al., 2002; Tjallingii et al., 2008]. 
Meaningful decomposition requires taking into account the whole grain-size spectrum 
of sediments. Hence, grain-size measurements based on laser diffraction are ideally 
suited to statistical unmixing experiments, as these contain information on the size 
range from <1 to >1000 μm [cf. Jonkers et al., 2009; Vriend and Prins, 2005].

Validation of the end-member model
The lithogenic grain-size record was described using the previously published end-
member model of core DS97-2P (Fig. A2) [Prins et al., 2002]. The root mean square error 
of the fitting procedure has a modal value of 1.0% (n = 205), indicating that mixtures 
of the end-members (EMs) describe the grain-size record well. Interpretation of the 
end-members is based on their temporal pattern and corroborated by geochemical 
evidence [Prins et al., 2002]. The unsorted EM1 resembles a typical glacio-marine till 
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[Prins et al., 2001] and its presence co-varies with that of coarse lithogenic material, an 
robust indicator of IRD; it is therefore likely to be transported via a paleo East Green-
land Current system by drifting ice [cf. Lackschewitz et al., 1998; Moros et al., 1997].  
The well-sorted fine EM3 and EM4 represent sediments supplied by sluggish bottom 
currents, their ratio yielding an indicator of relative current strength. The interpretation 
of EM2 is less straightforward, but Prins et al. [2002] argued that it was most likely to 
be of ice-rafted origin and not current sorted, since its co-occurrence with EM1 and 
EM4 would imply both fast (EM2 max) and slow (EM4 max) circulation during IRD 
input. The authors suggested that EM2 might have been supplied to the site by sea-
ice, which can contain considerable amounts of (fine-grained) sediments [Hebbeln, 

2000; Nurnberg et al., 1994; Reimnitz et al., 1998]. Indeed, oxygen isotope data from plank-
tonic foraminifera from the same core suggest that sea-ice may have been important 
during ice-rafting events at the site [Jonkers et al., submitted]. Geochemical analyses of 
the <28μm fraction (i.e. including a significant part of EM2) showed that during input 
of EM1 and EM2 the contribution of continental crust derived material increased with 
respect to basaltic material. This confirmed the presence of ice-rafted material in the 
fine silt fraction and supported an ice-rafted origin of EM2 [Prins et al., 2002]. Additional 
support for a continental source of EM1 and EM2 is provided by XRF core logging. 
The relative contribution of basaltic vs. continental crust derived material can be 
assessed from Ti/K ratio of sediments (Fig. A3) [Prins et al., 2001; Richter et al., 2006]. Ti/K 
values are decreased during IRD (EM1+EM2) input (Fig. 6.1) due to increased input of 
K-feldspar from continental crust derived sediments and/or decreased delivery of Ti-
rich basaltic material. Notably, the IRD at the site was not exclusively of continental 
crust origin and input of basaltic IRD also occurred [Prins et al., 2002; Rasmussen et al., 
2002]. This IRD is however geochemically indistinguishable from the contourite depos-
its, but it is included in the IRD grain-size EMs. Consequently, the presence of IRD of 
different sources does not necessarily compromise our inferences. The contemporary 
shifts in the EM proportions and the (trace) element composition of the (fine) sediment 
thus point to major changes in the dominant transport medium of silt to the Reykjanes 
Ridge: icebergs or sea-ice carry continental crust material and bottom currents bring 
predominantly basaltic material [Prins et al., 2002].

Recently the interpretation of the EMM was challenged on the grounds that 
EM2 did not resemble ice-rafted detritus and was more likely to be current-sorted and 
that EM3 and EM4 lie in the size range were flocculation is likely to occur and could 
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thus not be used to infer current speed [McCave and Hall, 2006]. This interpretation, 
however, ignores the geochemical indications for ice-rafted material within the silt 
range and does not offer an alternative explanation of the mixing model/temporal con-
tributions of the EMs. Here we will present additional arguments to support the origi-
nal interpretation; it is however important to remember that the present solution is a 
statistical model that explains the variability in the grain-size record of core DS97-2P.  
It thus facilitates objective interpretation of the observations and may provide a rea-
sonable approximation of past ocean dynamics, but it does not provide a universal 
solution to the mixing problem associated with IRD.

End-member 2 may indeed show characteristics of a typical current-sorted silt, 
but such grain-size distributions are neither atypical of ice-rafted sediments. Grain-size 
distributions of sediment from small icebergs from the Kongsfjorden and Krossfjorden 
(Svalbard) show a similar mode in the fine fraction (Fig. A4) and numerous studies 
report that sediment contained in icebergs and sea-ice does not only consist of sand-
sized material but also of particles in the silt and clay range, with the fines often even 
dominating [Andrews, 2000; Dowdeswell and Dowdeswell, 1989; Dowdeswell et al., 1998; 

Lemmen, 1990; Nurnberg et al., 1994]. And importantly, entrainment of sediment during 
freezing in sea-ice can be size selective, resulting in sediments with a clear mode in 
the silt range not dissimilar to EM2 [Barnes et al., 1982; Kempema et al., 1989; Reimnitz et al., 
1998]. 

