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Preface 

The Btlngalozu Book: W h a t  is it all about, anyzuay? 
It was a hot day in August, 1990 ... Well, that's not exactly how a book on Paleoceanology is supposed to start, I 
guess. It was a hot day in August 1990, anyway, that the man in charge of the GEOMAR staff, guided me 
(HCH) from the GEOMAR main building to the Bungalow. 

Recently graduated, I was lucky enough to get the opportunity to carry out my PhD thesis in the Depart- 
ment of Paleoceanology of the famous GEOMAR Research Center. Thus, I was a bit confused to leave the main 
building that housed so many well known researchers, and walk past the fish wl~olesalers and canneries, Gerd 
Rost's Auto Garage, a run-down green warehouse, and a few shipping containers, only to reach thc 
"Bungalow". 

Flat-roofed, painted in a dirty white color it sat in the corner of a parking place. Wild herbs crept over the 
three steps to the entrance door, and a young willow tree was busy breaking through the concrete of the upper 
steps. Altogether, it looked like a cheap 1970ies spectacle frame that somebody had forgotten to throw awajr. 

To be honest, I didn't exactly love it from the first glance but that soon changed. I was welcomed with a 
good cup of coffee, while at least 3 radios (all tuned to different stations) provided the typical sound of micro- 
paleontologists at work at their microscopes. Four of the five offices were occupied at that time; all of the office 
doors stood ajar to allow communication between those who formed the genuine "Bungalow Crew". Tl~ere was 
Michaela Kubiscl~ who was finishing her PhD thesis on dropstones in Arctic sediments; Henning Baucl~, Stefan 
Nees, and Uli Struck working on their PhD theses on foraminifers of the Nordic Seas, and Mike Kamninski, l~alf- 
way through his post doc at GEOMAR, working on agglutinated foraminifera from the Norwegian Sea. Happy 
with the frank atmosphere, I took the empty office that I would be occupying during the next 4 1 / 2  years wl~ilst 
working on sediments of the Skagerrak for my PhD thesis, and later on Laptev Sea data during a post-doc. 

T11e early years of 1990-91 were genuinely exciting times - we witnessed the fall of the Berlin wall and the 
re-unification of Germany; we listened attentively to the BBC world service 011 Mike's shortwave radio for the 
latest news when Saddam Hussain's forces invaded Kuwait; and we played host for the first visits to GEOMAR 
by Russian researchers and research ships as the spirit of scientific cooperation extended further to the Bast. 
When the situation arose the Bungalow Crew always banded together in mutual support, whctl~er to lend a 
hand to unpack a shipping container, or in joyful times to celebrate the birth of a child. 

During the year I (MAK) spent at the Bungalow, surprisingly enougl~, the language of choice spoken at 
most times was English. Jorn Thiede had originally suggested that I take up residence in the Bungalow because 
he thought that having an English-speaking post doc among the PhD students housed there would be a good 
influence. Whether the influence was good or not is a matter of opinion, but our secluded location at the corncr 
of a shipping container storage lot did mean that we developed a special sort of comradery that is rare in other 
places. The Bungalow was surrounded by shipping containers that served as portable laboratories - and as we 
had the only comfort/kitchen facilities in the immediate area - our ranks always grew in number during thc 
morning coffee break. Stefan Lammers, Ingo Wollenburg, and others who worked in the laboratory containers 
would join us reg~ilarly for coffee. Because the Bungalow had turned into a little English-speaking corner of 
GEOMAR, Rainer Zahn (recently returned from Canada), Robin and Angela Keir (just arrived from Scripps), 
and Ron Boyd (spending his sabbatical at GEOMAR) became frequent guests who visited us from the other 
buildings. Every now and then Jorn Tluede (who also was the supervisor of all the students' theses projects) 
popped in for coffee, which gave us the feeling that we hadn't been quite forgotten by the rest of the world. 
Taking into account the Bungalow computer and telephone equipment as well as the frequent burglar raids 
(and last but not least the wasps' nests during summer ...) we were very much convinced that the ~ungalow was 
situated in the outer perimeter of Jurassic Park. 

Our humble Bungalow actually served as a hospitality centre for some important visitors as well. Jeno Nagy 
came down from Oslo to spend a couple of weeks working with Mike on the agglutinated foraminifera from 
the Barents Sea, and Stan Geroch travelled from Krakow to spend a week at the Bunglow working on the 
taxonomy of agglutinated foraminifera from the Indian Ocean and North Atlantic. Jlirg Mutterlose paid a brief 
visit to collaborate with Mike 011 the ODP Leg 123 biostratigraphical syntl~esis chapter. These meetings 
provided a convenient excuse for some welcome social activity, and on one melnorable occasion the whole 
Bu11galow crew went out for a nice Chinese meal with one of the distinguisl~ed visitors. Against this 
background of a warm and friendly working environment scientific cooperation flourished, and some of the 
scientific results of this joint research are presented in this book. 

Fluctuations in the Bungalow Crew were, however, immense. Michaela passed her PhD the following 
winter and Mike left the Bungalow in April 1991 to become a lecturer at University College London. Soon after 
Stefan, Uli, and Henning also left in order to occupy an office in the new "SFB 313" (Special Research Project 
313: Environmental Change: The Northern North Atlantic) building at Kiel University. In the following 111onths 
a number of people moved into the bungalow only to leave it again after a couple of weeks. Meanwhile, 
Henning and Uli passed their PhDs, and Britta Jiinger moved in to carry out her PhD thesis on deep-water 
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renewal in the Greenland Sea. Horst Bohrmann was in the Bungalow for one year in which he participated in 
ODP Leg 135, while Helge Meggers and Harry Andruleit con~pleted their diploma theses in the Bungalow 
before they started off PhDs at Kiel and Bremen Universities. Although not based in Kiel, Martin Antonow had 
his place in the Bungalow, where he carried out the major part of his PhD thesis on sedimentation arourtd the 
Vesteris Seanlount in the Greenland Sea. Jan Rumohr joined the crew in 1992 to fulfill his duties as the man in 
charge of the Steno-Lab for the disabled at GEOMAR, and to work on sedimentologic aspects of the Barents 
and Norwegian shelves. Jens MatthieBen became a honorary guest of the Bungalow. Abandoning his office in 
the main building (and sometimes also sacrificing precious time for his research on dinoflagellates of the Baltic 
Sea and the North Atlantic) he shared more than one night shift in the Bungalow writing research proposals. 

The same day at the end of 1993, Stefan, who was still based at the SFB 313, and myself (HCH) passed our 
PhDs. Harry Hommers joined the Bungalow crew to start off his P11D on planktic foraminifers from the Arctic 
and Antarctic, and among one or two other students Susanne Geiselhart and Niels Andresen finished their 
diploma theses under the roof of the Bungalow. Peter Goldschmidt moved into the Bungalow after having 
finished his PhD thesis on sedimentological aspects of the Greenland Sea. Stefan Nees returned to the 
Bungalow in 1995 after a one-year post doc at the ANU in Canberra, Australia. I (EICH) left the Bungalow 111 

1995 after a 1 year post-doc working on Laptev Sea oceanography to commence a post-doc with Mike at 
University College London. Michaela Kubisch, Jan Rumohr, Stefan Nees, Harry Hornmers, and the diploma 
studei~ts Claudia Didik, Jan Malte Wolfsdorf, Carmen Jung, and Jan Helll-tke formed the last of the Bunga lo~~  
Crew. 

The CEOMAR Bungalow, drawn by Jaroslaw Migacz (after a photograph taken by Claudia Didii.) 

While it was always an event of fun and joy to visit the Bungalow, its future existence is jeopardized if not 
already over. A new research centre has been built at GEOMAR and the Bungalow Crew had to vacate the 
building as leaks in the roof of the Bungalow began to adversely affect the safety of the whole structure. It is 
planned to either modernize the Bungalow and/or turn it into a guest house in the future. However, rumours 
that the Bungalow will be pulled down because of its rotten structure and the potential of asbestos 
contamination are resurfacing with even greater intensity. 

Already several years ago we were planning to collect scientific papers from the Bungalow Crwe to t ~ ~ r n  
them into a book. On one of those hot August afternoons one of us (MAK) had just returned home to the 
bunglow after a long and tiring visit in Tiibingen (to assist with the editing of the Proceedings of the Third 
Internatioi~al Workshop on Agglutinated Foramininfera). As the Bungalow Crew was sitting on the front steps 
enjoying lunch, we began talking about colnpiling our joint results into a coherent thematic volume. After all, 
the one thing we all had in common was our shared interest in the paleoceanograylly of the northern North 
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Atlantic. We all agreed it was a worthwhile undertaking. However, everybody knows about the gap between 
talk~ng about something and actually doing it ... All the students at the tiine unanimously agreed that the first 
step was to write their thesis - then they could prepare a chapter for a book. Our plans had to wait 011 a back 
burner for a few years - and the book really began as a project coordinated in London by "Bungalow 
Graduates". Therefore, we take pride in presenting the project that carried the working title "The Bungabook" 
during the past 18 months. We are also grateful to the Grzybowski Foundation which gives the book a scientific 
home. Unfortunately, not everyone from the Bungalow was able to spare the time in order to write an original 
paper - we also regret that we could only accept papers that dealt with scientific aspects of the Nortlr Atlr711trc 

The papers 
The book we present here contains original refereed articles on various topics relating to the ~nicropalcontology 
and paleoceanography of the northern North Atlantic. It is chronologically organized starting with a paper that 
deals with Paleogene sediments from the Barents Sea and ending with a study of the seasonal developlnent of 
coccolitl~ophore communities in the Norwegian-Greenland Sea in the years 1990, 1991, and 1995. Two 
additional papers introduce a new benthic foraminifer species and a new planktic foralninifer morphotypc, 
respectively. Last not least, one paper highlights an important link between micropaleontology and 
sedimentology . 

In particular, the following papers are included: Nagyet 01. present a study that focuses on the Paleocenc- 
Eocene transition as recorded in clastic sediments of the Torsk Formation located in the T r o m s ~  Basin. Paleo- 
environment reconstructions from 3.2-0.8 Ma in the Rockall Plateau area based on coccolitl~ and planktic 
foraminifer data are presented by Meggers & Baumann. Struck focuses on the late Quaternary productivity- 
climate relation of benthic foraminifers from the Norwegian-Greenland Sea, whereas Bauch's paper places par- 
ticular emphasis on the planktic foraminifer and stable isotope records of the northern North Atlantic. 
Antonow et 01. elucidate the late Pleistocene paleoceanographic setting around the Vesferis seamount in the 
Greenland Sea. Analyzing ice-rafted material from the Norwegian-Greenland Sea, Goldschmidt presents an 
IRD classification scheme that suggests sources and timing of ice surges during the past ca. 170,000 years. 
Costello & Bauch present benthic foraminifer productivity records related to climate change from the Iceland 
Plateau. Matthiessen & Baumann's paper shows significantly changing s~~r face  water conditiol~s off eastern 
Greenland through the late Weicl~selian and the Holocene as inferred fro111 dinoflagellate cyst records. Nees 
focuses ~ I I  the relation between benthic foraminifera1 records from the Rockall Plateau up to the Fram Strait 
and atmospheric temperature reconstructions at the termination of the last glacial. Hass shows if ancl 11onl 
benthic foraminifers from the North Sea react to late Holocene climate fluctuations as well as recent and 
subrecent agglutinated foraminifer assemblages from the Skagerrak. Haumann et nl. highlight the reaction ot 
calcareous phytoplankton during low production phases throughout the Norwegian-Greenland Sea. Kaminski 

171. present new insights into seasonally changing microhabitats of live benthic foraminifers from the New 
Jersey continental margin. Kaininski & Geroch's paper introduces a new agglutinated foraminifer species that 
turns out to be a stratigraphic index species for the Eocene to Miocene interval. Hommers introduces a new 
morphotype of the planktic foraminifer species Neo~loboql~ndrinn pnclzyder~w (sin) that is distributed in the high 
latitudes of both hemispheres. Finally, Michels & Meggers' investigations cast new light on the ultrastruct~lre ol 
planktic foraminifer tests in order to provide a means for differentiation of effects of dissolution and those 
produced through bed-load transport. 
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MICROPALEONTOLOGY AND PALEOCEANOGRAPHY OF THE NORTHERN 
NORTH ATLANTIC OCEAN 

A foreword by 

JORN THIEDEIJ~ and PRISKA S C H A F E R ~ , ~  

'GEOMAR Research Center for marine C;eosciences of Kiel University, Wischl1ofstrai2e 1-3, D-24148 Kiel, 
Germany 

LSonderforschu~gsbereicl~ 313 ("Veranderungen der Umwelt: Der nordlicl~e Nordatlantik") of Kiel University, 
Heinrich-Hecl~t-Platz 10, D-24118 Kiel, Germany 

'Geologisc11-Palaontologisches Institut und Museum der Christiar-Albrechts-Universitat zu Kiel, Olsl~ausen- 
straRe 40, D-24118 Kiel, Germany 

This collection of papers about a variety of themes on the micropaleontology and paleoceanography of the 
northern North Atlantic Ocean wlucl~ is being published by the Grzybowski Foundation tells the storv of some 
exceptional coincidences, namely of an exciting scientific subject, of young scientific entrepreneurs, of a small 
building housing this young group of researchers in the sometimes depressing surrounding of an old factory 
complex, and of a new Europe. 

T11e scientific subject is of immediate concern to northwestern Europe, if not to the entire northern 
Hemisphere. There is no question that many aspects of climatic zonation, in particular its regional pert~~rbation 
over NW Europe has much to do with the fact the the geologically young northernmost Nortl~ Atlantic Oceall 
allows the exchange of surface as well as deep water masses between the Arctic Ocean and the tempcrate to 
tropical Atlantic. In modern times, during the present interglacial, the North Atlantic Drift and its northward 
continuation, the Norwegian Current, are advecting much heat to high northern latitudes that entire NW 
Europe including its extreme northern parts enjoy a climate which is favorable for the highly developed 
modern ~ ~ ~ r o ~ e ~ n  societies living in these territories. Based on the long oceanographic tradition and t-11t. 
original definition of the ~ o r w e g i j n  Current by the Norwegian oceanographer ~ o h n  in the 19th cent~lry, it is 
pertinent that Hans Holtedahl (1959) from the same university was the first one to take a series of sediment 
cores across the Norwegian current and to detect that the Norwegian-Greenland Sea not all that long ago was 
ice covered and interglacial conditions only developed in the course of the last deglaciation. Today we k n o ~ '  
that interglacials are indeed exceptional and that they represent short spells of interruptions of a long history of 
glacial paleoenvironments. Since the interglacial inflow of temperate to the Norwegian-Greenland Sea is 
balanced by the outflow of cold and sometimes ice-covered waters of the East Greenland current as well by the 
overflow across the Greenland-Scotland Ridge of deep, cold and oxygen-rich waters feeding the North Atlantic 
Deep Water, this small subbasin of the world Ocean is today influencing the environment of our entire globe. 

Studies which allow to tap the history of paleoclimate in this region which is highly sensitive to change are 
therefore in the limelight of many nations which are directly or indirectly concerned about t11e possibility oi 
change in the near future. The SFB 313 ("Sonderforscl~ungsbereich 313: Veranderungen der Umwelt: Der 
nordliche Nordatlantik", Kiel University 1985-1998) from which many of the studies publisl~ed in this book 
originated is only but one in the concert of international efforts which conducted by European and North 
American nations with the aim to unravel the recent, historic and potentially future impact of processes in t11c 
Norwegian-Greenland Sea on the global climate. Based on substantial funding relatively large 
paleoceanographic communities have developed on both sides of the Atlantic to collaborate and sometiines to 
friendly compete in attempts to solve the causal relationships generating the fast and dramatic climate changes 
of the late Cenozoic. This book will therefore only be one in considerable series of publications all c los i~~g in 
onto attempts to describe this history as detailed hs possible and draw information from these st~tdies tor an 
evaluation of future properties of marine and terrestrial habitats in and around the North Atlantic. Major 
scientific investigations with this aim are today conducted by the international Ocean Drilling Program 
("North Atlantic-Arctic Ocean Gateway-program), by the PONAM (Polar North Atlantic Margins)-program of 
the European Science Foundation, by the "Climate and Ozone-Program" of Norwegian research instit~~tions and 
some major research establishments in Russia, USA, UK and France, to name a few. 

Beside the research subject, however, this book tells also the story of a young, entl~usiastic ancl 
internationally oriented group of researchers who converged for some linuted time in the so-called "K~ui~galow" 
on the premises of the former "Seefischmarkt" (=fish market) which had been established in difficult times after 
the second world war on the eastern shores of Kiel Bay. Somebody had forgotten to demolish the "Bungalow" 



and in times when space for research is scarce it did not take long time before even this building was occ~~picd. 
The "Bungalow" was neither elegant nor suited for science as described vividly in the "preface" of the editors of 
this book. However, it obviously offered something which is often lacking in new buildings, i~amely 
"atmospliere" where graduate students were able to work towards tlieir masters- and PhD-theses, loosely 
supervised by some postdocs and the academic staff of the SFB 313 and of GEOMAR. Other parts of the SFB 
and of GEOMAR were housed in much more comfortable offices, and in close neighbourhood the "Bungalow"- 
crew could see the new building of GEOMAR rising. Times are changing and today this group has partly 
spread to other countries, other institutions, though some remain in Kiel. But obviously all carry sonie fond 
memories of their time in the "Bungalow" because otherwise they would not have been willing to sacrifice tlicir 
time and efforts to contribute to this book. 

T11c book reflects also some of the changes which have aftected Europe over the past decade. Tlic book is 
being published by tlie Grzybowski Foundation which is an international foundation associated wit11 tlie 
Geological Society of Poland and which promotes as well as supports research and education in tlie field of 
micropaleontology. Tlie foundation is housed at the Geological Museum of the Jagellonian University in 
Krakbw, Poland. Since the SFB 313 is project funded through support froni tlie C<ernian Research Foundation 
(DFG=Deutsclie Forschungsgemeinschaft) and through Kiel University by the State goverment of Schleswig- 
Holstein, most of the authors are German. Most have not remained at Kiel University after completing thcir 
degree, but have moved on to virtually all major marine geoscientific research institutio~is ill Germany, sollie of 
which have only been founded after the reunification of the former East and West C<ermany. Thc list of authors 
shows also cl~aracteristics which are typically for these changing times. Some of the papers have been a~~tliored 
by a colleague originally from the US, and another author is froni one of tlie "Neue Bundesltinder". Another 
paper originated mainly from Oslo documenting the close relationship which have developed between thc 
geoscientific institutions of Oslo and Kiel Universities. The book is a good document for the new tiines in 
Europe, for the growth of paleoceanography and for the internationalization of the marine geosciences. 

Oslo/Kiel, Jan. 1997 



The North Atlantic Ocean: An Overview 

H. CHRISTIAN HASS 

Department of Geological Sciences, University College London, Gower Street, London WClE 6BT, U.K. 

Present address: SFB 313, Kiel University, Heinrich-Hecht-Platz 10, D-24118 Kiel, Germany 

INTRODUCTION 
The North Atlantic is one of the most important 
oceans for virtually any subject of scientific inter- 
est. Geophysicists investigating rifting and plate 
tectonics, as well as marine geologists and marine 
micropaleontologists, appreciate that even the 
birth of the North Atlantic is still recorded in the 
form of sediments in t l~e  eastern- and westernmost 
parts of the equatorial North Atlantic. Like all 
other oceans, much of the geological history of the 
North Atlantic has been reconstructed due to the 
success of the Ocean Drilling Program (ODP) and 
its predecessor the Deep Sea Drilling Project 
(DSDP). Since the launch of the drilling programs, 
many cores have recovered sediments, including 
subsediment crustal structures, that led to the 
understanding of the evolution of (not only!) the 
North Atlantic Ocean, its paleoceanography and 
the Eartll's climatic development through the past 
155 million years. 

From its earliest stages, when it formed the 
westernmost part of the Tethys Ocean as early as 
the Early Cretaceous (DSDP Leg 44, ODP Leg 101), 
the Atlantic started to play a critical role in the cli- 
matic and oceanographic history of the Earth. Later 
on, the Atlantic Ocean became the only entirely 
open waterway that until today connects both 
polar regions, providing a ,,deep sea highway" for 
Arctic-Antarctic water masses as well as inter- 
l~emispherical heat exchange. Today, the northern 
North Atlantic is characterized by two major sur- 
face current systems and water masses that 
couldn't be more different (see also B a ~ ~ m a m  et nl., 
this uoll~nle). In the western part, the East Green- 
land Current conveys cold, mainly Arctic water 
masses south. These are less saline and significant- 
ly colder than their counterparts on the eastern 
side which emerge from the Carribean, transport- 
ing temperate water masses far north via the North 
Atlantic and Norwegian Currents. Altogether, 
these currents together with the associated deep 
currents play a crucial role in global climate dyna- 
mics. 

A further important North Atlantic aspect is 

the epicontinental seas that are adjacent to and part 
of the North Atlantic. All bear their own important 
evolutional histories: 

The Gulf of Mexico and the Carribean Sea, pre- 
sently forming the Atlantic's warm water pool, 
carry some of the oldest sediments found in the 
entire Atlantic, some of t l~em oil-bearing (e.g. 
Jenkyns, 1994). 

The Mediterranean turns out to be an excellent 
example for the impact that even a small sea, 
blocked by huge continents, may have on the 
Earth's climate: during the latest Miocene - the 
Earth was already in a glacial mode, and decrea- 
sing sea levels cut-off the connection between the 
Mediterranean and the World Ocean. Water evapo- 
rated and eventually reached the World Ocean 
again but the salt remained on site. Thus, the World 
Ocean became more prone to freezing over because 
of slightly decreased salinity wluch in turn slightly 
increased the Eartll's Albedo and finally caused a 
global cooling during what is called the ,,Mediter- 
ranean salinity crisis" (e.g. Hodell t7t nl., 1986; Wei- 
jermars, 1988; Kastens, 1992). 

Further north, the Baltic Sea forms the largest 
reservoir of brackish water in the world. Its oscilla- 
tions between marine and freshwater stages due to 
iso- and eustasy at least during the past 13,000 
years had a tremendous effect not only 011 the bio- 
logy of the Baltic Sea but perhaps also on tlie cli- 
mate of the northern North Atlantic (Bergsten 6- 
Nordberg, 1992). Its gateway to the North Sea, and 
thus its only connection wit11 the World Ocean, tlie 
Skagerrak-Kattegat, bears extreme high-resolution 
Holocene sedimentary records (e.g. Stabell & Thie- 
de, 1985; Hass, 1996). The North Sea basin itself, 
bearing the North Atlantic's most important 
hydrocarbon province, has a colorful tectonic 
history. Rifting commenced in the earliest Triassic 
and terminated during the Paleocene, thus leaving 
major structures like the Central and Viking Gra- 
bens (Ziegler & Van Hoorn, 1989). 

The Norwegian Sea is situated at one of the 
most crucial gateways of the World Ocean circula- 
tion. It was not before the middle Miocene that the 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. Grz!jbozuski Follndation Spucinl P~~blicntioiz, no. 5, pp. 1-14 
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Figure 1. The northzrn North Atlantic (bathymetric data from GEBCO). 

Greenland-Scotland Ridge submerged below sea 
level, thus terminating the isolation of the northern 
North Atlantic and providing a connection 
between the central Atlantic and the Arctic Ocean 
heat sink (Eldholm ct ol., 1987; Berggren & Schnit- 
ker, 1983). Eventually, a proto-modern Atlantic cir- 
culation comn~enced as cold and dense deep water 
masses headed south and were replaced by war- 
mer and less dense surface water masses from the 
south (Kennett, 1982); the highly climate effective 
Norwegian Current that passes along the Norwe- 
gian shelf and throi~gh the Norwegian Sea was 
born. 

Regarding the present global ocean circulation 

and climate, the initial pacemaker of the Ocean 
Conveyor (Broecker, 1991) is considered to be in 
the North Atlantic. Cold Arctic winds cause evapo- 
ration and cooling of surface water masses and 
thus contribute to the sinking of huge cells of den- 
ser cooled surface water (Broecker & Denton, 
1990). This produces a gigantic flow of cold and 
salty deep and intermediate water which then tra- 
vels from the North Atlantic south around Africa 
and through the Indian Ocean (see also Sy et a/., 
1997). The stability of the deep water flow is con- 
trolled by the freshwater balance of the North 
Atlantic basin (Rahmstorf, 1996). The major part of 
this cold water mass upwells in the northern Paci- 
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fic due to intense wind forcing, releasing salt and 
incorporating freshwater and heat. According to 
the model, this water mass returns to the North 
Atlantic as a warm and less saline surficial return 
flow, increases its salinity and temperature in the 
Carribean and eventually conveys heat up to the 
higher latitudes in the form of the North Atlantic 
Current. If this process is disturbed, the deep cir- 
culation may become shallower and weaker and 
the areas of deep water renewal may migrate 
further south (Rahmstorf, 1994). As a result, less 
heat is conveyed north and the northern North 
Atlantic regions rapidly cool down (the ,,glacialu 
mode of deep circulation). 

Presently, a legion of researchers is working on 
paleoclimatic reconstructions on Milankovitch and 
sub-Milankovitch time scales from Quaternary 
sediments in order to exactly reconstruct rapid cli- 
mate change with regard to the paleoceanographic 
setting of the North Atlantic. While deep-sea dril- 
ling is very expensive and takes a long time for 
planning and organization, dozens of large and 
small research vessels collected sediment cores and 
water samples, and carried out measurements at 
hundreds of sites in the North Atlantic Ocean 
during the last 20-30 years in order to understand 
the present oceanographic and climatic conditions 
as well as those of the past few hundred thousends 
of years. This small armada of research ships in- 
cludes vessels as small as a rubber dinghy (to take 
water and plankton samples from coastal areas) up 
to huge icebreakers such as the German ,,Polar- 
stern" that are able to enter pack ice covered basins 
in the northernmost areas of the North Atlantic and 
elsewhere. 

TECTONIC EVOLUTION OF THE NORTH 
ATLANTIC 
Today, the Atlantic forms the second largest basin 
of the World Ocean. Through time it undertook a 
variety of forms, froin a narrow, tropical part of the 
Tethyan Ocean at the time the reptiles began to rule 
the surrounding supercontil~ents to the present 
elongated, inore than 11,000-km long basin that 
connects both polar regions. While the South 
Atlantic is slightly younger, the evolution of the 
North Atlantic can be traced back as far as the 
Triassic. 

The following sections deal exclusively with 
the North Atlantic in general and the northern 
North Atlantic in particular. This chapter is based 
on a great number of references as listed in the refe- 
rence section. Basically, where not specified, the 
tectonics chapter is based on papers in Ziegler 
(1975), Kennett (1982), Sheridan (1986), Eldholm et 
01. (1987), Srivastava & shipboard scientific party 
(1987), Ziegler & van Hoorn (1989), Myhre & Thie- 

de (1995), and Scrutton ct nl. (1995) 

The birth of an ocean 
Long before the splitting of the African and North 
American continents in the middle Jurassic, early 
tectonic activity affected the northern North Atlan- 
tic area when late Hercynian suturing marked the 
future breakup of Gondwana and Laurasia. 

While rifting in the Norwegian-Greenland Sea 
started as early as in the Namurian, the southward 
propagation of rifting processes was presumably 
inhibited by oppositely directed stress fields emer- 
ging from the peak Variscan orogenic activities. 

As the stress fields changed, rifting may have 
expanded to the south during the early Permian. 
During the Permo-Triassic, the northern North 
Atlantic area was covered with red beds that were 
trapped in rapidly forming graben structures. Rift- 
ing further increased and eventually formed a 
complicated pattern from the Norwegian Sea to the 
western Tethys, where rifting processes from the 
early Permian heralded a major reorganization of 
the plates. Although there were no late Paleozoic 
marine ingressions into the North Atlantic area, the 
structures that eventually led to the formation of 
the early North Atlantic Ocean established them- 
selves during the Late Carboniferous at the latest. 

The Mesozoic development of the North Atlantic 
It was not until the early Triassic that Permo-Cai- 
boniferous fracture zones of the Mediterranean 
were reactivated through strong rifting processes 
related to the tectonic activity in the Tethys. These 
structures eventually enabled marine advances 
further west. By the end of the Triassic and at the 
dawn of the Jurassic, marine conditions had esta- 
blished themselves through rapidly subsiding 
basins as far as the Rockall Trough and the NW 
African, New England and Canadian shelves. East 
of the Rockall Trough, a number of basins formed; 
these now carry up to 6 km of clastic Triassic sedi- 
ments (Ebdon ct al., 1995). Further advances finally 
led to a com~ection with the cyclically advancing 
Arctic Ocean through the Rockall Trough and the 
grabens of the Irish Sea during the Raethian and 
Hettangian. Early Lias then saw the development 
of open marine conditions between the Tethys, 
which had meanwhile advanced to the Carribcan, 
and the Arctic Ocean. 

Although this connection was suspended 
during a short period of extensive doming in tllc 
North Sea (Ziegler & van Hoorn, 1989), the brcak- 
up of Pangaea, and thus the development of a 
major ocean, did not stop. 

Intensive volcanisin accompanied the progr~i- 
ding rift system that advanced froin the south 
through the Labrador Sea, while the main sea floor 
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spreading axis of the central Atlantic could not 
overcome the Azores fracture zone until the Early 
Cretaceous. Later, rifting reached Baffin Bay and 
the central Atlantic spreading axis advanced into 
the northern North Atlantic, where strong tectonic 
activity resulted in rapid doming and subsidence. 

During the Cretaceous, crustal separation 
between Europe and Greenland advanced as sea- 

a floor spreading continued in the Norwegian-Gre- 
enland Sea. The North Atlantic spreading axis 
reached the North American continent and succee- 
ded in separating Greenland. Until the Early 
Tertiary (mostly within Anomalies 24-25), major 
changes took place: crustal separation isolated 
Greenland from Norway and Rockall, crustal sepa- 
ration also took place in the Baffin Bay, major 
ridges formed in the North Atlantic and Arctic 

72 Ma Oceans and the Eurasian Basin opened (e.g. Sriva- 
stava, 1978; Eldholm et nl., 1987). 

Cenozoic development 
Spreading continued in the Norwegian-Greenland 
and Labrador Seas; this eventually caused enor- 
mous compressional stress on Greenland's shelf 
until the early Oligocene when the Labrador-Baffin 
Bay spreading axis became extinct. The Greenland- 
Scotland Ridge, one of the most important stri~c- 

49 Ma tures for global ocean circulation (see e.g. Bott et ol., 
1983), appears to be the track of a mantle plume 
that was situated underneath eastern Greedand. 
During the divergence of Norway and Greenland, 
this hot spot left a trace of up to 30 km thick 
igneous rocks that formed the ridge (White, 1988). 
Activity of this hot spot caused uplift of up to 1,500 
m in the Shetland-Faeroe area (Joppen & White, 
1990). Due to this process, large submarine fans 

. 26 M~ formed in the North Sea and eventually became 
excellent hydrocarbon reservoirs (Anderton, 1993; 
Ebdon et nl., 1995). 

Due to continued spreading in the Norwegian- 
Greenland Sea, Greenland was eventually pushed 
back to the North American Plate. 

Until the mid-Miocene, tectonic and volcanic 
activitiy remained high: Jan Mayen as well as the 
northeastern part of the Barents Shelf separated 
from Greenland. Meanwhile, a connection between 

a. Ma the North Atlantic and the Arctic spreading centers 
was established by the Knipovitch Ridge. 

Until today, major sea floor spreading is slow 
to moderate (Norwegian-Greenland Sea at 
0.95 cm/ yr; Eldholm et nl., 1987). 

Figure 2. Paleophysiographic evol~ition of the northern 
North Atlantic area from Early Cretaceous (Valanginian, 
ca. 135 Ma) to the Present according to several sources 
(after Rowley & Lottes, 1988). Ridge axes, different crust 

Present types, and magnetic anomalies (Present) are displayed 
(see Rowley & Lottes, 1988). 



The North Atlantic Ocean: An overview 

PALEOCEANOGRAPHIC AND PALEOCLIMA- 
TIC HISTORY OF THE NORTH ATLANTIC 
The section above could only provide a glimpse of 
the long history of rifting prior to the eventual for- 
mation of the present day North Atlantic. In the 
following section a short overview of the paleocea- 
nographic evolution of the North Atlantic and its 
role in global climate change will be given. Of 
course it can not be complete. The main emphasis 
will be placed on the northern North Atlantic. 

Mesozoic paleoenvironments 
The lack of Mesozoic glacial deposits suggests that 
there were no glaciated areas anywhere in the 
world (Frakes, 1986). Among many theories to 
explain the vast global warming that followed the 
glaciation of Gondwana, an increased greenhouse 
effect through volcanogenic C02 is only one (see 
Graedel & Crutzen, 1993). Towards the middle 
Jurassic, substantial parts of the continental mar- 
gins worldwide became drowned, mostly due to 
eustatic sea level rise. What is Europe today consi- 
sted oi widespread epicontinental seas and inter- 
calated land areas (Ziegler, 1975). There is a rea- 
sonably good correlation of sea-level highstands 
and periods of fast seafloor spreading during the 
Jurassic and Cretaceous (Sheridan, 1986; see also 
Pittman, 1978). 

Unlike the crucial role the North Atlantic 
plaved in the paleoclimatic evolution of the Ceno- - .  

zoic, ~ e s o z o i c  sediments suggest that the young 
North Atlantic Ocean was built up of mostly 
restricted basins (Kennett, 1982). At leist temporal- 
ly, these basins must have been cut off from the 
world Ocean, as evidenced by evaporites of pro- 
bably early or middle Jurassic age (Thiede, 1979). 
~ h e s e  oldest sediments in the ~ i r t h  Atlantic were 
deposited near the spreading axis of this ca. 500 km 
wide, tropical ocean (Robertson & Ogg, 1986). 

~avol.ed by the warm climate and high atmo- 
spheric C02  concentrations, calcareoui nanno- 
plankton began to shift the major part of carbonate 
production from the shallow shelves to the deep 
sea during the late Jurassic (Roth, 1986). Towards 
the middle Cretaceous, when the central North 
Atlantic approached probably half of its present 
size, water mass circulation was controlled bv a 
large cyclonic gyre. There was a gateway that 
opened to the Tethys Ocean and probably a narrow 
strait that allowed surficial water mass exchange 
with the Pacific through the Carribean, whereas 
the south was blocked by land masses and there 
was no connection to the northern North Atlantic 
until the Eocene (Myhre & Thiede, 1995; Roth & 
Kr~unbach, 1986). Deep water was thus generated 
in marginal evaporitic basins, which resulted in 
warm and saline deep and bottom waters. A very 

stable water column with low-saline and very 
warm surface waters and high saline but only 
slightly cooler bottom waters resulted (Roth, 1966; 
Saltzman & Barron, 1982); low oxygen values kept 
marine life low (Bralower & Tl~ierstein, 1986). 
These conditions became even Inore pronounced 
during the Cenomanian transgression, when 
warm, saline South Atlantic water masses fueled 
the North Atlantic and widespread epicontinental 
seas contributed increasing amounts of low oxy- 
gen, high saline water to the bottom water (Roth, 
1986). DSDP Leg 76 (Site 534, Blake-Bahama Basln) 
sediments revealed 2 major cycles of carbon-poor 
to carbon-rich sediments starting in the middle 
Jurassic; these extend as far as in the eastern Tethys 
(Baumgartner, 1983). These sediments may be the 
result of a cyclic occurrence of anoxic conditions 
and eustatic sea-level changes that, in turn, led to 
CCD fluctuations (Sheridan, 1966). Halla~n (1966) 
discusses possible Milankovicl~ forcing that nlnV be 
the reason for obvious sedimentary cycles of 10,000 
to 100,000 years superimposed on the large cycles 
of Cretaceous ocean ventilation. 

From the Turonian, Tethyan planktic foramini- 
fers that were found in cores from the South Atlan- 
tic (e.g DSDP Leg 39) suggest the establishment of 
strong currents connecting the North and the 
South Atlantic oceans (I'remoli Silva & Boersma, 
1977). 

Cenozoic paleoenvironments 
The basins that formed in the Norwegian-Gree~i- 
land Sea were framed by a complex tectonic pat- 
tern of ridges and fracture zones (see Myhre ct (7/ . ,  

1982; N~uims & Peacock, 1982; Eldhol~n 1.t a/ . ,  1957). 
These still prevented major water mass exchangc~ 
with the World Ocean. The Greenland-Scotland 
Ridge remained subaerial at least until the late ear- 
ly Eocene, when the most easterly parts began to 
subside (Myhre & Thiede, 1995). Complex sedi- 
mentary patterns (sediment drifts) suggest that a 
large portion of the bottom waters made their way 
through the Faeroe channels that formed the dee- 
pest passage of the Greenland-Scotland Ricige 
(Andersen & Boldreel, 1995). Faunal exchange 
(deep water agglutinated foraminifers) between 
the North Atlantic and Norwegian Sea is already 
evident in the middle Eocene (Kaminski c t  [ I / . ,  
1990). Subsidence of the ridge apparently tollowed 
the trace of the mantle plume to the west. By t l~e  
middle Miocene the ocean basins had almost their 
modern shapes (Schnitkel; 1960). The Dellmark 
Strait section of the ridge became submerged in the 
late Miocene, as evidenced by changes in the 

'Ian- benthic foraminifera1 faunas in the Norweb' 
Greenland Sea (Berggren & Schnitkel; 1963). Cold 
bottom waters that had formed since the M ~ o c e ~ ~ t .  
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in the Nordic Seas were now able to flow across the 
ridge. The Earth's climate system had already en- 
tered a glacial mode during this time and a world- 
wide ca. 40 in sea level drop took place (Kennett, 
1982). Partly due to this sea level drop, the 
Mediterranean became isolated from the World 
Ocean (see also Weijermars, 1988). As a result, eva- 
poration transformed the Mediterranean into a 
series of salty inland lakes until the beginning of 
the Pliocene, leaving behind a huge series of eva- 
porite~. Eventually, this salt was withdrawn from 
the World Ocean; thus, its salinity decreased by 2 
PSU. Since less saline waters freeze earlier, which 
in turn increases the Earth's Albedo, the isolit' ion 
of the Mediterranean was the cause of a remark- 
able world-wide cooling dur~ng a period that is 
called the ,,Mediterranean salinity crisis" (Kennett, 
1982). 

Continuing deterioration of the climate led to a 
permanently frozen Arctic Ocean, probably from 
the late Miocene (Clark, 1982; however, see Wolf & 
Thiede, 1991; Repenning et nl., 1987). During the 
late Pliocene, sedimentation of ice-rafted debris in 
the North Atlantic bcgan (Shackleton et nl., 1984), 
although first indications of an unstable ice cover 
or icebergs in the Labrador and Norwegian-Green- 
land Seas could be dated back as far as the mid- 
dle/late Miocene (Wolf & Thiede, 1991; Fronval & 
Janscn, 1996; Thiede & Myhre, 1996; Wolf-Welling 
~ ' t  a/. ,  1996). In thc continuation of the Cenozoic, the 
growths and decays of the major ice sheets around 
the northern North Atlantic, which had another 
amplification around 1 MyBP, led to the deposition 
of huge masses of glacial sediments that were 
transported as far as the deep-sea basins through 
ice rafting or in the form of mass movements 
through channel systems on the slope. Shelves pro- 
graded considerably into the North Atlantic as 
huge submarine fans formed, such as on the West 
Hebrides and West Shetland shelves (Stoker, 1995) 
aild all around the northern North Atlantic from 
Newfoundland to Norway (e.g. Piper et a]., 1990; 
Vorren et nl., 1991; Aksu & Hiscott, 1992; Elverhai, 
1992;). 

The climate deteriorated stepwise during the 
past 55 Ma. From at least 3 MyBP, strong orbital 
forcing is suggested from SST records and ice 
volume (Myhre & Thiede, 1995; see also DSDP Leg 
94 results). Maslin r t  nl. (1995a) consider a sharp 
increase in insolation through increased obliquity 
and precession amplitudes the main trigger for the 
intensification of the Northern Henusphere galcia- 
tion betweell 2.75 and 2.55 MyBP. The final closure 
of the Panaina Isthmus around 1.8 MyBP (Keller et 
( I / . ,  1989) is thought to have either delayed the for- 
matioil of ice sheets througl~ increased heat trans- 
port to the north (Maslin et a / . ,  1995a) or stimulated 

ice sheet tormation as a result of increased trans- 
port of moisture to the north (Mikolajewicz t7t a / . ,  
1993). Burton et 01. (1997) present geochemical evi- 
dence for increased North Atlantic Deep Water 
(NADW) flow since the closure of the central Ame- 
rican Isthmus suggesting the onset of inodeni 
North Atlantic water mass circulation at that timc. 

Of the Plio-Pleistocene, which is characterizecl 
by an increasingly significant climate deterioro- 
tion, the last ca. 900 ka (Mid Pleistocene Revoluti- 
on 900-920 kyBP, Berger & Jansen, 1994) - i.e. osy- 
gen isotope Stages 22-1 - and especially the last 650 
ka attracted major interest as the Earth's clinlatc 
system then switched from 41,000 and 23,000 into a 
powerful 100,000 year cycle (e.g. Pisias ct a / . ,  1984; 
Martinson et nl., 1987). During this period, the 
advancing and retreating Laurentide and Eurasian 
ice sheets had their major maxima (e.g. Last Glacial 
Maximum, LGM, -18 kyBP) and minima (e.g 
Eemian, -125 kyBP). Since mathematically, the gla- 
cial/interglacial cycles should have been more con- 
tinuous than they obviously were, a couple of theo- 
ries were established in order to explain rapid cli- 
mate change (see e.g. Ruddima~ & Mclntyre, 1981; 
Boyle & Keigwin, 1987; Berger & Jansen, 1994). 
Most likely, variations in the formatioil of NADW 
such as the southward movement of the so~ucc 
area of NADW, switching to a weaker production 
mode or a complete shutdown of the flow of the 
global ocean circulation system (the Ocean Con- 
veyor) led to changes in global heat transport 
which subsequently caused rapid climate change 
(Broecker, 1987,1991; Broecker & Denton, 1990; see 
also Rahmstorf, 1994, 1996; Sarnthein ct al., 1993; 
Weinelt et nl., 1996). Thus, aside from orbital para- 
meters, the northern North Atlantic in general and 
the NADW production cells in particular arc consi- 
dered to be the principal pace maker of global cli- 
mate. Recently, new hypotheses (mainly based on 
geochemical evidence and atmospheric general cir- 
culation models) challenged this view by propo- 
sing a significant drop in tropicnl sea surface tem- 
peratures that may have led to a series of feedback 
mechanisms affecting atmospheric water vapour 
and thus the greenhouse effect finally resulting ill 
global cooling (Webb et nl., 1997; Beck ct nl., 1997; 
Bard et nl., 1997; Curry & Oppo, 1997; see also 
Zahn, 1994). 