Fine silty and clayey sediments are often transported as aggregates, which led 
McCave et al. [1995] to suggest that particles <10 μm should not be included in grain-
size based current speed inferences. This 10 μm should however not be treated as a 
universal boundary below which no sorting takes place; under high energy conditions 
single grain deposition of fines occurs due to floc break-up and in distal areas low  
sediment concentration limits particle aggregation and sorting may take place down  
to 3 μm [Curran et al., 2004]. Measurements of grain-size of suspended sediment on the 
Iceland Rise indeed indicate selective resuspension well below 10 μm [Richardson, 

1987]. Furthermore, sortable silt sizes from a core off the Iberian margin and a suite  
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of cores on Björn and Gardar drifts co-vary with silt/clay ratios, suggesting selective 
removal of clays (<2 μm) during faster flow [Bianchi and McCave, 2000; Hall and McCave, 

2000]. Finally, sorting of particles <10 μm in the Reykjanes Ridge area during MIS3 is 
also suggested by the high degree of correlation between mean grain-size <10 μm 
and magnetic indicators of near bottom flow [Snowball and Moros, 2003]. Thus as grains 
<10 μm are not necessarily floc-deposited, the ratio of EM3/EM4 yields a useful flow 
speed index.
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[7]
OUTLOOK AND FURTHER 
CONSIDERATIONS

Observational research of past ocean-climate interaction consists of two aspects, one 
with a focus on modern processes and a second that is directed at the past. The first 
addresses the understanding of how present climate dynamic conditions and parame-
ters become incorporated in geological archives and how to extract the information 
from these archives. The second relates to explanation and understanding of the 
extracted information and to its interpretation in terms of climatic processes. Without  
a solid mechanistic understanding of modern processes no useful inference of past 
climate can be made, but proxy records remain descriptive if not put in a wider per-
spective and linked to climatic processes. Both aspects are covered in this thesis,  
the modern in the first three chapters and the interpretation in the last two. The modern 
observations and inferences of the past presented in this thesis focus on the Atlantic 
Meridional Overturning Circulation (AMOC) because of the crucial importance of this 
circulation system for global climate. The observations are constrained to the northern 
North Atlantic since the AMOC has undergone rapid changes as a result of freshwater 
perturbations in this region during the last glacial period. This chapter shortly recap-
tures the most important results of the thesis, puts these in a wider perspective and 
suggest future ways of expanding our knowledge on past climate change.

Grain-size characteristics and flow speed
The mixing experiments with laser diffraction particle sizing (chapter [2]) has shown 
that the laser diffraction technique yields precise data over a broad size spectrum that 
accurately reflect changes in the mixing structure of natural sediments. In the study of 
past climate, grain-size parameters are often used to infer the energy of the transport-
ing medium. Through selective winnowing and deposition, coarser grains indicate 
higher energetic conditions and vice versa. This approach has for instance been used 
to reconstruct wind strength changes from various records [Koopman, 1979; Liu, 1985; 

Steffensen, 1997]. For the reconstruction of near bottom flow speed the mean grain-size 
of sediments sorted by currents has been proposed [Blaeser and Ledbetter, 1982; McCave 
et al., 1995; McCave and Hall, 2006]. Cohesion and flocculation of fine particles may how-
ever interfere with current sorting and artificially skew the grain-size distribution to a 
finer mean. Therefore the sortable silt mean size has been proposed as yielding the 
better current speed estimates [McCave et al., 1995]. Sortable silt is defined as the frac-
tion of the lithogenic sediment with grain sizes between 10 and 63 μm, which should 
consist of predominantly single grain deposited material. However, the particle size 
boundary between single grain and floc deposited sediment has been shown to vary 
enormously [Curran et al., 2004; Kranck, 1975]. Depending on, amongst other factors, the 
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turbulence and particle concentration, the floc limit of lithic particles may vary from 
below 3 μm to well over 20 μm [Curran et al., 2004; Kranck and Milligan, 1985; Milligan and 
Loring, 1997]. Cutting off the grain-size distribution at 10 μm thus leads to loss of infor-
mation on the current-sorted fraction or to inclusion of a significant part of floc depos-
ited material. Clearly, the sortable silt approach appears oversimplified for application 
to real sediments. All these mentioned floc limits, including the 10 μm lower boundary 
of sortable silt, have been derived using the method proposed by Kranck and co-workers 
[Kranck et al., 1996a; Kranck et al., 1996b]. This method allows for the distinction between 
single grain and floc deposited sediment based on the assumption that both subpopu-
lations have a size-distribution that is known beforehand. However, Weltje and Prins 
[2007] discussed the caveats associated with such assumptions and argued that such 
a curve-fitting approach may be statistically sound, but lacks geological explanatory 
power. Moreover, such curve fitting approaches consider each sample individually, 
rather than a series of samples that includes the full range of variation within the various 
sediment types. Crucial information hidden in the entire sample collection may thus remain 
unnoticed. Consequently, there is a greater need to better understand the cohesive 
behaviour of fine particles in the marine environment. In situ measurement of particles 
near the sea floor [Curran et al., 2007] and settling/erosion experiments [Law et al., 2008] may 
be instrumental to increase knowledge on the complicated behaviour of very fine particles.