The production rate of NADW appears to be in 
close conformity with the climate variability as 
recorded in Greenland's ice cores (e.g. Keigwiil ~t 
nl., 1994). Recently, North Atlantic deep-sea scdi- 
ment analyses (op, cit.) suggested stable cliinatc 
conditions during the Eemian interglacial as iio 
change in NADW production could be detected, 
thus challenging earlier interpretations from ice 
cores (GRIP Members, 1993). Howeve]; Maslin 
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Figure 3. a) Oxygen isotope profile of Site 659 (ODP Leg 108, off NW Africa) (after Tiedemam et a/.,  1994); b) oxygen 
isotope profile of Site 656 (ODP Leg 108, off NW Africa) (after Sarntl~ein & Tiedemam, 1969) including glacial isotn- 
pe stages; c) solid line: oxygen isotope profile of Core 23414 from the Rockall Plateau including Heinrich Events (age 
scale: calender years) (after Jung, 1996); grey line: oxygen isotope profile of several cores from the Greenland Basin 
combined to a ,,standardo profile (after Antonow, 1995; Antonow et nl., tlris volume); d) black line: oxygen isotope pro- 
file of Greenland ice core GRIP SUMMIT (after Dansgaard et nl., 1993; data from Dansgaard, w., Johnsen, S. J., Clau- 
son, H. B., Dahl-Jensen, D., Gundestrup, N. S., Hammer, C. U., Hvidberg, C. S., Steffensen, J. P., Sveinbjornsdottir, A. 
E., and J. Jouzel); grey line: oxygen isotope profile of Core 111 KAL, Skagerrak (after Hass, 1996; this volr~nre). 
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Atlantic during the 
LGM. Earlier interpre- 

8 0 ' , , , , , ,  I I 

''7 

I - .i 
GREENLAND 

I 
. - .+ 

4 I 

8- ' I 
9/ / j.2 

tations of SSTs su&est 
a sluggishly cycloni- 
cally rotating, though 
permanently frozen, 
Norwegian-Greenland 
Sea (CLIMAP Project 
Members, 1976, 1981, 
1984) whereas Henrich 
(1990, 1992) and Hen- 
rich et 01. (1995) infer- 
red at least seasonally 
open cyclonically rota- 
ting waters in the Nor- 
wegian-Greenland Sea 
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35" - 
ice-free, weakly cyclo- 

300E nic rotating Norwegi- 
an-Greenland Sea. Ac- 

Figure 4. Present-day surface water mass circulation of the r 
(adapted from Eldholm rl nl., 1987, after data from Kellogg, 

(1996) was able to present stable isotope evidence 
(ODP Site 658, eastern Atlantic) for a short term 
( ~ 4 0 0  yrs) intra-Eernian shutdown of deep water 
formation and a synchronous cold spell. Keigwin cf 
nl. (1991) and Lehman rt nl. (1991) showed that 
during the last deglaciation (15-10 ka), multiple 
meltwater events were followed by decreased 
NADW production and cold spells. The sudden 
shutdown of NADW production was found to 
cause SST shifts of 2 5" C in fewer than 40 years 
(Lel-unan & Keigwin, 1992). 

Apparently, the pattern of glacial/interglacial 
changes during the Brunhes Epoch basically repea- 
ted itself through time. As an example, the condi- 
tions from the LGM to the beginning of the Holo- 
cene in the northern North Atlantic are now short- 
ly described. 

There is much debate about the surface and 
deep water circulation of the northern North 

cording to this theory, 
iorthern North Atlantic the Norwegian Sea 
1975, 1976). was entirely isolated 

from the North A tlan- 
tic by ice sheets of Ice- 

land, the Shetlands, and Norway. Furthermore, a 
persistent anticyclonic rotating meltwater lens 
west of Ireland not only blocked the conncction to 
the northeast but also supported the Irnlinger Cur- 
rent that conveyed temperate water masses north 
across the Denmark Strait (Sarntl~ein & Altenbacli, 
1995) 

Aside from unequivocally astronolnlcally stee- 
red climate change, there is still strong and rapid 
climate change on a much shorter -1nillenial- time- 
scale: A strange pattern of ice-rafted debris (IRD) 
that was deposited approximately evcry 12 ky 
during the past ca. 60 ka was discovered in the 
North Atlantic, stretching from Labrador to the Bri- 
tish Islands (e.g. Bond et nl., 1992; Broecker ef a/., 
1992) including associated events further north 
(e.g. Stein et nl., 1994, 1996). Termed Heinrich Lay- 
ers after H. Heinrich, who was the first to describe 
them (Heinrich, 1988), most of these layers rcsull 
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from massive iceberg discharge out of Baffin Bay; 
the icebergs were transported northeast by the 
cyclonic polar gyre (Grousset et nl., 1993). These 
events of massive iceberg release into the North 
Atlantic Ocean during the last glaciation appear to 
be parallel to recurring episodes of unusually cold 
North Atlantic surface water (Bond cycles; Bond et 
nl., 1992) and cold air temperatures over Greenland 
(Dansgaard-Oeschger events; Dansgaard et al., 
1993). Interpreting sea surface properties (SST, SSS, 
6'" of planktic foraminifers), Maslin et 01. (1995b) 
could not substantiate a sea surface cooling prior to 
Heinrich events, thus adding support to the large- 
ly climate-independent free-oscillating system 
theory of MacAyeal and Wang (1992) as a cause for 
the Heinrich Events. After each Heinrich event 
(except HI, which occurred during the Milanko- 
vitch forced insolation rise) an episode of increased 
SST and air temperature over Greenland lasting up 
to 2,000 years is suggested before the climate trend 
continued further into the glacial maximum (GRIP 
Members, 1993; Grootes ef al., 1993; Maslin et nl., 
1995b). As NADW production Mias possibly halted 
by Heinrich events H3 and H4, and there was basi- 
cally no or only very weak deep water production 
between 30 and 13 kyBP, it was inferred that Hein- 
rich events were at least partly responsible for 
amplifying glacial conditions (Broecker, 1994; Mas- 
lin et nl., 1995b; Sarnthein & Altenbach, 1995). Sei- 
dov & Haupt (1997) showed that NADW produc- 
tion was low although the glacial conveyor was 
rather intensive; deep-water convection was 
restricted to the center of the subpolar gyre. How- 
ever, Oppo & Lehrnan (1995) postulate that NADW 
production was already weak prior to Heinrich 
events H2, 3, and 4 and that there was no addi- 
tional weakening in response to the massive ice- 
berg discharge. Although still part of scientific 
debate, it turns out that the Heinrich events are not 
only in phase with the air temperature above 
Greenland (Bond et nl., 1993) but that correspon- 
ding events left worldwide traces (e.g. Broecker, 
1996, 1994; Porter & An-Zhisheng, 1995; see also 
Stein et al., 1994; Goldschmidt, this voltline). 

Based on AMS 14C and planktic 6180 results, 
Sarnthein et nl. (1992) dated the beginning of the 
last deglaciation at 14.7 kyBP peaking at 13.5 kyBP. 
A giant meltwater lens formed off northern Nor- 
way and cold water masses were conveyed south, 
whereas the influx of temperate waters into the 
Norwegian-Greenland Sea across the Denmark 
Strait persisted since the LGM (Sarnthein & Alten- 
bach, 1995). During the recovery from the LGM, 
this unusual current regime in the Norwegian- 
Greenland Sea caused a decrease or even shut- 
down of the NADW production (e.g. Jansen & 
Veum, 1990; Keigwin & Lehman, 1994; Seidov et al., 

1996; Seidov & Haupt, 1997). As a result, the Oldest 
Dryas (equivalent to HI) cold spell forced the cli- 
mate system back towards late glacial conditions , ~ t  
around 14.5 kyBP; 6% values of planktic fora- 
minifers indicate the lowest NADW productioi~ 
rate of the past 20 ky (Keigwin & Lel-unan, 1994). 
However, insolation increased rapidly; t h ~ ~ s ,  the 
Oldest Dryas soon saw another reorganization of 
water mass circulation in the North Atlantic that 
eventually brought the Balling warm period at gla- 
cial Termination I*. The maximum melting of the 
Fennoscandian icesheet has been dated at around 
12.5 kyBP, the peak warm phase during the Bollil~g 
(Andersen et nl., 1995). Koc Karpuz and Jansen 
(1992), working on diatom SST transfer functiot~s 
of high resolution cores from the southwestern 
Norwegian shelf, were able to distinguish a series 
of short-term climate episodes within the period of 
the meltwater peak that characterizes Termination 

1.84. 
Still witlun the Allerad warm interval, around 

11.2 kyBP, calculated SSTs suggest that Polar and 
Arctic fronts in the northern North Atlantic rapid- 
ly readvanced to near-glacial conditions. Sea sur- 
face temperatures may have dropped as rapidly by 
more than 6" C as the air temperatures over Green- 
land did (Dansgaard et nl., 1989; Koc Karpuz & Jan- 
sen, 1992; Lehman & Keigwin, 1992; see also 
Costello & Bauch, this volr~iize). Sea ice drifted as far 
south as to the latitudes of northern Spain (Keig- 
win & Lehman, 1994) during the most recent extre- 
me cooling episode of the Younger Dry;s (11.2-10.2 
kyBP after Koc Karpuz & Jansen, 1992). Despite the 
enormous impact, the role of the North Atlantic 
during the Younger Dryas cold spell remains enig- 
matic: stable isotope data suggest a regular Holo- 
cene-style meridional circulation regime, however, 
with SST's indicating strong seasonality of the sea 
ice cover (Sarnthein et nl., 1995) that ceased in the 
course of the Holocene. Around 8.5 kyBP the end 
of iceberg drifting in the Norwegian Sea that is 
suggested by disappearing IRD deposits (Bauch & 
Weinelt, iiz press) heralds the begin of the Holocene 
climate optimum (Hypsithermal) (see also Nesje fir 
Dahl, 1993) after a few centuries of slightly 
dropped sea surface temperatures (Younger Dryas 
11, Koc-Karpuz & Jansen, 1992; Koc et nl., 1996). 
Around this time, the English Channel was already 
open and a powerful current system that includes 
the Jutland and Norwegian Coastal Currei~ts esta- 
blished itself in the North Sea (e.g. Stabell & Tlue- 
de, 1985). The interplay between eustasy and iso- 
stasy in the course of the Holocene lead to marine 
and freshwater stages of the Baltic Sea, which may 
have had impact on the oceanography of the north- 
eastern North Atlantic (Bauch & Weinelt, ill press; 
see also Bergsten & Nordberg, 1992). The Skager- 
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rak, which forms the gateway between the Baltic 
Sea and the North Atlantic, proved to be a high 
resolution archive of Holocene climate fluctuations 
(e.g. Stabell & Thiede, 1985; Conradsen & Heier- 
Nielsen, 1995; Hass, 1996, this volunte). Periods 
such as the Little Ice Age (ca. 1350-1900 AD) are 
characterized by wind forced-fluctuations in cur- 
rent strengths (Hass & Kaminski, 1994). 

Regarding the large scale oceanographic pat- 
terns, no exceptional longer term paleoceanogra- 
phic changes occurred during the past 10,000 years 
in the northern North Atlantic. Moderate climate 
fluctuations are recorded mainly in shelf sediments 
(e.g. Stabell & Thiede, 1985) because limited tein- 
poral resolution mostly prevents the accurate 
dating of short-term oceanographic and climatic 
events in sediment cores from the deep sea. During 
the Holocene - like today - water mass circulation 
in the North Atlantic is characterized by the Gulf 
Stream that forms the northern part of the Subtro- 
pical Gyre. Towards the northeast, it forms the 
southern part of the Subpolar Gyre as the North 
Atlantic Current. It passes Scotland and eventually 
meets the Norwegian Coastal Current, which adds 
North Sea water masses, reducing its salinity from 
35.1-35.3 PSU to <34.7 PSU (Johannessen, 1986). 
Providii~g heat and moisture to Europe, this cur- 
rent coi-ttinues further northward as the Norwe- 
gian Current. Through cooling and evaporation, 
these nortl-tbound water masses gain density; even- 
tually portions sink and form NADW in the Green- 
land and Iceland Seas, thus fuelling the Ocean 
Conveyor that links the oceans of the world (e.g. 
Veuin et nl., 1992). Meridionally separated from 
Atlantic water masses by the Arctic Front, the East 
Greenlai-td Current conveys cold Arctic water mas- 
ses south along Greenland's coastline. 
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ABSTRACT 
A microfossil-based biostratigraphic reference section is selected for the Paleogene Torsk 

Formation in the 7119/9-1 well, yocited in the Tromser Basin of the southwestern ~ a r e n t s  Sea. 
Benthic foraminifera, dinoflagellate cysts, and diatom infillings indicate an early late Paleocene 
to early Eocene age for the Torsk Formation on the eastern flank of the basin. A comparison of 
benthic foraminiferal last occurrences in the reference section with that established in neigh- 
bouring wells illustrates the potential use of these events for high-resolution stratigraphic cor- 
relation. Though differing in detail, the record of microfossil last occurrences in the western 
Barents Sea compares well with the biostratigraphy of the Central North Sea area. A morpho- 
group analysis of the Paleogene foraminiferal succession of the Tromser Basin reveals a batl~y- 
metric deepening of the depositional area culminating near the Paleocene-Eocene transition, 
followed by a shallowing. 

INTRODUCTION 
The Barents Sea covers a continental shelf area that 
is of a comparable size to the entire North Sea, but 
the subsurface geology of the area is constrained 
by fewer than 53 wells, mostly concentrated in the 
Hamrnerfest and Tromser basins (Fig. I). This area 
has been subjected to intense Mesozoic and Ceno- 
zoic tectonic movements that have affected the 
configuration of seaways linking the North Atlan- 
tic with the Arctic Ocean. Therefore, studies of the 
sedimentary and biotic record preserved in the 
Barents Sea basins are important for reconstructing 
the history of faunal connections between the 
North Atlantic and Arctic oceans, and constraining 
paleobiogeographic patterns in the Boreal Realm. 

Reconstructing the development and history 
of marine connections through the Norwegian- 
Greenland Sea is the prime objective of the ,,Arctic 
Gateways" legs of the Ocean Drilling Program. As 
the oldest oceanic crust in the Norwegian Sea 

region is of early Eocene age, the early Paleogene 
biotic record can only be obtained from continental 
margin wells. Fortunately, Paleocene to Eocene 
sediments have been recovered from a number of 
exploratory wells drilled in the Tromser and Ham- 
merfest basins, off the northern coast of Norway. 
These basins are situated just east of the oceanic 
areas of the Norwegian-Greenland Sea, and consti- 
tute the northernmost offshore basins of the North 
Sea / Norwegian Sea rift system explored by con- 
ventional drilling. The main objective of this study 
is to assess the stratigraphic and paleoenviron- 
mental significance of early Paleogene benthic for- 
aminifera, dinoflagellate cysts, and diatoms from a 
key section in the western Barents Sea. This study 
is intended to complement the assessment of 
microfossil assemblages from younger Cenozoic 
material carried out under the auspices of the ODP 
,,Arctic Gateways" initiative. 

Among 12 wells that we have examined from 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. Grzybowski Foundation Specinl Publication, no. 5, pp. 15-38 
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Figure 1. Location map of the western Barents Sea, with main s truct~~ral  features and locations of 6 of the studied wells. 

the western Barents Sea area, well 7119/9-1 was 
chosen as a reference section because of the pre- 
sence of a thick Paleogene succession (1030 m 
according to electric logs), rich microfossil assemb- 
lages, and the availability of continuous sampling. 
In addition, Knutsen et 01. (1992) published a seis- 
mic line that crosses the well site and defined seis- 
mic units in this well, so it is now possible to more 
accurately assess the age and significance of regio- 
nal seismic reflectors. Altogether, 129 ditch cutting 
samples were analysed from this well, with few 
exceptions spaced at 10 m intervals. The biostrati- 
graphy from well 7119/9-1 is compared with data 
from nearby wells in the Hammerfest and Tromser 
basins. 

STUDY AREA 
Geological Setting 
The Barents Sea overlies an intracratonic area of 
structural basins, platforms, and highs. In the west, 
the area borders the oceanic Norwegian-Greenland 
Sea with a passive shear margin marked by the 
Senja Fracture Zone in the south and the Hornsund 
Fault Zone in the north. The Barents Sea margin 
started to develop in the early Paleogene in 
connection with the opening of the Norwegian- 

Greenland Sea, but the structural basins on the 
Barents Sea platform were formed as a result of 
earlier (Cretaceous to Paleocene) rifting phases. 

The geology and structural development of 
the Barents Sea has been the subject of numerous 
studies published mainly after drilling in the area 
commenced in the early 1980's. The subsurface 
geology of the area based on seismic evidence has 
been discussed by R~nnevik (1981), RPrmevik & 
Jacobsen (1984), Roufosse (1987), and Faleide et 01. 
(1993a,b). Recently, Riis (1992), Cloetingh et nl. 
(1992), Walderhaug (1992), and Richardsen ct nl. 
(1993) have provided estimates of the amount of 
Cenozoic upiift and erosion in the western Barents 
Sea based bn geophysical and petrophysical evi- 
dence. The early Cenozoic sedimentary history of 
the area has been discussed by Knutsen & Vorren 
(1991). 

The area of this study is located in the south- 
western part of the ~ a r e n t s  Sea close to the conti- 
nental margin. The region is divided into four main 
basins: Bjarnerya, Troms~r, Hammerfest, and Nord- 
kapp, with intervening structural highs such as the 
Senja Ridge, Loppa High, and Veslemery High (Fig. 
1). The Tromser Basin is connected with the Ham- 
merfest Basin over the Ringvassoy-Loppa Fault 
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Complex. In an easterly direction, the Hammerfest 
basin is linked to the Nordkapp Basin over a shal- 
low threshold on the southernmost extension of 
the Bjarmeland Platform. The reference well cho- 
sen was drilled on the eastern flank of the Tromser 
Basin. 

Stratigraphical Framework 
The Mesozoic and Cenozoic lithostratigraphy of 
the western Barents Sea was formally outlined by 
Worsley ct 01. (1988). The Paleogene Torsk Forma- 
tion has a rather lnonotonous lithology consisting 
of light grey to greenish grey, essentially non- 
calcareous claystones. Thin beds of siltstone or 
limestone occur rarely throughout the formation, 
and tuffaceous horizons are commonly reported in 
the lower part. The thickness of the formation 
varies from 200-300 m in wells drilled in marginal 
areas of the Hamrnerfest Basin, to over 1 krn in the 
central parts of the basin. The formation thickens to 
over 2 km in the undrilled deepest parts of the 
Tromser Basin. 

Figure 2 Lithostratigraphic scheme of Upper Cretaceous 
and Cenozoic deposits o f  the southwestern Barents Sea 
(modified after Worsley t t  a/ .  (1988) and Faleide et al. 
(1 993)). 

The basal contact of the Torsk Formation is 
unconformable, and represents an important 
depositional hiatus encompassing the latest Creta- 
ceous and early Paleocene (Fig. 2). This hiatus can 
be traced on seismic lines throughout the south- 
western Barents Sea (Rernnevik, 1981; Faleide et nl., 

1993a,b). The top of the Torsk Formation is cut by 
an erosional unconformity, and it is overlain by 
Plio-Pleistocene glacial and glacial-marine sedi- 
ments. 

Large areas of the Barents Shelf east of the 
Senja Ridge were uplifted and subjected to mul- 
tiple phases of erosion, lasting to the early Plio- 
cene. As a result, the upper parts of the Torsk For- 
mation (as much as 1500 m) have been removed, 
particularly in marginal parts of the basins where 
the formation thickness is strongly reduced. 

MATERIAL & METHODS 
Well 7119/9-1 was a wildcat well drilled in the 
summer of 1984 at 71°24'53.19"N, and 
19'49'43.26"E in 201 m of water, with Elf Aquitaine 
Norge a.s. acting as the operator. Samples for this 
micropaleontological study were provided by the 
Norwegian Petroleum Directorate in Stavanger. 
The material analysed consists wholly of washed 
ditch cutting samples ranging in dry weight from 
25 to 45 grams. The micropaleontological samples 
were disintegrated by boiling in sodium carbonate, 
and washed over a 63pm sieve. Foraminifera and 
diatoms were picked from the >125pm fraction and 
mounted on cardboard slides. Palynological sam- 
ples were analysed in accordance with standard 
techniques. All depths reported in this paper are 
quoted below rotary kelly bushing (therefore, a 
value of 226 m must be subtracted from the repor- 
ted depth to convert to depth below sea floor). 

RESULTS 
The succession of palynomorphs, diatoms, and 
benthic foraminifera in the 7119/9-1 well can each 
be subdivided into distinct assemblages based on 
the distribution of donlinant taxa, the occurrences 
of stratigraphically important species, and fluctua- 
tions in diversity and abundance (Fig. 3). The chro- 
nostratigraphy of the well is based primarily 011 

palynomorph assemblages, which can be correla- 
ted with the zonations of the northern North Sea 
published by Schroder (1992) and Mudge & B~~jak  
(1994, 1996). 

a. Palynomorph assemblages 
Altogether, 70 samples have been analysed for 
palynomorpl~s with a spacing of 10 m except in the 
upper 400 m of the well, where the sample spacing 
is mostly 30 m. The studied interval contains 90 
palynomorph taxa, and their stratigraphical distri- 
bution is presented in Table 1. The p alynomoph 
succession is subdivided into six stratigraphically 
significant assemblages (Fig. 3). 

From the uppermost part of the formation (at 
330 m), a single sample was analysed which con- 
tains a poor palynomorph assemblage. No age-dia- 
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gnostic species were recorded, and most of the 
palynomophs present are reworked from Creta- 
ceous deposits, a feature that is typical of the Plio- 
cene - Pleistocene deposits of the area. The palyno- 
morph succession from the 7119/9-1 well is dis- 
cussed below in order from youngest to oldest. 

1. Alisoc?ystn sp. 2 assemblage 

Interval: 405-720 m. 

Age: early Eocene 

Samples from this interval contain rich and diverse 
palynomorph assemblages. The persistent occur- 
rence of Alisoc!jstn sp. 2 (Heilmam-Clausen, 1985) 
and Deflnrzdren oebisfeldensis below 405 m suggest 
an age no younger than early Eocene. This age 
assignment is supported by the presence of 
Chnrlesdowniefl edwnrdsii at 435 m and Cl~nrlesdozu- 
nien crnssim~iosa at 570 m. The persistent occur- 

rence of Alisocystn sp. 2 and D. oebisf~ldeizsis and 
the high content of terrestrial material (pollen, 
spores, plant tissue fragments) indicates that the 
interval belongs to the lower part of the lower 
Eocene, and corresponds to the top of the lower 
Eocene Subzone E2A of Mudge & Bujak (1994) in 
the northern North Sea. 

Drncodil~izr~iz vnrielor~gitudzrril was recorded at 
405 m and below. This species is cl~aracteristic of 
the early Eocene. However, D. vnriclongitr~lliirri is 
thought not to coexist with Alisoc!ystn sp. 2, but in 
slightly younger sediments (Heilmann-Clawen, 
1985). Younger early Eocene sediments are there- 
fore thought to be present between 405 and 330 rn. 

A certain number of species occurring in the 
assemblage are probably caved. The presence of 
RIzornbodi~ziunz drnco at 435 and 470 m suggests that 
sediments younger than the middle part of the 
Middle Eocene (Costa & Mai~um, in Vinken, 1988) 
are present above 405 m. Svnlbnrdelln cooksonine was 
recorded at 405 m. This species I~as a known strati- 

Figure 3. Chronostratigraphy, foraminifera1 distribution, palynomorph assemblages, and diatom assemblages in well 
7119/9-1. 
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graphic range spanning from late Eocene to early 
Oligocene (Costa & Manum, in Vinken, 1988). In 
this assemblage there is also evidence of reworking 
from the Cretaceous. 

2. Dcflaildrea oebisfelder~sis assemblage 

Interval: 720-890 m. 

m. This species usually occurs in high numbers in 
the middle part of the upper Paleocene, and this 
event probably corresponds to dinoflagellate cyst 
zone 4 of Heilmann-Clausen (1985). The common 
occurrence of Palncoperidiizzllri~ pyrop110r11111 at 1370 
111 probably corresponds to the upper part of dino- 
flagellate cyst zone 3 of Heilmann-Clause11 (1985), 
which is equivalent to the middle part of the ,,P4" 
palynomorph zone of Mudge & Bujak (1996). 

Age: earliest Eocene 
5. Palaeocystodirzi~~rn b~~lliforrire assemblage 

The consistent occurrence of Apcctodiniriri~ qlriri- 
q ~ ~ c l n t l ~ n ~  below 720 m and the presence of the Apec- 
todir~i~lrr~ 11onron~orplz11ii1/paru~1ii~ complex at 720 m 
suggests an early Eocene age. The relatively com- 
111on occurrence of Dcf7arzdrefl ocbisfeldrnsis at 720 m 
supports this age assignment. The top of the D. 
oebisfeldrr~sis acme defines the top of the lowermost 
Eocene Subzoi~e Elc of Mudge & Bujak (1994), and 
correlates with the top of the Balder Formation in 
the northern North Sea. 

The LO of Cerodirzi~~ri~ zi~nrdenense is observed 
at 845 m and it occurs consistently below 850 m. 
The LO of C.  zunrderzcnse defines the top of the 
lowermost Eocene Elb Subzone of Mudge & Bujak 
(1994). 

3. Apectodiriiurrr angustr~iiz assemblage 

Interval: 890-970 m. 

Age: latest Paleocene 

The LO of Apectodinillrir nllglrstuiiz at 890 m indica- 
tes the latest Paleocene ,,P6" palynomorph zone of 
Mudge & Bujak (1996). The individuals reveal con- 
siderable morphological variability. Some speci- 
mens have less well-developed horns, and especi- 
ally the apical horn displays variation in size. The 
characteristic acme of Apectodiizi~rii~ spp. was not 
recorded in this well. 

4. Alisoc!ystn nlarprita assemblage 

Interval: 970-1420 m. 

Age: middle late Paleocene 

Thc LO of Alisoc?ysta nrnrgnrita at 970 m together 
with the occurrence of Pnlneoperidirii~~ii~ pyropl~or~rir~ 
at 1020 m suggests a middle late Paleocene age, 
corresponding to the ,,P5" palynomorph zone of 
Mudge & B~jak  (1996). Scluoder (1992) noted that 
the range of A .  n~nrgnritn is limited to the lower- 
most part of the Lista Formation in the southern 
Viking Graben. In the studied well, the species 
Areo1iger.n cf. senorierisis displays an acme at 1000 

Interval: 1420-1450 m. 

Age: early late Paleocene 

The LO of the species Palneocystodirrillril br~llifi~i.rrri~ 
(=P. a~rstrnlirz~~rrr of Mudge & Bujak, 1996) at 1420 111 
indicates an early late Paleocene age. The conunon 
occurrence of P. b~llli forn~e, P. pyropl~orllnr and 
Isabelidir~illnl cf. ziiborgense below 1440 m supports 
this age assignment. This interval corresponds to 
dinoflagellate cyst zone 3 and the upper zone 2 of 
Heilmann-Clausen (1985). 

The presence of Spongodiriiunr delitierlse at 1450 
m may be due to reworking. This species is known 
to have its last occurrence in the earliest early 
Paleocene (Hansen, 1977). According to Schroder 
(1992) it ranges only to the top of the Ekofisk For- 
mation in the southern Viking Graben. 

6. Spongodiriir~iiz delitieiise - Odor~tocliitiria cf. costntcz 
- Cleistospllaeridit~n~ sp. 1 assemblage 

Interval: 1460-1570 m. 

Age: late Campanian 

An abrupt change in the organic content of the 
samples takes place at 1460 m, with an increase in 
the amount of coal particles and the occurrence of' 
abundant Cleistosphaeridium sp. 1 and common 
Cl~ataizgiella spy. 

Spoizgodiriiun~ delitier~se is relatively coininon at 
1460 m. This species is known to occur in the upper 
Campanian (Lucas-Clark, 1987), but is more cha- 
racteristic of sediments of Maastrichtian and early 
Paleocene age (Hansen, 1977). The LO of O~ic~rrfo- 
chitiria cf. costatn at 1460 m suggests ail age not 
younger than the late Cainpanian or early 
Maastrichtian (Tocher, 1987). 

b. Benthic Foraminiferal Assemblages 
Samples examined from the uppermost part of the 
Torsk Formation (410-500 m) were barren of fora- 
minifera. Ninety-three samples were analysed in 
the interval from 510 to 1470 m, mostly at n sample 
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spacing of 10 m. A total of 84 species and open 
11omenclature taxa were recognised, all of which 
are agglutinated (Table 2). The succession of fora- 
miniferal events can be compared with the integra- 
ted microfossil zonation of the northern North Sea 
and Haltenbanken areas recently established by 
Gradstein et nl. (1994) and by Gradstein & Back- 
strom (1996). The benthic foraminifera1 succession 
in the well can be subdivided into six main 
assemblages: 

1. Retic~rlophrngnli~m nrilplecterls assemblage 

Interval: 510-710 m. 

Age: early Eocene 

At the top of the Torsk Formation from 510 m to 
700 m, both abundance and diversity are low. The 
assemblage consists mainly of Hnplopl~rn~rnoid~s 
cscwntrrs and Biidnshevnrlln ~lllilticniiiernta. At 710 in 
there is a sharp increase in foraminifera1 abun- 
dance, and a peak in the frequency of Reticlr- 
loplzrng~rlilrnr ninplccter~s (= the early Eocene mor- 
photype called Retic~ilophrngnlirrnl irzterrnedilrn~ 
(Mjatliuk)) is observed. This assemblage also con- 
tains common Rliiznninliizn spp., Reclrruoides spp., 
Knrrerl~linn spp., Hnylophrngmoides excnvntlis, and 
B~rdnshevarlln nrlrlticnnrerntn. The species R.  iizternie- 
dilri~l is the nominate taxon of the late early Eocene 
to early nuddle Eocene Zone NSR5A of Gradstein 
& Backstrom (1996). 

diachronous in offshore Norway, as it characterises 
the late middle Eocene Zone NSR6 of Gradstein & 
Backstrom (1996) in Haltenbanken and in the nor- 
t!~ern North Sea. It is rare in our samples. The 
asseinblage is numerically doininated by Rlr~znr~r- 
niirzn spp., with Rec~ir.r~oides spp., Knrrerlrlirzn spy., 
and Spiroylectnmrilir~a spectnbilis present in low 
numbers. The whole interval is characterised by a 
taxonomic turnover, and a plateau in the species 
range chart occurs near 810 m, coincident with a 
peak in the abundance of t ub~~ la r  forms. At this 
level the LOs of several typically Paleocene to 
lower Eocene species are observed, including Snc- 
cnniniir~n plncentn, S~~li~~rrarrirriirin sp., Knlnn~opsis 
,yrzyboii~skii, and Glorrrospirn spy. Both diversity and 
abundance decrease to minimum values near the 
base of this assemblage. 

We did not observe any planktonic forainini- 
fera or calcareous benthic foraminifera in the lower 
Eocene interval of the well, nor did we find any 
calcareous specimens in adjacent wells in the 
western Barents Sea. Calcareous assemblages 
belonging to the Sribbotirln pntngoriicn Zone of Grad- 
stein et nl. (1994) have been observed as far north as 
Haltenbanken (Gradstein & Backstrom, 1996) and 
the outer Vmring Plateau (Hulsbos et nl., 1989). Eit- 
her the northern boundary of the early Eocene 
planktonic foraminifera must have existed south of 
the Barents Sea area, or the deep waters of the 
basin were too corrosive to allow the preservatioi~ 
of calcareous microfossils. 

3. Hnplophmglrloides aff. c8ger.i assemblage 
2. Spiroplectnninririn rinvnrronrln assemblage 

Interval: 890-1070 m. 
Inteival: 710-890 in. 

Age: late Paleocene 
Age: latest Paleocene to earliest Eocene 

The LOs of many taxa are observed near 710 m, 
incl~tding that of Spiroylt~ctnl~iniir~n rznvnrrclnr~n, 
Arrrrrrospllncroidirln pserrdopnucilocirlntn, Hnplo- 
~)llrngi~ioides kirki, and Anrrrrodisclrs nlncileiitlrs. In the 
Central North Sea, the LO of S. linvarronnn is an 
important event within the lower Eocene Sllbbotinn 
pntngonicn Zone of Gradstein et 01. (1994). In the 
Haltenbanken area of offshore Norway, the LO of 
S .  nnvnr~ronr~n is observed within the middle part of 
Zone NSR5A of Gradstein & Backstrom (1996). 
Mudge & Bujak (1996) correlate the LO of S. nnvnr- 
ronrrn with the top of the Ypresian. 

The interval from 790 to 890 m is characterised 
by the occurrence of a diminuative form of Airlnro- 
~rror~gir~rrlirln alrbrrtnc, a species first described from 
the North Sea and Labrador Shelf by Gradstein & 
Kaminski (1989). This species is apparently 

From 890 m to ca. 1070 111 the diversity of benthic 
foraminifera is low, and the assemblage is doini- 
nated by tubular forms and a species of Hnplo- 
plirngr~~oides tentatively designated H .  aff. ~ > ~ q : ~ r r i .  
The LO of this species was observed at 910 m, but 
foraminifera1 abundance near the top of this inter- 
val is especially low. We therefore arbitrarily 
placed the top of this asseinblage at the abundance 
minimum at 890 m. The foraminifera in this inter- 
val are not age-diagnostic. 

4. lieticulophrn~nrilrl~l pn~rprrn assemblage 

Interval: 1080-1160 m. 

Age: middle late Paleocene 

Between 1080 and 1160 m, both the abundance and 
diversity of the benthic foraminifera steadily 
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increase downhole. This interval is characterised 
by the consistent common occurrence of Reticlllo- 
phragmi~~ni  paupera, an index taxon for the upper 
Paleocene in the North Sea and Haltenbanken. It is 
the nominate taxon of the late late Paleocene Zone 
NSR2B of Gradstein & Backstrom (1996). Other 
important species include Haplophragnloidcs zualteri 
and tubular forms belonging mainly to Rhiznm- 
iilina. Spiroplcctainmina spectabilis is occasionally 
present in this interval in low numbers. The LO of 
Hyperamnlinn rl~gosn is observed together with that 
of R.  paupern at 1080 m. 

5. Spiro~7lectai1liilina spcctnbilis assemblage 

Interval: 1180-1400 m. 

Age: middle late Paleocene 

A distinct maximum in the abundance of Spiroplec- 
tanlriril~a spectabilis is observed in the interval from 
1180 to 1400 m. The last common occurrence (LCO) 
of S. spectabilis occurs within the upper Paleocene 
in the North Sea, and is placed near the base of 
Zone NSR2B of Gradstein & Backstrom (1996). In 
the studied well, this event occurs between the LO 
of Alisocysta mnrpr i tn  and the LC0 of Palneoperi- 
diiuiinl pyrophorzi~n (at 1370 m), which agrees with 
its relative position in the RASC zonal model of 
Gradstein & Backstrom. One unusual feature of 
this assemblage is the large proportion of of juve- 
nile forms of S. spectabilis. Other common taxa 
include Rhiznlizmilza spp., Alnnlosphaeroidilza pseu- 
dopaziciloc~ilata, Haplophraglnoides zualteri, and Reti- 
c~ilophragini~itn /7nlrpera. In the lower part of the 
interval, single occurrences of the species Rzelmkiizn 
nlitzimn and Reticlilopllrngmoides jarvisi were obser- 
ved. 

In the studied western Barents Sea wells, the 
species Aini~ioanitn rll t lzven~nt~rrnyi (the nominate 
taxon of the mid Paleocene Zone NSR 2A of Grad- 
stein & Backstrom) is rare or absent. We therefore 
selected an event that occurs regionally in the 
western Barents Sea to characterise this assem- 
blage. Our S .  spcctnbilis assemblage is roughly equi- 
valent to the T. nitl lz~cnmlrrmyi Zone in the North 
Sea and Haltenbanken. 

in the well. There is an abrupt downhole expansion 
in abundance at 1410 m. The assemblage is distin- 
guished from overlying assemblages because it is 
dominated by species that agglutinate coarse mate- 
rial for the construction of their test, such as Hyper- 
a ~ n l ~ i i n a  nigosa, Psalnrnosphaera filsca, and an un- 
named species of Recllrvoides. Psamnlosphaem filscn 
increases in relative abundance at 1430 m, near the 
base of the Torsk Formation. Other common forms 
in this interval include Reclrrvoidcs spp., Rhab- 
damnzina spp., Karrerl~lina sp., and Aiilr?ro- 
sphaeroidina pselldopallcilocnlata. Three distinctive 
species are restricted to this assemblage: Prae- 
cystarllminn sp., Cn~ldnniillina O V L ~ ~ I L ~ ~ L ,  and Rzchakiizn 
epigonn. 

Samples from the underlying Cretaceous 
Kviting Formation display further increased abun- 
dance and diversity compared with the Torsk For- 
mation. The species Anllnodisc~is glabratl~s,  Syirosix- 
moilii~elln sp. 1, Hormosina z~elascocnsis, and Trocllairl- 
nliizn cf. s1ibves~c1r1nris display LOs at 1460 m, coin- 
cident with the top of the Kviting Formation. 
However, these are taxa that are known to range 
into younger stratigraphic levels in other areas of 
the North Atlantic. The Upper Cretaceous index 
form Cnlidanlnzina glgantea was observed at 1470 in, 
confirming a Campanian to Maastrichtian age for 
this level. 

c .  Diatom assemblages 
A total of 35 diatom taxa were identified from 70 
samples. Although poorly preserved (being infilled 
and/or replaced by pyrite) and in relatively small 
numbers (due to the effects of differential preserva- 
tion bias towards more robust forms), enough st1.a- 
tigraphically important taxa were present to enable 
the Paleogene succession to be subdivided into five 
stratigraphically significant assemblages (Fig. 3). 
Diatoms occur sporadically in the sainples studied, 
with a major abundance peak developed between 
850 and 870 m, at around the Paleocene/Eocene 
boundary. This correlates with a similar abundance 
peak in the North Sea Basin. Diatoms are also rela- 
tively abundant between 1110 and 1310 m. The dia- 
tom succession is discussed below in order froin 
youngest to oldest. 

1. Stellnrinzn spp. assemblage 
6. Psananos/7haera f~lsca assemblage 

Interval: 510-550 m. 
Interval: 1410-1450 m. 

Age: early middle Paleocene 

The benthic foraminifera1 assemblage at the base of 
the Torsk Formation (1430-1480 m) displays stron- 
gly increased abundance and the highest diversity 

Various morphologies belonging to the genus Stel- 
larima occur in the uppermost diatomaceous sam- 
ples studied. Although some of these are difficult 
to identify to species level due to poor preserva- 
tion, their biconvex shape, small size (<lo0 ~m1) 
and centrally-positioned labiate processes, are 
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characteristic of Sfcl lar i~~ln.  Usually these are nor- 
mal (i.e. vegetative) cells of the species S .  nlicrotrias, 
but sometimes resting spores are encountered, 
distinguished by having a depression at the centre 
of the valve face. The latter are a morphological 
adaptation found in many diatom species, and are 
formed in response to seasonal depletions of nutri- 
ents (see Round ct 01. 1990, pp. 37-40 for a fuller dis- 
cussion). Smaller morphologies bearing a strong 
resemblance to S. ~~licrotr ias  also occur in some 
samples in the lower Eocene interval. 

2. Stellarir~la i~licrotrias, Ferzestrclla arztiqlla, Craspedo- 
disclrs aff. rrlocllrri assemblage 

Interval: 560-710 m. 

This assemblage is characterised by the continued 
presence of Stellariirla nricrotrins, though in low 
abundance; in addition to the first occurrence of 
the large, biconvex species Ferzcstrella arltiylla, also 
in small numbers. Sporadic appearances of the 
,,doughnut-shaped" genus Crnspedodisclrs (which 
bear a resemblance to the species C .  r~loelleri.) are 
also present in this assemblage. Poor preservation 
precl~tdes species determination. In the interval 
720 to 810 in, diatoms are completely absent. 

3. Ferzestrcllo alrtiqua, Coscirzodisc~ls nlorsianus 
assemblage 

Interval: 850-960 m. 

Diatoms reappear at 820 111, sligl~tly above the 
Paleoce~~e/Eocene boundary as delimited by paly- 
nomorphs. From 850 m, a rich diatom assemblage 
is present, dominated by Ferzestrclla antiqun. Other 
species include Stcllarir~la nricrotrins, the biconcave 
species Coscinodiscns nrorsiarl~~s, the triangular 
taxon Trirlacria resirla, and sporadic occurrences of 
Tllalnssiosiropsis wittinno. The latter is similar in 
shape to Stellarii7ra rrlicrotrias but much larger, with 
an extreinely smooth surface and with a pro- 
nounced dimple at the centre of the valve. Other 
species include the benthic taxa Actiriopt!~cllus selza- 
rills and A11lncodisclls hirtlls, indicative of shal- 
lowing conditions. Diatoms appear only sparsely 
between 970 and 1030 m. 

4. Fcrlestrella arztiqlla assemblage 

Interval: 1040-1110 m. 