Besides the inflexible 10 μm lower cut-off, another caveat of the sortable silt 
approach is that it yields useful data in only simple systems with a single source and a 
single transport mechanism [McCave and Hall, 2006; Prins et al., 2002; Weltje and Prins, 2003]. 
Input via different mechanisms, such as ice-rafting, may influence the mean silt size signif-
icantly and yields simple descriptive statistics, such as the sortable silt mean, geologi-
cally meaningless. There are various ways to circumvent this problem, but the end-
member modelling approach is arguably the geologically most reasonable since it does 
not require a priori knowledge of the mixing structure of the sediment and thus allows 
for objective decomposition of the grain-size data [Weltje, 1997; Weltje and Prins, 2003; 2007]. 
However, decomposition with the end-member modelling approach requires that the 
instrument to measure grain-size is able to (i) register small changes in the mixing struc-
ture of the sediment and (ii) to acquire data in a broad size spectrum. Evaluation of the 
Fritsch A22 laser diffraction particle sizer shows that the device meets both requirements. 
The laser diffraction technique thus yields useful data for paleoceanographic research.

In chapter [2] it is shown that the laser diffraction particle sizer predictably regis-
ters changes in the mixing ratio of fine-grained standards. The calculable misfit 
between the observed and expected mixing structure could not be explained by grain 
shape factors alone. This was (somewhat) unexpected, as previous studies have 
stressed the particle shape sensitivity of the laser diffraction technique [Beuselinck et al., 
1998; Goossens, 2008; Konert and Vandenberghe, 1997; McCave et al., 2006]. Part of the misfit 
appeared independent of particle shape and inherent to the method. Additionally, the 
use of very fine grain-size standards may have decreased shape effects, as the plati-
ness of particles becomes less when they get finer as their deviation from a sphere 
becomes smaller. Our study is among a few that report on the predictability of laser 
diffraction measurements [Prins and Stuut, 1999; Stuut and Prins, 2001; Vriend and Prins, 

2005]. Since this predictable behaviour is a crucial prerequisite for grain-size measure-
ment devices, similar mixing experiments should be carried out with different instru-
ments. Importantly, the experiments should also include other particle sizing 
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techniques based on settling velocity or electro-resistance and possibly also the 
emerging dynamic image analysis techniques. However, the laser technique appears 
to be a very powerful technique for paleo-current reconstruction, due to its high preci-
sion, wide measuring range and its demonstrated sensitivity to small changes in the 
mixing structure of sediment.

Calibration attempts of grain-size based current speed vigour remain yet qualitative, 
except for Ledbetter’s [1986b] calibration in the Vema Channel. Future useful calibra-
tion might be best undertaken using properly dated, quickly accumulating sediments 
across a transect of significant flow variability. Besides, successful calibration is not 
guaranteed as other processes, particularly down-current fining may influence grain-
size independently of flow speed [McCave and Hall, 2006]. The conversion of near- 
bottom current speed to volume transport or flow speed of a specific watermass may 
neither be very straightforward. However, this challenge needs to be tackled in close 
cooperation with physical oceanographers. Despite many potential shortcomings,  
flow speed inferences from grain-size parameters show spatial and temporal consis-
tency and are in agreement with those obtained from other proxies [Evans and Hall, 2008;  

Lackschewitz et al., 1996; Ledbetter, 1986a; Moros et al., 2002; Praetorius et al., 2008].

Near bottom sedimentary processes
Gardar Drift contains long and high-resolution records of past Iceland-Scotland Over-
flow intensity and of near surface conditions [Bianchi and McCave, 2000; Boessenkool et al., 
2007; Ellison et al., 2006]. However, intra-annual variability of sedimentation on the drift is 
poorly constrained, yet may have implications for the inference of past climate. The 
one year time-series of particulate matter fluxes and near-bottom hydrodynamics pre-
sented in chapter [3] provides the first record of short-term sedimentation variability  
at Gardar Drift. It indicates pronounced intra-annual changes in the flux of labile and 
refractory material. The timing and magnitude of the lithogenic flux appear related to 
the current direction and speed. These do not follow a clearly predictable pattern, 
making correction for the flux variability difficult. However, longer time-series are 
required to conclude whether the variability is really unpredictable. The Gardar Drift 
time-series shows that periods of fast flow after the spring bloom may result in very 
high fluxes; this should be taken into account in paleoceanographic reconstructions, 
particularly when using records with a very high temporal resolution. 