Huge ( ~ 2 5 0  pm) specimens of E arztiqlla dominate 
this assemblage, often characterised by the pre- 
sence of a veneer of original silica on the surface. 
Both vegetative cells and resting spores are found; 

the latter distinguished by their lenticular shape, 
smooth surface and lack of a girdle. Auxospores of 
F. antiqua also occur, wluch are barrel-shaped with 
a very wide girdle. Other species present in the 
assemblage include Stullnrilrzn sp. and Coscirzodisc~ls 
niorsinil~ls. 

5. Tlmlassiosiropsis iuittialza assemblage 

Interval: 1120-1350 m. 

The late Paleocene interval is dominated by rela- 
tively great numbers of the large, discoidal species 
Tllalnssiosiropsis zuittiann. This taxon is found in 
other areas during this interval, including the Rus- 
sian Platform and the North Sea, and indicates fair- 
ly unrestricted connections between these areas. 
The interval from 1350 to 1470 m is barren of dia- 
toms. 

DISCUSSION 
a. Stratigraphic Correlation 
For the purposes of assessiilg the utility of the 
assemblages observed in the 7119/9-1 well for 
regional stratigraphic correlation, we compiled a 
graphic overview of foraminifera1 stratigraphic 
events that were observed in six wells comprising 
an east-west transect from the Senja Ridge to the 
transition between the Ham~nerfest and Nordkapp 
basin (Fig. 1). For these purposes, only the last 
occurrences (LO) and last coinmon occurrences 
(LCO) of selected common, cosmopolitan, deey- 
water benthic foraminifera were included (Fig. 4). 

Parts of the well sections analysed display low 
abundance and diversity of benthic foraminifera. 
In spite of this, the strata reveal several important 
biostratigraphical events, such as the LOs of lietic- 
1lloplzra~gtr1inn1 arilplectclls, Spiroplecfnnlnlirln rza7mr.ro- 
arm, and of the dinoflagellate cyst Apcctodinilrnl 
a lzg~ls t~lni .  In the Paleocene part of the trailsect the 
LOs of Rcticlllophragnlinrzl pnlrpera, Hypcrarnrrrirln 
rllgosn, and the LC0 of Spiroplectnrr~ir~irzn spectnbilis 
are observed in all wells, whereas the LOs of Her.- 
lilosilzn excclsa, Rzellakinn rrzirlinrn, Praec!/stanl~nir.lrr 
sp., and Ca~ldanlr~zina gignntea are restricted to 
fewer wells. The events included in the transect 
have also been recorded from in the Viking Graben 
of the Central North Sea (i.e. Gradstein ct al., 15)94), 
and may serve as the basis for a wider foramini- 
feral zonation of the lower Paleogene of offshort? 
Norway. 

In the three westernmost wells, the LO of R. 
ar~zplecterzs is observed near the eroded upper con- 
tact of the Torsk Formation, therefore its last strati- 
graphic occurrence in this area is probably not cor- 
relative to its true extinction. The occurrence of S .  
rznvarroa~zn near the top of the studied interval in 
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B Barren of microfossils 

v v Tuff horizon 

Figure 4. Foraminifera1 last occurrences in an W-E transect of wells from the Tromsn and Hammerfest basins, plotted 
at a common depth scale (meters below rig floor) to give an impression of the subsurface geometry of the Torsk For- 
mation. The position of a distinctive tuff horizon and the LO of a dinocyst approximating the Paleocene/Eocene 
boundary is also indicated. 

the three western wells suggests correlation with 
the lower Eocene Si~bbotirza patagoizica Zone of 
Gradstein ct nl. (1988; 1994), although we did not 
observe any specimens of the nominate species of 
this zone, or any other calcareous benthic forami- 
nifera that are known to occur in the lower Eocene 
of the North Sea. 

East of Block 7120, the Eocene sediments have 
been removed by erosion, and the Torsk Formation 
penetrated by the two eastern wells is dated as 
wholly within the late Paleocene according to paly- 
nomorphs. The top of the R. paupera asseinblage in 
the studied wells is easily recognised by an abrupt 
change to more a diversified foraminifera1 assemb- 

lage downhole. The LO of a distinct, very coarsely 
agglutinated tubular species, here identified as H. 
rtlgosa, is closely associated with that of R. pallprra. 
These events, together with the last cormnon occur- 
rence of S.  spectabilis are remarkably continuous 
over the whole study area despite obvious varia ti- 
ons in sedimentation and paleobathymetry. Howe- 
ver, the earliest late Paleocene Psanzniosplzncr~~ 
assemblage (indicated in Fig. 4 by the LO of IJ lncl -  

c!/stn7?imi7za sp.) is not present in the two eastern- 
most wells, suggesting that the pre-Cenozoic topo- 
graphy of the basin did influence the coinposition 
of the benthic foraminifera1 assemblages 111 the 
North Sea region, Praccysta17~17rir?a sp. is regarded to 
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be a deep-water species (middle bathyal) in the 
Paleocene, therefore, its absence from the eastern 
wells may be a result of ecological exclusion. 

A total of 74 stratigraphic last occurrences of 
foraminifera were recorded in the nearby 7120/7-3 
well in the western Hammerfest Basin, with 50 
events in common with those in the 7119/9-1 well. 
These two wells give the best correlation of last oc- 
currence data observed between any two records 
investigated so far from the Torsk Formation. 
When the depths of all shared LOs are plotted in a 
standard graphic correlation plot, a regression 
equation can be calculated (Fig. 5). The regression 
coefficient can be interpreted as a measure of the 
,,reliability1' of the last occurrence events. The cor- 
relation between the LOs in the two holes can best 
be described by a linear regression. Polynomial 
and exponential solutions of the regression equa- 
tion did not yield markedly higher regression coef- 
ficients, suggesting that there were no observable 
significant hiatuses or changes in sedimentation 
rate between the two sites. In this solution, the 
regression coefficient calculated using all the 
observed LOs gave a value of ~ ~ = 0 . 7 1 .  Outliers 
from the regression line in all cases consist of rare 
species. In a later stage of biostratigraphic analysis, 
these outliers are normally deleted from the data 
set. The ,,scattero in the data points is greater 

among Eocene last occurrences than among events 
recorded from the Paleocene. However, in this case 
the outliers can be partially explained by sampling 
bias. This is attributed to the small size of the stu- 
died samples resulting in low specimen numbers 
in many Eocene samples. 

A second regression curve was calculated from 
a subset of data points, indicated as shaded 
squares in Fig. 5. These points represent species 
found in the Troms~ Basin, which are listed as stra- 
tigraphically important in the Paleocene to ~luddle 
Eocene probabilistic stratigraphy of the Central 
North Sea by Gradstein et nl. (1994). The regression 
line constructed from the important North Sea spe- 
cies alone does not differ greatly from the previous 
curve, but the regression coefficient is much higher 
( ~ ~ = 0 . 9 1 ) .  This suggests that the North Sea benthic 
foraminiferal zonation of Gradstein ct nl. (1994) can 
give excellent stratigraphic results in the western 
Barents Sea. However, other points also fall close 
the correlation line as well, indicating that addi- 
tional index forms are also present in the Tromso- 
Harnmerfest Basin area. A complete discussion of 
the stratigraphic utility of faunal events is beyond 
the scope of this study, and must be based on detai- 
led analysis of a greater number of well sections. 
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Figure 5. Graphic correlatiol~ of foraminiferal LOs and LCOs in Wells 7119/9-1 and 7120/7-3 in the T r o m s ~  and Ham- 
merfest basins. Axes values are the depths in meters BKB of events observed in both wells. 
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b. Unconformities 
The benthic foraminiferal and dinoflagellate cyst 
biostratigraphy investigated here provides signifi- 
cant new constraints for the age and nature of 
unconformities, which are expressed as important 
seismic horizons in the western Barents Sea. Two 
seismic horizons were examined here in detail: 

Tlzc Bnsnl Tertiary: This is the ,,Sequence boundary 
B" horizon of Rannevik (1981), which marks the 
top of the rotated fault blocks east of the contact be- 
tween oceanic and continental crust. Rnmevik 
correlated this reflector with the oldest Tertiary 
sediments in Spitsbergen, and correctly regarded it 
as representing the base of the upper Paleocene. He 
added that older Paleocene sediments may be pre- 
sent in the eastern part of the Barents Sea area. 
Faleide ct 01. (1993b) recogiused the regional nature 
of the ,,Base Tertiary" reflector, and noted that it 
constitutes a hiatus spanning the Cretaceous-Terti- 
ary transition. On the southwestern Loppa High 
this reflector defines an angular unconformity 
truncating Cretaceous strata (Knutsen & Vorren, 
1991). 

Our observations suggest that the ,,Base Ter- 
tiary" reflector in the basin areas indeed represents 
a submarine hiatus. Earlier studies of the south- 
western Barents Sea (e.g. Worsley et al., 1988) have 
suggested an early Campanian age for the under- 
lying Kviting Formation, but based on the occur- 
rence of Cnudnirziniizn gignizten and Spongodiizi~li~z 
deltiense in our samples, the formation may include 
strata as young as late Cainpanian to Maastrichtian 
in places. In the wells where we sampled both the 
lowermost Torsk Formation and the uppermost 
Kviting Formation, we observed little change in 
the paleobathymetric significance of the benthic 
foraminiferal assemblage on either side of the dis- 
conformity. Assemblages from both formations in 
the Tromsa Basin and central part of the Hammer- 
fest basin contain deep-water benthic foraminiferal 
taxa such as Prnecysta~n~nina, Cnudnmminn, Pseudo- 
bolivinn, Rzclzakinn, and abundant tubular forms 
such as Rlziznnznziiza and Rhnbdanzmina, which indi- 
cate a middle bathyal (or deeper) depositional 
environment. 

In the Tromsa Basin and western part of the 
Hammerfest Basin, the basal assemblage of the 
Torsk Formation contains numerous tubular forms 
and several other taxa that utilize coarse agglutina- 
ted material in the construction of their test. At 
some localities, a maximum in Psanzi~zosplzacrafzisca 
is observed. The distinctive composition of the 
basal assemblage in the Torsk Formation invites 
comparison with areas affected by deep-sea bot- 
tom currents. In the modern North Atlantic, high 
abundances of coarsely agglutinated forms, sus- 

pension-feeding tubular forms, and the opportuni- 
stic species I? filscn are found beneath the Western 
Boundary Undercurrent (Kaminski, 1985). The late 
Paleocene deep water conditions in the south- 
western Barents Sea appear to have developed 
during a longer time period, because during the 
Late Cretaceous the Tromsa and Sarvestsnaget 
basins continued to subside (Faleide cJt al., 199%). It 
is likely that fine-grained sediments bypassed the 
area, and that the coarse agglutinated asseinl2lage 
is testimony to the presence of periodic bottom cur- 
rents that affected the sea floor. 

Top Torsk Forrm7tion: The Torsk Formation is uncon- 
formably overlain by Plio-Pleistocene glacial ma- 
rine and glacial sediments of the Nordland Group. 
Seismic lines interpreted by Faleide ct al. (1993a,b) 
show truncation of seismic reflectors within the 
Torsk Formation in an easterly direction, indicating 
that the top of the Paleogene succession has been 
clearly eroded, while tlucker and younger Paleo- 
gene sediments are present in the west. Our results 
confirm this interpretation. In the easternmost 
locality t l~e  top of the Torsk formation is witl~in the 
middle late Paleocene R. pnilpera Zone (se~zszi Grad- 
stein et nl., 1988), whereas in the west, sediments 
belonging to the late early Eocene R. arnplect~izs 
Zone underlie the Cenozoic unconformity. 

The timing and causes of the Cenozoic erosion 
is a matter of discussion. In the western part of the 
Barents Sea, in the region of the Sarvestsnaget 
Basin and the Senja Ridge, uplift of rift flailks is 
associated with Paleogene continental breakup. 
The main phase of deformation took place during 
initial breakup in the early Eocene, but some faults 
were active into early Oligocene times. Faleide c2t 171. 

(1993b) estimated that as much as 1 km of Paleo- 
gene sediments were removed by erosion in this 
area. This erosion is related to uplift along the Senja 
Fracture Zone during Eocene time (Vignes, 1995). 
This event created a western source area for solnc 
sediments in the Tromsa Basin. Erosion in the 
Hammerfest Basin was of greater magnitude, 
according to estimates from vitrinite reflectance 
and fission track analysis in the range of 1200-1500 
m. A study of the porosity, cementation, and oxy- 
gen isotopes in the Jurassic St0 Formation in the 
7120/9-1 well (present depth = 1500 m) indicatecl 
that the at least 1500 in of overburden has been 
removed at this locality (Walderhaug, 1992). Iiegio- 
nal uplift in the soutl~western Barents Sea inay 
have been associated with or caused by Oligocene 
volcanism (Faleide ct al., 1991), a Miocene sei-level 
fall (Reemst & Cloetingl~, 1994), increased levels of 
intraplate compression in the Neogene (Cloetingh 
et al., 1990, 1992), and neotectonic activity resulting 
from Pleistocene deglaciations (Karpuz et al., 1991). 
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c. Benthic foraminiferal paleoecology and paleo- 
bathymetry 
A striking feature of the foraminiferal assemblages 
in the studied wells is the absence of calcareous 
taxa (both bentl~ic and planktonic). The assem- 
blages include significant proportions of deep- 
water agglutinated foraminifera belonging to the 
single-cl~ambered (tubular and globular forms) 
and multicl~ambered groups. The low availability 
of carbonate in the southwestern Barents sea 
during the early Paleogene has probably produced 
unfavorable conditions for the development of cal- 
careous faunas, as well as for the preservation of 
any calcareous microfossil tests originally present. 
T11e wholly agglutinated nature of the assemblages 
and the presence of taxa that are known from bas-  
nal facies 111 the Central North Sea points to deep- 
water (middle bathyal) conditions in the Troins~ 
Basin. Howevel; it is a well known fact that deep- 
sea organisms can be found living in shallower 
environments at high latitudes (Murray, 1895), so 
tlus estimate must be regarded as a lower limit. 

The accum~~lation rate of benthic foran~inifera 
at a given locality can change in response to 
fluctuations in water depth, the flux of marine 
organic matter to the sea floor, as well as the sedi- 
mentation rate (Herguera & Berger, 1991). The 
foraminifera1 abundance has been measured quan- 
titatively in well 7119/9-1 (Fig. 3). The record dis- 
plays fluctuations of two orders of magnitude 
within the Torsk Formation. Fluctuations of this 
magnitude cannot be explained by changes in sur- 
face productivity and water depth alone, and more 
likely reflect variations in the flux of terrigenous 
sediments. In sequence stratigraphic terms, inter- 

vals with high benthic foraminifera1 abundance 
and diversity reflect condensed l~orizons. The 
nature of the benthic foraminifera1 abundance pa t- 
tern in the 7119/9-1 well suggests cycles of higher 
sediment input, although changes in sediment tex- 
ture are not apparent trom gamma ray logs. 

Knutsen & Vorren (1991) and Knutsen ct a/. 
(1992) noted that the Loppa High served as a sedi- 
ment source area during the late Paleocene, and 
that in the northwestern part of the Tromsa Basin 
prograding clinoforms are visible in seismic reflec- 
tion profiles. The decrease in foranuniferal abun- 
dance and diversity in this part of the section 
(above the Spiroplectclr?~tiri~la spectabilis assemblage) 
may reflect hig11 terrigenous influx related to 
increased sediment supply from the north, which 
caused conditions unfavorable for the fauna. 

The functional morphology of benthic forami- 
nifera can provide important insights into the eco- 
logy of the benthic environment. Foranuniferal test 
shape is thought to reflect differences in life posi- 
tion and feeding strategy ('Jones & Charnock, 1985). 
Cl~anges in the relative proportions of the various 
morphogroups through time can reflect changes in 
environmental parameters such as water depth, 
current strength, and organic flux to the sea floor. 

For this study, we have devised a n~orpho- 
group scheme for classifying the benthic forainini- 
fera according to test morphology, and by analogy 
with modern faunas, for interpreting their pleoe- 
cology. Paleogene assemblages froin the Barents 
Sea can be subdivided into four groups and nine 
subgroups (Fig. 6). Forms in Group 1 (tubular taxa) 
are normally found in higher abundance in bathyal 
to abyssal habitats, reaching an acine in the lower 

bathyal zone in the lnodern 
North Atlantic (Schroeder, 
1986). Because they are epifau- 
nal suspension feeders, they are 
adapted to life in areas of low 
organic flux. In the modern 
Norwegian-Greenland Sea, an 
abrupt shift from infaunal to 
predominantly epifaunal inor- 
phogroups is observed at a 
water depth of 1,500 m (Corliss 
& Chen, 1988). The infaunal 
Group 3, by contrast, is better 
adapted to life in areas of 
increased organic flux and hig- 

Figure 6 .  Morphogrouy scheme 
and inferred paleoecology of Paleo- 
gene agglutinated forai~~inifera 
from the western Rarents Sea. 



Foraminiferal, palynomorph, and diatom biostratigraphy of the Paleogene Torsk Formation 27 

M 2a M3a M3b 
M 1 M4 M2c globular, rounded elongate 

tubular flat planispiral keeled semi-infaunal planispiral infaunal 

0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60 80 

Figure 7. Relative proportions (in percent) of agglutinated foraminifera] morphogroups in the Paleogene of well 
7119/9-1. 

her nutrient supply. This group is often observed in 
large proportions near the shelf/slope break in the 
Gulf of Mexico, or in areas where the surface layer 
of the sea floor is affected by bottom currents 
(Kaminski, 1985). 

We have undertaken a morphogroup analysis 
of the assemblages from the 7119/9-1 well, and 
results are sl~own in Figure 7. Taxa belonging to the 
tubular morphogroup l a  are common to dominant 
tluoughout the studied interval, except in the 
upper 170 in where they are rare or absent. High 
abundances of this group recalls the so-called 
flysch-type agglutinated assemblages of the Paleo- 
cene of the North Sea and Alpine-Carpathian regi- 
ons. The frequency variations of the tubular mor- 
phogroup are interpreted as reflecting changes in 
the paleobathymetry of the site. In the lower part of 
the section, the relative proportion of tubes increa- 
ses upsection, suggesting a gradual subsidence of 
the basin. Maximum water depth is represented by 
the interval between 900 and 1100 m, where the 
proportion of this morphogroup reaches 70%. It is 
natural to assume that the water depth during the 
latest Paleocene was middle bathyal or deeper. In 
the seismic section published by Knutsen et 01. 
(1992, Fig. 11) a double high-intensity reflector is 
present between 900 and 1000 m which correlates 
precisely to our double peak in the proportions of 

the tubular morphogroup. We believe that the 
maximum proportions of the tubular morpho- 
group at this level reflect the maximum extent of 
the Paleocene transgression in the Barents Sea area, 
and therefore represent a maximum flooding sur- 
face in sequence stratigraphic terms. 

Above this interval, a shallowing of the site is 
indicated by the decreasing frequency of the tubu- 
lar morphogroup 1 and its partial disappearance in 
the later part of the early Eocene. The keeled 
morphogroup 2c displays a maximum in the lower 
and upper parts of the interval, expressing the first 
phases of the transgression and the subsequent 
regression, respectively. It is of interest to note that 
the infaunal rounded planispiral morphogroup 3a 
attains maximum frequency in the upper part of 
the interval, corresponding to the early Eocene 
portion of the Torsk Formation. As a general rule, 
infaunal organisms can only exist in large numbers 
in areas where organic matter is buried in sufficient 
amounts. This observation agrees with the general 
trend of increasing surface-water paleoproduc- 
tivity in the North Atlantic region during the latter 
part of the early Eocene, reflected by the onset of 
biosiliceous sedimentation (Berggren & Olsson, 
1985). 

The ,,deep infaunal" morphogroup 3b dis- 
plays variable but low abundance throughout the 
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studied interval. Since this group normally reaches 
maximum proportions in eutrophic areas or in 
dysaerobic environments such as those found 
beneath the oxygen minimum zone (Kaminski et a / .  
1995), we conclude that the bottom water in the 
Tromsm Basin was not oxygen-deficient during the 
deposition of the Torsk Formation. Howevel; 
increased numbers of the genus Karrer~lliiln are 
observed in the Psatimzos~~lzaera assemblage at the 
base of the Torsk Formation. This is consistent with 
the finding of elevated proportions of deep infauna 
in areas disturbed by bottom currents (Kaminski, 
1985). The above patterns are complex, and ana- 
lysis of additional sections is needed to provide a 
more con~plete picture of the subsidei~ce history of 
the western Barents Sea. 

d. Diatom paleoecology 
The most commonly occurring diatom taxon in the 
samples studied is Stellarirr~n nlicuotrins, a species 
found intermittently through the entire Paleogene. 
It occurs in all of the samples from 510 to 710 m, 
and between 845 and 1240 m. This species also has 
an intermittent stratigraphic distribution in the 
Paleogene of the North Sea (Mudge & Bujak 1994; 
Mitlehner, 1994). Some of the diatom taxa recog- 
nised in well 7119/9-1 are more stratigraphically 
restricted. Tlu7lassiorir(1psis wittinna occurs more or 
less continuously through the upper Paleocene sec- 
tion, but is absent thereafter; whilst appearing spo- 
radically between 560 and 1100 m is the large (up 
to 300 prn diameter) species Ferzestrella antiqlln (= 
Coscinodiscrrs sp. 1 of Bettenstaedt et nl., 1962), a 
taxon which marks the base of the Eocene in the 
North Sea but which has a longer range in the 
Barents Sea, extending from the upper Paleocene 
through the lower Eocene. It has a similar range in 
the Paleogene of the Urals and Volga Basin (Glezer 
et ill. 1974), suggesting a connection of the Barents 
Sea with the Turgai Sea which extended across the 
Russian Platform during the Paleogene. Other spe- 
cies co-occurring with E nntiqua include Coscin- 
odisczis rnorsznnlcs and Trinncrin reginn. This assem- 
blage as a whole is very similar to coeval diatoin 
assemblages from the North Sea area (Hughes, 
1981; Malm et nl., 1984; Homam, 1991; Mitlehner, 
1994) as well as the Arctic Ocean (Dell'Agnese & 
Clark, 1994), although there are fewer sinularities 
to the Paleogene assemblages sporadically reco- 
vered by DSDP Leg 38 from the less restricted Nor- 
wegian Basin (Schrader & Fenner 1976; Dzinoridze 
rt  nl., 1978). This assemblage similarity documents 
the beginning of the early Eocene transgressive 
phase, related to a worldwide warming event 
which occurred in all areas (Rea et nl., 1990; Robert 
& Chamley, 1991). Other pyritised diatom assemb- 
lages, recovered from the Labrador Sea (Thomas & 

Gradstein, 1981), and the MacKenzie Basin of off- 
shore northern Canada (McNeil, 1990) have certain 
similarities with those from the Barents Sea, in par- 
ticular the occurrence of Stellaritna species. 

The sporadic occurrence of diatoms in the sam- 
ples studied is related to periods of restricted water 
circulation as a result of lowered sea-level, in con- 
junctioil with increased nutrient influxes leading to 
diatoin blooms (Calvert, 1966; Tl~unell et ill., 1994) 
in a relatively small and insolated basin. These 
periods often coincide with a decline in both spe- 
cies numbers and diversity of benthic foraminifera, 
a pattern also found in the North Sea (Mitlehi~er, 
1994; 1996). This phenomenon can be attributed to 
periods of high surface water productivity, with 
increased nutrient levels leading to diatom blooins 
and eutrophication in the upper water column, and 
oxygen depletion of the lower water column 
(Codispoti, 1989). Conversely, increased numbers 
of benthic foraminifera coincide wit11 a general 
absence of diatoms, a situation wlucll signifies 
improved water circulation and increased oxyge- 
nation in the lower water column. 

A particularly significant period of increased 
diatom productivity occurred at the Paleocene- 
Eocene transition, and is represented in well 
7119/9-1 by an abundant and diverse diatoin 
assemblage. The presence of benthic species 
(Actinopt!yclzlcs serzilritls, Auk7codisctrs sp.) indicates 
that there were shallow neritic conditions in the 
vicinity. A similar diatom abundance peak is recor- 
ded in the North Sea at the same interval, and it is 
likely that similar mechanisms, involving a 
lowered sea-level with increased influxes of water- 
borne and windblown terrigenously and volcani- 
cally derived nutrients to a restricted basin led to 
the proliferation of diatoms at that time. 

CONCLUSIONS 
Among the six wells located along a transect from 
the Senja Ridge through the Troms~l Basin to the 
Harnrnerfest Basin, well 7119/9-1 is chosen as a 
stratigraphic reference section. Analysis of foraini- 
niferal, palynomorph, and diatom assemblages in 
this well in the Troinsm Basin enable a reliable 
determination of the chronostratigraphy of the 
Torsk Formation. A total of 86 palynomorpl~, 84 
foraminiferal, and 35 diatom taxa have been found. 
The succession of late Paleocene to early Eocene 
assemblages compares well with the North Sea 
zonations of Mudge & Bujak (1994, 1996), Grad- 
stein et nl. (1994), Gradstein & Backstrom (1996), 
and Mitlehner (1994). The stratigraphic occurren- 
ces of several foraminiferal and dinocyst last occur- 
rence events are consistent in wells across the Senja 
Ridge - Hammerfest Basin transect, suggesting that 
the biostratigraphical record of the 7119/9-1 well 
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may serve as a standard for stratigraphic correla- 
tion in the southwestern Barents Sea. Micropaleon- 
tological and palynological evidence suggest that 
the top of the Kviting Formation may be as young 
as late Campanian to Maastrichtian. 

The foraminiferal assemblages of the studied 
wells consist exclusively of agglutinated taxa, 
suggesting reduced availability of dissolved cal- 
cium carbonate in the depositional basins. The 
composition of the benthic foraminifera1 assembla- 
ges at the base of the Torsk Formation and in the 
uppermost part of the underlying Kviting Forma- 
tion reflects a deep-water (middle or upper 
bathyal) depositional environment. There is no 
paleontological evidence of a shallowing of the 
environment in connection with the ,,basal Tertiary 
unconformity" in the Tromsa Basin. Analysis of the 
benthic foraminiferal morphogroups in the re- 
ference section indicates a deepening of the basin 
until the latest Paleocene, followed by a shallowing 
of the basin in the early Eocene. As with the benthic 
foraminifera, the Paleogene diatom assemblages 
recovered show marked similarities to those pre- 
sent in the North Sea, although there are a number 
of differences in the stratigraphic ranges of some 
taxa. 
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Table 1. Palynornorph distribution in samples from Well 7119/9-1. Depth in metres. 
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Table 1 (cont.). Palynomorpl~ distribution in samples from Well 7 l l Y / Y - 1 .  Depth in metres. 
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Table 2. Benthic foraminifera1 distribution in samples from Well 7119/9-1. Depth in metres. 
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Table 2 (continued). Benthic foraminifera1 distribution in sainples from Well 7119/9-1. Depth in metres. 
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ABSTRACT 
The calcium carbonate record, abundances and numbers of planktonic foraminifera and cocco- 
lithophorids, and the biometry of the foraminifera species Neo,globoql~adrirln paclzyderina sin. 
and Neogloboquadrina atlantica sin. from DSDP Site 552 have been analyzed for the time inter- 
val 3.2 Ma to 0.8 Ma. The different records are used to examine environmental changes in the 
North Atlantic, especially on the Rockall Plateau, and for comparison in the northern Labra- 
dor Sea (ODP Site 646). 

The planktonic assemblages in the late Pliocene consisted mainly of suibpolar to temperate 
species; warm-water adapted species were relatively rare. The increase in the influence of 
polar surface waters at 2.5-2.4 Ma is indicated by an increase in the abundance of cold-water 
adapted coccolithophore Coccolithl~s pelagic~ls. However, this corresponds to an increase in sub- 
polar N .  paclzyderma dex., indicating that conditions during this ,,cold" phase would be analo- 
gous to intermittent interglacials of the late Pleistocene. Today's cold water-adapted N .  pacl~y- 
dernza sin. first occurred at 1.8 Ma. Relatively high abundances during the interval 1.8-1.35 Ma 
seem to indicate relatively cold surface temperatures, whereas the absence of N. pacl~yder~i~a 
sin. during the short interval 1.35-1.2 Ma probably indicates somewhat warmer surface water 
temperatures. However, using factor analysis, it is shown here that N.  pad~ydern~a sin. first 
showed a polar biogeograplucal distribution at 1.1 Ma, while it is a subpolar indicator between 
1.8 Ma and 1.1 Ma. 

The biometric data of Ncogloboqt~adrina tests at both sites indicate an evolutionary trend 
from large-sized N. atlai~tica sin. before 2.4 Ma via morphological integrade-forms (,,N. 
ntlar~tica-pacllydem integrade") to small-sized N .  pnchyderma sin. between 1.8 Ma and 1.1 Ma. 

INTRODUCTION 
The circulation system in the North Atlantic has a 
strong impact on both the climate of the adjacent 
continents and the storage of carbon in the ocean. 
Therefore, details about the paleoceanographic 
development of the surface circulation system are 
invaluable for understanding the environmental 
changes of the northern hemisphere climate. The 
major northern hemisphere climatic cooling in the 
open North Atlantic is generally observed close to 
2.7-2.5 Ma when extreme ice rafting occurred for 
the first time (Shackleton et nl., 1984; Ruddiman et 
al., 1986a; Raymo et al., 1989). However, Shackleton 
et al. (1984) demonstrated that considerable clima- 
tic variability existed during the million year prior 

to the initial glacial event. A pattern of regular cli- 
mate oscillations which become progressively ,,col- 
der", inore positive in 6180, was observed between 
3.2 Ma and 2.6 Ma (e.g., Shackleton et al., 1984; 
Raymo, 1992). Tlus is also shown by sea surface 
temperature (SST) estimates from planktonic fora- 
minifera using transfer functions (Dowsett & 
Poore, 1990). The problem in doing this is that the 
ecologic preferences of extinct species like Neoglo- 
boqtladrina atlantica and Globorotalia pi~rrcticlll~rta 
caimot be exactly characterized. ?b solve this pro- 
blem a similar but less rigorous transfer function 
has been used to quantify the ecological niche of 
extinct species by comparing with stable isotope 
data (Hooper & Funnell, 1986). Extinct species are 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoeeanogra- 
phy of the Northern North Atlantic. Grzybo7uski Foundatiol~ Special Publication, no. 5, pp. 39-50 
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Figure 1. Locations of DSDP Site 552 and ODP Site 646, as well as present-day major surface water c~rculation (EGC - 
East Greenland Current,WGC - West Greenland Current, IC - Irminger Current, NAD - North Atlantic Drift). 

then substituted by modern analogues, to enable 
paleotemperatures to be calculated for the Plioce- 
ne. 

The general evolution of North Atlantic sur- 
face water conditions over the last three million 
years has been described in detail in several key 
papers (e.g., Shackleton et nl., 1984; Zirnrnerman et 
nl., 1984; Ruddiman et al., 1986a, 1989; Raymo, 
1992). Prior to about 1.2 Ma climate variations are 
characterized by a strong 41 kyr obliquity frequen- 
cy (Raymo et nl., 1989; ~ u d d i m a n  et nl., 1989). For 
most of the interval from 2.6-1.2 Ma, cold extremes 
are most analogous to interglaciations (Substage 
5d), whereas many warm extremes had more ice 
and/or probably colder ocean temperatures than 
are observed today (Raymo, 1992). Thus, except for 
some low-carbonate spikes during extreme glacial 
episodes, most of the sediment is of high carbonate 
content and, therefore, contains planktonic fora- 
minifers (Zimmerman et nl., 1984). This is in drastic 
contrast to both the Norwegian Sea to the north 
and the Labrador Sea to the west. Here, most of the 
interval before 1.1 Ma is characterized by glacial 
conditions, very low productivity of the surface 
waters, and thus, very low carbonate contents 
(Henrich & Baumann, 1994; Meggers, 1996; Bau- 
mann et nl., in press). The most prominent increase 
in carbonate as well as the change in the number 
and composition of the calcareous plankton 
assemblages occurred at approximately 1.1 Ma to 
0.9 Ma (Jansen et nl., 1989; Henrich & Baumann, 
1994; Meggers, 1996; Baumann & Meggers, 1996). It 
is now well documented that during this interval 
the climate cyclicity changed, involving a substan- 

tial change in mean state and in amplitude of cli- 
matic variations (Ruddiman et al., 1986b, 1989; 
Ruddiman & Raymo, 1988; Raymo, 1992; Berger & 
Jansen, 1994). 

In this study we present records of calcareous 
plankton assemblages as well as biometrical data 
of distinct species from Site 552. On the basis of 
these data we present an overview of the paleocea- 
nographic evolution of the North Atlantic during 
the late Pliocene - early Pleistocene. These data are 
combined with existing data froin the northeastern 
Labrador Sea (Site 646) to examine latitudinal 
variations of the surface current system. In ad- 
dition, biometric data of NeogloDo~1l~ndrirza tests of 
both sites provide the foundation for a proposed 
evolutionary trend within this genus. 

DATA AND METHODS 
DSDP Site 552 was drilled in 2301m water depth on 
the southwest flank of the Rockall Plateau (Fig. 1). 
The site is located beneath the diffuse eastern 
extension of the North Atlantic Current. All cores 
from Hole 552A were extremely well preserved 
with the exception of Core 552A-6 (24-29 mbsf). 
However, despite severe disturbance during core 
recovery, samples of Core 552A-6 were incorpora- 
ted in this investigation to compare the test size 
range of N. pnchydern~n sin. within the lower and 
upper sediment sections. Interpretations of these 
samples have to be considered very carefully. Site 
646 was drilled on the northern flank of the Eirik 
Ridge in the northern Labrador Sea and is located 
beneath the present-day subpolar West Greenland 
Current in a water depth of 3451m (Fig. 1). 
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The chronology of the investigated sites is 
based on oxygen isotope stratigraphies and paleo- 
magnetic data, which have previously been pub- 
lished (e.g., Krumsiek & Roberts, 1984; Shackleton 
& Hall, 1984; Shackleton ct nl., 1984). The stratigra- 
phies were updated and/or summarized by 
Raymo et nl. (1989) for Site 552, and by Aksu ct nl. 
(1992) and Baumann & Meggers (1996) for Site 646. 
All ages were converted to the new time scale of 
Shackleton ct nl. (1995), proposed for the last 14.8 
m.y. (Chron C1 through Chron C5AD). All ages 
(including previously published ages) used in the 
following have been converted to this new time 
scale. 

Sediment samples were freeze-dried, weighed 
and washed on a 63pn-mesh sieve, and then fur- 
ther split into subfractions. The total abundance of 
planktonic foraminifera was determined, and spe- 
cimens counted for the 125-500pm fraction. Sam- 
ples were split into aliquots of at least 500 speci- 
mens. Total foraminifer abundances were conver- 
ted to ,,specimens per gram dry weight sediment" 
(spec./g). 

The identification of il~dividual specimens, 
especially of N. pnchyderlnn sin. and N. ntlnnticn sin. 
was sometimes difficult, and was further compli- 
cated by test sizes which were in the size range of 
both species from 2.75 Ma (in the Labrador Sea) 
and 2.4 Ma (on the Rockall Plateau) to 1.8 Ma. 
Therefore, forms which integrate morphologically 
between N. atlantica sin. and N .  pachyrlern~a sin. in 
this study were called the ,,N. ntlanticn-packyclernln 
integrate" and were placed together with N .  pach!j- 
deritln sin. within the polar planktonic foraminifera 
group. All other planktonic foraminifera were 
interpreted as subpolar. Rare numbers of Pliocene 
species such as G .  pl~ncticlllatn or Globorotalin cras- 
suln were put into ,,diverse species". 

Coccolith species of 37 samples from Site 552 
were counted under the scanning electron micros- 
cope (SEM). For quantitative analysis, the < 2 p  
fraction was separated, and micrographs of an 
arbitrarily selected part of the scanned sample 
were taken (Baumann, 1990). All particles (usually 
>I000 particles), including up to about 500 cocco- 
liths, were counted in each sample using x2000 
magnification. The quantitative data were recor- 
ded as particle percent (grain percent of <63pm 
fraction) for coccolith species. 

Estimates of factor analysis on the planktonic 
foraminifer assemblage of Site 646 were calculated 
with the program SYSTAT. For factor analysis we 
used N. atlnntica sin. and dex., N .  pacl~!yderrnn sin. 
and dex., Globigerinn bulloides, and Tt~rborotalin quirz- 
qlieloba. Clobigeririitn glutinntn and Globigerinita 
uvuln, as well as Globorotnlin inflnta, Globorotnlin 
trl~izcattilir~oi~irs, and Globorotnlin scittrln are calcula- 

ted as genus (Globigerinitn and Globorotnl~n). 
For biometric analysis of sinistral Neogloboq1117- 

rlririn, the maximum diameter of individual N. 
atlanticn sin. and N .  pncllydennn sin. tests (in umbi- 
lical view) were measured under SEM at a magni- 
fication of x150. All maximum diameters were con- 
verted into a median diameter per sample. From 61 
samples which are counted to determine the plank- 
tonic foraminifer assemblage 37 samples were ma- 
lysed biometrically (with more than 800 individual 
measurements). 

RESULTS 
Planktonic foranunifer asselnblages from Site 552 
are generally characterized by relatively low diver- 
sities (Fig. 2). The total numbers range from 200 to 
100,000 spec./g sediment. Warmer water indica- 
tors such as G ,  b~rlloi~les, T, ql~irlq~relobn, and Glob ip -  
rinitn spp. are present in relatively high steady 
abundances throughout the investigated interval 
(Fig. 2). However, there are typical faunal changes 
which can be summarized as follows: 

The interval 3.2-2.4 Ma is generally character- 
ized by relatively high numbers of N. atlnr7til:~l sin. 
(up to 18,000 spec./g) and N. pnchyderr~ln dex. (up 
to 10,000 spec./g). Polar planktonic foraminifer 
species were not found during this interval. Thc 
mean sizes of N. atlnnticn sin. are in the range 275- 
300pn (compare also with Fig. 5). Howevel; the 
extreme range in its maximum diameter (200- 
450pm) possibly indicate that species of ,,N. 
ntlnnticn-pah!jdern~n integrate'' were already pre- 
sent within this interval. A drastic decrease in 
maximum test size to generally <2501un at around 
2.4 Ma correspol-tds well with coiui~ting results. N. 
ntlantica sin. is nearly absent fro111 the plal~ktonic 
foraminifer assemblage, while N. pach!jdcrnln dex. 
is the most dominant species (numbers 
>75,000 spec./g) and forms around 50'k of the 
fauna. In addition, the amount of Globorotnlin spp. 
increased. 

A significant change within the planktonic fo- 
ranunifer assemblage at 1.8 Ma is indicated by the 
first occurrence of the modern polar species N. 
pmchyilcrrnn sin. (Fig. 2). Until 1.4 Ma N .  pnclzyder~im 
sin. dominated the assemblage, while the number 
of N. pachyder~.na dex. decreased to <10,000 spec./g, 
and N. atlanticn sin. as well as ,,N. ntlnizticn-pach!j- 
dcrlnn integrate" disappeared from the assemblage. 
N. pnclzyderma sin. can only be differentiated from 
the ,,N, ntlnrztica-pnchyder~rln integrate" by its smal- 
ler size and not by its ultrastructure. The maxilnuln 
test sizes are in the range from 150prn to 250pm. 
These small sizes lead to the impression that this 
species is more encrusted than the older Nfoglol?o- 
qtindrirla species or than the modern type of N. 
pnchyrlcrrnn sin. 
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Figure 2. Number of planktonic foraminifera (specimens per gram sediment) and percent-abundance of the main spe- 
cies and species groups of DSDP Site 552 in the interval 3.2 Ma to 0.8 Ma. 

Another shift within the planktonic foramini- 
fer assemblage occurred between 1.4 Ma and 1.2 
Ma (Fig. 2). N. paclzyderma sin. nearly disappeared 
from the assemblage (<1O0/0), whereas N. paclzyder- 
ma dex. increased and formed >30% of the fauna 
(up to 13,000 spec. /g). The sparse tests of N. pachy- 
deri?la sin. only show maximum sizes in the range 
from 200 pm to about 250 pm, indicating that N. 
paclryderma sin. is the only sinistral Neogloboquadri- 
na species which is present during this interval. 
After 1.2 Ma, the mean size obviously increased 
and is up to about 350 pm in maximum (compare 
also with Fig. 5). The foraminifer assemblage again 
is dominated by N. pachydermn sin., but subpolar 
species such as G. bulloides, T. quirzqueloba (up to 
50%) and N. paclzyderma dex. are also present. 

The total abundance of calcareous nannofossils 
at Site 552 varied strongly and was between 5 and 
about 60 grain-% in the investigated interval (Fig. 
3). The assemblage was generally dominated by 
few species, usually of Gephyrocapsa spp. or Reticu- 
lofenestva spp.. However, individuals of warmer 

water-adapted species such as Helicosplzaera carteri, 
Pontosphaera spp., Calcidisciis leptopovi~s, Llrnbilico- 
splzaern sibope, Oolithott~s frngilis, and Discoaster 
spp. were present in low numbers in most of the 
samples. The development of the assemblage can 
be summarized as follows: 

The total amount of nannofossils was about 
>40 grain-% prior to 2.5 Ma, and reticulofenestrids 
(R,  minuta, R. min~~tuln ,  R. productella) dominate the 
assemblage (Fig. 3). In addition, warmer water- 
adapted species were also present in moderate 
abundances. Species of Gephyrocapsa as well as Coc- 
colithus pelagicus, which is related to cold surface- 
water temperatures, only occurred in very low 
numbers. 

The total number of nannofossils decreased 
between 2.5 Ma to 2.4 Ma, and the following inter- 
val until 1.1 Ma was characterized by moderate 
abundances of nannofossils (10-40 grain-%). 
Gephyrocapsids dominated the assemblage except 
for the interval 2.5-2.3 Ma and between 2.0-1.7 Ma. 
Here, cold-water adapted C. pelng-icus formed up to 
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Figure 3. Number of coccolithophores (grain-%), and composition of the coccolithophore assemblage (YO) at DSDP Site 
552 in the interval 3.2 Ma to 0.8 Ma. 
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40%) of the floral assemblage. 
The interval after about 1.1 Ma was character- 

ized by large fluctuations in the abundance of cal- 
careous nannofossils (Fig. 3). They were abundant 
especially in interglacial stages, whereas during 
glacials the number drastically decreased. General- 
ly, abundance peaks are higher (up to >60 grain-%) 
during this interval than observed before. Geplzyro- 
cnpsn species dominated the assemblage while 
other species reached less than 109'0. 

PREVIOUSLY PUBLISHED RESULTS 
Results of ODP Site 646 in the Labrador Sea have 
previously been published by Aksu et nl. (1989, 
1992), Aksu & Kanunski (1989), and Baumann & 
Meggers (1996). In general, the calcareous plankton 
assemblages are less diverse than the assemblage 
of the Rockall Plateau. This is most probably due to 
the influence of cold surface waters as well as the 
closer proximity of Site 646 to the Greenland ice- 
shield. In addition, carbonate in the Labrador Sea is 
far less well preserved than observed on the Rock- 
all Plateau (Meggers, 1996; Baumann & Meggers, 
1996). T11e development of calcareous plankton 
and the surface water paleoceanography at Site 646 
can be summarized as follows: 

Relatively low numbers of calcareous nanno- 
fossils and planktonic foraminifera, dominated by 
subpolar species, indicate that the northern Labra- 
dor Sea was weakly influenced by warm Atlantic 
surface waters during parts of the interval 3.1 Ma 
to 2.8 Ma. The calcareous plankton assemblages 
indicated an increase in the influence of polar sur- 
face waters 2.8 Ma ago. The assemblages were 
cl~aracterized by very low numbers of strongly cor- 
roded, cold-water adapted species (C. pelngici~s, N .  
paclzyden~~a sin.) until 2.3 Ma. Subpolar foramini- 
fera species T ql~i~~quclobn and N .  atlnrzticn sin. tem- 
porarily occurred between 2.3 Ma and 1.8 Ma, indi- 
cating an episodic inflow of relatively warm sur- 
face waters into the northern Labrador Sea. The 
interval 1.8 Ma to 1.5 Ma was marked by a series of 
strong environmental shifts in the surface water 
regime. Relatively high amplitudes in the biogenic 
calcareous records and abundant warm-adapted 
species indicate the presence of relatively warm 
surface waters during climatic optima, although 
cold-adapted species dominated throughout this 
interval. A significant decrease in the numbers of 
calcareous nannofossils and planktonic foramini- 
fers at 1.5 Ma was related to another cooling that 
lasted until about 1.1 Ma. During the last 1.1 m.y., 
abundant warm-adapted species indicate the pre- 
sence of relatively warm surface waters during 
interglacials, while scarce polar assemblages are 
related to variable conditions dominated by at least 
seasonal sea-ice cover during glacials. 

In addition, a morphological transformation 
from large N ,  ntlnnticn via median-sized ,, N, pnclry- 
derinn integrate" to modern N .  pncll?/dern~n sin. was 
evident at Site 646 between 2.4 Ma and 1.8 Ma. 

Based on the high-resolution faunal data of 
Site 646 a factor analysis has been carried out. Fac- 
tor analysis indicate two different paleoecological 
interpretations of the Nec~glol7or~1rndrzrzo taxon. Two 
factors (polar and subpolar) are statistically rele- 
vant for Site 646 within the limits of confidence by 
the Kaiser-criterion (compare with Backhaus PI ill., 
1994). Over 80°h of the variance can be explaincd 
by the two varimax rotated factors. 

While N. pncl~ydcri~zn sin. scores highly 011 the 
polar factor after the mid-Pleistocne transition, it 
shows high factor loadings on the subpolar tactor 
before 1.1 Ma (Table 1). Within the time-period bet- 
ween 3.2 Ma and 1.1 Ma N. ntlnrzticn sin., the ,,N. 
ntlnizticn-pncliycler~~ln integrate" and the small indi- 
viduals of N. pncl~ydernm sin. (between 1.8 Ma and 
1.1 Ma) were combined wit11 species like G. blilloi- 
des, T. qtiinqlieloba, G .  irzflntn, G. gllitinnta in the sub- 
polar group. 

Table I. Factor m a t r i x  for  the samples of ODP Si t e  h4h. 

DISCUSSION 
Surface-water paleoceanography: Comparison of 
Sites 552 and 646 calcareous plankton data 
The fluctuations in Pliocene/Pleistoce~~e calca- 
reous faunal and floral data at Site 552 suggest 
periodic changes in surface water conditions, al- 
though the sampling resolution was not high 
enough to demonstrate cyclicity. However, as pre- 
viously shown, variations in high-resolution 
records of 6'80 and CaC03 at Site 552 were domi- 
nated by the 41 kyr component of the orbital obli- 
quity during most of the late Pliocene/early 
Pleistocene (Shackleton & Hall, 1984; Rayino cJt rrl., 
1989). A development of the calcareous plankton 
and surface water paleoceanograpl~y as observcd 
at Site 646 could not be determined. It seems rea- 
sonable to suggest that over the time-scale con- 
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Figure 4. Comparison of the absolute abundances of both coccolithophores and planktonic foraminifera at Sites 646 
and 552. Main palaeoceanographic events are indicated by horizontal lines. 

sidered here the ecological conditions during inter- 
glacial~ did not change appreciably on the Rockall 
Plateau. Only spikes of low coarse fraction carbo- 
nate associated with glacial stages suggest particu- 
larily intense cold periods during which surface 
productivity was reduced (Zimmerman et al., 
1984). 

Thus, between 3.2 Ma and 0.8 Ma strong gra- 
dients in the number of calcareous planktic orga- 
nisms were present between the Rockall Plateau 
and the northern Labrador Sea (Fig. 4). The num- 
ber of planktonic foraminifers is several times 
higher in the northeastern North Atlantic com- 
pared to the area south of Greenland. In addition, 
the latter area is characterized by long-lasting 
intervals nearly barren in foraminifers and calca- 
reous nannofossils, whereas on the Rockall Plateau 
the calcareous fauna and flora is present through- 
out the investigated interval. These differences are 
not only due to strong carbonate dissolution in the 

Labrador Sea (Baumann & Meggers, 1996), but are 
probably caused by drastic differences in the pro- 
ductivity of calcareous plankton. Although there is 
no clear evidence for a strong cooling trend in the 
latest Pliocene to Pleistocene calcareous plankto11 
record at Site 552, it is notable that N. atlantica and 
the reticulofenestrids nearly disappeared in the 
latest Pliocene-earliest Pleistocene. The last appea- 
rance as well as the drastic decrease in abundance 
of these taxa must also be interpreted as a response 
to changed environmental conditions. Similar 
regional extinctions, which were also described for 
other planktonic organisms in the study area (e.g. 
dinoflagellates, de Vernal & Mudie, 1992), probab- 
ly suggest the onset of harsh environmental condi- 
tions and may be attributed to surface water coo- 
ling. At Site 552, this is also shown by the increase 
in abundance of cold-water adapted coccolitho- 
phore species C. pelagicus during the interval 2.4- 
2.2 Ma. Nevertheless, a disappearance of most of 
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the taxa in response to the development of an 
extensive sea ice cover and to cooling and/or 
refreshening of the surface water as observed in the 
Labrador Sea are not inferred for the northeastern 
North Atlantic. 

These data indicate that the thermal gradient 
between the two areas was strong throughout most 
of the late Pliocene to early Pleistocene interval. 
Site 552 is located beneath the diffuse eastern 
extension of the North Atlantic Current, whereas 
Site 646 is influenced by the subpolar West Green- 
land Current which is fed by both the polar East 
Greenland Current and the subpolar Irminger Cur- 
rent, a branch of the North Atlantic Drift. Hence, 
the Labrador Sea was heavily influenced by polar, 
ice-ladden surface water after the northern hemi- 
sphere cooling started. The calcareous fauna and 
flora indicate that surface paleoceanographic con- 
ditions off southern Greenland were mostly very 
different compared to that in the Rockall Plateau 
area. The assemblages are characterized by very 
low numbers of cold-water adapted species during 
most of the interval until about 1.1 Ma. Almost 
monospecific assemblages of N.  pach~jderma sin. at 
Site 552 are first observed in the upper Pleistocene 
(Hooper & Funnell, 1986). Thus, repeated migra- 
tions of the polar front across this site did not occur 
before 1.1 Ma when amplitudes of glacial /inter- 
glacial cycles drastically increased Uansen et nl., 
1989; Ruddiman et al., 1986a). These changes indi- 
cate the initiation of warmer interglacials with war- 
mer surface water influx not only into the Labrador 
Sea (Aksu et al., 1989; Baumann & Meggers, 1996) 
but also into the Norwegian-Greenland Sea (Hen- 
rich et al., 1989; Jansen et al., 1989; Baumann et al., 
in press). 

Despite all these gradients, there are similari- 
ties in the biometrical evolution of Neogloboqzln- 
drina species indicating a convergent biometrical 
evolution of this genus in both the northeasten 
North Atlantic and the northwestern North Atlan- 
tic. 

Surface water temperature in the Pliocene - early 
Pleistocene North Atlantic: The possibility of a 
reconstruction 
All paleoecological work on plankton is based on 
the fundamental assumption that the pelagic eco- 
system being sampled today has remained 
unchanged during the examined time period. The 
most common technique used with planktonic 
foraminifers is the transfer-function pioneered by 
Imbrie & Kipp (1971). The downcore use of diffe- 
rent transfer functions to calculate SST back in the 
early Pleistocene and in the Pliocene has been car- 
ried out by various working groups (Thunell, 1979; 
Hooper & Funnell, 1986; Dowsett & Poore, 1990; 

Dowsett, 1991). Thunell (1979) used the Imbrie & 
Kipp (1971) model to calculate paleotemperatures 
for the last 5.0 m.y. in the Mediterranean area, 
making the basic assumption that evolving 
lineages of planktonic foraminifera retain nearly 
the same ecological requirements throughout their 
history. Dowsett & Poore (1990) and Dowsett 
(1991) used such a technique to calculate Pliocene 
to Pleistocene SST in the North Atlantic. Mostly 
extinct Pliocene species were assumed to be ecolo- 
gically equivalent to closely related modern forms. 
For example the extinct planktonic foraminifer C. 
pzlncticzllata is compared with the modern related 
species G, inflata (Dowsett & Poore, 1990). In the 
Pliocene N.  atlantica was substituted for sinistral N.  
paclzyderi7za to enable paleotemperatures for this 
time period by Hooper & Funnell (1986). From the 
results of Hooper & Funnell (1986), we consider N. 
atlantica sin. to be a polar species, since it shows 
highest abundances during glacial intervals. 111 
contrast to this, N.  atlaiztica sin. was regarded as a 
subpolar species by Poore & Berggren (1975) and 
by Kennett & Srinivasan (1980) by morphological 
comparison between N.  atlantica sin. and Neo'ylo- 
boquadrinn dzltertrei. 

In the present study we have concentrated on 
both the planktonic foraminifer assemblage and 
the morphological characteristics of key-species. 
Although there are strong thermal gradients in sur- 
face water between the Labrador Sea and the Rock- 
all Plateau (see above) the comparison of the bio- 
metrical record with assemblage and isotope data 
(compare Ruddiman et nl., 1986b) indicate that the 
calculation of Pliocene - early l'leistocene SST by 
using transfer functions is very difficult and 
should be performed with caution. 

A similarity between both sites is the time- 
transgressive disappearance of N .  atlaiztica sin 
after the intensification of the northern hemisphere 
cooling at 2.4 Ma (Fig. 5). The number of sinistral 
Neogloboqlladrina decreased between 2.4 Ma and 1.8 
Ma within the sediments of both the northern 
Labrador Sea and the Rockall Plateau. In the North 
Atlantic the last appearance of N .  atlantica sin. pro- 
vides a useful biostratigraphic datum. Several ana- 
lyses indicate a last occurrence of this species bet- 
ween 2.4 Ma and the l'liocene/Pleistocene boun- 
dary. Hooper & Weaver (1987) give an extinction 
point of 2.3 Ma at ODP Sites 609,610 and 611. T11is 
axgrees well with the extinction points in this 
study and in the investigations of Spiegler & Jan- 
sen (1989) for the Verring-Plateau, Pujol & Duprat 
(1985) for the Goban Spur, and Zachariasse ct 111. 
(1990) for the Mediterranean. Further investiga- 
tions on test sizes of N.  atlaiztica sin. and N.  pach!j- 
derina sin. may help to distinguish these species in 
the upper Pliocene to lower Pleistocene sediment 
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Figure 5. Biometrical measurements of N. pachydern~n sin./N. ntlnnticn sin. (maximum diameter) as well as the amount 
of subpolar planktonic foraminifera during the time interval 3.2-0.8 Ma for DSDP Site 552 and ODP Site 646. Median 
test size of each sample is indicated by the traced line. Note that N. pncllydcrttlfl sin. in the abundance-plots is used as 
a polar species although this interpretation is not supported by the results presented in this paper. 

sections of the North Atlantic 
The second synchronous event is the appear- 

ance of the small N. p~lchydevma sin. at 1.8 Ma. The 
small size of N. pachydevma sin. in this interval 
gives the impression that this species are more 
heavily encrusted (compare Hooper & Weaver, 
1987) than N. atlantica sin. or the ,,N. atlantica- 
pachyclevma integrate". Also synchronous is the 
redisappearance of N .  pachydevi71n sin. from the 
planktonic foraminifer assemblage between 1.35 
Ma and 1.2 Ma. This may indicate that there are 
morphological changes in the taxon Neoglobo- 
qt~adrina due to the drastic climatic and ecological 
changes of the Northern Hemisphere in this time. 
Also the last synchronous pattern, the trend to lar- 
ger sized N. pachyderma sin. in the whole North 
Atlantic, suggests an evolutionary trend in cold- 
water adapted Neocgloboqz~adrina (Fig. 5). This evo- 
lution influenced the temperature preferences of 
the species N. atlaiztica sin. and N.  pachyderma sin. 
Due to the strong similarities in the biometrical 

evolution of Neogloboquadvina, it could be stated 
that the cooling of the Northern Hemisphere influ- 
enced the planktonic foraminifer assemblages, as it 
is shown for the lineage Neogloboqz~advina acostnen- 
sis - Neogloboquadvina ht~mevosa - N.  dutevtvei by Biol- 
zi (1991), for the lineage G. puncticulatn - G. inj7ntn 
by Wei (1994) and for the lineage Globovotalia cms- 
s~zjorn~is - Globovotalia tosaensis - G. tvt~ncatulinoides 
by Lazarus et al. (1995). In all these lineages chan- 
ges in the oceanographic conditions triggered the 
disappearence of ancient species followed by a first 
appearance of new species. The coincidence bet- 
ween paleoceanographic events and biometri- 
cal/morphometrical changes suggest that paleoen- 
vironmental changes cause developinental pertur- 
bations. Oceanic conditions influence the size, the 
shape and the developmental timing of planktonic 
foraminifera (Wei, 1994). The different plai~ktonic 
foraminifer lineages responded to the Northern 
Hemisphere cooling events by morphological 
variations and by diversification. 
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In Site 552 a no-analogue assemblage (compa- 
red with the isotope record of benthic foraminifers) 
precludes making credible SST estimates in the 
interval 1.3-1.2 Ma (Ruddiman et nl., 1986b). Only 
the record above 1.1 Ma is suitable for SST estima- 
tes and related time-series analysis. Low numbers 
of Globiprinoides rliber and other low-latitude spe- 
cies indicate that warm subtropical conditions did 
not develop during this interval. The fauna in this 
time-period consisted of N. paclzy~ierrrln dex. (see 
also Ruddiman et al., 1986b). Within this interval, 
there are three brief pulses of heavier benthic fora- 
miniferal oxygen isotopic values, suggesting a 
greater ice-volume on the surrounding continents 
(Shackleton & Hall, 1984; Shackleton et al., 1984). 
Also the CaC03-record shows synchronous mini- 
ma (Zimmerman et al., 1984), implying dissolution 
of carbonate particles on the sea-tloor, increased 
dilution by IRD, or suppression of productivity in 
surface waters. Analyses concerning the carbonate 
dissolution 011 the Rockall Plateau indicate a rela- 
tively good carbonate preservation over the whole 
time period from 3.2 Ma to 0.8 Ma (Diester-Haass 
& Schnitker, 1989; Meggers, 1996). Investigations of 
the benthic foraminifer assemblage also indicate 
that the main body of benthic species are characte- 
ristic of North Atlantic Deep Water (NADW) (Mur- 
ray, 1984). It may therefore be assumed that either 
non-corrosive NADW has occupied the Rockall 
Plateau area throughout most of the Neogene. 
While the northern Labrador Sea is a very sensitive 
area for NADW-production, depending on the 
establishment of meridional circulation, the Rock- 
all Plateau was influenced by relatively warm 
Atlantic surface water for the whole time. There- 
fore, the out-of-phase link between SST and oxy- 
gen isotope record at Site 552 could not be ex- 
plained with the preservation of carbonate. 

Dilution by IRD is much more important in the 
interpretation of carbonate minima on the Rockall 
Plateau. For example, after 1.3 Ma, inputs of IRD to 
the Norwegian Sea generally increased, which is 
supposed to be due to an intensified glaciation 
(Jansen et nl., 1988). In addition, Spiegler (1989) 
showed that redeposition of microfossils from the 
shelf areas increased during glacials after 1.2 Ma. 
This suggests that continental ice-sheets expanded 
much further onto the continental shelves after 1.2 
Ma than during the interval between 2.5 Ma and 
1.35 Ma. Therefore, the explanation for the non- 
analogue link between SST and oxygen isotope da- 
ta could be more easily seen in several significant 
coolings of the North Atlantic ocean that occurred 
between 1.3 Ma and 1.2 Ma. These coolings are 
registered in an anomalous way in the genus Neo- 
~ loboq~adr i i zn  because of a fundamental change in 
environmental responses of N. pacllydernza sin., 

which is the polar end-member in the planktonic 
foraminifer assemblage. The same pattern of a low- 
frequency oscillation toward warm SST values 
near the interval 1.35-1.2 Ma was also seen at Site 
607 (Ruddiman et al., 1989). In both cases there are 
out-of-phase links between SST and benthic oxy- 
gen isotope records which are probably artifacts 
caused only by the absence of the species N. pacl~!/- 
drr~ira sin. The speculations of Ruddilnan rt 01. 
(1986b, 1989) are confirmed by the biometrical/ 
paleoceanographical results of this study. In addi- 
tion, factor analysis of Site 646 planktonic forami- 
nifer data shows that from 1.1 Ma N. pncl~yderrrla 
sin. first exhibits a polar adaptation. Raymo cJt 01. 
(1986) have shown that N. paclz!/ifrr~tln sin. did not 
take on a distinct ,,cold-indicator" role in the North 
Atlantic until 1.7 Ma. This role was abandoned by 
N. pacllyderrrla sin. from 1.3 Ma to 1.2 Ma and final- 
ly reacquired at 1.2 Ma to 1.1 Ma with the mid-Plei- 
stocene transition (Ruddiman et al., 1986b). Late 
Pliocene to Holocene biolnetrical analyses in the 
Labrador Sea clearly indicate an increase in maxi- 
mum diameter of N. padlyderitla sin. after 1.1 Ma, 
most probably related to a better adaptation of this 
species to the extreme glacial conditions (Baumann 
& Meggers, 1996). 

Next to changing surface water conditions 
between 1.3 Ma and 1.1 Ma changes in deep water 
chemistry can be detected from carbon isotope 
studies (Raymo et al., 1990). Raymo et al. (1990) 
concluded that a significant decrease in NADW- 
production occurred between 1.2 Ma and 1.1 Ma. 
During the same interval poor carbonate preserva- 
tion could be seen in the Labrador Sea (Baumann & 
Meggers, 1996) and in the Norwegian-Greenland 
Sea (Henrich & Baumann, 1994; Meggers, 1996). It 
is generally believed that the thermohaline circula- 
tion is largely driven through the production of 
NADW (Johnson, 1982; Raymo et a]., 1990). There- 
fore, the breakdown of this thermohaline circu- 
lation cannot only be seen within carbonate preser- 
vation patterns and 613C-values, but also in its 
influence on the planktonic foraminifer assem- 
blage (Meggers, 1996; Baumann & Meggers, 1996) 
and on the ecological niches of benthic foramini- 
fers (Schonfeld, 1996), which showed several extln- 
ctions in the middle Pleistocene. 

CONCLUSIONS 
The planktonic assemblages in the upper Pliocene 
at Site 552 consist mainly of subpolar to temperate 
species. The increase in the influence of polar sur- 
face waters at about 2.5 Ma is indicated mainly by 
an increase in the abundance of the cold-water 

'1C115. adapted coccolithophore species C. pelas' 
However, this corresponds to an increase in subpo- 
lar N. pndlydernra dex., indicating that conditions 
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during this ,,cold1' phase would be analogous to 
intermittent interglacials of the late Pleistocene. 
The drastic decrease in abundance of ,,Pliocene1' 
taxa is interpreted as a response to the onset of 
harsh environmental conditions and may be attri- 
buted to surface water cooling. In general, the cal- 
careous faunal and floral data indicate that the 
thermal gradient between Sites 552 and 646 was 
strong throughout most of the late Pliocene to early 
Pleistocene interval. 

The biometric data of Neogloboquadrii7n tests at 
both sites indicate an evolutionary trend from 
large-sized N .  a f l n l ~ f i c a  sin. before 2.4 Ma via mor- 
phological integrate-forms (,, N .  at lan f ica-pachyder- 
I I I ~  integrate") to small-sized N. paclzydcri~ia sin. 
between 1.8 Ma and 1.1 Ma. Therefore, the use of 
transfer functions on cold-water adapted Neoglobo- 
q u a d r i ~ ~ n  in sediment sections of the northern North 
Atlantic older than about 1.1 Ma should be treated 
with caution. From factor analyses it can be shown 
that N .  pacliydernln sin. first becomes a cold-water 
adapted species at 1.1 Ma, while it is a subpolar 
indicator between 1.8 Ma and 1.1 Ma. 
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ABSTRACT 
Eleven long sediment cores from the Norwegian-Greenland Sea have been investigated for 
their benthic foraminiferal content. Fourtv-two benthic foraminiferal species were found and 
five taxonomic groups were described. The most abundant species during the past 500,000 
years are Oridorsalis ~inzbolzatus (Reuss), Cibicidoides w~iellerstorfi (Schwager), Cassidnlilza teretis 
Tappan, Triloctilina fricarilzata dlOrbigny, and Pyrgo rotalaria Loeblich & Tappan. 

Stratigraphically useful layers are indicated by abundance peaks of Siplzofext~ilaria rolsllau- 
setzi (Phleger & Parker) in Stage 2, Ptillenia b~illoides (dlOrbigny) in Substage 5.1 and Globocassi- 
d~ i l ina  subglobosa (Brady) in Substage 11.3. Interglacial conditions are well documented by high 
amounts of C.  wtiellerstorfi. 

The calculation of test accumulation rates reveals three to four times higher foraminiferal 
productivity during interglacials, with four remarkably high-productivity events in Substages 
11.3,9.3,7.1, and 5.5. The regional pattern of test accumulation rates shows highest amounts in 
the southeastern part of the Norwegian-Greenland Sea with decreasing westward and north- 
ward trends. 

The ecological interpretation of fossil foraminiferal habitats show dominant suspension- 
feeding foraminiferal faunas (i.e. C. zuuellerstorfi) during interglacials, contrasting glacial 
periods with dominant deposit feeding foraminifers. 

Both the dominance of suspension feeding foraminifera and higher benthic foraminiferal 
accumulation rates during interglacials indicate an increased food supply at the sea floor and 
consequently enhanced productivity of the northernmost Atlantic Ocean during interglacials. 
A link is observed between the benthic foraminiferal assemblages and the climatic mode of the 
surface ocean (glacial/interglaciaI) attributed to changes in the surface productivity. 

INTRODUCTION 
The habitat at the sea floor in the high latitude deep 
sea is marked by the strong seasonality of food 
supply and long starvation periods (Linke, 1989; 
Gooday & Lambshead, 1989). Here, living benthic 
foraminifera have to react to such conditions with 
distinct survival strategies. Therefore, a compara- 
tively small number of specialized foraminifera 
species occupy this realm (Thies, 1991). 

A major factor controlling the benthic species 
composition in the deep ocean is the amount of 
food supply and its availability at the sea floor, 
which in turn is primarily a function of the surface 
productivity and the degree of remineralization. 

The first large scale study that attributed the com- 
position of the benthic foraminiferal assemblages 
to the amount of organic carbon in sediments 
examined the upwelling influenced regime at the 
continental margin off northwest Africa (Lutze & 
Coulburn, 1984). Afterwards several other studies 
on modern benthic foraminifera have suggested 
that these organisms are well adapted to specific 
habitats and respond to changes in near bottom 
lateral advection of food and to the seasonality of 
organic carbon flux from the sea surface (e.g. Cor- 
liss, 1985; Linke & Lutze, 1992). 

The climate in the northern hemisphere over 
the past 500 ka is dominated by ,,Milankovitch"- 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. Grzybozuski Fozindatiolz Special Pliblication, no. 5, pp. 51-82 
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forced insolation variability which induced strong release to the atmosphere generates deep water 
fluctuations of ice-sheets in high latitudes (Thiede- convection and thermohaline circulation, va- 
mann et n1.,1994). Times of advance or retreat of ice riations of which affect European climate today as 
sheets, had a major impact on the modern type cir- they did in the past (Broecker & Denton, 1989). 
culation pattern in the Norwegian-Greenland Sea. The surface water masses define two major 
The productivity in the surface ocean of northern fronts (Fig. 1): The Polar Front is the boundary bet- 
high latitudes (i.e. the Norwegian-Greenland Sea) ween low saline Polar waters and cold lugher 
also responds to climate change (Altenbach, 1992). saline Arctic waters, and the Arctic Front is the 
Consequently the fossil benthic foraminifera1 boundary between cold Arctic waters and warm 
assemblages ought to serve a recorder of these pro- Atlantic waters (Helland-Hansen & Nansen, 1909; 
cesses, in terms of their species composition and Swift & Aagard, 1981). The maximum winter sea 
abundances. In this study, I trace the benthic fora- ice limit lies slightly west of the Arctic Front, while 
miniferal response to environmental changes in the summer sea ice limit lies west of the Polar 
eleven sediment cores of pelagic sediments from Front. The area of seasonal ice cover basically coin- 
the Norwegian-Greenland Sea covering the past prises Arctic Water masses, i. e. the water masses 
500 ka. where winter convection occurs. 

In contrast to today, the Atlantic of the Last 
Modem and paleoceanography of the Norwe- Glacial Maximum (LGM) had a strongly reduced 
gian-Greenland Sea deep water circulation, which is probably the result 
The oceanographic conditions of the study area are of reduced deep water convection in the Norwe- 
determined by the northward flowing warm, gian Greenland-Sea (Duplessy et nl., 1988). There- 
saline surface waters of the Norwegian Current, fore, the Norwegian-Greenland Sea is an important 
which is a northern continuation of the Atlantic oceanic basin that exerted a major control on the 
Drift, and by the southward flowing cold, less deep water circulation of the worlds ocean. 
saline surface waters of the East Greenland Current 
(Fig. 1). Cooling of the Atlantic Water upon heat MATERIAL AND METHODS 

For this study, eleven long 
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sediment cores were selec- 
ted from undisturbed yela- 
gic to hemipelagic sedi- 
ments collected in the 
southern part of the 
Norwegian-Greenland Sea. 
The study area covers all 
modern water-mass do- 
mains (Fig. 1, Table 1). The 
cores were retrieved 
during cruises of the Ger- 
man research vessels 
,,Polarstern" and ,,Meteoro. 
The cores were sampled at 
5 to 10 cm intervals. A 10 - 
20 gram sample was 
weighed and freeze-dried, 
and washed through a 63 
micron sieve. The sub- 
sample (>63pn1) was sie- 
ved into four size-fractions 
( 6 3 - 1 2 5 ~ ;  125-250~111; 
250-500pm; >500pm). At 
least 300 specimens per 
sample were counted in the 
quantitatively split sample. 

Figure 1. L,ocation m a p  of 
investigated cores including 

pb ...... . . ... ...... &- modern surface circ~ilation 
Sold Warm regime. 
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Table 1. List of investigated cores 

The data shown in this work are converted to a size 
fraction larger 125pm. The chronostratigraphy of 
the investigated cores is taken from Struck (1992). 
The oxygen isotopic values from Neogloboqundrinn 
ynclr?/dcri~~fl (sin. versus PUB) are from several 
authors shown on Table 1. The high resolution 
Core 17730 is dated by AMS-13C Inass spectrome- 
try (Weinelt, 1993). 

With the information of age-/depth relation 
linear sedimentation rates (LSR) were calculated. 
Dry bulk dens~ties (DBD) for every sainple have 
been published by several authors (Holler & 
Kassens, 1989; Kassens, 1990; Kassens in yrcJp.; Rir- 
gisdottir, 1992). Bulk accumulation rates 
(ARBULK) are calculated after: 

ARBULK (g'cm-2'ky-l) = LSR (~m'k~-1)*DBD(~"cm-~) 

Test accumulation of benthic foraminifera 
(BFAR) is calculated as the product of: 

Specimens (gram-') " ARBLILK (g'cm-2'ky-l) = BFAR 
( ~ ~ e c . " c m ~ ~ ' k ~ - ' )  

All data for calculating the BFAR-values (sedi- 
mentation rates, dry b~ilk densities, and age-depth 
relation) as well as species abundances (tests per 
gram) are provided in Struck, 1992). 

TAXONOMY AND ECOLOGY 
The species distribution in this study follows in 
gener~l  the taxonomic interpretations of previous 
studies on modern benthic foraminifera in the area. 
The species list consists of 42 recognized foramini- 
feral species and 4 taxono~nical groups (Amlex 1). 

Owing to our limited knowledge about the 
ecological habitats of benthic foraminifera, the fol- 
lowing discussion of the investigated core profiles 
focuses on 10 foraminiferal species/groups that are 
of great importance for the paleoecological inter- 
pretation. 

Ecology and modern habitat of some importaiit 
benthic foraminiferal species 
A comparitively small number of benthic foramin- 

fera species dominate the modern habitat in the 
deep basins of the Norwegian-Greenlard Sea. In a 
study of Recent living (Rose Bengal stained) fora- 
minifera below 1000 m waterdepth, Lutze & Thiel 
(1987) found assemblages dominated by only threc 
species (>250pn in high abundances (up to 100 for- 
aminifera per 10 cm2). Dominant species in the area 
are C. si~bglollosr~s, C. n~zlt~ller.stol;fi and P. rrillr~~liir~n 
(I? rotnlr~rrn in tlus study). According to Linke & 
Lutze (1992) the modern habitat of C, s~rl lg lobos~~s In 
the Norwegian Sea characterizes an environment 
of low sedimentation. Linke & Lutze also specula- 
ted that scavenging foraminifera such as C. srrl~~ylo- 
boslls are able to react rapidly to organic flux events 
and utilize large amounts of organic matter origi- 
nating from plankton blooms. 

Lutze & Thiel (1987) found C. i / ~ / ~ t ~ l l c ~ ~ t ( ~ ~ : f i  
living in an elevated position, feeding on laterally 
advected organic material. Therefore, C. ri11rt~llcr.- 
sto$ is well adapted to suspension-feeding and 
probably requires permanent lateral advective cur- 
rents at the sea floor. Altenbach (1992) associated C. 
zi~nellcrsto$i to a faunal assemblage of foraminifera 
related to a flux of organic carbon in the r'lngc of 
1.5-2.5g m-'yr-1. P!/r,go r.otcllnria is reported to be an 
ubiquitous foraminifer that lives endo- to epi- 
faunally possibly with endosymboints (Heegel; 
1990; Linke & Lutze, 1992). It cl~aracteristically 
lives in a deep sea environment with a low flux of 
organic carbon (<1.5g m-2yr-1, Altenbach, 1992). 

The work of L ~ ~ t z e  & Salomon (1987) only con- 
sidered the size-fraction >250pm. This leads to an 
under-estimate of small foraminifera which arc 
typical in the modern deep sea environmt?nt 
(Schroder ct al., 1987). One of the most important of 
these species is 0. ~~r i~bor ia t~rs ,  cormnonly reported 
as an important inhabitant of the deep sen fauna 
and is adapted to low flux of organic carbon 
(Altenbach, 1992). Another abundant small tor,l- 
minifer is Trilocrilincr tricarir~atn, which is supposed 
to be a deposit feeding endo- to epifaunal species 
well adapted to a low flux of organic carbon (Mur- 
ray, 1991; Altenbach pers. comm.; Thies, 1991). 

Some species not present today in the deep 
basin (below 1200m) of the Norwegian-Greenland 
Sea, but known from fossil assemblages and/or 
sl~allower parts are P~~Ileriia b~rlloides, Siplrotcstr~lari~~ 
~ ~ l s l i n ~ ~ s e ~ i i ,  and G l o b o c n s s i r ~ ~ ~ l i ~ ~ n  ~ r l l ? ~ ~ l o l ~ o s n .  Unfor- 
tunately little ecological informatio~~ is available on 
S ,  rolslinusc~zi. Hermelin & Scott (1985) reported 
occurrences of this species in low percentages in 
Holocene sediments of the central North Atla~~tic 
Ocean. The biserial tapered shayc of the fora- 
miniferal test implies an endo- to semi endobenthic 
life style (Corliss, 1985). The tube sl~aped apert~~l-c 
may be helpful for stabilizing the pseudopodii to 
trap particles of organic material delivered througl~ 
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Figure 2. BFAR (Spec.*cm-2*ky-1) of total benthic foraminiferal assemblage and five important species of Core 23359. 
Oxygen isotope stages are indicated. 

total AR C. tuuellerslorfi 0. l~n rbono  his P. bulloides C. srlbglo bosus T. trico rirrn to 

Figure 3. BFAR (Spe~.*cm-~*kyl) of total benthic foraminiferal assemblage and five important species of Core 23063. 
Oxygen isotope stages are indicated. 
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total AR C.  rvuelletstorfi 0. rrnrbol~ntus P. bulloides C .  subglobosus T, tricnri~iofrr 

Figure 4. BFAR (Spec.*cm-2*ky-1) of total benthic foraminiferal assemblage and five important species of Core 23352. 
Oxygen isotope stages are indicated. 

total AR C.ii~uellerstorfi 0.unrbonotrrs P.bulloides G.subglobos~i T. trim rinn to 
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Figure 5. BFAR (Spec.*cm-2*ky-1) of total benthic foraminiferal assemblage and five important species of Core 1243. 
Oxygen isotope stages are indicated. 
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total AR C. iotrellerslolfi 0. unrborin hfs P. bulloidcs G, subslobosn T. tricoriirrl hi 

Figure 6. BFAR (Spec.*cm-2*ky-') of total benthic foraminifera1 assemblage and five important species of Core 1244. 
Oxygen isotope stages are indicated. 

total AR C. iouelkcrsforfi 0. unrboiza hls P .blllloides G. subglobosn T. tricflriilfl bi 

Figure 7. BFAR (Spec.*cm-2*ky-1) of total benthic foraminifera1 assemblage and five important species of Core 1246. 
Oxygen isotope stages are indicated. 
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total AR C. ~ U I I C  lle a t o r f i  0. r r r~rbormt~rs  P. br~l lo id~s  S .  r n k l r n ~ r s r r t i  
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Figure 8. BFAR (Spe~.*cm-~*ky-l) of total benthic foraminiferal assemblage and four important species of Core 23199. 
Oxygen isotope stages are indicated. 
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Figure 9. BFAR (Spec.*cm-2*ky1) of total benthic foraminiferal assemblage and five important species of Core 23342. 
Oxygen isotope stages are indicated. 
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total AR C. ~uuel lerstof l  0. umbonntus P. bulloides G. slrbglobosn T. hicnni~ntn 

Figure 10. BFAR (Spe~.*cm-~*ky-l) of total benthic foraminiferal assemblage and five important species of Core 23353. 
Oxygen isotope stages are indicated. 

tobl AR C. rouellerstorfi 0. irmboilatus P. birlloides M bnrlenar~ur~r C. teretis 

Figurell. BFAR (Spec.*cm-2*ky-1) of total benthic foraminiferal assemblage and five important species of Core 21852. 
Oxygen isotope stages are indicated. 
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total AR C.  rouellelstorfi 0. umboiintus T. tricnrinntn S .  rolsl~nuserli C .  rerlifornre 
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Figure 12. BFAR (Spec.*cm-?sky-1) of total benthic foraminiferal assemblage and five important species of Core 17730. 
Oxygen isotope stages are indicated. 

the water column (Nees & Struck, 1994). Plillenia 
btrlloides is thought to live infaunally (sensu Corliss, 
1985; Murray, 1991). Mackensen ef  nl., (1994) found 
P. btilloides characteristic in a ,,Southern High Pro- 
ductivity" assemblage at the Polar Front in the 
South Atlantic associated with a high flux of orga- 
nic carbon. Globocassidulina subglobosa is not known 
from modern benthic foraminiferal fauna in the 
deep parts of the Norwegian-Greenland Sea 
(Mackensen, 1987; Thies, 1991). It is thought to be 
infaunal sensu Corliss (1985). 

RESULTS AND DISCUSSION 
Faunal variability 
The total accumulation rates (BFAR) as well as 
accumulation rates of individual species (species- 
AR) of five important foraminiferal species in the 
investigated cores are documented in figures 2-12. 
The time interval recovered in the cores spans the 
last 500,000 years. The oldest sediments are found 
in Cores 1244, 1246 and 1243 from the central Ice- 
land-Sea. Core 17730 (Fig. 12) provides a high reso- 
lution time series over the last 30,000 years with an 
average time resolution between samples of about 
1,000 years. 

Core 23359 from the Aegir Ridge (Fig. 2) shows 
the highest BFAR of all cores. Highest BFAR are 
correlated to peak interglacial periods located at 
Stage 5.5,7.1,9.3, and 11.3 (at 123 ka, 193 ka, 331 ka, 

and 405 ka). As many as 10,000 tests cm-2 ka-1 are 
observed in Stage 5.5 (Fig. 2). Normal interglacial 
BFAR values are closer to 1,000 tests cm-2 ka-l. 
Lower BFAR values are related to cold phases 
during interglacials such as Stage 5.2,5.4, and 11.2. 
Glacial periods in the investigated sequence are 
marked by reduced BFAR. An interval without 
benthic foraminifera was found in the samples of 
cold Stage 10. 

The main constituents of the fossil assemblage 
in Core 23359 are C. rullellerstcwfi, 0. lrinbonntlrs, and 
T. tricarinata. Cibicidoides w~rellerstorfi has occur- 
rences only in interglacial and interstadial sedi- 
ments, and has highest abundances in peak inter- 
glacial~ 5.5 and 7.1. Oridorsnlis umbonatrrs is present 
in most of the samples and follows the distribution 
of the total fauna with BFAR-values in interglacials 
and reduced ones in glacials. The T. tric~rinnta-AR 
reveals varying fluctuations of this species in the 
faunal succession with BFAR-peaks in Stages 11.3, 
9.1, 7.1 and 5.5. Pirllenia bulloides and G. su6globosa 
are species that occur during distinct stratigraphi- 
cal horizons in the studied time interval (Stages 5.1 
and 11.3, Fig. 2). 

The faunal distribution in Core 23359 is also 
typical for several other cores. In Core 23063, 
23352, 1243, 1244, 1246 about the same time inter- 
val is recovered and the faunal distribution is also 
very similar with the exception of differences in the 
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amount of foraminifera (see Fig. 3, 4, 5, 6, 7). Core 
23199 (Fig. 8) from the Voering Plateau recovered 
only the past 250 ky and is presented in compari- 
son with the results of Haake & Pflaumann (1989; 
data are kindly provided by the authors). The data 
of Core 23199 fit very well into the general pattern 
of the previously described sediment cores (Figs. 2- 
8). 

In comparison, the faunal distribution in Cores 
1342, 23353, and 21852 shows some distinct diffe- 
rences. In general contrast between the BFAR in 
glacial and interglacial assemblages is less pro- 
nounced (Figs. 9-11). Highest BFAR occur in Sub- 
stage 7.1 (Core 23342, 23353) and 5.1 (Core 21852) 
respectively. Another difference is the distinct 
stratigraphic occurence of l? bl///oidcs in Substage 
5.5 (at 123 ka). As in the other cores, the presence of 
C. zo!le//erstoi:fi is restricted to interglacial sedi- 
ments. 

Stage 1 (Holocene) comprises only a few sani- 
ples in most of the cores (or is not recovered) which 
leads to ~lncertainties in the calc~~lation of accumu- 
lation rates. Therefore, absolute abundances and 
species-AR show possibly overestimated results. 
To obtain a realistic view of the quantitative and 
qualitative succession of the benthic foraminifera1 
asselnblage over the last glacial to interglacial trail- 
sition, the high resolution Core 17730 was investi- 
gated (Fig. 12). The analyzed sequence of Core 
17730 spans the time interval of the last 30 ka. 
During Stage 2, low numbers of foraminifera accu- 
mulated. The glacial assemblage collsists of 0. 
llnzboiintr/s, T. t~;icnriizatn, C.  ren{foriwe, and S .  1.01s- 
Iznllseni whereas S .  rolsllalls~ni has a stratigraphic 
occurence mainly restricted to Stage 2 (see also 
Nees & Struck, 1994; Struck, 1995). The maximum 
abundance of foraminifera1 tests was found at 
about 9 ka (Fig. 12). Like in other cores, C. zilllellcr- 
stoufi is restricted to interglacial sediments younger 
than 10.6 ka. 

Discussion of the faunal succession during the 
past 500,000 years 
In the sediments of Stage 12 and 10 no bentluc 
foraminifera are preserved. In comparison with the 
distribution of benthic foraminifera in the modern 
ocean where no oxygenated environment is known 
without any living foraminifera, it is obvious that 
the assemblage is totally dissolved. Other investi- 
gations on microfossils from this time interval indi- 
cate strongly or totally reduced calcareous (Bleil & 
Gard, 1989; Baumann, 1990; Bauch, 1996) as well as 
biosiliceous (Bohrmann, 1988; Wolf, 1990) fossil 
assemblages. 