Active focussing of sediment through the interplay of bottom-currents with the 
local bathymetry at Gardar Drift was found to be responsible for the high accumulation 
rate. Surprisingly, not only lithogenic, but also labile biogenic material was focussed  
at the site. The biogenic silica and organic matter intercepted at the Gardar drift site 
are probably relatively fresh and since they are easily degraded, do not become incor-
porated in the sediment. There is little difference between the intercepted and sedi-
mentary carbonate proportion and the carbonate fraction may well have been (re)
suspended for a couple of decades. This long residence time of refractory material 
(fine carbonates and lithics) before final deposition at the seafloor makes it doubtful if 
high resolution paleorecords can be obtained from such quickly accumulating depos-
its. Additional smoothing of high-resolution sediment time-series may occur as a result 
of mechanic and/or biological mixing. Independent dating of the labile and refractory 
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sediment fractions may therefore shed light on the residence time of the sediment 
before final deposition. The material intercepted with the sediment traps may yield a 
direct estimate of this residence time of material in the (re)suspended reservoir.

To assess the short-term variability and composition of settling fluxes, sediment 
traps and hydrographic and turbidity sensors that are moored very close to the bottom 
have proven to be useful [Bonnin et al., 2002; Lampitt et al., 2000; Vangriesheim and Khripounoff, 
1990; Vangriesheim et al., 2001]. However, two limitations should be kept in mind: (i) the 
distinction between fresh, primary and resuspended secondary fluxes is difficult and 
(ii) the actual burial fluxes into the sediment cannot be measured. Radionuclide analy-
sis is applied to disentangle the primary and secondary fluxes [Cornett et al., 1994;  

Mienis et al., 2009; Roos and Valeur, 2006; Schmidt et al., 2002] as are ‘freshness’ indices of 
biogenic material (pteropod abundance, foraminifera shell condition). Our study on 
Gardar Drift however shows that such a division between ‘young’ and ‘old’ material 
based on radionuclides may not be straightforward as old material may reside long 
enough in contact with seawater to have its radionuclide clock reset. Furthermore,  
the actual deposited sediment will not resemble the material intercepted in the traps, 
since freshly deposited material undergoes significant changes at the sea floor prior  
to long-term burial [Loncaric et al., 2007]. Because of these caveats it is crucial, particu-
larly for proxy calibration, not to rely only on sediment traps, but also to consider early 
diagenetic, post-depositional changes that occur at the sea floor. This approach has 
the additional advantage that samples can more easily be taken over a wider area and 
thus vary over a wider range of oceanographic conditions. Obviously, the study of ben-
thic processes should not be abandoned and neither should the calibration of proxies 
through sediment trap studies as these have provided a mechanistic understanding  
of how proxies register ocean conditions. However, since we rely on sediment for the 
reconstruction of past climate, such studies should be complemented with a focus  
on the sedimentary archive.

Planktonic foraminiferal oxygen isotopes and seasonality
The oxygen isotope composition of planktonic foraminifera is probably the most widely 
used proxy in paleoceanography as it provides essential information on the upper 
ocean. Yet for interpretation of the isotope signal the seasonal occurrence of the fora-
minifer and the depth at which its δ18O reflects temperature and δ18O of the water 
need to be well constrained. Although this depth needs not to be identical to the 
depth habitat of the species, it will, for simplicity, be referred to as such. By measuring 
the δ18O of foraminiferal taxa with different depth or seasonal habitats, information on 
the structure of the upper water column or the amplitude of the seasonal cycle can be 
extracted. Obviously, such a combined species approach requires detailed knowledge 
on the controls of the exact seasonal and depth habitat of the species involved. This 
can be acquired through the analysis of sediment trap time-series in combination with 
detailed in situ hydrographic measurements. The sediment trap time-series from the 
Irminger Sea (chapter [4]) shows that left-coiling N. pachyderma and T. quinqueloba 
reflect temperature at the same depth in the water column, but do the species produc-
tion occurs during different periods of the year. The difference between their oxygen 
isotope values thus indicates the seasonal temperature contrast in the upper water 
column, rather than thermal stratification [Simstich et al., 2003]. 
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The time-series shows a broad seasonal habitat for left-coiling N. pachyderma at 
the warm end of its temperature distribution. However, at the cold extreme of its range, 
the species grows only during a narrow time window in summer [Schröder-Ritzrau et al., 
2001]. The seasonality of foraminifera thus changes with climate and ocean conditions 
and so may the species depth habitat [Fraile et al., 2009; Zaric et al., 2005]. Such changes 
may affect reconstructions of past change, particularly when the amplitude of the inferred 
changes is large. While this effect may be significant, it has not been taken into account 
in many studies. To illustrate the influence of a seasonal habitat change of N. pachyderma 
the sea surface temperature (SST) patterns of a site at the Reykjanes Ridge and in the 
Fram Strait are shown (Fig. 7.1). In warm waters the production season of N. pachyderma 
extends over a much longer period than in colder waters. Thus, in cold waters N. pachy-
derma registers temperature only during the warmest months, whereas in warmer 
waters it also registers temperature during the colder months. If conditions change 
from cold to warm (Fram Strait to Reykjanes Ridge) N. pachyderma would underesti-
mate the mean SST change by almost 1 °C. This effect would even be stronger if SST 
maxima are considered. Consequently, when using oxygen isotopes of N. pachyderma 
to infer paleo-temperature, changes will be underestimated. Similar effects may hold 
for the depth habitat of planktonic foraminifera. Some studies show that N. pachy-
derma moves to greater depths when SST increases [Kozdon et al., 2009; Simstich et al., 
2003], leading to an additional underestimation of the amplitude of temperature 
changes. However, in our time-series we found no indications for a seasonal depth 
habitat variation of N. pachyderma although the temperature amplitude during its 
growth period was large. Clearly, the influence of climate on the seasonal and depth 
habitat of planktonic foraminifera needs to be better constrained. A long-term deploy-
ment of an array of moored sediment traps across a large temperature (and/or salinity) 
gradient in combination with detailed measurements of the temperature and salinity at 
the depths where the foraminifera form their shells would be crucial to achieve this.

A complication with the use of oxygen isotopes in paleoclimate studies is that the 
signal depends on both temperature and δ18Ow. This latter parameter holds important 
information on the water in which the foraminifer built its shell. To derive δ18Ow from the 
foraminiferal δ18O an independent temperature estimate is required, preferably one 
acquired from the same depth and during the same season as the foraminifer lived. 
Additionally, the potential δ18O offset from equilibrium calcification, the vital effect, of 
the foraminifer species must be known. Our results indicate an absence of such a vital 
effect for N. pachyderma, but a pronounced positive offset for T. quinqueloba. Both 
conclusions are in contrast to observations conducted further north [Simstich et al., 
2003]. A possible explanation for this discrepancy could be the dominance of different 
genotypes within the T. quinqueloba taxon in both areas [cf. Darling and Wade, 2008]. 
Our data may support a variable vital effect for T. quinqueloba (Fig. 4.6). There is a rapid 
~0.5‰ decrease in the offset with respect to surface water at the end of July, accom-
panied by a slight decrease in the export flux of the species. This decrease possibly 
indicates a turnover from a spring- to summer-population and may reflect a changing 
dominance of different genotypes. Unfortunately the resolution of the data to our dis-
posal around that transition is low, yielding these interpretations rather speculative. 
Nevertheless, a regional and/or temporal variable vital effect would have important 
implications and therefore these indications deserve further research.
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Notes on reconstruction of the AMOC and rapid climate changes
Time-series of mass transport estimates of important limbs of the AMOC extend back 
for several decades [Hansen and Kristiansen, 1994; Turrel, 1995], but measurements of the 
total AMOC transport are only available since 2004 [Cunningham et al., 2007]. These 
observations have revealed a large intra-annual variability of the total transport, but 
longer time-series are needed to constrain the intra- and inter-annual variability of the 
AMOC to be able to detect any changes in the mass transport. The total overturning 
transport was 18.7 ± 5.6 Sv (where 1 Sv = a flow of 106 cubic meters per second) 
during 2004 to 2005 [Cunningham et al., 2007]. Although model simulations and proxy 
data indicate much larger changes and even a near shutdown of the AMOC during the 
glacial period [e.g. Ganopolski and Rahmstorf, 2001; Gherardi et al., 2005; Lynch-Stieglitz et al., 
1999; Manabe and Stouffer, 1995; McManus et al., 2004] and long-term overturning variability 
is poorly constrained, this present-day variability should be kept in mind when recon-
structing past changes in the AMOC.

Physical oceanographers have yet to close the energy budget of the AMOC and the 
most important driving force(s) have yet to be quantified [Kuhlbrodt et al., 2007; Wunsch 
and Ferrari, 2004]. Consequently, the cause of the modern variability is yet unknown. It  
is especially important to realise that the thermohaline part of the AMOC yields only a 
part of the total energy required. Therefore, reconstructions of the AMOC based on 
grain-size proxies, Pa/Th ratios, oxygen isotopes/geostrophic shear inferences or on 
other indicators cannot be explained by variations in temperature and salinity alone. 
Besides freshwater forcing, which is on its own non-trivial to reconstruct, changing 

ja
n

fe
b

m
ar ap

r
m

ay ju
n ju
l

au
g

se
p

oc
t

no
v

de
c

0

2

4

6

8

10

12
SS

T 
[°

 C
]

SST: 5.8° C
foram: 4.9° C

(Fig. 7.1) The effect of 
changing seasonal produc-
tion period of left-coiling N. 
pachyderma on tempera-
ture estimates. Monthly 
(thick lines) and annual 
(dashed lines) mean sea 
surface temperatures for 
the Reykjanes Ridge 
(60°N, 30°W) and the 