Foraminifera1 data from Stage 11 sediments is 
available from seven cores. The highest abun- 
dances of foraminifera were found in early Stage 11 

sediments corresponding to Substage 11.3 at 405 ka 
from soutl~easternmost Core 23359. There is a 
decreasing trend in BFAR directed towarils thc 
north and west (Figs. 2-11) during early Stage 11.  
The species distribution in this interval reveals an 
assemblage that is presently unknown from the 
deep Norwegia11-Greenland Sea (Belanger & Stree- 
ter, 1980; Mackensen, 1985; Mackensen, 1987; 
Thies, 1991) characterized by foraminifera such as 
G. szrl?plobos[~, P. blllloides, and 0. unibonat~ls (Figs. 2- 
11). Mackensen et al. (1994) foui~d P. b111loicles to be 
characteristic of a ,,Southern High Productivity1'- 
assemblage at the Polar Front in the South Atlantic, 
and related to a high flux of orgaiuc carbon. Gloho- 
cassidiiliiu7 sr/lylobosa and 0. ~ri~rborzatils are thought 
to be infaunal as well as P. bu l lo i~ f r ,~  (srzizsl/ Corliss, 
1985). This implies a relatively high vertical flux of 
organic carbon to the sea floor. Suspension-feeding 
foraminifera such as C. ziluellersto/:fi are present i l l  

low concentrations in upper Stage 11 sediments, 
which could be interpreted as reflecting the onset 
of a lateral advection of food. The steep gradient in 
total abundances of foraminifera between south- 
eastern Core 23359 and northern and western col.cs 
implies strongly reduced surface productivity over 
a small area. An oceanic front wit11 ail enhanced 
advcction of nutrients could be an explanation fol: 
this strong gradient. Selective corrosion of fora- 
miniferal tests owing to a change in the cal.bonatc 
lysocline may be neglected as Core 23359 with 
highest BFAR is the deepest of the investigated 
cores. 

However, the ,,warmn period of Stage 11 as 
well as other interglacials are documented in the 
benthic foraminifera1 record as phases of enl~anced 
test accumulation. However, in the deep ocean dif- 
ferences in water temperatures between glacial and 
interglacial times are obviously not the primary 
reason for significant changes in ecological condi- 
tions at the sea floor. It seems to be clear that only 
a change in tropl~ic conditions ( i t .  flux of orgr711ic 
material to the sea floor) could explain the en- 
hanced test accumulation. 

The ,,warm1' Oxygen-Isotope Stages 9,7, and 5 
are C. zi~lrellerstorfi dominated periods (Figs. 2-11). 
The quantity of the suspension-feeding foraminifer 
C. wuellerstorfi in the sediments may reflect the 
importance of bottom currents which supply par- 
ticulate organic matter to the foraminifera in the 
Norwegian-Greenland Sea. The steep gradient of 
test abundance from south to north and from east 
to west, discussed in Stage 11.3 (see above) is also 
present in peak interglacial situations 9.3, 7.1, and 
5.5. It is concluded that maxima in benthic pro- 
ductivity parallel peak ,,warmd' phases in late Plei- 
stocene sediments, as indicated by the tem- 
perature-dependent oxygen isotope record of 
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planktic foraminifera in this area (Vogelsang, 1990; 
Weinelt, 1993). Higher secondary production at the 
sea floor is related to an increased flux of usable 
organic matter to the sea floor. The accumulation 
rates of calcium carbonate (CaC03), consisting 
mainly of coccolitl~s and planktic foraminifera 
(Kellogg, 1977; Henrich & Baumann, 1994; Birgis- 
dottir, 1992; Bauch, 1996) may be used as a relative 
measure of the surface productivity. Peaks of 
CaC03-AR and abundance maxima of planktic 
foraminifera also parallel the abundance peaks of 
benthic foraminifera, and therefore demonstrate 
the direct coupling between benthic and pelagic 
realm (Struck & Bauch, 1994). Benthic foraminifera 
that are indicative of high productivity such as G. 
sl,bglobosn and P. bulloidrs (Mackensen et nl., 1994) 
are restricted to very short intervals in the sedi- 
mentary history (P. blrlloides in Substage 5.1, 5.5, 
and 7.5 as well as G. sllbglobosn in Substage 5.5). 
These species are not found in every core (Figs. 2- 
11) possibly owing to differences in the paleo sur- 
face productivity and/or differences in the water 
depth of the investigated cores. 

The benthic foraminiferal assemblage of Stage 
6 and 4 sediments is strongly dominated by 0. 
~rrrrbor~ntlrs. Test production (BFAR) is strongly 
reduced in comparison with interglacial periods. It 
is therefore concluded that the lowered glacial sur- 
face productivity in the Norwegian-Greenland Sea 
leads to lower secondary production on he sea- 
floor. Altenbach (1992) regarded 0. l~inbonntlls 
dominated foraminifera assemblages as indicative 
of a low flux of organic carbon to the sea floor. 
Streeter cJt nl., (1981) and Haake & Pflaumann 
(1989) found the same 0. ~lnlboi~ntlls dominated 
glacial assemblage in cores from the Norwegian 
Sea. Taking into account the AR of 0. llnlbonntlls 
during interglacials and the absence of high pro- 
ductivity indicating foraminifera such as P. bulloi- 
d ~ s  and G. sl~l7globosn, the high dominance of 0. 
lrnlboi7atl~s in glacial sediments could be inter- 
preted as a faunal reduction during glacial~ owing 
to the limited flux of organic carbon. However, gla- 
cial benthic foraminiferal assemblages without 
suspension-feeding foraminifera such as C. zoueller- 
storfi do not necessarily constitute evidence for the 
absence of near bottom-currents. 

In relation to the insolation forcing Oxygen- 
Isotope Stage 3 is comparable to more or less inter- 
stadia1 conditions (Imbrie et nl., 1993). The lowered 
BFAR during this period gives evidence that the 
coupling between lower pelagic production leads 
to reduced production conditions at the seafloor. A 
brief occurrence of C. z~lueller.storfi in Core 23063 in 
Substage 3.3 (Fig. 3) can be interpreted as indica- 
ting a short period with enhanced flux of organic 
carbon in combination with bottom near currents 

in that area. Specimens of T. tricnrinntn are coinlnon 
in Stage 3 sediments, and its morphology suggests 
an infaunal habitat (e. g. Corliss, 1985). Today, this 
species is abundant in the deepest parts of the Nor- 
wegian-Greenland Sea with lowest flux of organic 
carbon (Thies, 1991). It is therefore apparent that T. 
tricnrirlntn as well as 0. ~lrtrboiintrls is well adapted 
to a low flux of organic material. 

For a closer look at glacial and interglacial 
(Stage 2 and 1) conditions at the sea floor in the 
Norwegian-Greenland Sea, Core 17730 provides a 
high-resolution record of benthic foraminifera over 
the last glacial/interglacial cycle (Fig. 12). Data 
from this core were presented by Struck (1995), 
who discussed the stepwise migration of benthic 
foraminiferal species into the postglacial Norwe- 
gian Sea. The last glacial interval in Core 17730 is 
dominated by 0. unlboiintl~s and S .  i.olsl~a~~srrri in 
low AR. As in the other glacials, low AR and the 
predominance of 0. I L I I L ~ ~ I I ~ ~ I , ~  represents condi- 
tions of low food supply at the seafloor. In modern 
sediments of the Norwegian-Greenlal7d Seas, S. 
rolshnllsei~i is unkl~owl~ except for two specimens 
reported by Belanger & Streeter (1980) from unstai- 
ned deep sea surface samples. Investigation o l  
shelf - to deep-sea sediments from this area 
(Mackensen, 1985; Hald & Vorren, 1984; Tl~ies, 
1991) did not report any occurrences of this spe- 
cies. 

The distribution of BFAR during the last de- 
glaciation shows low values until 10.5 ka. An initial 
brief AR-peak occurs at 10 ka, immediately 
followed by a reduction to ,,glacial" BFAR-values, 
which presumedly reflects the faunal response to 
the ,,Younger Dryas" climatic event (Mangerud 1.t 
nl., 1974). The following BFAR-maximum at 8.5 to 
7.5 ka reveals the highest test production rates of 
benthic foraminifera in Holocene sedilnents. These 
values are comparable to BFAR-values of Stage 5.5 
from the area (Cores 23199 and 23063). The sub- 
sequent Holocene sequence has half as large BFAR- 
values. The faunal distribution through the de- 
glaciation and the Holocene appears to be com- 
parable to the Stage 6/5-transition. Another paper 
in this volume (Nees, tliis z~oll~rtle) focuses on the 
last deglaciation on a south/north transect of cores 
in high sampling resolution from the North Atlan- 
tic to the Fram Strait between Spitsbergen ancl 
Greenland. 

Can major changes in the regional oceanography 
be seen in benthic foraminiferal assemblages? 
In general, a direct deduction of information about 
surface circulation from fossil benthic foraminiferal 
assemblages is impared by the usual decoupling of 
surface water masses from the deep ocean. In par- 
ticular the oceanography of the Norwegian-Green- 
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land Sea is today strongly dominated by the 
generation of deep water, which is formed from 
previously warm, saline surface waters by heat 
release to the atmosphere. This thermohaline circu- 
lation leads to the formation of bottom currents in 
the deep sea of the study area. The modern deep- 
sea environment of the Norwegian-Greenland Sea 
is dominated by C. 7uuellerstorfi (Belanger & Stree- 
ter, 1982; Mackensen, 1987; Thies, 1990). Lutze & 
Thiel (1987) found C. zouellerstorfi living in an ele- 
vated position, feeding on laterally advected orga- 
nic material. Therefore, C. 7c~t~ellerstovfi is well adap- 
ted to suspension feeding and in need of perma- 
nent lateral advectivt currents at the sea floor. The 
predominance of C. 7ullellerstuufi in fossil benthic 
foraminiferal faunas may therefore be an indicator 
for the presence of such bottom currents. 

Figure 13 shows the percentage distribution of 
C. unlellerstoufi i11 Core 23352. High percentage 
values of this species are typical of sediments from 
interglacial periods in each of the investigated 
cores (see also in Struck, 1992,1995), which seem to 
indicate active bottom currents during those 
periods. However, benthic foraminiferal assem- 
blages without suspension feeding foraminifera 
such as C. zi~~rellerstorfi do not necessarily suggest 
evidence for the absence of near bottom-currents. 
Nevertheless, it is reasonable to postulate a similar 
surface circulation system with deep water convec- 
tion as in the modern environment during phases 
of dominant C. zul~ellerstorfi (i. e. Stage 1, 5, 7 and 
partly in Stage 9 and 11; see Fig. 13). 

SUMMARY AND CONCLUSIONS 
Fossil benthic foraminiferal assemblages 
( > 0 . 1 2 5 ~ )  were analyzed in sediment samples 
from 11 cores from the Norwegian-Greenland Sea 
covering the past 500.000 years. Fourty-two species 
and four taxonomic groups were found. 

Only a few species were dominant for longer 
periods: C. 7i11~ellerstoufi, 0. umbonat~ls,  T. tricnrilzata, 
S .  rolslznuseni (see also in Nees & Struck, 1994), l? 
bulluides (also in Haake et al., 1992) and G. subglo- 
bosa. Only 0. lllnbonatlls is present in every sample 
with a recorded forarniniferal fauna. Assemblages 
with dominant C. wllellerstorfi indicate interglacial 
conditions in Stages 9.3,7,5 and 1. The interglacial 
Stage 11.3 has a different benthic forarniniferal 
assemblage characterized by the occurence of the 
infaunal species G. subglobosa and/or P. b~~l loides .  
Interstadial Stage 3 has no dominant occurences of 
C. zi~~~cllersturfi. 

In the sediments of glacial Stages 12 and 10 no 
benthic foraminifera were found owing to calcite 
dissolution. The remaining glacial Stages 2, 4, 6, 
and 8 consist of an assemblage dominated by 0. 
~llrlbo~zntlls, S. rolshnllseni, and T. tricnrinnta. 

Figure 13. Percentage distribution of suspension feeding 
foraminifer C. w~~ellerstorfi in the sediments of Core 
23352, which indicates the presence of bottom currents 
possibly related to phases of active deep water produc- 
tion in that area during times of high dominance of that 
species. 

The interpretation of quantitative fluctuations 
provides insights into surface productivity as a 
result of pelagic/benthic coupling. During the past 
500,000 years, five brief high productivity periods 
(Stages 11.3, 9.3, 7.1, 5.5, and 1.1) with five- to ten- 
fold changes in BFAR are observed. ,,Normalo 
interglacial conditions had 2-3 times higher test 
production than glacials. 

The interpretation of ecological habitats of 
benthic foraminifera revealed that suspension fee- 
ding foraminifera, which dominate interglacials, 
indicate the presence of bottom currents during 
Interglacials 7, 5 and 1 possibly originated from 
deep water formation in that area. Opportunistic 
foraminifera such as 0. umbolzatlrs can survive 
during glacial periods with low food supply, but 
had highest test production during interglacials. 

The quantitative and qualitative investigation 
of forarniniferal assemblages from upper Pleisto- 
cene to Holocene sediments of the Norwegian- 
Greenland Sea reveals a link between climatic 
change, the changes in surface water productivity, 
surface circulation, and the response of the benthic 
community. 
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APPENDIX 1. Faunal list 

For each species at least one recent reference is listed whic l~  PIX- 

vides an  ~llustration: 

P11r;qo rotnlnr i i~ LOEBLICH & TAPPAN 
1953 T1!yrgo rotninr i~ l  - LOEBLICH & TAPI3AN, p. 47, pl. 6 / 5 6  

Cribrostoii~oidcs sirl~~ylobosiir i i  (SAIIS) 
1964 Cribi-ostclirioides si~bglobosriirr (SARS) - LOEBLICH & TAP- 
PAN, p .  225, pl .  136/1,2. 

P!lrgo iriirn.lilrin (SCHWAGEII) 
1953 13!/r:;o i i ~ ~ i r r l r i i i n  (SCHWAGER) - PHLEGER c f  a/., p .  28, pl. 
5 / 7 4  

T r i l o o i l i i ~ n  trrcnrirlntn d'ORBIGNY 
1960 T,.i iocii l i i~n trizni-irr i~tn d'ORBIGNY - BARKEII, p .  6, pl. 
3/17a-b. 

M n r g i i i i ~ l i r i n  glnbrn d'ORBIGNY 
1967 M n y i n ~ r l i r w  glnbrn d'ORBIGNY - TODD & LOW, p. 22, pl .  
3/8-9. 

Pnrnfissririnn grocri lnndrni (STSCHEDIITNA) 
1980 I 'nrnfrss~ir~r ln ,yroer?lni?drc[~ (STSCHEDRINA) - TODD & 
LOW, p .  24, pl .  2/6a-b 

Cibicidoides r u ~ ~ c l l e r s t o ~ f i  (SCHWAGEII) 
1953 P l n ~ l i ~ l i n n  i i ~ ~ ~ c l l e r s t o r f i  (SCHWAGER) - PHLEGER et nl . ,  p .  
53, pl .  11/1-2. 

Cibicidrs lobnhi l~rs (WALKER & JACOB) 
1953 Cihrt ides lobatr~lirs (WALKER &JACOB) - PFILEGER ?t f l /  , 
p .  49, pl 11/9, 14 

P l n i i t s ~ ~ r r i ~ i o i ~ i c s  ~ ~ I C C L I I C I I ~ ~ I S  (BRADY) 
1980 Plni~ispi l - inoi [Ls b~~cc i i l e i i t i r s  (BRADY) - TODD & LOW, p.  
24, pl .  2/17a-b. 

N o i i ~ o r i  lnbrnrlorlc~ri i i  (DAWSON) 
1981 Noi?iori Inbrndorrcrrrr~ (DAWSON) - SEJRUI-' et nl., p. 293, pl .  
2/5-6 

Mclor i is  L~nrlr~c~iir~irrir (WILLIAMSON) 
1979 Mclor l is  ztmi~rlniiir (VOOIITHUYSEN) - LUTZE, p .  426, pl. 
1 /7  

Oridorsnlis ~1117boiintirs REUSS 
1981 E/?oriidcs irniboiinhis (REUSS) - SEJRUP e f  al., p.  293, pl .  
2/2-3 

E ~ ~ I / I ~ L ~ ~ L I I I I  ( J . ~ ~ ~ ~ i ~ ~ ~ t i ~ ~ ~ i  (TERQUEM) 
1981 Elph id i~ r~r r  cxrnirnh~i i r  (TERQUEM) - SEJRUP et nl., p .  293, 
pl .  1/10. 

Re11p1rn.x notlrrlos~rrii BIIADY 
1960 R c o y l r n ~  i ~ o d ~ r l o s ~ i i n  BRADY - BAIIKEIZ, p .  64, pl .  31/1-9 

Q ~ ~ r i ~ q i ~ r l o c ~ i l i i l n  seiiliriitln (LINNE) 
1960 Q r i i i i q ~ i ~ ~ l o c ~ i l i r r i i  seii i i i i i i ln (LTNNE) - BARKEIZ, p. 10, pi. 
5/h. 

P y q o  obloiign (d'OIZBIGNY) 
1953 P!/rgo oblor7gr1 (d' ORBIGNY) - PHLEGElZ t t  n/ . ,  p. 29, pl 
5/25-26 

U r i i t n l i i ~ i ~  p n ~ i p o n t n  d'ORBIGNY 
1953 Dcrl tn l i i ln  pi1ii,f~i'rntii d' ORBTGNY - LOEBLICH & TAI'PAN, 
p 57, PI 8/7-9 

L , C I I ~ I L I I ~ I I I ~  gibbn (d'ORBIGNY) 
1960 L e n t i ~ i i l i r i i l  :;ibl~n (d' ORBIGNY) - BARKER, p .  144, pl .  
69 /8-9 

1981 Cnssid~rlirra lnraigntn d' ORBIGNY - SEJRUP rt a/., p .  290, 
1-71. 1/5. 

C'c~ssidiilirin t o r t i s  TAPPAN 
1988 Cnssidii l ir i i~ teretis TAPPAN - MACKENSEN & HALD, p .  
17, pl .  1/8-15, 

Is lnr~i l ie l ln riorcrossi (CUSHMAN) 
1988 Isl~rridielln iiorcmssi (CUSHMAN) - LOEBLICH & TAPI'AN, 
p .  506, pl. 559/3-7. 

Epistorrii71elln cxigun (BIIADY) 
1960 Epistoiizir~clln crigri i i  (BRADY) - BAIIKELI, pl .  103/14 

P1illci1in b ~ i l l o i ~ l r s  (d'ORBIGNY) 
1981 P ~ i l l o ~ i n  b~i l lo i i les (d' ORBIGNY) - SEJIZUI' r f  a/., p. 293, pl. 
2/8. 

EIpl1idilirir nrct ic~r i i i  (PARKER & JONES) 
1930 Elphidi~ii1i nrcticl i i i i  (I'ARKER & JONES) - CUSHMAN, p. 
27, pl. 11/1-6. 

Epo~ii i les t i ~ i i n t ~ i i l i i s  (BRADY) 
1960 Epoiridcs t r ~ r r i ~ d i ~ l u s  (BRADY) - BARKER, p l .  95/8 

O o l i r ~ n  hcmgol in (WILLIAMSON 1848) 
953 O o l i i ~ n  Iicrilgorin (WILLIAMSON) - PHLEGER & PARKER, 
p 69, PI. 141'1-2 

Ooli11, sp. 
1851 Lngeiin nci~ticosto 11 - REUSS, p .  305, pl .  I /4. 
1971 cf. Ool i i i n  i~critrcostn (REUSS) - KNUDSEN, pl .  611 u. pi. 
17/1 - , -  
1953 Lngo?n n /~ top ic~ i r r i  11 - LOEBLICH & TAPPAN, p. 59, pl 
10/10+15 

Po ttelina cori irgntn WILLIAMSON 
1953 Pnttcli i ln coi I ~ ~ < y a t n  WILLIAMSON - I'HLEGEII e f  a[., pl .  
9/14 

Cnssid~rlir in r c n ~ f i ~ r i n r ~  NORVANG 
1980 Cnssid~r i inn rn?iforrr~c NORVANG - SEJRUP & GUTLBAULT, 
p. 79-85, Abb. 2. 

G l o b o ~ ~ ~ s s i d i t l i n n  sr~bglobosn (BRADY) 
1960 Cilssrdi~l i r i i~ sr~bglobosn BRADY - BARKER, pl. 54/ 17 

S~gir io~lopsrs s c l ~ l r r n ~ b c r ~ ~ c r i  (SILVESTRI) 
1960 Siginoilopsis schlzr~lrhr,-gcri (STLVESTRI) - BARKER, p. I(>, 
PI. 8 / 1 4 ,  

Ai i~inobncr~l i tcs i l : ; g l ~ ~ t i i i n i ~ s  (d' OIIBIGNY) 
1960 A111liiobnililites n ~ ~ y ~ l ~ r t i ~ ~ i ~ ~ i s  (d' ORBIGNY) - BARKEII, p. 
66, pl. 32/19-21+24-26. 

Trifnri i in o i ~ g ~ ~ l o s n  (WILLIAMSON) 
1981 T,$lri i io i i i i ~ i r losn  (WILLIAIvISON) - SEJRUI' et 111. T2/10. 

Stctsorlln nrctrtn (GREEN) 
1991 Stctsoiiin nrcticn (GREEN) - SCOTT & VILKS, pl .  I / -6  

S i ~ ~ l r o t c x t l ~ l i i r ~ n  r t ~ l s l i n i i s o ~ i  PHLEGER & PARKER 
1951 Sip l lo tc r t~ i ln r in  r o l s h n i i s ~ ~ i ~ i  PHLEGER & PARKER - PT-ILE- 
GEIZ & IJARKER, p .  4, pl .  1/23-24. 

Riipcrti i i i l  shibiirs WALLICH 
1988 R ~ i p c r t i r ~ n  stubdis WALLICH - LUTZE & ALTENBACH, p .  
31-46, Fig. 3-5. 

E i i l i i i i i i ~ n  rrmlgiiintn d' ORBIGNY 
1960 D r i l i i ~ ~ i i i n  ii~nr;<irintn d '  ORBIGNY - BARKER, pl .  5 1 / 3 5  

P i ~ l l o i i n  qriiriqrielobii (REUSS) 
1989 P r i l l ~ r r ~ i l  qi i i i iqrrc~lobi~ (REUSS) - OKI, pl .  20/7a-c 

Pnri$iss~rrrnn oontn (WIESNER) 
1950 Pnrnfissi~rinil o i~r i tn (WIESNER) - PARTI, p .  316, p .  316, pl. 
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Tcxtlilnrin v~gitt~iln DEFRANCE 
1960 T~strilorin sogitt~lln DERFANCE - BARKER, pl. 42/17-18 

C!/cloi~!jrfl plrirrrirbis (SCHULTZE) 
1964 Cyclog!yr.n ~iliiirurbis (SCHULTZE) - LOEBLlCH & TAPPAN, 
pl. 329/2+2b. 

Cibicidcs~l(.tc/ie,.i GALLOWAY & WISSLEli 
visus 1991 Ctbiciricsj7rtcheri GALLOWAY & WlSSLER, LUTZE- 
collection. 

Footnote t o  A m e x  1: 
Tnronorllic Groi~ps 

a. Morphological Group ,,Ln~u~rn spp." 
This group includes calcitic elongated ~nonothalamous forami- 
niferal tests, hyaline t o  opaque ,  63-250pm in length. Relative 
abui~dance of this group is typically less than I'X,. 

b. Cnssid~ili~in te,zvtis and Cnssiliirlinn Incr~tgntir -group 
In samples from subrecent sedimentary samples it is difficult to 
distinguish between specimens of C. tel-etis and C. liici~i~~ntfl. 
(Mackensen & Hald 1988). 111 the modern Norwegian Se,i 
(Mackensen 1985) C. lnevigntn is restricted to water depth above 
800m. It is therefore concluded that most of the specimens in the 
samples are C. teretis. In the following discussion the t~ixon ,,C. 
terr7tis'' documents data of both species. 
c. ,,arenaceous tubes"-group. Due to the poor preservativn of 
tube shaped agglutinated foraminifera in the fossil assembla- 
ges, used this morphological group. The group is mainly com- 
posed of the genera Sr~ccltorizn and Hypernririnn. 
d. Group Elphidirrirr spp. 
In the distribution of 1k.e benthic foraminifera in the deep 
basins of the Normlegian-Greenland Sea the genus Elpltidi~irri is 
not present (Thies 1991; Lutze & Salomoii, 1987). The occurrence 
of tests of the typically ,,shelf" genus in the investigatecl core 
sediments indicates the input of shelf material reworkrd by icr 
rafting. The most important species in the samples are E. czrco- 
tinh~irr and E .  nrcticrlrr~. Elplrrdirrrrr spp.. They occur in relati\re 
abundances mainly below S'X,. 



































Paleoceanography of the North Atlantic Ocean (68"-76"N) 
during the past 450 ky deduced from planktic foraminifera] 

assemblages and stable isotopes 

HENNING A. BAUCH 
GEOMAR - Research Center for Marine Geosciences, Wischhofstrasse 1-3, D-24148 Kiel, Germany 

ABSTRACT 
Polar and subpolar planktic foraminifera and the stable oxygen and carbon isotopes of Neoglo- 
boqllndrirza pach!ydermn (s) from the Nordic seas are analyzed for the time period since oxygen 
isotope Stage 12, wit11 special emphasis on interglacial time slices Stages 11,5e (Eeinian), and 1 
(Holocene). 
A comparison of relative ("/I,) and absolute test concentratioi~s from two different size fractions 
reveals a complex downcore pattern for the morphogroup N. pnclzyderma. Ratios of small-sized 
N. pacllyderr?ln (s) to N .  ~vrclzyderrrla (d) vary between Stage 11, the Eemian and the Holocene, due 
to changes ill test concentrations of N. pachydernla (s) only. As revealed in the downcore records, 
both coiling varieties of N, paclzydcri7zn are somehow related to each other, but the use of per- 
cent data as surface water mass proxy appears to be limited. The most doininant subpolar spe- 
cies, Elrborotalitn qtlinqt~eloba and Globigerinn bulloides, mainly occurred during the Holocene, 
the Eemian, and Stage 11. Both species are inversely related to N. pnch!jder17za (s) in that their 
abundai~ces steadily increased during all three interglacials. During these times, C. blllloill~s 
remained always restricted to the eastern area of the Nordic seas with dominant Atlantic water 
masses. In contrast T. qutnqllelobn exhibited a much wider distributional pattern. 
From stable isotopes and faunal variability it is inferred that the entire Nordic seas was covered 
by sea-ice during the cold seasons in Stage 11 resulting in both, highest test concentrations of 
N. pnchyderma (s) and highest 613C values observed tluoughout the past 450 ky. For the last two 
interglacials, oxygen isotope values and test coi~centrations of T. q~li~zqueloba indicate that war- 
mer surface waters must have prevailed in the western Iceland Sea in the Eeinian compared 
with any time during the Holocene time interval. 

INTRODUCTION 
Recognizing variations of past water mass compo- 
sitions has bee11 a major issue for paleoceanogra- 
phical and ultimately also for paleoclimatological 
interpretations. The climate over the past 600 ka 
has been dominated by strong fluctuations ill nort- 
hern hemisphere ice sheets (Tiedemam et a/., 1994). 
During times of retreat and advance of the ice 
sheets, modern-type circulation pattern evolved 
and/or deteriorated accordingly. The timing of 
these glacial-interglacial cycles, reflected in the 

oxygen isotope record as global ice volume effect, 
has been tied to variatons in solar radiation (e.g. 
Imbrie et nl., 1984; Martinson ct nl., 1987). Based on 
the Milankovich theory, these orbitally induced 
changes (Hays et nl., 1976) have left their imprint 
on northern high-latitude sediments. The close 
vicinity of the Nordic seas (Norwegian, Greenland, 
and Iceland seas) to repeatedly glaciated landmas- 
ses makes this area a key region to inonitor late 
Pleistocene water mass/climate relations, which 
become particularly apparent during the change 

In: Hass, H.C. & Kaininski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. Grzybozvski Fotlrzdntiorz Specinl P~lblicntiorz, no. 5, yy. 83-100 
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from a glacial to an interglacial climatic mode 
(Imbrie et nl., 1993). Previous faunal studies carried 
out in this region have shed some light on distri- 
butional patterns by assigning distinct species to 
belong to either a glacial or an interglacial fossil 
assemblage (e.g., Kellogg, 1984; Streeter et nl., 1982; 
Haake & Pflaumann, 1989). Kellogg (1976, 1977, 
1980) first documented the strong climatic and 
oceanographic resemblance of the last interglacial 
optimum, isotope Stage 5e, with that of the Holo- 
cene and stated that only these periods where 
times of full interglacial conditions (i.e. Holocene- 
like) whereas the others were marked by cool or 
cold conditions with ice-cover. However, this state- 
ment is strongly dependant on discriminating bet- 
ween 'warmf- and 'coldf-water indicating species 
of planktic foraminifera. But these earlier interpre- 
tations were based on different methodologies, i.e. 
in terms of the lower limit of the used mesh size, 
which particularly during colder periods may not 
cover all of the 'warm' signal contained in the fau- 

nal record (Bauch, 1994a). 
The purpose of this study is to show the tem- 

poral and spatial distribution of planktic foramini- 
fera throughout the past 450 ky of glacial and 
interglacial change and to evaluate particularly the 
most prominent interglacials according to their 
oceanographic characteristics. It has been shown 
that of all interglacial phases during the past 450 
ky, only the Holocene, Stage 5e and Stage 11 were 
prolonged times when the deposition of iceberg- 
rafted detritus (IRD) ceased in at least the southern 
Nordic seas (Birgisdottir, 1990; Baumam et nl., 
1995). Core sections covering interglacial Stages 7 
and 9 contain notable amounts of IRD in the Nor- 
dic seas (Henrich et nl., 1989). They, therefore, can- 
not be addressed as interglacials selzsll stricto. 

SURFACE WATER PROXIES 
The modern surface water pattern of the Nordic 
seas may be characterized today by a threefold 
subdivision based on salinity variations and tem- 

peratures which de- 
crease towards the 
north and the west 

80" (Swift, 1986). Inco- 

ming relatively warm 
and high saline 
Atlantic surface wa- 
ter (6-10°C, >35'%") 
that flows as the Nor- 
wegian Current (NC) 
along Norway's and 
Svalbard's shelf mar- 
gin towards the north 
into the eastern Arctic 
Ocean basin compri- 
ses the Atlantic 
Domain (Fig. 1). The 
western part of the 
Nordic seas, made up 
of the Polar Domain, 
is marked by the out- 
flow of the relatively 
cold and low saline 
water (<O°C, <34,4 %o; 
Swift, 1986) of the 
East Greenland Cur- 
rent (EGC) from the 
Arctic Ocean. This 
water eventually lea- 
ves the Nordic seas 

1 O"W 0" 1 O0E 
via Denmark Strait 
into the North Atlan- 

-"-----+ tic. Polar and Atlantic 
cold Warm domains are separa- 

Figure 1. Overview of the modern distribution of main surface water masses ted from each other 
in the Nordic seas. by the Arctic Domain, 
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Table 1. Geographical position, water depth, and modern surface water temperatures (adopted from Dietrich, 1969) of 
investigated core sites. 

Site Geogr. Position Water Depth Core Length Modern Temp. "C 
Lat. (N) Long. (m) (m) Surface 

MI7732 71 "36.8' 04O12.8'E 31 03 5.93 8.0 

which essentially is mixed water from the former 
two. Moreover, this domain is the main area of 
deep water formation in the Nordic seas and has 
two distinct oceanographic fronts on either side. 

Various planktic faunal and floral investiga- 
tions are instrumental in monitoring the variability 
of oceanic processes in the Nordic seas during gla- 
cial to interglacial time (e.g. Kellogg, 1980; Jansen 
& Bj~rklund, 1985; Baulnann & Matthiessen, 1992; 
Bauch, 1993). A particular marine microfossil 
assemblage can either serve as a direct indicator of 
the past surface water or can be utilized to estimate 
specific physical properties, e.g. temperature (Koq- 
Karpuz & Jansen, 1992). Within marine plankton 
assemblages, which are believed to be good recor- 
ders of present and past physical and chemical sur- 
face water changes, planktic foraminifera in parti- 
cular represent a major component in the deposi- 
tion of hemipelagic and pelagic sediments, resul- 
ting in high amounts of carbonate content in the 
sediments (Kellogg, 1975; Baurnann et al., 1993). 
Traditionally, all species that occur in upper Plei- 
stocene or Holocene sediments in the North Atlan- 
tic may be assigned, according to their generally 
preferred latitudinal habitat, to a polar and a sub- 
polar group (Kipp, 1976; Kennett & Srinivasan, 
1983; Hemleben et al., 1989), and consequently, to a 
glacial or interglacial group. In the Nordic seas left- 
coiled Nec1~loboq1.iadri7za pnchyden71a sinistral (s) is 
the main representative of the polar group. Al- 
though often regarded as the only true polar spe- 
cies, it is well known that N. pachyden?ra (s) is to 
some extent always accompanied by the right-coi- 
led variety N. pachydernia dextral (d). The subpolar 
group is predominantly made up of R~rborotalita 
quinqueloba, Globigerina blllloides, Globigerinita gluti- 
rzata, GI. l ivl~la and depending on the water mass 
temperatures also of N. pachydenna (d). To a much 
lesser degree, even species from temperate or sub- 
tropical provenances do occasionally occur (Kel- 
logg, 1984; Haake & Pflaumaru~, 1989). Howevel; 
most of these species are rare and appear to be 
restricted to the Eemian time interval and the 
southeastern part of the Nordic seas where the 

influence of North Atlantic surface water is most 
dominant (Kellogg, 1980; Bauch, 1993). Stratigra- 
phically, subpolar foraminifera occur in the Nordic 
seas mainly during interglacial times and are, 
therefore, indicative for the presence of warm 
Atlantic water. Because of its nearly continuous 
presence in both glacial and interglacial high-lati- 
tude sediments, the polar species N .  pacliydern~n (s) 
is most commonly used for stable isotope analyses, 
thus providing the downcore stratigraphical 
framework. 

MATERIALS AND METHODS 
For this study six sites were chosen, which on a 
broad scale cover the main water masses of the 
Nordic seas (Fig. 1). Most of these cores are spliced 
together with box cores from the same site and ori- 
ginate from water depth ranging between -1900- 
3100 m (Table 1). All cores were collected during 
cruises of the German research vessels RV Poli71.- 
stern and RV Meteor. 

Sampling of the cores was carried out as 1 cin 
thick slices at intervals of 5-10 cm for the long cores 
and usually every 2 cm for the box cores. All Sam- 
ples for faunal investigations were then dried, 
weighed, washed into >63 p-~ residues and later 
separated into different size fractions (63-125 pun, 
125-250 p, 250-500 pm, >500 ~un) .  For counting 
the planktic fauna a mesh size range of 125-500 ~1111 

was considered. The use of the size fractioi~ 
> 125 p has proven to be a crucial issue for eva- 
luating past oceanographic changes as planktic 
foraminifera1 tests appear to be smaller in Nordic 
seas sediments than further south in the North 
Atlantic. Taking mesh size 150 p as a lower limit, 
as recommended by CLIMAP Members (1976), 
may not give a fair reflection of relative species 
abundances. This in particular applies to the most 
abundant but relatively small-sized subpolar spe- 
cies in the Nordic seas, Rirborotalita qliinqlielobm, 
which may bear important paleoceanographic 
implications for interpreting periods with changes 
in surface water properties (Bauch, 1994a; Hebbeln 
et al., 1994). 
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Faunal counts were carried out separately on 
the 125-250 pm and 250-500 pm fractions. With this 
method the abundance variations of larger-sized 
species such as, e.g., Globigerirtn b~~l loides  can be bet- 
ter expressed, which would otherwise appear to be 
statistically underestimated in terms of their 
paleoceanographic implication. Prior to quantifica- 
tions each appropriate sample was split down by 
means of a microsplitter. Test concentrations are 
expressed as specimens per gram dry bulk sedi- 
ment. 

Stable isotope measurements were performed 
on the species Ncogloboqnndri~zn pncl,~yderiizn sinistral 
(s) using a fully automated MAT 251 mass spectro- 
meter (Leibniz Laboratory at Kiel University). To 
reduce the effects of stable isotope differences 
among morphotypes of this common species 
(Healy-Williams, 1992), 25-30 four-chambered, 
quadrate specimens from the 125-250 pn size frac- 
tion were picked. The stratigraphical framework of 
the cores is based on the correlation between stable 
isotope records given by N. pnchyrleriiin (s) and the 
SPECMAP time-scale with its assignment of oxy- 
gen isotope stages and substages (Imbrie et nl., 
1984; Martinson et nl., 1987). Stage boundaries were 
always set along the decreasing or increasing 
slopes of the oxygen isotope curves and, where 
necessary, further aided by the faunal results. 

RESULTS 
Stable isotopes 
The stratigraphic control of the investigated sedi- 
ment cores is based on both oxygen and carbon sta- 
ble isotopes. This framework is further supported 
by the faunal results. Core PSI244 has no stable iso- 
tope record, but, as it will be shown in this study, it 
nevertheless has a good stratigraphical control due 
to faunal correlations with nearby Core PS1243. 
Furthermore, both cores correspond well in terms 
of CaCO, content (Birgisdottir, 1990). The isotope 
records date back to oxygen isotope Stage 12 for 
most cores (Fig. 2). Core MI7732 extends stratigra- 
phically down to approximately stage boundary 
6/5 (Termination 11). Despite the relatively low 
sample resolution, major features of the stable iso- 
tope records can be recognized in the cores. Inter- 
estingly, most often the carbon isotope record 
appears to be a more precise stratigraphical tool 
than the oxygen isotopes are. This in particular 
applies to Core PSI906 in which the oxygen record 
is rather difficult to interpret on its own below gla- 
cial Stage 2. Cores M23063 and PS1243, which 
today are most closely to the main flow path of 
Atlantic surface water, show best the typical chan- 
ges that shaped environmental conditions during 
the past 5 glacial/interglacial cycles. However, 
apart from these common features, there are some 

significant characteristics which can be traced 
throughout the records and others which seem to 
vary laterally. In all cores the increase of 613C 
values after Stage 2 is always concurrent with a 
decrease in 6180. Highest Holocene carbon values 
are very similar in most cores ranging between 0.7- 
0.9%" - Core MI7732 is lacking the uppermost -4 
ky (Weinelt, 1993). In comparison peak values of 
the oxygen isotopes show much larger deviations. 
essentially due to the effects of either temperature 
variations in the suriace water and/or to an addi- 
tional input of freshwater from melted icebergs 
(e.g. compare Cores PSI906 and PS1243), both lea- 
ding to lower values. This finding appears to be in 
strong contrast to the carbon and oxygen values 
recorded during Stage 5. Surprisingly, the highest 
carbon values of similar magnitude recorded in the 
Holocene are not coeval with the lowest oxygen 
values of the last interglacial phase, which always 
appears during early Stage 5, that is Stage 5e (or 
the Eemian; Mangerud, 1989). Instead, the highest 
carbon values are noted much later during Stage 5, 
close to Stage 4, whereas Stage 5e values are indeed 
lower by about 0.5% in comparison to the Holo- 
cene. 

Those parts in the cores which are assigned to 
Stage 11 show a very intriguing pattern in terms of 
the lateral distribution of stable isotopes. Cores 
M23063, PS1243, and PSI246 display their highest 
6% values in Stage 11, but, whereas the oxygen 
values of about 3% indicate typically interglacial- 
like low values at the sites from the Norwegian Sea 
(Cores M23063 and PS1243), Core PSI246 from thc 
western Iceland Sea records values close to 4%. 
The 6% values in Core PSI906 during this time 
are lower in comparison to other stages of this core. 
But it should be noted that here the highest carbon 
values in Stage 11 slightly lag behind the lowest 
oxygen values. The same feature is also observed 
in Core PS1243, which for this time period seems to 
have the best sample resolution of all investigated 
cores. Despite the generally good stratigraphic 
agreement of Stage 11, there are some notable 
discrepancies among the cores concerning the pro- 
per position of the Stage 11/10 boundary, which 
could not be precisely determined with the present 
sample resolution. 

In a previous study, the lowest part in Core 
PSI246 (-680 cm) has been assigned to Stage 
boundary 15/16 (Bauch, 1994b). This section is 
clearly not present in Cores PSI243 and M23063 
and therefore it was not attempted to further sub- 
divide this interval in Core PS1246. 

Faunal distribution 
It is beyond the scope of this study to discuss in 
detail any notable variation in faunal compositiolt 
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Fiure 2. Glacial-interglacial stable oxygen (black curve) and carbon (grey curve) isotope records of the past 12 oxygen 
isotope stages analyzed oil N. pnchydernln (s) (approx. 450 ky). Arrows mark the peaks of the three most dominant 
interglacial phases. During these intervals test concentrations of planktic foraminifera were high and input of ice-raf- 
ted rock fragments by icebergs lowest, essentially indicating similar surface water conditions. 

that might occur during, e.g., the Holocene section 
which of course could give valuable information 
on smaller-scaled oceanographic changes (Bauch & 
Weinelt, 1996); these Holocene to last glacial core 
sections were sampled in closer intervals than the 
older core sections and are therefore hardly com- 
parable. But the way a full-interglacial subpolar 
assemblage evolved after a glacial maximum is 

illustrated in Fig. 3 for the Holocene and the last 
interglacial, the Eemian. Both, Holocene and 
Eemian faunal records show variations, however, 
the highest abundances of all interglacial-indica- 
ting species, i.e. subpolar species, are always noted 
during IRD-free sections only. Of all subpolar fora- 
minifera in Core M23055 T. qlriizqueloba totals -40% 
and is by far the most dominant species. The 
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M 23055 
ween 6-5 ky BP (14C) within the 
main phase of the hypsithermal 
with the highest Holocene tem- . . - 

. peratures (between 8-5 ky BP 

1 according to Nesje & Kvamrne, 
- 4 W M  s. 