Fram Strait (79°N, 0°W). 
Temperature data are from 
the World Ocean Atlas 
2005 [Locarnini et al., 
2006]. The production 
periods of the foraminifera 
are highlighted in grey and 
become narrower at the 
colder location. The dash-
dot lines indicate the aver-

age temperature of the 
production period of the 
foraminifera. The shorter 
production period leads to 
an underestimation of the 
temperature amplitude if 
there is a change from 
Reykjanes Ridge to Fram 
Strait conditions.
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wind speed and wind patterns need to be taken into account [Wunsch, 2006]. These 
may be recorded in eolian deposits on the continents, in ice cores or in marine sedi-
ment [Biscaye et al., 1997; Lopez-Martinez et al., 2006; Rousseau et al., 2002; Ruth, 2002;  

Steffensen, 1997]. The contribution of tidal energy is also very important for driving the 
AMOC and modelling studies have indicated that changes in the tidal energy may con-
tribute significantly to the inferred AMOC changes [Green et al., 2009; Wunsch, 2005a]. 
Inference of past tidal energy is however extremely complicated and it is doubtful 
whether we are presently able to distinguish between changes in near bottom current 
speed that are related to the overflow, and changes in the tides. Undoubtedly, many 
more processes need to be taken into account to fully explain the AMOC’s present 
and past variability [Eisenman et al., 2009; Katija and Dabiri, 2009] and reconstruction of 
individual processes will be challenging. Nevertheless, with the continuous increase  
in past climate research, a consistent picture of the past ocean is emerging, with inde-
pendent proxies pointing towards the same conditions that are very different from 
today [Barker et al., 2009; Curry and Oppo, 2005; Elliot et al., 2002; Lynch-Stieglitz et al., 2007]. 

The reconstructions of MIS 3 sea surface conditions at the Reykjanes Ridge 
presented in chapters [5] and [6] have hinted at the role of sea-ice during ice-rafting 
events. Sea ice is a major component of the climate system because of its influence  
on the Earth’s albedo, its capacity to interfere with the ocean-atmosphere exchange  
of gases and heat and its influence on salinity upon formation and melt [de Vernal and 
Hillaire-Marcel, 2000]. It may, in addition to icebergs, be a source of IRD, something that 
has received very little interest in literature [Bond et al., 2001; Scourse et al., 2009]. A dis-
tinction between sea-ice and iceberg rafted detritus is possible as both transport pro-
cesses lead to differences in grain shape [Dunhill, 1998; Stickley et al., 2009]. 
Methodological research should be directed at standardising this approach and make 
it less user dependent by application of dynamic image analysis techniques. Modelling 
studies highlight the role of sea-ice in determining rapid climate transitions [Gildor and 
Tziperman, 2000; Kaspi et al., 2004; Li et al., 2005]. However, contrary to what is known 
about the Last Glacial Maximum and the deglaciation [e.g. de Vernal and Hillaire-Marcel, 
2000; Muller et al., 2009; Sarnthein et al., 2003], relatively little is known about the sea ice 
distribution in the North Atlantic region during MIS 3. Since sea ice plays such an 
important role in the climate system and may add important feedback mechanisms,  
its distribution in the NA during MIS 3 deserves more attention. 

Millennial scale variability during MIS 3
The observed temperature increase of (sub)surface waters during MIS 3 ice-rafting 
events (chapter [5]) may support the hypothesis that ice-rafting events are triggered 
by a destabilisation of coastal glaciers through (sub)surface warming [Lagerklint and 

Wright, 1999; Moros et al., 2002]. Less speculative is the relation between the presence  
of an isolating layer of meltwater or sea-ice and the warming of a subsurface layer of 
water that intermittently shoals [Bakke et al., 2009; Mignot et al., 2007]. The Reykjanes 
Ridge records indicate that ice-rafting events were not always characterised by low 
temperatures, which is quite unexpected. Although the effect of ice rafting on the 
AMOC is relatively well understood and recorded [Bond et al., 1992; Broecker et al., 1989; 