2 1991). Ztrborotnlitn quinqzreloba 
z once again dominates the sub- 

* .  polar fauna and moreover, 
makes up -65% of the total 
assemblage during its peak at 
about 5 ky, whereas all other 
subpolar species do not even 

T. quinquelob&'g (scale: 50.000) exceed 10% altogether. Al- 
LI G. bubideslg (scale: 8.000) 
o N. pachyderrna (d)/g (scale: 20.000) though not shown here, but 
+ G. glulmafdg (scale: 8.000) 

G. UVIII~~~ (scale: 8 . 0 ~ )  worth mentioning is the fact 
+ N. pachyderma ( 5 )  (scale:100%) that the faunal species composi- 

tion of the Holocene and Eemi- 
an sections is generally more 
diverse within the eastern cores 

PS 1243 from the V ~ r i n g  Plateau and 
Holocene ,< 2.5 I Termindtion KMoO south of it, i.e. below the main 

VI 

' g 
track of Atlantic water (Bauch, 
1993; Kellogg, 1980). 
In the following section the gla- 
cial and interglacial distributio- 
nal pattern of some of the more 

. important species shown in Fig. 
4a-f will be described for the 

T. qu inque~o~g (scale: 50.000) time period since Stage 12. 
G. bullordeslg (scale: 7.000) 

0 N. pachyderma (d)lg (scale: 7.000) + G. glubnafalg (scale: 7.000 + N. pachyderm (s) (scale I Polar record 
In this study the relative abun- 
dance of N. pnchydermn (s) 
varies between 15-98% (Fig. 4a- 
f). Highest percentages are 
clearly related to typically gla- 

2 4 6 8 10 12 cia1 periods in all cores, whereas 
Age (kyr 14C BP) the lowest values are found in 

Cores MI7732 and M23063 
Figure 3. Distribution of the most dominant planktic foraminifera1 species in during the ~ ~ l ~ ~ ~ ~ ~ .  goth of 
the Holocene and across the last interglaciation, Stage 5e. The stratigraphy of these sites are located below the 
Core PSI243 is based on radiocarbon ages (reservoir corrected by 400 years) 
and adopted from Bauch & Weinelt (1996). The duration of Termination I and modern track of warm Atlantic 

11, i.e., the deglacial phase which preceded the Holocene and Stage 5e inter- surface water. There is a 'lear 
glacial maximum, is deduced from the downcore distribution of ice-rafted right s ~ e c i -  
rock fragments (adopted from Bauch et nl., 1996). The vertical shaded bars mens between 3040% in both 
indicate the interglacial optimum in the Holocene and Stage 5e intervals size classes of Core MI7732 
when highest abundances of subpolar species are observed (numbers in during the Holocene. This is 
parentheses refer to the top scale of the vertical axis). also seen in the Eemian section 

but with an enhanced relative 
dominance of the larger speci- 

remaining subpolar foraminifera only make up mens over the smaller tests (17 to 40%). A similar 
18% of the assemblage altogether. If one compares pattern is noted in Core M23063 where larger spe- 
the Eemian assemblage with that of the Holocene, cimens of N. pnchydermn (d) dominate over smaller 
then again all subpolar planktic foraminifera specimens during the Holocene but even more so 
increase in test concentrations during the late during the Eemian. At the same time the relative 
deglaciation and, despite some obvious variability abundance of N. pnchydemza (s) in both cores is 
throughout the Holocene, reach their peaks bet- increased during the Eemian compared to the 
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Figure 4a. Downcore variability of the dominant planktic foraminifera1 species. Shown are the faunal results of the two 
size fractions 125-250 pm and 250-500 pm in comparison to planktic oxygen isotopes (grey curve) and relevant isotope 
stages. Arrows on oxygen isotope curves indicate the three most dominant interglacial phases. 
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Fraction 125-250pm Fraction 250-500pm 

G. quinqueloba N. pachydenna (s) N. pachyderrna (d) G. bulloides N. pachyderma (s)  N. pachyderrna (d) 
SpecJg SpecJg SpecJg SpecJg SpecJg SpecJg 

Figure 4b. Downcore variability of the dominant planktic foraminifera1 species. Shown are the faunal results of the 
two size fractions 125-250 pn and 250-500 pm in comparison to planktic oxygen isotopes (grey curve) and relevant 
isotope stages. Arrows on oxygen isotope curves indicate the three most dominant interglacial phases. 
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Fraction 125-250pm Fraction 250-500pm 
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Figure 4c. Downcore variability of the dominant planktic foraminifera1 species. Shown are the faunal results of the two 
size fractions 125-250 pm and 250-500 pm in comparison to planktic oxygen isotopes (grey curve) and relevant isotope 
stages. Arrows on oxygen isotope curves indicate the three most dominant interglacial phases. 
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Fraction 125-250pm Fraction 250-500pm 

Fiure 4d. Downcore variability of the dominant planktic foraminifera1 species. Shown are the faunal results of the two 
size fractions 125-250 pm and 250-500 pn in comparison to planktic oxygen isotopes (grey curve) and relevant isotope 
stages. Arrows on oxygen isotope curves indicate the three most dominant interglacial phases. 
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Figure 4e. Downcore variability of the dominant planktic foraminifera1 species. Shown are the faunal results of the two 
size fractions 125-250 p and 250-500 p in comparison to planktic oxygen isotopes (grey curve) and relevant isotope 
stages. Arrows on oxygen isotope curves indicate the three most dominant interglacial phases. 
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Figure 4f. Downcore variability of the dominant planktic foraminifera1 species. Shown are the faunal results of the two 
size fractions 125-250 pm and 250-500 pn in comparison to planktic oxygen isotopes (grey curve) and relevant isotope 
stages. Arrows on oxygen isotope curves indicate the three most dominant interglacial phases. 
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Holocene. During the colder climate periods (Sta- 
ges 3 and 4) N. pach!yderina (s) is predominant. The 
further downcore record in Core M23063 reveals 
another notable drop in relative abundance of 
small-sized N. paclz!ydernza (s) during early Stage 7 
but with no response from the right coiling variety. 
This is only indicated in Stage 11 where N. pach!y- 
riernla (d) records a slight increase. 

If one compares relative abundances with test 
concentrations in Core M17732, the record of small- 
sized N. pachyderlna (s) shows relatively constant 
values throughout, except for a significant decrease 
during the Eemian and the Holocene. In contrast 
N. pnclz?/denw (d) indicates warm conditions 
during the Holocene and the Eemian whereas 
large-sized N. pachyderlna (s) shows its peak abun- 
dances clearly after the Eemian (upper Stage 5) 
during Stage 4 and with one obvious increase in 
Stage 3. The test concentration record of small- 
sized N. pachyderi7zn (s) and N. pachydernza (d) 
below Stage 5 is nearly coeval with major peaks in 
Stage 11, Stage 9 and late Stage 7 (Fig. 4b). Large- 
sized N. pachydernla (s) shows increased abun- 
dances during Stage 7, Stage 5, and with one minor 
spike in Stage 3. At this point it should be stressed 
that small-sized N. pachyder171a (s) records highest 
test concentrations in Stage 11 (-80,000 tests) with 
a ratio to N. pachyderlna (d) of about 24:l. Within 
the Eemian and the Holocene this ratio is 6:l and 
4:1, respectively. Obviously, this relation with a 
continuously decreasing dominance of N. pacl~yder- 
ma (s) over N .  pnch!yden7za (d) is caused solely by a 
reduction in test concentrations of N. pnclzyderl7m 
(s). 

Overall, a similar pattern to that in Core 
M23063 is also recorded in Core PSI243 (Fig. 4c). 
This applies not only to the ratio of N. pachyderma 
(s) vs. N. pachydenna (d) in the small-size fraction 
but also to the major spike in relative abundance of 
large-sized N. pachyderlna (d), which remains 
restricted to the Eemian time interval in all eastern 
cores (Fig. 4a-c). Further to the west, in Core 
PSI244 (Fig. 4d), the ratio between small-sized N. 
pacl?yderina (s) and N.  pachyderma (d) is about 30:l 
during all three major interglacials whereas in Core 
PSI246 (Fig. 4e) this relation varies between 40:1, 
50:1, and 60:l during the Holocene, Eemian and 
Stage 11, respectively. In both of these cores from 
the Iceland Plateau, the prominent spike in relative 
abundance of large-sized N. pachyderma (d) which 
is so dominant in the Eemian interval of the eastern 
cores, has totally vanished. The gradual decrease in 
predominance of N. pachyderma (s) over N .  pachy- 
dernln (d) from Stage 11 through the Eemian down 
to the Holocene also remains in the foraminiferal 
record of Core PSI906 (Fig. 4f) with ratios of 40:1, 
35:1, and 25:1, respectively. Although this site 

appears to be prone to turbidites which may have 
led to some size-sorted foraminiferal layers at core 
depth -300 and -415 cm (Hamich, 1991), the 
records from the Iceland Plateau indicate that the 
relative abundance of large-sized N. paclzyderina (d) 
shows no major increase during the Eemian inter- 
val. Yet, it is noted from the test concentration 
record in these cores that both large-sized varieties 
reveal some variability thoughout Stages 7-5. 

In summary, the following main features are 
observed: 

In all cores, both small-sized varieties of N. 
pachyderlna are somehow related to each other 
during the last two interglacials in showing coeval 
records of test concentrations and relative abun- 
dances. 

On a one to one ratio based on interglacial test 
concentrations, the dominance of N. paclzy~leri~ln (s) 
clearly decreases over N. paclzydernza (d) from inter- 
glacial Stage 11, over Stage 5e, to the Holocene. 

A significant increase in relative abundance of 
the large-sized variety of N. pachydernla (d) is indi- 
cative for the Eemian interval only and is confined 
to cores from the modern Atlantic Domain. 

Subpolar record 
As already noted from the faunal distribution pat- 
tern in Fig. 3, true subpolar species increase during 
full interglacial conditions only after glacial condi- 
tions have vanished. Among this subpolar assemb- 
lage, T, q~linqueloba and G. bulloidrs are the most 
dominant species due to high test concentratioi~s 
per sample and/or size fraction. Accordingly, they 
have a strong interpretative basis and appear to be 
more suitable as paleoceanographic tools than the 
other species. Moreover, as will be shown, they 
also reveal a distinct lateral distribution in the Nor- 
dic seas. 

The downcore faunal data for T. qnilzqueloba 
and G. bulloides are given in Fig. 4a-f alongside 
those of N. paclzydernza. Both species show in- 
creased relative and test concentration abundances 
during interglacial phases. Taking the record from 
Core M23063 (Fig. 4b) as representative of the 
eastern Nordic seas, both species display steady 
increases in test concentrations since Stage 11, with 
the highest numbers recognized in the Holocene. 
Beside these records in Stage 11, the Eemian, and 
the Holocene, increased abundances are also ob- 
served during early Stage 7. Towards the west and 
onto the Iceland Plateau, (i.e. towards decreasing 
modern surface water temperatures), the distinct 
downcore pattern from Core M23063 displays 
some major changes (Fig. 4b-e). The subpolar 
record of Stage 11 is basically vanished west of 
Core PS1243. In comparison with Core M23063 the 
Eemian and Holocene abundance record of G. 
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btllloides is reduced by more than 50% in Core 
PSI243 and without significance in Core PS1244. If 
one follows the Eemian and Holocene pattern in 
each core from the east towards the west, the domi- 
nance of the subpolar species in the Holocene over 
that in the Eemian as revealed by the eastern cores 
(Fig 4a-c) is already reduced at site PSI244 and 
eventually is opposite in Core PS1246 (Fig. 4d-e). 
This is so despite the fact that much lower sample 
resolution were applied on these Eemian sections 
than on the Holocene core ~ntervals. In relation to 
this finding, Core PS1906 with lowest modern sur- 
face water temperatures did not yield any subpolar 
specimens in Stage 11 at all and G. btllloides was 
encountered neither in the Eemian nor in the Holo- 
cene. However, based on the relation of the Femian 
and Holocene abundance record of T. qlrilzqut~lobn 
together with the oxygen isotope record, Core 
PSI906 appears to be similar to Core M23063. 
In summary, the subpolar record is as follows: 

The stratigraphical occurrence of T. qt~inquelobn 
and G. b~llloides is mainly tied to the Holocene, the 
Eemian, and Stage 11 with the least response in the 
latter interglacial. 

The spatial distribution pattern of G. bl~lloides 
is strongly water mass dependent, being confined 
to the area which is mostly influenced by Atlantic 
surface water. 

Tz~rborotalzt~ ql~~nqut.lobn exhibits a wide distri- 
butional pattern in the Nordic seas, and is most 
dominant in the Holocene and Eemian intervals. 

Both C. bl~lloides and T. qt~znqlrelobn are inverse- 
ly related to N. pachydernzn (s) in that their abun- 
dances have steadily increased during all three 
main interglacials since Stage 11, whereas test con- 
centrations of the polar species became reduced 
during the same time. 

A similar change as observed in the faunal pat- 
tern of T. qt~inqz~elobfl is recognized in the oxygen 
isotopes. Oxygen values of Stage 11 are always 
slightly higher than Eemian and Holocene values 
in most cores. Although maybe not very well repre- 
sented in Cores MI7732 and M23063 (the top in 
Core MI7732 is missing and the actual Eemian 
peak in Core M23063 may not be completely sam- 
pled), many isotope records from the Norwegian 
Sea show similar planktic oxygen values during 
the Eemian and Holocene (Vogelsang, 1990). 
Taking this at face value there is a definite change 
in Core PS1246. Here, oxygen values in the Eemian 
are about 0.3%0 lower than in the Holocene. 

PALEOCEANOGRAPHIC INTERPRETATION 
Stage 11 
In terms of terrestrial Pleistocene terminology, 
Sarnthein et n1. (1986) and Shackleton (1987) corre- 
lated marine isotope Stage 11 with the Holsteinian 

warm phase. This is in contrast to studies by Sejrup 
& Knudsen (1993) who indicate ages which would 
place the Holsteinian into oxygen Stage 7 rather 
than into Stage 11. Regardless of this controversy, 
in Nordic seas sediments only oxygen Stage 11, 
Stage 5e and the Holocene represent prolonged 
time intervals which are barren of any IRD (e.g. 
Birgisdottir, 1990). This inevitably means that ice- 
berg-melting was low in Stage 11 and hence, the 
chance that meltwater influenced the water mass 
circulation in the sense of Broecker & Denton 
(1989) must have been small also. 

The lack of a proper subpolar planktic forami- 
niferal fauna with 'interglacial-type' abundances 
(i.e. Eemian or ~01ocene)~is hard to reconcile with 
the present knowledge of typically glacial and 
interglacial water mass circulation in the N. Atlan- 
tic region. Based on the planktic foraminifera1 dis- 
tribution, it must be assumed (if at all) that the 
main mass of Atlantic surface water penetrated the 
Nordic seas as a strong eastern boundary current. 
Therefore, all cores used in this study would fall 
within a relatively cold water mass regime with 
polar imprint. Despite the fact that most areas of 
the Nordic seas were under strong influence of 
these polar water masses, a modern-like east to 
west and southeast to north temperature gradient 
obviously still existed. A decreasing temperature 
gradient towards Greenland with 'warm' species 
in the Norwegian Sea can also be inferred from coc- 
colith studies (Bleil & Gard, 1989; Henrich & Bau- 
mann, 1994). 

The large easterly expansion of polar surface 
water masses during Stage 11 may be also reflected 
in the planktic stable isotope records. Planktic car- 
bon isotope records and their interpretations are 
much debated, because of a series of complicating 
factors. These arise from species-dependent 'vital 
effects' and depth-habitat changes, as well as glo- 
bal sea water 61" variations of total CO, due to 
gas exchange with the atmosphere in combination 
with local primary productivity in the surface 
water (e.g., Berger et al., 1981). However, if it is still 
assumed that higher planktic carbon isotope 
values also reflect enhanced surface water ventila- 
tion to some degree (Labeyrie & Duplessy, 1985; 
Vogelsang, 1990), as it is the case with some benthic 
species (e.g., Cibicidoides zut~ellerstofi), then the high 
carbon values observed in Stage 11 are due to the 
highest ventilation rate observed in these cores. 
Interestingly, a close modern analogue to these 
Stage 11 values is only noticed in Core PS1906. As 
this site is located near the Polar Front it not only 
has the lowest summer surface temperatures of all 
studied sites (Table I), it is also strongly affected 
perennially by sea-ice cover (Thiede & Hempel, 
1991). Recent data from this area with sea-ice cover 
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indicate a non-equilibrium state between atmos- 
phere and surface water (Johannessen et al., 1994). 
Holocene 61" values of N. paclzydernzn (s) which 
would match the values observed in Stage 11 are 
reported from surface sediments of the ice-covered 
Arctic Ocean (Spielhagen & Erlenkeuser, 1994). 
Therefore it appears unlikely that the very high 
613C values in Stage 11 are caused by intense venti- 
lation processes. This assumption is corroborated 
by a total lack of all epibenthic-living foraminifera, 
including C. 7unellerstorfi, which is rather untypical 
for interglacials (Belanger & Streeter, 1980; Streeter 
et al., 1982; Struck, 1992). Instead, the benthic fora- 
miniferal assemblage is entirely composed of endo- 
benthic-living species. Although the actual number 
of species is relatively high (Struck, this volume), 
an endobenthic assemblage is more typical for gla- 
cial rather than interglacial periods when thermo- 
haline advection was reduced (Struck, 1995). In 
conclusion, it appears that the Nordic seas were 
covered by sea-ice most of the year, the summer 
season was relatively cold but ice-free, thus provi- 
ding favourable conditions for N. pachydemzn (s). 

Stage 9-7 
The paleoceanographic situation in Stages 9 to 8 
was that relatively cold conditions must have pre- 
vailed since the planktic foraminiferal assemblage 
was made up of N. pachyderma only. A similar pic- 
ture is given by coccolith data which indicate a 
minor inflow of warmer Atlantic surface water 
(Bleil & Gard, 1989; Baumann, 1990). Nevertheless, 
the benthic foraminiferal record for this time pe- 
riod shows high test concentration of C. wueller- 
storfi, which indicates good ventilation of the water 
masses (Vogelsang, 1990; Struck, this volume). In 
general the situation did not change a great deal 
during Stage 7, except for the fact that there was an 
increase in warmer Atlantic surface water which 
influenced the eastern Nordic seas. This situation 
led to a slight increase of subpolar abundances at 
the beginning of Stage 7, whereas the upper part of 
Stage 7 is dominated by N. p c l ~ y d e r n ~ a  again. 

The general lack of warm water indicating spe- 
cies during Stages 9 and 7 in particular is in con- 
trast to faunal data from the NE Atlantic (-55"N) 
where both oxygen isotope stages appear as typical 
interglacials (Ruddiman & McIntyre, 1976; Ruddi- 
man ct nl., 1986). This would mean that during 
these times a relatively steep temperature gradient 
between the Nordic seas and the NE Atlantic must 
have existed. 

Eemian and Holocene 
Based on a transfer function to calculate sea surface 
temperature estimates (SST), Kellogg (1980) recon- 
structed the paleoceanographic situation for the 

Eemian and Holocene time interval in great detail 
and concluded that these periods showed only 
minor differences. The work by Haake & Pflau- 
mann (1989) essentially came to the same results. 
They also calculated SSTs which for the northern 
Norwegian Sea indicate slightly cooler SSTs in the 
Eemian than in the Holocene. With respect to the 
present study a simple evaluation of the test con- 
centration record of T. qliinqllelobn is in absolute 
agreement with this statement. But in addition, this 
study has also shown that, if T. q1~irlql~elobn is taken 
as representative for peak interglacial conditions, 
then the conditions in the Iceland Sea were relati- 
vely warmer during the Eemian than during the 
Holocene. Moreover, this conclusion gains strong 
support from the oxygen isotope data which also 
would indicate this relation. Essentially this means 
that the east to west surface water temperature gra- 
dient was less steep in the Eemian compared to the 
Holocene, but that the southeast to north tempera- 
ture decrease was maintained, possibly even reen- 
forced. 

PLANKTIC FORAMINIFERA AS PALEOCEA- 
NOGRAPHIC PROXY 
In this study it was clearly indicated that using the 
same data base, relative and absolute abundances 
on their own may lead to different interpretations. 
This is probably best demonstrated using the diffe- 
rent varieties of N. pacllyder~~ln. It has long been 
known that different coiling directions in N. ;7nclly- 
dermn are somehow related to surface water tem- 
peratures (e.g. Ericson, 1959). Furthermore, it has 
been stated that the left coiling variety (s) makes up 
more than 95% of the assemblage in waters below 
-5°C and that this variety has in general a prefe- 
rence for regions with water temperatures below 
10°C (Be & Tolderlund, 1971; Kellogg, 1980). But as 
yet, it is not known from a biophysiological point 
of view why even in the Arctic Ocean under most 
severe polar conditions, N. pnchydern~n (s) is always 
accompanied by some percentages of right coiling 
specimens (Carstens & Wefer, 1992). But despite 
the well known coiling ratios, N. pnclnjderr7la exhi- 
bits also a wide range of test morphologies (Ken- 
nett, 1968; Keller, 1978; Reynolds & Thunnell, 1986) 
among which changes in size have been applied as 
surface water proxy in previous studies (Malmgren 
& Kennett, 1978). 

The cores from the Norwegian Sea have under- 
lined the significance of relative abundances of N. 
pnchyderr?~n (d) for identifying an Atlantic-type 
water mass during the Eemian and the Holocene. 
But already in slightly cooler regions of the Nordic 
seas, relative abundances do not respond positive- 
ly any more to these peak interglacial conditions. 
Interestingly, there still is a positive response in the 
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large-sized variety of N. pachydermn (d) but then 
only in the Eemian interval. This may imply that 
different test size varieties inhabit different water 
masses. Neogloboqzlrzdrit~n pachyderr~za (s) is known 
to show large differences in depth migration 
during its life cycle, ranging from below lOOm to 
possibly two hundred meters depth for open water 
conditions (Hemleben e f  nl., 1989). It, therefore, 
reflects deeper water below the thermocline rather 
than the actual surface. But depending on the spe- 
cific conditions, the upper depth limit in particular 
may be lower. During ice-covered seasons of the 
Fram Strait area and the Arctic Ocean, the depth 
range of N .  pacllyderrnn sin. seems to be related to a 
shallower habitat (Carstens & Wefer, 1992). 

At those sites with cooler modern tenipera- 
tures the downcore relative abundance of small- 
sized N. pachydermn (d) varies only on a minor scale 
almost regardless of glacial or interglacial climatic 
mode. Therefore, one should refrain from using N. 
pachydermn (d) as a proxy when it makes up less 
than 15-20% of the assemblage. Overall, the 
covarying downcore test concentration records of 
small-sized N. pncllyderma indicates that the right 
and left coiling varieties are somehow related to 
each other, although with notable lags in peak 
interglacials (Fig. 3,4a). On the other hand, the fact 
that ratios of N .  pnch!yderrnn (s) to N. pnchyderrnn (d) 
vary between Stage 11, the Eemian and the Holo- 
cene, due to changes in test concentrations of N .  
pnchyderr~la (s) only, may suggest that both forms of 
the species have different ecological preferences. 
These may be related to the particular depth habi- 
tat and/or by a seasonal off-set in productivity 
(Reynolds & Thunell, 1986). 

Among all subpolar species in the Nordic seas 
T. qz~inqudoba reflects best interglacial conditions 
marked by a Holocene-type thermohaline circula- 
tion. Furthermore, since this species contains sym- 
biont~, its habitat is restricted to the photic zone of 
the upper surface water, i.e., <I00 m (Hemleben et 
nl., 1989). It has been demonstrated in detail that 
this comparatively small-sized species develops 
even smaller tests in cooler waters (Bauch, 1992). 
T h s  is a crucial issue when evaluating the SST esti- 
mates based on foraminifera1 counts as compiled 
by CLIMAP workers (1981) since these relied on 
the >I50 pn mesh size. This may be the reason 
why the inferred relatively warm surface waters in 
the western Iceland Sea in Eemian times as noted 
in this study were not recognized previously (Kel- 
logg, 1980). 

When comparing all three major interglacials, 
Stages 11,5e, and the Holocene, it is concluded that 
none of them are alike. Although environmental 
constraints such as low global ice volume and the 
lack of drifting icebergs were essentially the same 

during all of these intervals, the combined investi- 
gation of planktic stable isotope and foraminifera1 
assemblage data reveal major discrepancies in 
these surface water proxies. They were most likely 
induced by very different types of Atlantic water 
mass inflow, which led to the formation of tempe- 
rature gradients which are not known from the 
modern Nordic seas. Thus, further detailed studies 
of the Eemian and Stage 11 should provide more 
insight into the system of Atlantic thermohaline 
circulation at high latitudes and help decipher the 
natural variability of this important climate mecha- 
nism. 
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ABSTRACT 
Sedimentological, micropaleontological and geochemical studies of sediment cores from the 
Vesterisbanken region were used to reconstruct the sedimentation pattern, depositional history 
and paleoceanography for this area over the last 250,000 years. The dating and correlation of 
the sediments were based on oxygen isotope stratigraphy and absolute ages. 

The hemipelagic deposits near the Vesteris Seamount are characterised by biogenic, ter- 
restrial and volcanogenic sediment input that varies through time. The area was influenced by 
sporadic turbidity currents and thermohaline-induced contour currents. Ice-rafted debris 
occurred nearly throughout the investigated time interval. Primary production was higher 
during interglacial periods. Filter-feeding epifauna (C. zi~~~t~llt~rst~rji), an indicator of bottom cur- 
rents, dominated in isotope stages 7 and 5. 

During deglaciation (stage boundaries 8/7, 6/5 and 2/1, events 3.3 and 3.1), enorinous 
meltwater i n p ~ ~ t  stabilised the water column, leading to periodic interruptions in deep water 
renewal. The influence of water masses from the Polar and Atlantic Domains in the Greenland 
Sea were very variable over time. The oceanic fronts in the Vesterisbanken area were always 
close together, allowing only a narrow Arctic Domain to exist. 

Although the area is rather unique in relation to other parts of the Greenland Sea, climatic 
data can be compared favourably to the established Late Pleistocene/Holocene sedimentation 
pattern in the northern North Atlantic. Due to their good correlation to ice core records from 
Greenland and Antarctica, the Vesterisbanken sediments present a high-resolution picture of 
global climate change. 

INTRODUCTION: THE VESTERIS SEAMOUNT 
IN THE GREENLAND SEA 
The Greenland Sea is one of the few links between 
the Arctic Ocean and the northern North Atlantic. 
This area is reinarkably sensitive to oceanographic 
and climatic changes because Polar and Atlantic 
water masses mix here. Morphologically, the 
Greenland Sea is framed by major fracture zones 
and ridges such as Knipovich and Mohns Ridges to 
the east and the Greenland continental slope/shelf 
to the west (Vogt, 1986). Tectonically, sea-floor 
spreading since the Paleocene led to a complex 

bathylnetry and gave rise to strong basaltic volca- 
nism that event~lally generated the Vesteris 
Seamount (73"301N, 9"101W, Fig. 1). Vesterisbanken 
rises from the Greenland abyssal plain up to 133 in 
water depth (Johnson & Campsie, 1976), thus for- 
ming the only intra-plate volcano in the ~~or the rn  
North Atlantic. 

The goal of this investigation is to provide a 
reconstruction of the climatic development and the 
sedimentary environment of an area of the 
Greenland Basin that has been studied relatively 
little due to a thck ice cover linliting access. The 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the North Atlantic. Grz!ybozoski Fo~lildatio~l Spccinl Pllblicntion, no. 5, pp. 101-118 

a - P6hocny Atlantyk 
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central reasons and questions to be answered for 
this study are: 

1. The determination of sedimentation in the 
Vesterisbanken area. 
- What depositional processes affected the study 

area? 
-Was there a temporal variation of different 

sedimentation patterns? 
2. Paleoceanographic determination for the central 

Greenland Sea area. 
- Which paleo-surface water masses influenced 

the area around the Vesterisbanken and how 
variable is the position of the oceanic fronts? 

- When did meltwater pulses change the isotopic 
character of the Greenland Sea? 

3. The integration of these results into the pattern 
of Late Pleistocene-Holocene sedimentation and 
paleoceanography of the Greenland-Jceland- 
Norwegian Seas. 
- Does the paleoceanographic development of 

the central Greenland Sea agree with that of 
other parts of the northern North Atlantic 
Ocean (e.g. the Norwegian and Iceland Seas)? 

- Did unique sedimentary or paleoceanographic 
events occur? 

4. A comparison with global climate variations. 
- Can the marine climate information from the 

Vesterisbanken sediments be correlated with 
terrestrial signals from ice cores? 

- How do the changes in the central Greenland 
Sea fit into the global framework of climate 
changes? 

RECENT CIRCULATION 
OF SURFACE AND DEEP WATERS 
Surface waters 
The modern hydrography of the Greenland Sea is 
dominated by water masses of the Arctic Domain 
that contrast with those from the Polar and Atlantic 
Domains (Figs. 1, 2). The region around the sub- 
marine Vesterisbanken mountain complex is main- 
ly influenced by the East Greenland Current 
(EGC), which carries polar waters southwards. The 
Jan Mayen Current branches off from the EGC and 
moves southeastward, representing the southern 
flank of the cyclonic Greenland Sea Gyre (Figs. 1, 
2). During winter, nearly the whole Greenland Sea 
is ice-covered, whereas the summer ice distribution 
retreats far to the west with strong interannual 
variations. Large amounts of sediment-laden 
Arctic sea ice are transported via Fram Strait into 
the Norwegian-Greenland Seas (Vinje & Finne- 
kasa, 1986). Summer ice melting regionally produ- 
ces surface salinities below 29%0 (Koltermann, 
1987). Atlantic Intermediate Water (AIW) recircula- 
ting in parts of the Fram Strait beneath the polar 

Figure 1. Recent surface circulation and different hydro- 
graphic regimes of the Greenland-lceland-Norwegian 
Seas (from Jiinger, 1994; modified after Paq~~ette 1.t a / . ,  
1985; Johaimessen, 1986; Bourke ct a/ . ,  1987; Dickson ('t 
01. 1988). 

1WW 0" 1WE 

-+ Vlskris Sralnoulll 1.01) Polar "'3nl;lin N41, NorlI~ Athtl~lic l)riKl - Pelur Fr,,nl ARD Arclic Lk,mi,in yVC;l Na~~-rrgi;n~~ IU,anrla~ll Cx#rrsnl 
1Vr.t SpiI.l>wgcn Cnmrrem~l 

waters of the EGC represents the southward-flow- 
ing Return Atlantic Current (RAC, Paquette et nl., 
1985). 

I 

Deep waters 
Arctic Ocean Deep Water (AODW) enters the 
Greenland basin from the north. There it mixes 
with the Greenland Sea Deep Water (GSDW) that is 
formed due to surficial freezing processes: as a 
result of the genesis of sea-ice, the surface water 
masses cool down and reach a high density (salt 
enrichment). They therefore sink, following the 
convection of little "chimneys" (Aagaard e f  nl., 
1985; Rudels, 1990). Depending on the stratifica- 
tion of the water colulnn, these waters reach the 
bottom or stagnate as intermediate water lnasses 
(Fig. 2). The GSDW is assumed to cross the Mol~ns 
Ridge, moving southeast to the adjacent Lofoten 
Basin (Koltermam, 1987). Temporary Greenland 
Sea Deep Water renewal is described by 
Koltermam (1987) and Jiinger (1994). 

1I"&c ~~~~i~ vr,,,,, AND ~ ~ l ~ , , ~ i ~  ~ , , , , , ~ i ~  I<SC I.** SpiIrlrl.gcn C<lr~.r.nl 
WAC Retu1'83 Altdttlic C#8r1'cnl 1 

MATERIAL AND METHODS 
During the expedition ARK VII/l of the German 
ice-breaking research vessel Polnrsfrr~z, short box 
cores (GKG) and long kastenlot cores (KAL) were 



Vesterisbanken (central Greenland Sea) during the past 250,000 years 103 

Figure 2. Recent oceanography of the Greenland Sea after several authors (see text). 
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recovered from the vicinity of the Vesteris 
Seamount (Thiede & Hempel, 1991). The present 
study investigates sedimentation processes at sites 
PS1878, PS1882, and PSI892 (Fig. 3, Table 1). To 
answer the questions raised in section 1, these sedi- 
ment cores from the Greenland Sea were analysed 
in terms of sedimentology, micropaleontology and 
geochemistry. The sampling interval was 4 cm. 

Surface Waters 
Polar Water < 0°C < 34.4 %< Swift (1986) 
(EGC. JMC) - I °C  33 %< Hopkills (1991) 

Intermediate Water Pnquette et al. ( 1985) 
AIW (IIAC) 0.5 to 3OC 34.9 to 35 Ic(. Berner (1 99 1 )  

Deep Waters 
AI)W -0.5 to -0.8"C 34.93 to 34.95 %r Hopkins (1991 ) 
GSDW - I .  l to - I  .3"C 34.88 to 34.90 Tr Swift (1986) 

Granulometry 
A combination of two size-dependent methods 
was used to determine the total grain size. The 
boundaries of the grain size subfractions are based 
on the scale of Krumbein (1936). 

The weighed sediment sample was wet-sieved 
to separate the fine (<63pm) and the coarse 
(>631un) material. The coarse fraction was divided 
into five subfractions (63-125, 125-250, 250-500, 
500-1000, >I000 pn) using standard sieves and an 
ATM Sonic SifterTM. The fine fraction was investi- 
gated using the LumosedTM photosedimentometer 
(measuring range 1-63 pn). The photosedimento- 
meter method is based on gravimetric sedimen- 
tation and is described by Staudinger et 01. (1986). 
In comparison to conventional sediment decompo- 
sition (weight %) according to Atterberg (1912), 
this optical measuring method (volume %) offers 
very good reproduction (Syvitski, 1991). 

EGC - East Greenland Current 
JMC - Jan Maycn Current 
R A C  - Return Atlantic Current 

A D W -  Arctic Deep Water 
GSDW- Greenland Sea Deep Water 
A I W -  Atlantic lntermediatc Water 
P W -  I'olar Water 

Coarse fraction analysis 
The analysis of the sediment composition of the 
two subfractions 125-250 pm and 250-500 pm was 
carried out according to the method of Sarnthein 
(1971). When the sample had more than ca. 400 
particles per subfraction, a microsample splitter 
was used to generate representative subsamples. 
The presence and frequency of the coarse fraction 
analysis is represented in grain percent for each 
subfraction. A Zeiss GSZ microscope was used for 
the analyses. 
Ca. 600-700 sediment particles were assigned to the 
following groups: 

A terrigenous particles (quartz, rock fragments) 
B volcanogenic particles 

(brown and transparent, porous and amor- 
phous glass, volcanic fragments) 

C benthic biogenic particles 
(foraminifera, sponge spicules) 

D planktic biogenic particles 
(foraminifera, radiolaria, diatoms) 

E authigenic particles (pyrite, aggregates) 

The species and genus of benthic and planktic for- 
aminifera were differentiated according to Be 
(1977) and Thies (1991). 
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Figure 3. Bathymetry of the Greenland Basin and loca- 
tions of the stations around Vesterisbanken. 

Geochemistnj (CaCOy TOC, S )  
The total organic carbon (TOC) was determined 
photometrically using a Leco CS-125~'' analysis 
system. An aliquot of each sample was decarbona- 
ted with 0.25n HCI and was also analysed. The dif- 
ference of the measured values results in the anor- 
ganic carbon percentage, which leads to the carbon 
proportion when it is multiplied with a stochiome- 
tric factor (8.333). This assumes that the anorganic 
carbon percentage is actually present as CaC03. A 
"by-product" of the C/S analysis is the sulphur 
content of the sample. The preparation and ana- 
lysis of samples using this method, as well as a dis- 
cussion of arising errors, was described in detail by 
Wolf (1991). The Leco samples were made every 10 
cm in the kastenlot cores and every 4-5 cm in the 
box cores. All geochemical measurements were 
carried out on both the total sample and the fine 
fraction (<63 ~un) .  This allows estimates to be made 
regarding the input of both coccoliths (fine frac- 
tion) and planktic and benthic foraminifera (coarse 
fraction). 

Table 1. Core locations (PS: Polarstern, GKG: boxcore, 
KAL: kastencore). 

Sediinentation and accr~rnt~lation rates 
According to the stratigraphy determined by the 
isotope dates (see following section), the samples 
between the isotope fixpoints can be dated using 
linear interpolation. Note, that several sediment 
sequences (turbidites) are not taken into account 
due to the sporadic sedimentation processes 
(Antonow, 1995). However, the assumptions of 
constant sedimentation and no compaction in the 
sediment core can lead to errors in the determined 
linear sedimentation rates (LSR). In order to take 
these factors into account, accum~~lation rates were 
calculated. 

The dry bulk density (DBD) is calculated from 
the wet bulk density (WBD), the porosity (POR) 
and the density of seawater (1.025 gcm3 at O°C) 
according to Elvmann & Thiede (1985): 

Core 

Number 

PSl878-2 (GKG) 

PSl878-3 (KAL) 

FS1882-1 (GKG) 

PS1882-2 (KAL) 

PS1892-1 (GKG) 

151892-3 (KAL) 

(1) DBD = WBD - ( 1 . 0 2 5 ~ . c m ~ .  POR.~O-*) 

The DBD and the LSR are used to calculate the bulk 
accumulation rate (ARBULK; van Andel et nl., 1975): 

Lat~tude 

(North) 

73" 15.10' 

73" 15.33' 

73' 35.52' 

73" 35.96' 

7.1' 44.05' 

73" 44.06' 

(2) ARB,,, [gem-* . k Y 1 
= DBD [gem"] . LSR [cm . ky-'] 

The accumulation rates take sediment colnpaction 
into account with the assumptions that the pore 
space is totally filled wit11 water and that no dia- 
genetic effects occur (van Andel ef nl., 1975; Tl~iede 
et al., 1986). 

To calculate the accumulation rate of indivi- 
dual parameters, their proportion to the total sedi- 
ment is multiplied with ARBULK: 

Longitude 

(West) 

09' 00.94' 

09' 00.73' 

08" 23.80' 

08" 19.29' 

09" 37.52' 

09" 41.17' 

(3) ARparameter [g.cm-* . ky-'I 
= Parameter [weight-%] . ARBULK [gcrn-* . ky-'1 

Accumulation rates of components in the coarse 
fraction uses the equation: 

Water Depth 

(m) 

3038 

.W48 

3169 

3175 

3125 

3002 

(4) ARco,,,p [g'cm-' . ky-'] 
= Component [%] . AR,h3F,m [gcm-2. ky-'1 

Recovery 

(cm) 

40 

469 

12 

650 

18 

436 

Wolf (1991) presented a detailed error analysis of 
results obtained with these equations. 

STRATIGRAPHY 
Absolute dating ("T) 
Four samples were dated using the AMS 14C 
method. The required 1200-1300 specimens of 
N. pach!yderina sin. were picked out of the 125-250 
pm fraction and measured at the ETH Ziirich 
(Institut fiir Mittelenergiephysik) according to the 
standard methods (see Kromer et a/., 1987). The 
measured ages were corrected according to Bard 
(1988), Bard ef 01. (1990) and Winn et 01. (1991). The 
dates are listed in Table 2. 
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Analysis of stable isotopes (6180, 613c) Duplessy (1978) and Ganssen (1983). The sampling 
Stable isotope analyses were carried out using 20- interval was 4 cm. The isotope ratios 61s0 and 613c 
30 tests of N. yacl~!lderr?la sin. (125-250 ~ u n )  per were measured by means of a Finnigan MAT 251 
sample according to the method described by mass spectrometer at the C-14 Laboratory of the 

Universitv of Kiel, Germany. The results were cor- 

Table 2. AMS ages of sediment samples. 
related to' the PDB standarh (Craig, 1957; Craig & 
Gordon, 1965). Statistical errors make LID to 0.09%11, 

- 
28.530 28.130 330 

Antonow (1995) by comparing the isotope data to 

PS1882-2 (KAI.) 18.630 18.230 
the stratigraphy of Shackleton & Opdyke (1973, 

40.610 40.210 1.020 
1976), to the SPECMAP scale (Imbrie ct nl., 1984; 
Martinson ct  nl., 1987) and to more recent results 

PSl892-3 (KA1.) 32.230 31.830 
from sites in the Norwegian-Greenlaid Sea 

Scdiment 

Table 3. Oxygen isotope stratigraphy and age/depth correlation of the sediment cores PS1878, PS1882, and PSl893 
(note * markes 14C ages). 

Termination 

End 
I 

Beginning 

End 
TI 

Beginning 

End 
I11 

Corc depth, 

Age (ka) 

for 6180 values and ~tp to 0.04%o for the 613C 

Reference 

I4C agc 

Core depth 
PSI878 
(cm) , 

measurements (H. Erlenkeuser, pers. comm., 1994). 
An oxygen isotope stratigraphy correlating the 

investigated sediment cores was established by 

CI'I'L' 

Core depth 
PSI882 
(c1n) 

14C agc 

Core depth 
PS 1892 
(cm) 

65 
85 

85 

orlginnl 

(cm) 

Stdnd'ird 

V Vogelsang (1990); S: Sarnthein et 01. (1992); W: Weinelt (1993); M: Marti~~son ct 01. (1987); 
I: Imbrie et al. (1984) 

(ka) corrected 

(k4 

deviation 

( 1 6 )  
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Cores PS1878-21-3 Cores PS1882-11-2 Cores PS1892-11-3 

3180 ( % c )  vS. PDU 3I3c (Rc) vs. PDlI 8'0 (Zc) vs. PDU 2 ' 3 ~  (Zc) VS. PDU di80 ( I r )  vs. PDll 313c (%<) vs. PDIS 
5 1 3 2 -01.5 0.0 0.5 1.11 5 4 3 I 11.0 0.5 1.11 5 4 3 2 4.5 ll.11 0.5 1.11 

. . 