Prins et al., 2002; Van Kreveld et al., 2000], the forcing of ice-rafting events is still elusive. 
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For further testing of the hypothesis of a subsurface warm water trigger it is of utmost 
importance to establish whether the warming during MIS 3 observed in the Reykjanes 
Ridge is a local phenomenon, or whether a cooling is more anomalous and restricted 
to areas with more IRD input (and thus implicitly also more freshwater forcing). 
Although there are indications for warming west of the Reykjanes Ridge [Elliot et al., 
1998; Van Kreveld et al., 2000] and further east near Ireland [Peck et al., 2008], the spatial 
and temporal temperature patterns for MIS 3 in the North Atlantic are not yet clear, 
particularly since these data contrast with the synthesis of MIS 3 climate by Voelker et 
al. [2002]. Together with modelling efforts, increased spatial and temporal constraints 
on the (sub)surface warming will be crucial for testing the hypothesis. Such an over-
view of the temporal and spatial extent of the warming would in addition allow falsifica-
tion of alternative hypotheses for the cause of periodic ice-rafting (amongst others sea 
level, climatic cooling, ice-sheet dynamics [Alley and MacAyeal, 1994; Chappell, 2002; Hulbe 
et al., 2004]) and may answer the question whether the genetic distinction between 
Heinrich Events and millennial scale ice-rafting events [Marshall and Koutnik, 2006] also 
holds in the area north of the Heinrich belt. 
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The Reykjanes Ridge data are in agreement with models that require a build-up of 
subsurface heat to kick-start the AMOC after a slowdown due to freshwater input [Gano-
polski and Rahmstorf, 2001; Mignot et al., 2007; Shaffer et al., 2004]. Furthermore, the multi-proxy 
record of core DS97-2P [Jonkers et al., submitted, chapter [5]] indicates that the start of sur-
face warming preceded peak ice rafting and the associated increase in near bottom cur-
rent speed (Fig. 7.2). Bottom-current speed thus continued to increase when the near 
surface temperature was already diminishing and only fell when the (next) episode of ice 
rafting started. Apparently the warming of the near surface water during the IRD input 
was only needed to restart the overturning circulation, but hereafter the surface tempera-
ture and the deep flow became decoupled. This effect can also be seen between ice-
rafting events h and g (interstadial 7) when the surface temperature showed a double 
peak, whereas there was only a single ice-rafting event. Alternatively, this could indicate 
that the warming and IRD input are anyhow decoupled, which may be visible in core 
LO09-18 during the transition between HE4 and IS8 [Jonkers et al., submitted], when there 
is a slight offset between the end of ice-rafting and the start of rapid warming (Fig. 7.2). 
Figure 7.3 schematises the sequence of events during ice-rafting. The inferred prolonged 
increase in bottom-current vigour is in contradiction to numerical simulations where the 
overturning overshoots after freshwater forcing stops, but then quickly diminishes [e.g. 
Ganopolski and Rahmstorf, 2001; Schmittner et al., 2002]. However, there is an important differ-
ence between the simulated total overturning circulation and the reconstructed near 
bottom current intensity and, by inference, overflow speed, which could account for this 
discrepancy. On the other hand, modelled Greenland and North Atlantic temperatures 
also respond (directly and only) to changes in the AMOC, whereas our data and those of 
others [e.g. Bond and Lotti, 1995; Hemming, 2004; Peck et al., 2008; Van Kreveld et al., 2000] show 
that SST already decreased before (the next) ice-rafting events started [e.g. Ganopolski and 
Rahmstorf, 2001; Knutti et al., 2004; Liu et al., 2009; Schmittner et al., 2002; Wang and Mysak, 2006]. 
Since the AMOC is an important, but not the sole conveyor of heat, this underscores the 
importance of atmospheric processes in modulating north Atlantic temperatures 

FWF

SST

deep
circulation

depth [~time]

Greenland
Antarctica

(Fig. 7.3) Schematised 
evolution of sea surface 
temperature (SST) and 
deep circulation during a 
freshwater forcing (FWF) 
event in relation to the 
Greenland and Antarctica 
isotope records. Our data 
are not conclusive about 
the forcing of the ice-rafting 
events, but sea surface 
warming may have started 
prior to the onset of, or in 
any case during, ice rafting. 
Note the delayed response 
of the deep circulation and 
the long period required for 
complete recovery after 
ice-rafting ceased. The 
timing of the SST increase 
is more similar to Antarc-
tica than to Greenland.
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[Wunsch, 2005b]. This particular discrepancy between the data and models may thus 
be due to incomplete representation of atmospheric dynamics in climate models.

A slower AMOC leads to cooling in the north, but also to a build-up of heat in the 
south. Consequently, when the North Atlantic cools during ice-rafting, the Southern 
Oceans warm, the bipolar seesaw effect [Broecker, 1998; Stocker, 1998]. The Antarctic ice-
cores show a gradual warming when Greenland is cold and a slow cooling starting 
before the onset of Greenland cooling [Blunier and Brook, 2001; EPICA, 2006], in agreement 
with the bipolar seesaw hypothesis. Additional support for the hypothesis comes from a 
marine sediment core from the southern ocean [Barker et al., 2009]. The (near) sea surface 
pattern of warming and cooling observed in our Reykjanes Ridge cores is relatively sym-
metric, or if deviating from symmetry, the cooling appears faster than the warming. Again, 
the temperature signal of LO09-18 during HE4 and IS8 may serve as a prime example 
(Fig. 7.4). It shows that the warming during HE4 towards IS8 is gradual, with a short 
cooler period between the end of IRD input and the peak of IS8. It is clearly not as 
abrupt as in the changes in the Greenland temperature records at the onset of an inter-
stadial [Dansgaard et al., 1993; Steffensen et al., 2008]. With their relatively symmetric form, 
and their synchroniety with IRD input, the sea surface temperature patterns resemble 
the Antarctic ice core records [Petit et al., 1999]. Apart from HE4 the low sedimentation 
rate and low resolution of the temperature records preclude a similar detailed compari-
son for the other ice-rafting events. However, if sea surface warming during other ice-
rafting events would be synchronous with the Antarctic isotope maxima, the bipolar 
seesaw hypothesis would be challenged. Thus, it needs to be firmly established whether 
the Greenland and North Atlantic stadials are phenomena superimposed on a global 
warming trend that is tuned to an Antarctic rhythm (with respect to the onset of the 
warming). Or, whether the warming during IRD input is anomalous and only related to 
the build-up of a subsurface heat reservoir because of ice rafting. Sluggish oceanic pro-
cesses can probably not account for the rapid transfer of heat from the south to the 
north, which would be required if the north was on an Antarctic rhythm. It is therefore 
more likely that the warming is constrained to the North Atlantic, and due to reduced 
ventilation because of ice rafting. Nevertheless, the resemblance of the temperature 
records from Reykjanes Ridge to the Antarctic temperature records adds an additional 
reason to further study the North Atlantic sea surface temperature evolution during MIS 3.

AMOC bistability
Stommel’s [1961] box model suggests that the thermohaline circulation has two stable 
states with respect to freshwater forcing (Fig. 1.2). Such hysteresis is found in many 
models [Manabe and Stouffer, 1988; Rahmstorf, 1995; Rahmstorf et al., 2005; Schmittner et al., 
2002] and shifts from slow to vigorous circulation states have been invoked to explain 
climatic changes [Broecker et al., 1985]. Different boundary conditions during glacial 
periods may have resulted in a more easily perturbed circulation system that could 
switch between states even under weak forcing [Ganopolski and Rahmstorf, 2001]. Such  
a higher sensitivity of the thermohaline circulation would explain the rapid climate 
change of the last glacial.

From literature two types of hysteresis emerge: equilibrium and transient. The first 
was observed from equilibrium simulations in which the circulation is always allowed to 
reach equilibrium with respect to the applied forcing, before new forcing is applied or the 
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the data.

forcing is changed [e.g. Rahmstorf, 1995]. These experiments have yielded the classical hys-
teresis loops. In transient simulations, on the other hand, the forcing is changed before the 
system has reached equilibrium. These simulations show also that the circulation system 
responds profoundly non-linear to changes in the forcing. Precisely these non-linear dynam-
ics define this second type of hysteresis. Importantly, transient hysteresis is not associ-
ated with bistability [e.g. Ganopolski and Rahmstorf, 2001; Liu et al., 2009; Schmittner et al., 2002].

 Although the equilibrium simulations have greatly enhanced our understanding 
of the climate system, the existence of two stable circulation states may prove very dif-
ficult to test. Particularly during MIS 3 the changes occurred too fast for the ocean to 
equilibrate since the estimated duration of the ice-rafting events, i.e. the likely forcing 
factor behind the rapid changes, is for instance only 500 ± 250 years [Hemming, 2004]. 
MIS 3 is therefore not suitable to test the existence of two stable circulation modes. 
Given the timescales of the circulation system, the evidence for bistability can only be 
derived from paleorecords and not from modern observations. However, to my knowl-
edge, unambiguous shifts between stable circulation states have not yet been 
observed and therefore the existence of thermohaline bistability is yet inconclusive.
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Along the same line of reasoning, one might argue that the transient simulations 
are more realistic as they simulate climate with forcing on timescales similar to those 
observed in the paleorecords. It is interesting to note that some models can simulate 
abrupt changes in climate without shifts between two circulation states [Nof et al., 2007; 

Yin et al., 2006]. Recent simulations with fully coupled general circulation models neither 
show hysteresis, but display a short delay in the response of the overturning, over-
shooting and other non-linear behaviour [Liu et al., 2009; Stouffer et al., 2006]. Could bista-
bility therefore be an artefact of intermediate complexity models, or is it a real feature  
of the ocean? The response loops of the near-bottom circulation at Reykjanes Ridge 
support such a delay to freshwater forcing, but cannot conclusively demonstrate the 
non-linear dynamics (chapter [6]). Other records may indicate a short overshoot of the 
overflow circulation [Ellison et al., 2006]. While there are thus indications for a delayed 
and possibly non-linear response of the ocean circulation system and consequently  
for transient hysteresis, the paradigm of bistability may need to be scrutinised.

Conclusions
This thesis presents inferences based on several proxies of ocean conditions and pro-
cesses in the northern North Atlantic during MIS 3 ice-rafting events. Through decom-
position of a lithic grain-size record it is shown that the deep part of the AMOC was 
sensitive to freshwater forcing by melting ice. Importantly, this sensitivity was equal for 
Heinrich Events and ice-rafting events occurring at higher frequencies. During all 
events the circulation slowed down. However, the response of the circulation was 
consistently delayed with respect to the freshwater forcing, which highlights the 
importance of non-linearity in the circulation system. Surprisingly, the near surface 
layer of the northern North Atlantic was warming during ice-rafting. This is attributed to 
the seasonal shoaling of a warm subsurface water mass. Decreased ventilation of the 
subsurface waters because of the insulating effect of a layer of ice and meltwater 
probably led to the formation of this subsurface heat reservoir. Rapid emptying of this 
heat reservoir upon disappearance of the insulating layer likely has contributed to the 
re-invigoration of the AMOC after the slowdown due to ice-rafting.
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