0 

50 

iln, 
< 

1.50 

21s 

250 

300 

350 

4l* 

.Is0 

SIMI 

550 

h(n1 

651 
k p l h  laf fcml 

Figure 4. Stable isotope data (6180,613C) o f  N. pncllyderrim sin. versus depth o f  the cores PS1878, PSI882 and PSI892 
(boxcore and kastencore). Oxygen isotope stages are marked. 

(Vogelsang, 1990; Sarnthein et al., 1992; Weinelt, LSR for the Vesterisbanken area have increased sig- 
1993; Jiinger, 1994). nificantly (Table 4). The maximum amount is 10 

Generally, the ratios of the stable isotopes 6180 cm/ky at the end of Stage 3. The Vesterisbanken 
and 613c in the sediment cores presented in Fig. 4 LSR agree well with the valiies from the central 
are typical for rniddle/late Pleistocene to Holocene Greenland Sea (Jiinger, 1994) and with data from 
values in the Norwegian-Greenland Sea (Vogel- the east Greenland continental margin (Nam et nl., 
sang, 1990; Weinelt, 1993; Jiinger, 1994; Antonow, 1995; Nam, 1996) since isotope Stage 7. However, 
1995, 1996; Nam el  al., 1995). The sedimentary 
record from the sites near Vesterisbanken repre- 
sents the paleoceanographic history back to oxy- 

Table 4. Mean linear sedimentation rates (LSR) since 
gen isotope Stage 8 (PS1892). Two of the cores Stage 8, 
(PSI878 and PS1882) contain high resolution 
records of Stages 2 and 3 (Fig. 4). 

The oxygen isotope stratigraphy and 
age/depth correlation of sediment cores PS1878, 
PSI882 and PSI892 are presented in Table 3. The 
F 1 8 0  stratigraphy was complemented by the four 
1 4 c - ~ ~ S  ages and a magnetostratigraphic frame- 
work (Antonow, 1995; Nowaczyk & Antonow in 
press). 

Sedimentation and accumulation rates 
In general, the linear sedimentation rates (LSR) of 
the Vesterisbanken cores vary between 0.4 and ca. 
6 cm/ky. Since ca. 59 ka (Stage boundary 4/3), the 

Oxygen 

isotope stages 

1 

2 

3 

4 

5 

6 

7 

8 

* Note: Low LSR are caused by erosion. 
" Data available only for the last 4,000 years of Stage 8. 

Duration 

(ky) 

12.050 

12.060 

34.890 

14.910 

55.9.30 

59.770 

54.570 

58.820 

LSR 

PSI878 

(un/ky) 
4.W 

5.72 

3.17 

LSR 

PSI882 

(crn/ky) 
2.24 

3.65 

3.75 

2.21 

1.64 

2.05) 

LSR 

PSI892 

(crn/ky) 

5.39 

0.00' 

0.72' 

2.21 

1.05 

1.62 

1.71 

3.76 " 
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the Vesterisbanken LSR vary significantly 
since Stage 3. 

Accumulation rates were calculated 
from the LSR (see section 3). These results 
are discussed in the following sections. 

Vesterisbanken standard profile 
The raw data sets for several segments of 
the sediment column had to be synthesised 
to characterise the overall sedimentation 
pattern and paleoceanography of the 
Vesterisbanken region (Fig. 5). The follow- 
ing core segments were used in the core 
synthesis: PS1878-2 (GKG), 040 cm: undi- 
sturbed surface and near-surface sedi- 
ments; PS1878-3 (KAL), 45-435 cm: highest 
resolution of meltwater events in Stages 2 
and 3; PS1882-2 (KAL), 310-535 cm: higher 
resolution of Stage 5 than in PS1892-3 
(KAL); and PS1892-3 (KAL), >220 cm: con- 

Figure 5. Standard profile of the Vesterisbanken 
region: Lithology and stable oxygen and carbon 
isotope records of N. pacl~ydcrnm sin. during the 
past 250,000 years. 

lilha,lngy l a ~ l u p r  S l ra l i~n tphy  

Akh I*u?rn Ul'hicknes In cml 'IX0 Iq" M'pDI' r)IJc [%,I vs. P D I I  

9 6 .3 I1 S 4 3 2 -0.5 11.11 0.5 1 .I1 
I1 

511 

I I W I  

1541 

ZIWI 

12 X 4 II 
L 3 l  

Inuninlrd S m i a m .  I'l'hirknr- In cnt I O i y ~ u n  la,l#>pc SI;~gcs , \~v I hx 1 

lilh#++!lr I.%md 

0 Ilva~~*.l;g~e l ' ; r ~ a  Vulr,~~licl;~r~~c !:.tin.\ 0 I..~IMIII:IIU~~ SCIIJIIICIII I';ICIC\ 

Figure 6. The variability of climatic and sedirnentological records demonstrated by the example of a PSI878 sediment 
core section. 
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tinuous sedimentation and the maximum stratigra- 
phic time period. Using this standard profile, it is 
possible to determine general trends of the chan- 
ging environments in this area. 

VARIATIONS OF CLIMATIC AND SEDI- 
MENTOLOGIC SIGNALS: AN EXAMPLE OF A 
GLACIALIINTERGLACIAL TRANSITION 
The variations in the isotopic, geochemical and 
sedimentological signals indicate climatic trends 
that are important for correlating the cores and for 
determining sedimentological and paleoceano- 
graphical trends (for the complete data set and dia- 
grams of all investigated parameters, see Antonow, 
1995). An example of these variations and their 
implications is shown in the topmost metre of the 
sediment profile from Core PSI878 (Fig. 6). Due to 
the very similar trends for the isotopic and sedi- 
mentological signals in the short box core (GKG) 
and the long kastenlot core (KAL), the two can be 
combined to provide a single normalised core. 

The lower portion of the section (100-85 cm, 
16.3-14.9 ka) shows "heavy" 6l80 conditions (Fig. 
6). Very low TOC and low carbonate contents indi- 
cate dncial conditions. The coarse fraction (>63 

PI), which consists mainly of planktic foramini- 
fera and terrigenous material (quartz and rock 
fragments), forms a relatively small part of the total 
sediment. Following the 61X0 maximum is a sec- 
tion (85-80 cm, 14.9-13.5 ka) with decreasing 813c 
conditions where the very small coarse fraction 
amount is primarily composed of sediment aggre- 
gates and terrigenous material. 

Starting at ca. 80 cm (13.5 ka), the TOC content 
rises steadily. Drastically reduced 61X0 conditions 
correlate with increased terrigenous input, as is 
typical for warnzirz,y phnses, i.e. glacier melting 
events (Fig. 6). A short period of light oxygen iso- 
tope values is acconlpanied by increased terrige- 
nous input (IRD), decreased biogeiiic input and a 
decrease in the CaC03 content. The rest of the core 
consists of large proportions of biogenic compn- 
nents (including benthic species). The increased 
TOC content, the high 813c conditions and the 
moderate 6180 values are typical for irzteylncinl 
conditions. Benthic filter-feeders (C. zo~rellerstofi) 
also appear. A layer of tephra (volcanic glass) 
appears at 56-45 cm (9 ka); its coarse grains lead to 
losses in determining the water content (Fig. 6). 

, 

,111 

IV I  

1111 

2x1 

Volcanic Aslirs 

1VI 

.I,#, 

Turbidilc Fncics 

.- . . . . .  

E Pelagic sedinwl~ts 

D Upper la~ilinnlud unit (Clay -sill) 

C Rippled unit, w:ivy 01' 
convolulr: I ~ I I I ~ I I : ~ ~  (sill - s:llld) 

I 3  Lower laniinatrd 11ni1 (sancl) 

A G~.:ldcd unit (lining apw;lrd. 
gravel -sand) 

Figure 7. Lithology of the long sediment cores (kastencores). Volcanic ash cycles exhibit an influence of turbidity cur- 
rents (turbidite units after Bouma 1962). 
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SEDIMENTARY PALEOENVIRONMENT 
The Transpolar Drift transports large amounts of 
sediment-laden sea ice mainly from the Eurasian 
continental shelves across the North Pole to the 
Fram Strait, supplying mainly fine-grained ice-raf- 
ted de t r i t~~s  (IRD) to the northern North Atlantic 
Ocean floor (e.g. Wollenburg, 1993). During glacial 
eras, another source of IRD was iceberg calving of 
the Greenland, Scandinavian and Barents Sea Ice 
Sheets. Within the Greenland Sea, IRD is currently 
distributed by the southward-flowing East 
Greenland C ~ ~ r r e n t  and the cyclonic Greenland Sea 
Gyre, the Jan Mayen Current and the Return 
Atlantic Current. IRD abundance in Pleistocene 
sediments documents the persistent climatic con- 
trasts of severe polar conditions and iceberg mel- 
ting in parts of the Greenland Sea and in the Fram 
Strait (Bischof, 1990; Spielhagen, 1991; Baumann et 
nl., 1994; Goldschmidt, 1994, fliis voliinie; Nam et nl., 
1995). The input of IRD is discussed in detail in the 
following section. 

All sediment cores are made up of grey, green 
and brown lithogenic hemipelagic muds in the 
grain size range of clay to sandy silty clay. The 
cores closest to Vesterisbanken are interrupted by 

successions of coarse-grained (>63 pn) black to 
fine-grained (<63 pm) olive green volcanic (basalt- 
ic) ash layers. These ash layers are composed of 
glass and rock fragments together with some 
crystalline components and can be classified as 
volcanoclastic turbidites (Fig. 7). They indicate an 
intensive Late Quaternary volcanic eruption phase 
since about 105 ka (Fig. 5). More detailed core 
descriptions of the cores are given in Thiede & 
Hempel (1991) and Antonow (1995). 

Sedimentation in the area of Vesterisbanken 
was influenced by near-bottom currents (Michels, 
1994; Antonow, 1995). There is a basic difference 
between gravitative and thermohaline current 
mechanisms in the marine environment. 
Gravitative current mechanisms create turbidites 
(Bouma, 1962) while thermohaline mechanisms 
induce bottom currents that follow bathymetric 
contours, leading to the deposition of contourites 
(Hollister & Heezen, 1972). 

Deposits of both current mechanisms are evi- 
dent in the study area (Antonow, 1995). The lami- 
nated sections of the investigated cores were usual- 
ly interpreted as distal turbidites. But some of the 
investigated sediment characteristics (sorting, bio- 

Figure 8. Sorting of sediments of the Vesterisbanken area as an indicator of bottom current influence during the past 
250,000 years. 
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turbation, thickness, normal and inverse grading, 
lamination) are typical for contour currents 
(Bouma & Hollister, 1973; Hesse & Chough, 1980; 
Chough & Hesse, 1985). 

Most episodic current events (turbidites) occur 
during cooler phases (Stage boundary 8/7, Events 
6.4,6.2,4.2 and 2.2) or they occur during meltwater 
pulses during the entire Stage 3 (Figs. 5 and 8). 
There are intervals where the sediments are very 
well sorted (sorting values <2; see Friedman and 
Sanders, 1978). These well-sorted layers generally 
correlate with smaller grain sizes of the silt fraction 
(>lo ~un ,  Fig. 8). During warmer times, thermoha- 
line circulation is stable, resulting in an intense cur- 
rent influence by contour currents (Event 5.5, Figs. 
5, 8). 

Planktic and/or benthic fossils are rare in 
Greenland Sea sediments during glacial maxima 
(Baumann, 1990; Birgisdottir, 1991; Struck, 1992; 
Bauch, 1993; Jiinger, 1994). But the local abundance 
of coccolithophorids documents that biogenic sedi- 
ment input was never completely interrupted 
during glacial eras (Gard, 1987, 1988; Gard & 
Backman, 1990). Figure 9. Occurrence of C. lobntulz~s, C. zvrrellerstorfi and 

0. umbonatils in the sediments of the Vesterisbanken area The carbonate production is related to the pro- 
(standard profile) during the past 250,000 years. 

perties of water masses and sea-ice conditions 

Cibicides Cibicidoides Onilnnniis 
l n ~ f ~ ~ i ~ ~ s  wueilers~nrji ~~rnbormrrrs 

~~mln - * l  ~p"ln%l 1zrrln.l 1 

0 2 4 6 8 1 0 I 2 0 5  1 0 1 5 m ~ ( O  1 2 . 7 4  5 

A a I\"I#,IW 

( l u l l  s1itgw 

(Kellogg, 1976,1980). The Vesterisbanken area was 
very often controlled by the cold East Greenland 
Current and the sea-ice coverage witlun the last continental margin (see Nam e t  al., 1995; Stein ct al., 
250 ky. This resulted in a dominant occurrence of 1996). Thus, the variation in calcium carbonate 
monospecific N. pach!jderma sin. throughout time content reflects strong climate-induced changes in 
as also recorded at sites along the East Greenland the inflow of warm Atlantic surface water masses 
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Figure 10. Accum~ilation rates (AR) of bulk sediment, the coarse fraction, the bulk carbonate and TOC contents, and AR 
of the terrigenous, volcanogenic and biogenic components of the Vesterisbanken region during the past 250,000 years. 
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and in paleoproductivity near the sea-ice edge (see 
Baumann et al., 1993). 

Of course, primary production is much higher 
during interglacial periods (Fig. 9). Suspension-fee- 
ding epifauna (C, wriellerstor/i , 0. umbonatus), an 
indicator of bottom currents (Struck, 1992), domi- 
nate in parts of Stages 7, 5 and 1 (Fig. 9). The pro- 
portion of total organic carbon (0.2 to 0.3 weight % 
of bulk sediment) indicates "normal" (hemi)pela- 
gic sedimentation in large parts of the abyssal 
Greenland Sea (Junger, 1994; Antonow, 1995). The 
accumulation rates indicate varying depositional 
patterns in the Vesterisbanken area over the last 
250 ky (Fig. 10). 

PALEOCEANOGRAPHY OF THE VESTERIS- 
BANKEN AREA IN COMPARISION TO 
OTHER REGIONS OF THE GREENLAND- 
ICELAND-NORWEGIAN SEAS 
Oxygen isotope signals in the Greenland-Iceland- 
Norwegian (GIN) Seas primarily display the inter- 
change of temperate Atlantic waters with interme- 
diate water masses of the Arctic Domain. Isotope 
signals in the Greenland Sea are less affected by 
temperature because they are mainly influenced by 
Polar water masses. Thus, the 6180 variations in 
the Greenland Sea mainly reflect variations in the 
global ice volume (ice effect). Extremely low 6180 
values which strongly diverge from the ice effect 
("mean seawater" signal according to Vogelsang 

(1990) in Fig. 11) were caused by strong melting 
events of the Greenland Ice Sheet (Vogelsang, 1990; 
Weinelt, 1993; Junger, 1994; Nam et al., 1995; Stein 
et al., 1996). 

Within the last 250,000 years, the paleoceano- 
graphic development of the central Greenland Sea 
was driven by the contrasting water masses of the 
Polar and the Arctic (influenced by Atlantic water 
masses) Domains as well as the resulting surface 
water circulation pattern (cyclonic Greenland Sea 
Gyre). A nearly continuous IRD signal in the sedi- 
ments, even during moderate climate phases (such 
as Events 7.5, 7.3 and 7.1), is a sign of uninterrup- 
ted iceberg melting, underlining the relative proxi- 
mity (and thus the climatic contrast) to the Polar 
Domain within the Greenland Sea. Phases of 
strong ice cover in the Greenland Sea during Event 
7.4 are also seen in the Norwegian Sea. Weakened 
circulation is indicated by low carbonate values in 
Norwegian Sea sediments (Henrich et a/., 1989). 

In Stage 6 (except for Event 6.5), broad expan- 
ses of the Norwegian Sea were under a permanent 
sea ice cover; isotope values (N. pnch?/derrnn sin.) 
indicate a significant shift to "heavy" values (Fig. 
11). In the Greenland and Iceland Seas, on the other 
hand, the times of permanent sea ice cover were 
shorter. Large amounts of meltwater flowed into 
these seas from the instable Greenland Ice Sheet 
during Events 6.5 and 6.3 (Jiinger, 1994; Antonow, 
1995,1996; Nam et al., 1995). 
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Figure 11. Oxygen isotope records of Vesterisbanken sediments in comparison to isotope records (N. pnclryderrrin sirr.) 
of cores from the Norwegian-Greenland Sea. Mean oxygen isotope ratios of seawater (ice effect) in the NGS related to 
Present after Vogelsang (1990). 
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At the start of Termination 11, isotopically 
"light" meltwater again covered large areas of the 
GIN Seas (Fig. 11). The meltwater pulses were tre- 
mendous throughout these seas, leading to inter- 
ruptions in convection (see Haake & Pflaumann, 
1989). Isotopically "light" Atlantic Surface Water 
masses can be easily traced, especially in the 
Norwegian and Iceland Seas (Fig. 11). The inten- 
sive thermohaline surface water circulation in- 
creased the influence of temperate water masses in 
the Vesterisbanken area. The cores in the centre of 
the Greenland Sea Basin indicate very high rates of 
deep water renewal starting at Event 5.51; this is 
demonstrated by highly benthic 6I3c conditions 
(0.  rrmbo~~atlrs; Jiinger, 1994). Based on bentluc oxy- 
gen isotope data, Birgisdottir (1991) and Bauch 
(1993) postulated a very low influence of Polar 
water masses in the Iceland Sea. As Stage 5 con- 
tinued, the Norwegian Sea water masses showed 
relatively stable Atlantic Water influence, while in 
the central Greenland Sea alternating influences of 
water masses separated by the Arctic Front have 
been reported (Henrich et nl., 1989, 1992; Junger, 
1994; Antonow, 1995, 1996). 

In Stage 4, high rates of terrigenous IRD input 
are seen not only in the Vesterisbanken area, but 
also in the Norwegian Sea (Henrich et al., 1989), the 
Iceland Sea (Birgisdottir, 1991), the Greenland Sea 
(Hamich, 1991; Jiinger, 1994), and the Fram Strait 
(Spielhagen, 1991; Hebbeln, 1992). This fact is in 
contrast to the situation near the east Greenland 
continental margin, where an IRD signal is 
distinctly reduced (Nam et al., 1995; Stein et al., 
1996). The significant isotopic shift (by up to 0.25%0 

F180, see Fig. 11) during Event 4.2 indicates contra- 
sting oceanographic conditions within the central 
Greenland Sea (cores PSI900 and PS1736) and the 
Vesterisbanken area (Junger, 1994; Antonow, 1995, 
1996). 

A reduced range of species (N. padz!/der~~la is 
the only planktic species present) indicates severe 
paleo-ecologic conditions, as was the case through- 
out the GIN Seas during Stage 3 (see Kellogg, 1976, 
1977, 1980; Bauch, 1993). The benthic fauna was 
also reduced: only 0 .  lrinborzatrrs was present in sig- 
nificant amounts at the beginning of Stage 3. The 
isotope signals (Fig. 11) give evidence of early mel- 
ting events that have been triggered by the weak 
inflow of warmer Atlantic water masses, as is 
recorded at the East Greenland continental margin 
(PS1730) as well as in the central Greenland Sea 
(cores PS1736, PS1900). Thus Stage 3, with its com- 
mon, strong meltwater pulses and the constant 
alternation of ice-free surface waters and nearly 
complete ice cover, is an extremely variable, clima- 
tically sensitive period in the Greenland Sea (Fig. 
11). During Stages 2 and 3 the sedimentation rates 
are much higher than those within other time inter- 
vals (Table 4). Winnowing and redeposition of fine 
sediment particles along the Greenland continental 
shelf, the slope and the adjacent Greenland basin 
by the EGC are likely to have occured (see also 
Mienert et a]., 1992; Nam et al., 1995). 

A drastic increase in the carbonate content 
(spread of biogenic production) at the beginning of 
Termination I can be seen in sediments througho~~t 
the GIN Seas (see Blaume, 1992; Henrich ct al., 
1989; Koq Karpuz & Jansen, 1992). As in earlier 

Figure 12. Ice-rafted debris (>I25 pm) o f  the Vesterisbanken sediments in comparison with the extent of the Barents 
Sea and Scandinavian ice sheets. 
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episodes, the melting of the continental ice sheets 
resulted in meltwater input. As in the Norwegian 
Sea (Blaume, 1992), turbidity currents occurred at 
great depths in the Greenland Sea (Mienert et al., 
1993; Antonow, 1995). 

MARINE VESTERISBANKEN RECORDS VS. 
TERRESTRIAL DATA: LAND-SEA CORRELA- 
TION 
IRD records vs. oscillations of glaciers neighbo- 
ring the northern North Atlantic 
Variations in the input of terrigenous material (20- 
80 grain % IRD) can be seen in the Vesterisbanken 
sediment cores (Fig. 12). The terrigenous particles 
(>I25 pm) consist mainly of monocrystalline 
(quartz, feldspar) and polycrystalline rock frag- 
ments (slate, volcanic fragments, sandstones and 
siltstones). Although their source areas cannot be 
precisely determined, it is likely that most of the 
rock fragments (excepting the volcanic fragments) 
come from Norway, Svalbard and the Barents Sea 
area (see Bischof, 1990; Baumann et al., 1994; 
Goldscl~midt, 1994, this vol~rnle). IRD originating in 
Greenland is generally carried southwards by the 
East Greenland Current (EGC) and would thus 
probably not be found in the study area. 

Spielhagen (1991) interpreted the flow and ice 
cover of the EGC as stable over (at least) the last 
200,000 years. 

Mangerud & Svendsen (1992) used a continen- 
tal litho- and biostratigraphy for the last 140,000 
years to reconstruct glacier oscillations in the 
Svalbard/Barents Sea area. Baumann et al. (1994) 
compared these terrestrial data with the marine 
IRD signal of cores from the northern Greenland 
Sea and found that the terrestrial data agreed well 
with the marine records. 

The IRD signals of the Vesterisbanken sedi- 
ments correlate well with both the data from 
Mangerud & Svendsen (1992) and with the recon- 
struction of fluctuations of the Scandinavian Ice 
Sheet of Mangerud (1991). The recent surface cir- 
culation pattern (Norwegian Current - Atlantic 
Return Current - EGC/Jan Mayen Current; Fig. 1) 
and the results of Spielhagen (1991) regarding the 
longevity of the EGC show that icebergs from the 
Norway/Svalbard area could have reached the 
central Greenland Sea in the last 250 ky. Nearly 
every time that the corztinerztal glaciers had reached 
beyond the continental shelf or were retreating 
from it, the irlnrine IRD record shows a peak (Fig. 
12). Glaciers become instable when passing the 
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Figure 13. The oxygen isotope signal (N .  p n c l ~ ~ c r n m  sin.) o f  the Vesterisbanken standard profile correlates with iso- 
tope data from Greenland (GRIP) and Antarctica (Vostok). 
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continental shelf, resulting in iceberg calving (see 
Heinrich, 1988), while glacier retreats with intense 
iceberg calving indicate the beginning of warming 
phases (see B a u m a ~  et al., 1994; Goldschmidt, 
1995; Nam et al., 1995). In both cases, melting ice- 
bergs releasing their sediment load indicate tl-te 
extension of glaciers beyond the continental shelf 
or tl-te retreat therefrom. Although the marine sig- 
nal varies from core to core, it is much more 
detailed and continous than the terrestrial signal. 

However, IRD peaks in the study area do not 
have to indicate the existence of glaciers (Fig. 12). 
At certain times during Stages 5 and 3, the IRD sig- 
nal must have been modified by iceberg-covered 
water masses of the Jan Mayen Current branching 
off of the EGC. Locnl melting processes in the 
Vesterisbanken area may also play a role. 

Isotope signals (N. pachyderma) vs. ice core data 
Data from the Greenland Ice Core Project (GRIP) 
document higl-t-resolution series of temperature 
oscillations during the last 250,000 years 
(Dansgaard et nl., 1993). These so-called 
"Dansgaard-Oeschger cycles" are caused by cl~an- 
ges in the 6180 isotope ratios of the air masses 
above the Greenland ice sheet and correlate well 
wit11 paleosurface water mass temperatures deter- 
mined with N. pnchyderiiza of North Atlantic sedi- 
ment cores for the last 90,000 years (Bond et al., 
1993). 

In general, the oxygen isotope data of the n-ta- 
rine Vesterisbanken area are in good agreement 
with the terrestrial Greenland Ice Sheet isotopic 
record (Fig. 13). Extreme meltwater input reflects 
climatic fluctuations near Vesterisbanken during 
isotope Stages 6 and 3. Deviations of the climate 
records of the different sites are caused by regional 
influences within the Norwegian-Greenland Sea. 

Orbital forcing of the documented Greenlai-td 
Sea climate records is evident. "Light" isotope 
values result from more intensive insolation 
(Berger & Loutre, 1991) and coincide wit11 the 
warm substages 7.5, 7.3, 7.1, 5.5, 5.1 and 
Termination I (Fig. 13). 

The isotope record of tl-te Vesterisbanken sedi- 
ments corresponds better with the data froin the 
Vostok ice core (Antarctica) than those derived 
from the Greenland ice core (GRIP), wl-tich is com- 
plicated by internal deformation of the ice older 
than ca. 100 ka towards the glacier's basal zone. 
The sediments around Vesterisbanken thus arcluve 
the globnl climatic record. The thermohaline circu- 
lation is strongly col-tnected to climatic variations, 
which affects a rapid translation of the Polar Front 
and is well documented by the changing influence 
01 different water masses. The sites around 
Vesterisbanken are situated in the narrow "battle- 
field" of oceanic frontiers and this makes it pos- 
sible to correlate their isotope signals and the l-tigl-t- 
resolution ice core records to oceanic circ~~lation 
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Figure 14. Synoptic overview of the environmental conditions of sedimentation in the Vesterisbanken area tor the past 
250,000 years. Sea level changes after Chappel & Shackleton (1986). 
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(see Zahn, 1994). 

CONCLUSIONS 
A general synthesis of the important sedimentation 
events and paleoceanographic determinations for 
the time since the end of Stage 8 is shown in Figure 
14. The studies carried out on Vesterisbanken sedi- 
ments indicate the following: 
1 The paleo-envirom~ent within the studied time 
interval is very variable. The sediments result from 
varying formation and transport processes: sedi- 
mentation patterns dominated by terrigenous, bio- 
genic and volcanogenic input alternate. Changes in 
the lithofacies usually occur due to climatic varia- 
tions; these changes are related to transitions bet- 
ween the oxygen isotope stages and substages. 
Large-scale meltwater events occurred during 
Terminations (111, I1 and I) and during fluctuations 
during the entire Stages 3 and 2. 
2. Hen~ipelagic sedimentation in the Vesteris- 
banken area was mainly current-controlled and 
indicates variable ice cover. In addition to biogeni- 
cally dominated sedimentation patterns that were 
relatively constant over time, there were also time 
intervals in which episodic current-induced near- 
bottom particle transport was important. Particle 
deposition by suspension c~~rrents  dominate over 
contour current processes. 
3. Turbiditic volcanic sediments indicate episodes 
of volcanic activity at different times. Ca. 105 ka, 
intense volcai~ic activity occurred at Vesteris- 
banken. Eruptions occurred mainly when the sea 
level was high (Fig. 14). No volcanic activity took 
place since the beginning of the Holocene. It 
nppenrs that the Vesterisbanken volcanic episodes 
were coupled to warming phases (crustal rebound 
due to ice sheets disappearing from neighboring 
land masses?). 
4. Despite the modification of the depositional 
environment caused by the existence of Vesteris- 
banken, general paleoclimatic information can be 
gleaned from the sediments. The sedimentological 
and paleoceanographical data from tlus part of the 
central Greenland Sea can be integrated into the 
pattern of Late Quaternary sedimentation of the 
northern North Atlantic and present a picture of 
globally controlled climate changes. 
5. The correlation between terrestrial glacier oscil- 
lations and marine IRD signals is very good. The 
climate record in the marine deposits using oxygen 
isotope data (N. pnclzyderrizn sin.) has a very good 
resolution in the Vesterisbanken area and agrees 
well with data from high-resolution ice cores from 
polar landmasses. 
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ABSTRACT 
Using microscopic grain lithology analysis and factor analysis, the composition of coarse- 
grained sediments in the Norwegian-Greenland Sea (NGS) was investigated for the last two 
~lacial/interglacial cycles (oxygen Isotope Stages 6+5 and 2+1). These sediments can be clas- 
sified into three facies: that dominated by quartz (QZF), that dominated by dark siltstones 
(DSF) and that dominated by biogenic material (BMF). The DSF occurs predominantly in NGS 
cores from Stage 6 and is thus a "strong glacial" facies. The main source for the DSF lies on 
Svalbard or east thereof; additional sources are the Norwegian continental shelf and north- 
eastern Greenland. The QZF dominates the sediment composition in Stage 2 and portions of 
Stages 5 and 1, as well as Terminations I1 and I; since the Weichselian (Stage 2) glaciation was 
much weaker than the Saale (Stage 6) glaciation, the QZF is considered to be a "weak glacial" 
and "deglacial" facies. Because the QZF consists of broken-down crystalline rocks, source areas 
could lie anywhere in the Arctic realm. The BMF dominates the sediments in most of Stages 5 
and 1; it is therefore an "interglacial" facies signalling the lack of great terrigenous input. 
A peak in the deposition of the DSF or of the QZF in the NGS generally occurs within 1000 
years of the deposition of Heinrich layers further south in the North Atlantic Ocean. This, 
coupled with the fact that accumulation rates at the times of deposition of the Heinrich layers 
are generally increasing or high in the NGS, indicates that there is a possibility that sudden gla- 
cier surges and resulting iceberg calving events from the Scandinavian Ice Sheet occurred with- 
in 1000 years of those from the Laurentide Ice Sheet. 

INTRODUCTION 
The advent of polar palaeoceanography is 
generally marked with the expedition of Fritjof 
Nansen a century ago. Yet progress was slow until 
modern icebreaking technology allowed nuclear 
and conventionally powered icebreakers to reach 
as far as the North Pole (see Weber & Roots, 1990). 
The Earth's subpolar regions are extremely sensi- 
tive to variations in climate and are therefore ideal 
for investigating climate change. 

This paper is concerned with the sediments that 
were deposited on the floor of the Norwegian- 
Greenland Sea (NGS) during the last two glacial/ 
interglacial cycles. The sediments in this investiga- 
tion are studied 

to identify ice-rafted debris within the sedi- 
ments; 
to determine compositional differences in the 
lithology of the sediments in order to reconstruct 
ice drift patterns and trace sediments back to 

their source regions; 
to use the ice drift pattern reconstructions to 
determine spatial and temporal variations in 
oceanographic currents in the study area; and 
to compare the results gleaned from the investi- 
gation of ice-rafted debris to marine and conti- 
nental records from other studies in order to 
derive a glaciation history of the circuin-Arctic 
land areas and an ice-rafting history for the 
Norwegian-Greenland Sea. 

This study is limited to the last two glacial/inter- 
glacial cycles (Oxygen Isotope Stages 6 and 5, ca. 
190-ca. 60 ka, including Termination 11, and 
Oxygen Isotope Stages 2 and 1, ca. 25 ka to present, 
including Termination I) in order to distinguish 
differences between strongly glacial and strongly 
interglacial climates (the boundaries for the stages 
were defined according to Imbrie et al., 1984 and 
Martinson et al., 1987). Most sediment cores taken 
in the Norwegian-Greenland Sea area are long 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. Grzybozuski Fourzdation Special Pllbliuatioiz, no. 5, pp. 119-139 
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enough to contain these two cycles; thus a detailed 
record of several palaeoceanographic parameters 
exists for these two cycles, whereas previous gla- 
cial/interglacial cycles are not as well sampled. 
The cores analysed in this investigation have also 
been studied for several parameters including car- 
bonate contents (Henrich, 1992), subpolar planktic 
and benthic foraminifers (Henrich, 1992), the 
chronological occurrence of sediment pellets 
(Goldschmidt, 1994), changes in organic geochemi- 
stry (Wagner, 1993; Wagner & Henrich, 1994), accu- 
mulation rates of coarse sediments (Goldschmidt, 
1995) and bottom current velocities (Michels, 1994). 
Together with similar studies in the same geogra- 
phic area (Bischof, 1991, 1994) as well as lithologi- 
cal investigations in neighbouring areas (e.g. 
Hebbeln, 1991; Kubisch, 1991; Spielhagen, 1991), it 
is hoped that the data from all these studies will 
contribute to an understanding of past eras of cli- 
mate change with an eye toward comprehending 
the changes that are occurring today. 

Introduction to the study area 
The Norwegian-Greenland Sea is the only signifi- 
cant link between the Atlantic and Arctic Oceans. 
Presently surface currents in the NGS are marked 
by relatively warm water flowing from the Atlantic 
Ocean into the southern and eastern NGS and cold 
Arctic Water flowing into the northern and western 
NGS (Fig. 1). 

The Norwegian Current brings the relatively 
warin North Atlantic Water (NAW; temperature 6- 
10°C, salinity 35.1-35.3%) northwards off the 
Norwegian coast; the Norwegian Coastal Current 
(NCC) and the eastern portion of the NAW then 
flow along the northern coast of Norway (North 

Figure 1 Modern surface currents in the Norwegian- 
Greenland Sea. Locations of cores investigated in this 
st~tdy are shown. After Henrich ['t 01. (1995). 

Cape Current) and exit into the Barents Sea while 
the main portion of the NAW continues to flow 
northward in the West Spitsbergen Current to the 
Fram Strait; some of this NAW then flows into the 
Arctic Ocean, where it sinks due to an increase in 
density (Swift, 1986). 

Cold water is discharged froin the Arctic Ocean 
into the western NGS via the East Greenland 
Current (EGC; temperature <O°C, salinity 30-34'%,0). 
Water in the EGC can continue to flow southward 
into the Atlantic Ocean through Denmark Strait or 
curve eastward in the East Iceland or the Jan 
Mayen Currents. Water in the central NGS (the 
Arctic Surface Water) that results from the mixing 
of the cold EGC waters and the relatively warm 
NAW has a temperature of 0-4°C and a salinity of 
34.6-34.9% (Swift, 1986). 

The Norwegian-Greenland Sea and the Arctic 
Ocean differ from most of the world's other oceans 
because of the presence of a broad blanket of sea 
ice covering portions of them. This blanket serves 
not only to insulate the water from the atmosphere, 
but also provides a great concentration of salt 
where ice forms in the marginal seas (salt is left 
behind when seawater freezes) and of freshwater 
in areas of melting ice. In addition, the ice can be 
sediment-laden, providing coarser sediments a 
way of reaching the deep ocean basins in this area. 

Ice-transported material 
Sediments that have been transported by ice are 
usually called "ice-rafted detritus" (IRD). This does 
not, however, refer only to iceberg-rafted sedi- 
ments, but also to those carried by sea ice. 
Differentiating sediments that have been dropped 
by melting icebergs from those that have been 
deposited by melting sea ice is not an easy task, yet 
it is important in the reconstruction of both palaeo- 
climates and of glacial advances and retreats. Due 
to the processes by which sediments are incorpora- 
ted into glaciers vs. those through which sediments 
are entrained into sea ice, glacial (iceberg-deposi- 
ted) sediments are usually considered to be coarser 
than those dropped by sea ice (see von Huene et a] . ,  
1973; Hopkins & Herman, 1981; Syjeldnaes, 1981; 
Clark & Hanson, 1983; Goldschmidt et al. ,  1992). 
Sediment grains coarser than 63 pm are usually 
considered to be ice-rafted (sea ice or icebergs; 
Mullen et nl., 1972, Watkins et al.,  1982), and grains 
>500 pm are considered to be ice&-rafted (but 
see Emery, 1963). Several studies have used this 
500 pm boundary to reconstruct past iceberg drift 
paths (e.g. Molnia, 1983; Bischof, 1991; Kubisch, 
1991; Spielhagen, 1991; Elverheri, 1992). But it must 
be kept in mind that, although it is less likely that 
coarse sediments are incorporated into (and later 
deposited by) sea ice than into icebergs and gla- 
ciers, this does not mean that it is impossible (see 
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Goldschmidt et nl., 1992). Many investigations in 
the Arctic have found coarse sediments on or in sea 
ice (e.g. Kane 1857; Tarr 1897; Herman, 1974; 
Wollenburg, 1991; Niirnberg e f  nl., 1994). However, 
in this paper it is assumed that coarse IRD found in 
sediment cores was deposited by melting icebergs. 

MATERIAL AND METHODS 
Determining the lithology of sediment samples 
Sarnple selection 
Cores selected for sampling of sediments for litho- 
logical studies are show11 in Table 1 and Figure 1. 
The layout of the cores defines two transects, one 
ru~uung northwest-southeast across the central 
Norwegian-Greenland Sea and the other striking 
west-east between Greenland and southern 
Svalbard. These cores were chosen because their 
location can provide both detailed information for 
the transects tl~einselves and general information 
for the Norwegian-Greenland Sea as a whole. 
Bioturbatioi~ in these cores is generally low for the 
investigated time period, allowing an increased 
accuracy for the dating of the cores. Furthermore, a 
large database for comparison already exists for 
most of these cores (Henrich e f  nl., 1989, 1995; 
Bischof et nl., 1990; Bischof, 1991, 1994; Henrich, 
1992; Wagner, 1993; Michels, 1994; Wagner & 
Henrich, 1994; Goldschmidt, 1995); this makes it 
possible to correlate various parameters of the 
same cores and to refine palaeoceanographic inter- 
pretations. Two new, unstudied cores (23454 and 
23456) were included to broaden the database for 
the northern transect. 

Samples of ca. 1 cm thickness were taken from 
each of the cores on board ship. The sampling 
interval was 5-10 cm, which eventually led to a 
temporal resolution of up to ca. 200 years, depen- 
ding on the sedimentation rate. The samples that 

were used in this investigation were taken from the 
beginning of Stage 6 (186-128 ka) to the end of 
Stage 5 (128-71 ka); additional samples document 
the transitions between Stages 7 and 6 and Stages 5 
and 4. The same method was used for Stages 2 (24- 
13.6 ka) and 1 (13.6 ka-present); additional san~ples 
document the transition between Stages 3 and 2. 
Thus investigated samples had ages of ca. 190 to cn. 
60 ka and ca. 25 to ca. 0 ka. 

An approximately 2-5 cm3 sample was used for 
carbonate measuremei~ts; these provided a 
preliminary stratigraphy. Sediment samples collec- 
ted from the same depth as the carbonate samples 
were dried, weighed and washed in a hydrogel1 
peroxide solution to disintegrate aggregates. The 
sediment mixture was then washed through a 63 
PI sieve to separate the coarse from the fine frac- 
tion. The coarse fraction was then dried and 
weighed; the fine fraction was not used ill this 
investigation and will not be further described. 

After weighing, the coarse subsample was clr! - 

sieved into the following fractions: 63-125 run, 125- 
250 pm, 250-500 pn, 560-1000 prn and >I000 run. 
These fractions were then weighed to determine 
the percentages of the weights of the various frac- 
tions in regard to the coarse and the total sample 
weights. 

The lithology of ice-rafted sediment was deter- 
mined by investigating two groups of sediinent 
fractioi~s: the 125-500 pm and the >500 pm fsac- 
tions. Both fractions were analysed identically. At 
least 300 grains per fraction (equals >600 grains per 
sample) were examined under a reflecting light 
microscope. Occasionally the >500 vim fraction 
consisted of fewer than 300 grains; in this case all 
the existing grains were counted. Slight statistical 
errors may occur when there are fewer than 300 
grains (see Watkins et al., 1982). The grains were 

classified into 22 lithologi- 
cal classes ~ l u s  one for bio- 

Table 1. Parameters concerning investigated cores 

Core Ship* Cruise Latitude Longitude 
Depth (rn) 

23454 M XX114 76"45 1'N 0832.6'E 2144 3.61 

23456 M XXV4 7734 O'N 06Y0.5'E 21 82 6 34 

"Ships: M = Meteol; P = Polarstern 

genic grains (which con- 
sists almost exclusively of 
the shells of the planktic 
foraminifera Neoglobo- 
qltndrilm pnclyi'errrra sin.); 
these classes are shown in 
Table 2. A si~nilar s t~tdy 
(Bischof, 1991) found tllnt 
a inore detailed analysis 
(106 classes), while provi- 
ding information about 
more specific rock types, 
could not be usecl in analy- 
sing spatial and tempokl 
variations; the great num- 
ber of classes made it 
impossible to make ~ t i ~ i -  
forin correlations between 
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cores in space and time. 
After grain analysis had been completed, the 

grain percentages were subjected to factor analysis 
to determine the statistical significance of IRD 
facies over time. Factor analysis was done for the 
grain counts of the >I25 pn fraction for each core. 
This was accomplished using the CABFAC pro- 
gram (Imbrie & Kipp, 1971; Klovan & Imbrie, 
1971). 

To determine the age of the samples, oxygen 
and carbon isotope (6180 and 813c) measurements 
were performed on the 125-250 pn fraction of the 
planktic foraminifera Neogloboquadrina pachyderms 
sin. Analyses were done at the C-14 Laboratory at 

Table 2. Lithologies investigated in this study. 

qt~nrtz +feldspar chalk 
nlicn coal 
nlajc mii~ernls q~~artzite 
snizdstone rilica schist 
dnrk siltstoize phyllite 
Iigllt siltstone crysknlline schist 
red siltstone light crystnlline rock 
spiclilitic chert dark crystalline rock 
other chert red cyslalline rock 

lactor loading 

the University of Kiel using the procedures de- 
scribed by Winn et al. (1991). Isotopic events and 
stage boundaries were located using data of Imbrie 
et al. (1984) and Martinson et al. (1987). Cores with- 
out isotopic data were dated by comparing charac- 
teristic maxima and minima in carbonate content 
to the carbonate curves of cores with isotopic 
datings. The age data are presented in the 
Appendix. 

Presentation of the data 
The graphs of the factor analysis graphs require 
some explanation. Simple line graphs of the factor 
loadings (>0.700, the limit of statistical signifi- 
cance) vs. age resulted in up to 6 different lines 
crossing each other repeatedly; it was nearly 
impossible to distinguish the paths of all of the 
lines in a graph. Thus the portion of the lines that 
exceed a factor loading of 0.700 were covered with 
boxes of different patterns, resulting in an under- 
standable presentation of the lithology data (see 
Fig. 2). 

RESULTS 
Composition of the investigated sediments 
Figure 3 shows the occurrence of the IliD facies 
determined to be significant by factor analysis. 
There are 3 main IRD facies, consisting of: 

the quartz facies (QZF), where quartz is the 
dominant IRD facies; 

the dark siltstone facies (DSF), where dark silt- 

factor loading 

111 

Figure 2. Process of preseniation of results of factor analysis. Pure graphing results in the incomprehensible presenta- 
tion at left. Restricting the results to factor loadings > 0.700 results in the presentation in the middle; this is better t l~an 
that at left but is still difficult to understand. Covering the portion of the lines that exceed a factor loading of 0.700 with 
boxes of different patterns results in the understandable presentation at right. 



Ice-rafting in the NGS for the last two glacial/interglacial cycles 123 

stone is the dominant IRD facies; and 
the biogenic material facies (BMF), where bio- 

genic material dominates the sediments, indicating 
the lack of IRD. 

Oxygen Isotope Stage 6 
Northern transect. - The advent of Stage 6 can be 

seen as a dark siltstone facies (DSF) in the central 
cores of the northern transect (Fig. 3). An occur- 
rence of the biogenic material facies (BMF) appears 
in the westernmost core (21906); the amount of ter- 
restrial material is low enough in this core that bio- 
genic material dominates during this period and, 
indeed, through nearly the entire core. At around 
177-168 ka an influx of the quartz facies (QZF), 
interrupted briefly by a DSF, appears in all cores 
except 21906. Between 168 and 135 ka, cores 23454 
and 17728 are dominated by alternating appearan- 
ces of the QZF and the DSF while cores 23456 and 
21906 apparently have too little terrestrial material 
and are thus dominated by the BMF. Toward the 
end of Stage 6 QZF deposition becomes predomi- 
nant in all cores. 

Souhern transect. - The BMF predominates in 
all cores for the Stage 7/6 transition in the southern 
transect. Greater amounts of terrigenous material 
begin to be deposited by 180 ka (178 ka in core 
23342; Fig. 3). The QZF is deposited in all cores 
except 23062 (DSF) until about 173 ka. For the next 
8 ky little terrigenous material is deposited except 
in core 23059 (QZF). The supply of terrigenous 
material gradually increases from east to west 
starting around 155 ka, so that the QZF is depo- 
sited in every core except the westernmost 23342 
between 148 and 138 ka, including Event 6.3. 
Toward the end of Stage 6, the QZF was deposited 
in most cores while the DSF was deposited in core 
23062. The QZF is the dominant facies for both 
transects in Termination 11. 

Oxygen Isotope Stage 5 
Northern transect. - The QZF that was deposited 
toward the end of Stage 6 and in Termination I1 
peters out during Event 5.5.3. After this time, 
nearly every core of the northern transect in Stage 
5 has little terrigenous material; they are thus 
dominated by the biogenic matter facies (BMF). 
The northeasternmost core (23454), on the other 
hand, has more terrigenous sediment: rapid inter- 
layering of the QZF and the DSF overwhelms the 
biogenic matter. 

Southern transect. - The entire southern trans- 
ect is dominated by the BMF for almost the entire 
Stage 5 (Fig. 3). The DSF does not appear at all here 
and the QZF appears only at 99-94 ka in core 23342. 
The near total dominance of biogenic matter nearly 
everywhere in the Norwegian-Greenland Sea 
(except in the core closest to Svalbard) demon- 

strates that ice-rafting was much less prevalent 
here than in Stage 6. 

Oxygen Isotope Stage 2 
Northern transect. - It can be seen that IRD depo- 
sition in the Stage 2 glaciation was mucl~  less 
intense than that in Stage 6 for both transects. The 
BMF is doininant in all but the westernmost core 
for most of Stage 2 in the northern transect (Fig. 3). 
Core 21906 consists of the DSF at the beginning of 
this Stage; a switch to the QZF occurs at about 18 
ka. This QZF then becomes the dominant facies 
throughout the transect during Termination I. 

Southern transect. - The facies deposited in the 
southern transect during Stage 2 are similar to 
those of Stage 6: the QZF dominates, there is inter- 
spersed BMF, and the DSF is absent (Fig. 3). The 
QZF covers the entire transect during the transition 
between Stages 3 and 2. The BMF is found at about 
21.5-19 ka on both ends of the transect but not in 
the intervening cores. The QZF then covers most of 
the transect again between 18.5 and 13 ka; a small 
layer of BMF appears in core 23065 at ca. 17 ka. 

Oxygen Isotope Stage 1 
Northern transect. - At the beginning of Stage 1, 
QZF deposition occurs primarily in the western 
portion of the northern transect while DSF sedi- 
ments are deposited mainly in the east (Fig. 3). The 
BMF appears asynchronously at ca. 11 ka in the 
west and ca. 6 ka in the east. The surficial sedi- 
ments are made up of the BMF in every core. 

Souhern transect. - QZF deposition is dominant 
in every core at the beginning of Stage 1 in the 
southern transect (Fig. 3). As is the case in the nor- 
thern transect, the BMF appears asynchronously: 
the first appearance is at ca. 13 ka in cores 23059 
and 23065, then at ca. 11 ka in cores 23342 and 
23062 (the same time as in the western cores of the 
northern transect), with a final appearance at 9.5 ka 
in cores 23357 and 23071. As in the northern trans- 
ect, the surficial sediments are made up of the BMF 
in every core. 

DISCUSSION 
Comparison of IRD facies with Norwegian- 
Greenland Sea lithofacies 
In an attempt to categorise the sediments that 
occur in the Norwegian-Greenland Sea, Henrich 
(1992; Henrich et nl., 1995) presented a classifica- 
tion based on (1) carbonate content, (2) carbonate 
grain size, (3) terrestrial IRD content, (4) terrestrial 
IRD grain size, (5) the presence of planktic and 
benthic foraminifera as well as (6) the presence of 
sediment structures such as dropstones and biotur- 
bation. In this classification are 8 lithofacies which 
point to differing depositional environments and 
the influence of various surface water masses: 
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Lithofacies A and B3, rich in carbonate and 
poor in terrigenous matter, are currently being 
deposited beneath relatively warm Atlantic Water 
and in the transition to Arctic Surface Water. These 
lithofacies indicate that little floating ice existed in 
the NGS during their deposition in earlier periods. 
Lithofacies A and B3 are referred to as "warm 
water" lithofacies. 

Lithofacies 82, 01 and C represent the deposi- 
tional environment beneath Arctic Surface Water 
and cold currents such as the modern East 
Greenland Current. Carbonate and terrigenous 
contents were somewhat lower and higher, respec- 
tively, than in lithofacies A and B3. Icebergs were 
common and sea ice cover dense at times. 
Lithofacies B2, B1 and C are referred to as "cool 
water" lithofacies. 

The diamictons of lithofacies D, E and F are 
related to high instabilities of tidewater glaciers 
which have advanced far out onto the outer 
continental shelf; large numbers of icebergs were 
released by retreating glaciers. Maximum amounts 
of the terrigenous coarse fraction and very low car- 
bonate contents occur in these 3 lithofacies. These 
are referred to as "diamict" lithofacies. 

Table 3 presents the sample depths (in cm) of 
the lithofacies in core 23071 determined by Henrich 
(1992). Also shown are the factor loadings deter- 

grain prcelll 
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mined by factor analysis for the quartz (QZF), dark 
siltstone (DSF) and biogenic matter facies (BMF) 
from this study. As can be seen in this example, 
lithofacies A and 83 are clearly dominated by the 
BMF. Lithofacies Bl/B2 is also BMF-dominated, 
but the QZF is distinctly greater. The QZF rises to 
dominance in the C lithofacies and is clearly domi- 
nant in the diamict lithofacies D, E and F. (The table 
also indicates that four samples appear to be mis- 
identified as C lithofacies by Henrich (1992); they 
are dominated by the BMF with QZF factor load- 
ings of >0.300, and thus are more likely to belong to 
lithofacies Bl/B2.) Taking this comparison into 
account, correlations between the IRD facies and 
the lithofacies of Henrich (1992; Fig. 4) are dis- 
cussed below. 

Oxygen Isotope Stage 6 
The A and B3 lithofacies correlate well wit11 the 
BMF in the penultimate glacial period. The B2/B1 
lithofacies is usually made up of the QZF and DSF 
facies. The C lithofacies is dominated by the QZF 
and the BMF whle  the diamicts D, E and F are 
dominated by the QZF with subsidiary DSF and 
BMF. 

Oxygen Isotope Stage 5 
A positive correlation of the two "warm water" 

23062 
1111//)- 

pnin wrcrnl 

3 3 

Figure 3. Results of the factor analysis of the >I25 pn fraction for the cores examined in this study. The figure shows 
the occurrence of quartz, dark siltstone, chalk, coal, biogenic material and other terrigenous matter; to the right of each 
graph are the lithotypes resulting from factor analysis. Blank areas occur where factor analysis showed statistically 
insipificant results. Cores are displayed west to east. Legend to patterns on following page. 
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Figure 3 (continued). Results of the factor analysis of 
the >I25 pm fraction for the cores examined in this 
study. The figure shows the occurrence of quartz, 
dark siltstone, chalk, coal, biogenic material and 
other terrigenous matter; to the.right of each graph 
are the lithotypes resulting from factor analysis. 
Blank areas occur where factor analysis showed sta- 
tistically insignificant results. Cores are displayed 
west to east. 
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Table 3. Example of comparison of IRD facies vs. litho- 
facies. Shown are the depths (in cm) of the occurrence of 
Henrich lithofacies (left column) vs. the factor loadings 
of the quartz (QZF), dark siltstone (DSF) and biogenic 
matter (BMF) facies for core 23071. Highest factor 
loading is shown in bold print. 

A QZF DSF EMF 

lithofacies A and B3 with the BMF occurs in Stage 
5. Core 23454 continues to show predominance of 
the DSF in these two lithofacies; this indicates both 
a greater supply of terrigenous material to this part 
of the Norwegian-Greenland Sea and a proximity 
to DSF source areas. The B2/B1 lithofacies is donu- 
nated by the QZF or the BMF. The two brief dia- 
micts at the beginning of Stage 5 in cores 23357 and 
23342 are QZF-dominated. 

Oxygen Isotope Stage 2 
The QZF dominates most of Stage 2; the DSF is 
greatly reduced compared to Stage 6. The DSF is 
only prominent in the B3 lithofacies in core 21906. 
The BMF can be seen in the B2/B1 and C lithofacies 
in other cores; since Stage 2 is a glacial era, the pre- 
sence of the BMF in these lithofacies indicates that 
very low amounts of terrestrial material were 
deposited in these cores compared to the Stage 6 
glaciation. 

Oxygen Isotope Stnge 1 
The DSF continues to be uncommon in Stage 1; it is 
found only in the northeast (cores 23454 and 
23456), implying that the northeastern DSF source 
was still being eroded by glaciers during the first 
half of Stage 1. The QZF predominates in the 
"cool" lithofacies C and B2/B1, but the presence of 
the BMF shows that relatively little terrigenous 
matter was being deposited. As usual, the 
"warmer" lithofacies A and B3 (affected by Atlantic 
waters) are BMF-dominated. 

Summary of correlation of IRD facies zoitk 
Henrich lithofacies 
In general, the dark siltstone facies (DSF) appears 
much more frequently in Stages 6 and 5 (the 
penultimate glacial/interglacial cycle) than in 
Stages 2 and 1 (the last such cycle). The core with 
the greatest occurrences of this facies is core 23454, 
which lies off the coast of Svalbard. This implies 
that either Svalbard or the Barents Sea is the largest 
contributor of dark siltstones to the Nonvegian- 
Greenland Sea. Furthermore, greater quantities of 
IRD in general and of the DSF in particular appear 
to have been transported from Svalbard or the 
Barents Sea in the penultimate glacial/interglacial 
cycle than in the later one. 

Generally, the "warm water" lithofacies A and 
B3 are dominated by the biogenic matter facies 
(BMF). The DSF dominates in lithofacies B2/B1 
and C. It does not figure strongly in the diamicts, 
which are usually dominated by the quartz facies 
(QZF). This is surprising, since the diamicts tend to 
be dark in colour, and it was assumed that this 
colouring comes from massive quantities of dark 
siltstones. Figure 5 shows that this does not appear 
to be the case. In this figure, the grain percentages 
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Figure 4. Comparison of Henrich lithofacies and IRD facies determined by factor analysis for the northern (top) and 
southern (bottom) transects. 
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of dark siltstones, chalk and coal are plotted 
against time and compared to the lithofacies of 
Henrich (1992). It can be seen that there are peaks 
in dark siltstone deposition during the deposition 
of the diarnicts. It can also be seen, however, that 
(1) sometimes very few dark siltstones occur in the 
diamicts (e.g. core 23065, ca. 148 ka) and (2) peaks 
in dark siltstone deposition occur in other lithofa- 
cies. Sometimes these dark siltstone peaks are 
higher than the peaks in the diamicts (e.g. core 
23071, diamict at 145 ka vs. dark siltstone peak at 
139 ka). 

Wagner (1993) found that the diamicts general- 
ly contain sediments with high total organic carbon 
(TOC) contents. While background TOC contents 
average about 0.20-0.30 weight percent (wt.%), dia- 
micts have values of up to 1.04 wt.%. Results of the 
present study show that the same diamict samples 
determined by Wagner (1993) to have high TOC 
values have quartz:dark siltstone grain percent 
ratios of up to 20:1, averaging about 8:l. Although 
not all diamicts have TOC peaks, those that don't 
do not have a lower quartz:dark siltstone ratio than 
those that do. The coarser >500 pm fraction, how- 
ever, has a quartz:dark siltstone grain percent ratio 
of up to ca. 1:2. This means that the coarser fraction 
contains a much higher proportion of dark silt- 

stones; these may be the ones that account for the 
TOC peaks in the studies of Wagner (1993). Dark 
siltstones that were included during diamict depo- 
sition may thus be more TOC-rich or have larger 
grain sizes than dark siltstones deposited at other 
times; this may mean that the dark siltstones in the 
sediment that makes up diamicts originates in a 
different (high-TOC) source region than the dark 
siltstones from other lithofacies. 

The distribution of the sediment lithology 
determined in this study and its relationship with 
the lithofacies determined by Henrich (1992) and 
with palaeoclimates can thus be summarised: 

The dark siltstone facies (DSF) is generally more 
frequent during glacials than in interglacials and 
also occurred more often in the penultimate gla- 
cial/interglacial cycle as opposed to the last one. 
The DSF can therefore be generally viewed as a 
"strong glacial" facies. 

The DSF is most prominent in the northern 
transect than in the southern. 

This appears to implicate Svalbard or regions 
east thereof as sources for the DSF. 

These land sources were suppleinented by 
marine (continental shelf) sources during glacial 
times when glaciers advanced onto the continental 
shelves. The Barents Sea Shelf was probably ano- 

ther source for the DSF (see 
point above). 

The QZF facies was pre- 
dominant during the Stage 
2 glaciation, which was 
weaker than that of Stage 6. 

/ I.ilh<B8rin It was also deposited in 1 (H r#~nrh  IM2J 7 both Terminations 11 and I. 

It can therefore be viewed 
as a "weak glacial" and 

.,,,L. ",,, mo11n2 "deglacial" facies. 
<,I.,<,,,, 1 v,, ,,,,C,,,."> 1 ~ / ~ 1 1  

The BMF was deposited 
cxc,,,\ predominantly in intergla- 

cial periods, although it 
appears sporadically in gla- 
cia1 periods. It signals low 
amounts of terrigenous 
sedimentation and can be 
viewed as an "interglacial" 
facies. 

I CI;LI~ <~II\~<IIIC ~ O S I ~  The "warm water" litho- I 6 q"illll(OLl:l 

1 hlo:un~c nnrauri;lI (OMI.1 ( facies A and B3 correlate 
i ;,,, =,,;,,,,, i,,ll, i with the biogenic matter 

facies (BMF). 
The "cool water" lithofa- 

cies B2/B1 correlate mostly 
with the DSF. 

The diarnict lithofacies D, 
Figure 5: Comparison of Henrich lithofacies (left), makeup of the sediment accor- E and F usually correlate 
ding to the grain percentages of dark siltstone, chalk and coal (middle) and IRD with the QZF, 
facies determined through factor analysis (right) for cores 23065 and 23071. 
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there are some DSF diamicts. The DSF tends to 
show peaks in the diamicts but is still usually sub- 
ordinate to quartz. The DSF lithofacies in the dia- 
micts may contain rocks with higher TOC values 
than those in other lithofacies. 

The lithofacies defined by Henrich (1992) show 
some correlation with the IRD facies presented 
here. Any particular lithofacies can be divided into 
further subdivisions based on IRD facies. To do this 
would refine the ice-rafting history of any particu- 
lar core but differences in the details would result 
in a reduced capability to correlate cores (see 
Bischof, 1991). 

Correlation of IRD facies with accumulation rates 
It would be interesting to know if there is a rela- 
tionship between the IRD facies and the accumula- 
tion rates of coarse ice-rafted debris from the 
Norwegian-Greenland Sea (Goldschmidt, 1995); 
for instance, is the dark siltstone facies (DSF) asso- 
ciated with high accumulation rates? Or is this 
association affected by glacial/interglacial con- 
trasts? The following discussion of Stages 6 and 5 
compares the facies and the accumulation rate data 
(Fig. 6). 

During the transition from the interglacial Stage 
7 to the glacial Stage 6 (186 ka), accumulation rates 
(AR) were ca. 200 mg/cm2/ky in the western NGS 
and ca. 200-450 mg/cm2/ky in the northern and 
eastern NGS (Goldschmidt, 1995). The IRD facies 
indicate that the dark siltstone facies (DSF) was 

deposited only in the north at this time; the bioge- 
nic material facies (BMF) was deposited in the 
south. Thus, terrigenous matter, consisting of the 
DSF, was deposited in significant quantities only in 
the northern NGS. High ARs in the northern NGS 
correlate with this deposition of terrigenous mat- 
ter. But the fact that the ARs in the eastern NGS 
were higher than those in the western NGS is not 
explained by the IRD facies. For Events 6.5-6.2 
(171-135 ka) QZF is predominant in the high accu- 
mulation areas (up to 900 mg/cm2/ky; Gold- 
schmidt, 1994) of the southern transect, especially 
off the Norwegian coast, while the DSF dominates 
the high AR (up to 500 mg/cm2/ky; Goldschmidt, 
1994) sediments in the north. 

During the first 5000 years of Stage 5 (128-123 
ka) there were several high accumulation areas, 
notably off the coast of Norway (up to 700 
mg/cm2/ky; Goldschmidt, 1994) and south of 
Fram Strait (up to 1500 mg/cm2/ky; Goldschmidt, 
1994). The highest AR locations were almost 
invariably associated with the QZF. Supporting 
this is the fact that most of the diamict lithofacies, 
indicative of large-scale ice-calving events, are 
QZF-dominated. During the rest of Stage 5 accu- 
mulation rates were very low (<200 mg/cm2/ky; 
Goldschmidt, 1995) and the BMF dominated in 
most areas. 

There is no particular facies associated with the 
highest accumulation rates in the NGS; this varies 
with location, although the QZF does dominate 

accumulation rate, 
terrigenous coarse fraction, 

Figure 6.  Histories of average accumulation rates of coarse terrigenous matter for Events 7.1-Present in the eastern, 
western and northern Norwegian-Greenland Sea. Accumulation rates from the eastern NGS include data from cores 
23065 and 23071 (plus 3 additional cores); ARs from the western NGS include data from cores 23059,23312 and 23357 
(plus 7 additional cores); ARs from the northern NGS include data from cores 17728 and 21906 (plus 2 additional 
cores). Dark lines indicate approximate levels of background sedimentation. Modified from Goldschrnidt (1995). 
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over the DSF during the Stage 6/5 deglaciation. An 
overall relationship, however, does exist between 
the presence of the biogenic material facies (BMF) 
and low IRD accumulation rates. A transition to the 
BMF from another facies would indicate a decrease 
in the deposition of terrestrial IRD while a transi- 
tion from the BMF to another facies would indicate 
an increase in the deposition of terrestrial IRD. 

Ice cover in the Norwegian-Greenland Sea over 
the last two glacial/interglacial cycles 
Following is a brief discussion of the glacial history 
of the Norwegian-Greenland Sea and its surround- 
ing continents over the past two glacial/intergla- 
cia1 cycles. Results gleaned from this study can be 
compared favourably with certain other investiga- 
tions in the NGS area and unfavourably with 
others. These coinparisons are discussed below. 

Oxygen Isotope Stage 6 
Accumulation rates were generally low (<400 
mg/cm2/ky; Goldschmidt, 1995) throughout the 
Norwegian-Greenland Sea during the transition 
between Stages 7 and 6. The biogenic matter facies 
(BMF) was dominant, indicating minimal ice-raft- 
ing. Coccolith evidence points to seasonal ice cover 
at this time; a brief warming episode occurred just 
before the start of Stage 6 (Baumam, 1990). The 
presence of the dark siltstone facies (DSF) in the 
northern NGS indicates melting icebergs from a 
possible glacier in the Barents Sea or on Svalbard. 

Glaciers grew rapidly at the start of Stage 6, 
especially in Scandinavia, resulting in a peak ( ~ 6 0 0  
mg/cm2/ky; Goldschmidt, 1995) in accumulation 
rates (AR) in the eastern NGS. Dark siltstones were 
deposited in diamicts in the eastern NGS; these 
may have come from northward drifting icebergs 
from the Scandinavian Ice Sheet or from south- 
ward drifting icebergs from the Barents Sea Ice 
Sheet. Numerous authors have postulated that 
dark siltstones originate in the Barents Sea/eastern 
Svalbard region or further eastward (e.g. Hebbeln, 
1991; Kubisch, 1991; Spielhagen, 1991; Kuhlemam 
et nl., 1993). Unfortunately, since dark siltstones 
crop out both in the Barents Sea and on the 
Norwegian continental slope, deciding between 
northward- or southward-oriented currents in the 
eastern NGS is impossible without more detailed 
analyses of the dark siltstones. Some investigators 
have found isotopic evidence that glacial currents 
flowed in a clockwise direction rather than the pre- 
sent anticlockwise pattern (Bischof et nl., 1990; 
Weinelt ct al., 1991, 1992; Sarnthein et nl., 1992). If 
currents were clockwise, a significant and long- 
lasting eddy would have to be imposed in the 
southern Fram Strait area to account for the dark 
siltstone facies in the northeasternmost cores. The 
clockwise reconstruction of Bischof et al. (1990) was 

based in part on the diminishing quantity of coal 
clasts in the ~ 5 0 0  p m  fraction from north to south 
in the eastern NGS. These coal clasts were coil- 
sidered to have come from more northern areas 
such as Franz Josef Land or the Siberian shelf. 
Wagner (1993) disputed this reconstruction based 
on the geochemical properties of coal samples froin 
the NGS sea bottom in comparison with in sit11 coal 
from the Siberian shelf. It should be noted, how- 
ever, that Wagner (1993) analysed only one sample 
from the Siberian Shelf; he also warned of the pos- 
sible inaccuracy of using coal as a tracer because of 
its rather uniform geochemical properties tl~rougll- 
out the Arctic realm. This leaves the questions of a 
Siberian origin for the coal from the NGS and of the 
possibility of a clockwise gyre during deglaciations 
still unanswered. 

The presence of scattered chalk dropstones in 
the easternmost core (23071; Fig. 5; Henrich, 1992) 
indicates a northward drift from the North Sea area 
to the eastern NGS by around 175 ka and thus 
counterclockwise circulation. By this time, the 
quartz facies (QZF) had become the most domi- 
nant facies to be deposited in the NGS. 
Accumulation rates remained relatively high in the 
eastern and northern NGS. An increase in AR ( ~ 6 0 0  
mg/cm2/ky; Goldschmidt, 1994) occurred at 141 
ka in the northern NGS, indicating an increase in 
the number of melting icebergs in this area. Based 
on the geochemical properties of dark siltstones in 
cores 23065 and 17728 and of in sit11 dark siltstoncs, 
Wagner (1993) reconstructed a westward and then 
southward ice drift from northern Norway and the 
Barents Sea. The AR evidence from the northern 
NGS does not appear to support the results of 
Wagner (1993). 

The interpretation of relatively warm condi- 
tions during isotopic Events 6.5 and 6.3 (171 and 
141 ka) is supported by the deposition of lithofacies 
A and the appearance of coccoliths in the Fram 
Strait (Hebbeln, 1991; Henrich, 1992). Although the 
climate was relatively warm for these parts of 
Stage 6, biogenic matter was not dominant, indica- 
ting that ice-rafting of terrigenous sediments was 
still strong at this time. Higher accumulation rates 
of coarse IRD (up to 900 mg/cm2/ky; Gold- 
schmidt, 1994) appear throughout the NGS during 
both events, indicating the increasing instability of 
ice margins and the melting of icebergs in the NGS. 
These increased ARs are supported by the increase 
in TOC-rich sediments (Wagner, 1993). The inter- 
vening Event 6.4 (157 ka) is marked by lower ARs 
(ca. 150-500 mg/cm2/ ky; Goldschmidt, 1994) 
throughout the NGS, indicating more stable ice 
margins and the reduced release of icebergs. 

Oxygen Isotope Events 5.5.3-5.5.1 
During the first 5000 years of the interglacial Stage 
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5 (Stage 5.5 = the Eemian; Mangerud et nl., 1979; 
Mangerud, 1989) accumulation rates (AR) were 
high (up to 1500 mg/cm2/ky; Goldschmidt, 1995) 
in the northern and eastern NGS. During this time, 
the biogenic matter facies (BMF) began to domi- 
nate the sediments, indicating warmer climates 
and decreasing ice-rafting. By this time, warm 
Atlantic water had penetrated into the eastern 
NGS. This is supported by the deposition of the 
"warm water" lithofacies A and B3 in the NGS, by 
the deposition of the biogenic matter facies (BMF), 
by oxygen isotope records, by a strong peak in the 
amount of coccoliths and by the decrease in the 
TOC content of the sediments (Henrich et nl., 1989; 
Baumam, 1990; Henrich, 1992; Baumann et nl., 
1993; Wagner, 1993). 

Oxygen Isotope Events 5.4-5.0 
The combination of low accumulation rates (<ZOO 
mg/cin2/ky; Goldschmidt, 1995) and the domi- 
nance of the biogenic matter facies (BMF) indicate 
that the remainder of Stage 5 was relatively warm. 
It was not, however, as warm as during Event 5.5.1; 
this is supported by the decrease in deposition of 
carbonate sediments (Henrich, 1992). The NGS 
may have been at least seasonally covered with sea 
ice during portions of Stage 5 (Belanger, 1982; 
Hebbeln, 1991), but icebergs were rare. The dark 
siltstone facies (DSF) is more prominent in the 
northern NGS, indicating that the Sval- 
bard/Barents Sea region was ice-covered at this 
time. Carbonate and biogenic data point to a brief 
warming of the NGS during Events 5.3 and 5.1 and 
cooling in Event 5.2 (103,79 and 90 ka respectively; 
Baumam, 1990; Gard & Backman, 1990; Hebbeln, 
1991; Henrich, 1992); TOC contents (Wagner, 1993) 
and accumulation rates for coarse IRD 
(Goldschmidt, 1995) are uniformly low at this time, 
hindering any interpretations of palaeoenviron- 
ments based on these data. 

IRD accumulation rates began to increase (>ZOO 
mg/cm2/ky; Goldschmidt, 1994) after Event 5.1 
(79 ka). Carbonate evidence shows a relatively cool 
NGS; by this time the biogenic matter facies (BMF) 
had been replaced in some cores by the quartz 
facies (QZF). 

Oxygen Isotope Stages 2 and 1 
During Stage 2, ice sheets and sea ice became wide- 
spread for the last time. This is indicated by the 
combination of high accumulation rates (500-800 
mg/cm2/ky; Goldsclunidt, 1994) and the general 
domination of the quartz (QZF) and, to a lesser 
degree, the dark siltstone facies (DSF) over the bio- 
genic matter facies (BMF). A complete ice cover like 
that seen in the CLIMAP reconstruction (CLIMAP 
Project Members, 1976; Kellogg, 1980; Kellogg ct 
nl., 1978) is unlikely due to the sedimentation rates 

in the NGS at this time; a complete ice cover would 
reduce sedimentation rates drastically. The Barents 
Sea, Svalbard and Scandinavian Ice Sheets all 
expanded to the continental shelf edge (Vorren cf 
nl., 1984, 1988; Hald et nl., 1989; Haflidasoil & 
Sejrup, 1992; Baumann et nl., 1995). 

The nearly continuous presence of chalk in core 
23071 during Stage 2 points to a northward drift of 
icebergs in the eastern NGS and thus to an 
anticlockwise circulation pattern in the NGS as a 
whole. This chalk can be traced from the North Sea 
area northward along western Norway and up into 
the Fram Strait (Schacht, 1991; Spielhagen, 1991; 
Henrich, 1992). 

Peaks in the accumulation rates of IRD can bt. 
seen between 26 and 12 ka in the Frain Strait 
(Hebbeln, 1991; Mangerud, 1992); these may be de- 
rived from the melting of icebergs from Svalbard. 
Most studies point to a rapid deglaciation of the 
Scandinavian and Barents Sea Ice Sheets a r o ~ u ~ d  
15-13 ka (Ruddiman & McIntyre, 1981a and b; 
Vorren et al., 1988; Hald ct nl., 1989; Jones & 
Keigwin, 1989), although some investigators see 
some glacier melting at 18-22 ka (Grousset & 
Duplessy, 1983; Lehman et nl., 1991; H. Hatlidason, 
pers. comm., 1993). Deglaciation was driven 
mainly by iceberg calving (Hughes, 1992). Svalbard 
may not have begun deglaciation before 10 ka 
(Hebbeln, 1992; Mangerud, 1992; Mangerud & 
Svendsen, 1992). This seems to be supported by the 
delayed appearance of the biogenic matter facies 
(BMF; ca. 5 ka vs. ca. 10 ka) in the northeaster11 
NGS. 

At ca. 15 ka, a rise in dark siltstoi~es occurred in 
the eastern NGS (Figs. 4 and 5) .  Bischof (1991,1994) 
found evidence of clastic sedimentary rock deposi- 
tion (such as dark siltstones) for the eastern NGS at 
this time. Based on geochemical properties of the 
sediments, he attributed the origin of the sedimen- 
tary rock to the Barents Sea region, thus revealing a 
possible reversal in current directions in the 
eastern NGS. A complete change from anticlock- 
wise to clockwise NGS circulatioi~ did not take 
place, however; currents in the western NGS con- 
tinued to flow southward. In Figs. 4 and 5, it can be 
seen that chalk deposition comes to an abrupt halt 
at this time in core 23071; this may indicate that the 
heretofore prevailing northward flow of ice off 
Norway, carrying chalk from the North Sea region, 
suddenly was replaced by a southward flow which 
carried the siltstones from the Barents Sea. This 
may be a result of the deglaciation of the Barents 
Sea Ice Sheet (see also Sarnthein et nl., 1992). 

A diamict deposited at 13.5-13.2 ka in core 
23071 contains coal and chalk fragments (Henrich, 
1992), indicating that the northward drift in the 
eastern NGS had reasserted itself by this time. 
High TOC values in the diainict appear to indicate 



132 

a source on the Norwegian continental shelf 
(Wagner, 1993). 

Carbonate and diatom data indica te tha t the 
first intrusion of Atlantic Water occurred at 13-10 
ka (Henrich, 1992; Ko<;: Karpuz & Jansen, 1992). The 
biogenic matter facies (BMF) began to be deposited 
at ca. 12-10 ka (ca. 5 ka in the northeastern NGS), 
indicating a decrease in IRD and the return to 
warmer climates. The transition to Holocene 
climates after the Younger Dryas is marked by an 
increase in carbonate deposition and by the re­
placement of the C and Bl lithofacies by the A and 
B3 lithofacies 8-6 ka (Henrich, 1992). The depo­
si tion of modern coccoliths and diatoms began at 
about this time (Ba umann, 1990; Baumann & 
Matthiessen, 1992). ARs of coarse IRD have 
genera lly been <200 mg/cm2/ky for the last 5000 
years (Goldschmidt, 1995). 

Comparison to Heinrich events 
In recent yea rs much research has been devoted to 
"Heinrich layers" in the northern North Atlantic 
(Heinrich layers must not be confused with 
Henrich lithofacies). Heinrich layers appear to 
have been caused by massive discharges of ice­
bergs from the Laurentide Ice Sheet in North 
America during at leas t the last ca. 70 ka. These 
layers are marked by peaks in terrestrial coarse 
IRD and in fossil detri tal carbonate (Heinrich, 1988; 
Bond et ai., 1992a-c). It appears that they occurred 
when the Laurentide Ice Sheet, centred on the 
crystall ine rocks of the Canadian Shield, advanced 
onto the softer carbonate rocks further eastward. 
The grea ter erodability of the carbonate rocks led 
to an increase in the veloci ty of the ice sheet and its 
consequent destabilisa tion. This brought about the 
calving of grea t numbers of icebergs and the preci­
pitous retrea t of the ice shee t (Alley & MacAyeal, 
1994; MacAyeal, 1993). The icebergs carried glacial 
sediment into the northern North Atlantic Ocean 
(be tween latitudes 40-65°N); this sediment was 
deposited as fa r east as the Canary Islands off the 
northwest coast of Africa. 

The origin of Heinrich layers and those of the 
diClmict lithofacies D, E and F of Henrich (1992) are 
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remarkably similar: both are assumed to have been 
ca used by rapid diSintegration of an ice sheet, the 
Laurentide for the Heinrich layers and the 
Scandinavian for Henrich lithofacies. Heinrich 
events occurred in the northern North Atlantic at 
ca. 69 (Heinrich layer 6 = H6), 52 (H5), 41 (H4), 28 
(H3), 21 (H2) and 14.3 (HI ) ka (Bond et ai., 1992c). 

Only sediments with ages of 190-60 ka and 25-0 
ka were analysed in the present study, so tha t cor­
relations can be made only with layers H6, H2 and 
HI . Heinrich layers do not correlate well with the 
diamic ts of Henrich (1992). In core 23071 a diamict 
occurs at 14.3 ka, the same time as HI (see Henrich 
et al . (1995) for further discussion). No other dia­
micts have the same ages as Heinrich layers. But 
Table 4 lists some intriguing comparisons between 
Heinrich layers and the results of the present study. 
About 1000 years before the deposition of H6 a 
peak in the amount of dark silts tones occurred in 
the northern transect; 500 years la ter (500 years 
before H6) a quartz peak occurred . Similarly, peaks 
in dark siltstones occurred ca. 300 yea rs before HI 
while quartz peaks occurred ca. 1100 years before 
H2 and 200-300 yea rs before HI. Peaks soon after 
the deposi tion of Heinrich layers are not as com­
mon: a dark silts tone peak appears 100 yea rs after 
(essentially the same time as) H2 while a quartz 
peak occurs 200 years after the deposition of HI. 

This, coupled with the fact that accumulation 
rates at the times of deposition of the Heinrich lay­
ers are generally increaSing or high (see Table 4), 
indicates that there is some correlation between 
deposi tion of sediments in the Norwegian­
Greenland Sea and of Heinrich layers further 
south. SpeCifically, it appears tha t a peak in the 
deposition of dark silts tones or of quartz in the 
NGS occurs within 1000 yea rs of the deposition of 
Heinrich layers. This would indica te that sudden 
glacier surges and resulting iceberg ca lving events 
from the Scandinavian Ice Sheet occurred within 
1000 years of those from the Laurentide Ice Sheet. 

However, since the method used for dating the 
Norwegian-Greenland Sea cores is genera lly not 
more accurate than 1000 years (more accura te AMS 
dates exist only for Stages 1 and 2 in cores 23065 

Tab le 4. Correlation of sediment cha racteristics from the Norwegian-G reenland Sea for the deposi tion times of 
Heinrich layers H6, H2 and HI. 

SOUTHERN TRANSECT NORTHERN TRANSECT 

H6 (69 ka) H2 (21 ka) H1 (14.3 ka) H6 (69 ka) H2 (21 ka) H1 (14.3 ka) 
Lithotype BMF QZF QZF QZF BMF QZF 
Accumulation Rate increasing high high increasing low high 
qtz peak before --- ca. 1100 y ca. 300 y ca. 500 y --- ca. 200 y 
qtz peak after --- --- ca. 200 y --- --- ca. 200 y 
dss peak before --- --- ca. 300 y ca. 1000 y --- ca. 300 y 
dss peak after --- --- --- --- ca. 100 Y ---
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and 23071), it cannot be resolved whether sedi­
mentation peaks preceded, fo llowed or occurred 
simultaneously with the deposition of Heinrich 
layers, only that they occurred within 1000 years of 
each other. Simila r correla tions between peaks in 
terrigenous IRD and Heinrich layers were obser­
ved in the Greenland Sea by Baumann et al . (1993). 

CONCLUSIONS 
• Coarse (>125 pm) sediments fo und on the floor 
of the Norwegian-Greenland Sea can be classified 
into three facies: that dominated by quartz (QZF), 
that dominated by dark silts tones (DSF) and tha t 
dominated by biogenic material (BMF). Other 
facies occur, but they do not cross the correlation 
coefficient = 0.7 boundary of statis tical signifi­
cance. 
• The DSF occurs in Norwegian-Greenland Sea 
cores m.ainly in Stage 6 and is thus a "strong gla­
cial" facies. The main source for the DSF appears to 
lie east and south of Svalbard; additional sources 
are the Norwegian continental shelf and north­
eastern Greenland. The QZF predominated the 
IRD in Stages 5.5 to 1; beca use the Stage 2 glacia­
tion was much weaker than the previous one, the 
QZF is considered to be a "weak glacial" IRD 
facies; it is also a "deglacial" facies, being the pre­
dominant facies deposi ted during both 
Terminations II and I. Because the QZF consists of 
broken-down crystalline rocks, source areas could 
lie anywhere in the Arctic realm. 
• Comparisons with IRD accumulation ra tes show 
tha t the presence of the BMF generally ties in with 
low accumulation rates. A transition to the BMF 
from another facies would therefore indica te a 
decrease in the deposition of terrestrial IRD whi le a 
transition from the BMF to another facies would 
indica te an increase in the deposition of terrestrial 
IRD. 
• A one-to-one relationship between facies and the 
lithofacies of Henrich (1992) was not seen; rather, it 
was shown that most lithofacies consist of a variety 
of fac ies tha t correlate chronologically. An attempt 
to further subdivide the lithofacies according to the 
facies should not be made; although it would give 
more precise sedimentological data for anyone 
core, correla tion to neighbouring cores would 
prove difficult. 
• Lithofacies A and B3, wh.ich are considered to be 
"warm water" facies, are dominated by the bio­
genic matter facies (BMF). The DSF occurs mainly 
in the lithofacies B2 / Bl and C; it does not figure 
strongly in the diamicts, which a re usually domi­
na ted by the quartz facies (QZF). Although peaks 
in dark silts tone deposi tion often occur during the 
deposition of the diamicts, quartz dominates over 
dark silts tones in almost every diamict by a factor 
of about 8 to 1. Yet the dark silts tones have enough 
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total organic carbon to crea te the TOC peaks fo und 
by Wagner (1993) in the diamicts. These dark silt­
stones may occur mainly in the coarser (>500 pm) 
fractions. 
• A peak in the deposition of dark silts tones or of 
quartz in the NGS genera lly occurs within 1000 
yea rs of Heinrich layers deposited further south in 
the North Atlantic Ocean. This, coupled with the 
fact that accumulation rates a t the times of deposi­
tion of the Heinrich layers are generally increasing 
or high, indica tes that there is a possibility tha t 
sudden glaCier surges and resulting iceberg calving 
events from the Scandinavian Ice Sheet occurred 
within 1000 years of those from the Laurentide Ice 
Sheet. 
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Appendix. Ages of samples examined in this study. Stars indicate short box cores that sample the surface sediments 
with less disruption than long gravity cores. Stratigraphic events (see Imbrie et al., 1984 and Martinson et al., 1987) are 
underlined. 

0 0.00 0 0.00 20 6.51 0.5* 2.09 
5 6.00 5 8.60 40 15.84 3.5* 4.15 

10 12.00 10 9.98 50 18.63 6.5* 6.20 
15 14.41 15 11.35 70 24.21 9.5* 8.26 
20 16.81 20 12.73 80 12.5* 8.98 
25 19.22 25 14.11 90 15.0* 9.35 
30 21.62 30 15.49 17.5* 9.72 
45 29.86 35 16.86 140 46.89 21.0* 10.68 

40 18.24 150 50.21 24.0* 12.43 
100 65.00 50 31.33 160 68.08 28.0' 14.25 
105 68.00 .111. 30.5* 15.02 
11Q 71.00 160 50.21 190 33.0' 15.63 
130 103.50 165 57.61 196 99.38 36.0' 16.35 
150 117.20 170 65.00 212 122.56 39S 17.20 
155 119.60 79.25 220 125.19 80.0 ZLQQ 
~ 128.00 85.10 228 129.59 
175 131.04 185 90.95 238 140 46.89 
185 134.08 195 105.09 249 1 150 50.21 
195 144.62 110.79 257 139.36 160 64.09 
200 148.25 113.73 270 142.28 177 74.40 
205 151.88 210 116.68 280 147.43 190 85.10 
210 155.50 215 119.62 290 152.58 202 94.88 
220 162.75 220 122.56 301 164.94 210 99.38 
230 170.00 225 123.44 310 175.05 220 115.13 
240 174.32 230 124.31 .a6..4 m.&I 230 125.56 
245 176.49 235 125.19 240 127.30 
250 178.65 240 127.17 250 128.77 
260 182.97 245 129.15 260 129.95 
265 185.96 250 131.14 268 133.92 
275 193.87 255 133.12 295 135.25 

~ ~ 304 137.01 
270 142.28 316 138.78 
280 157.64 328 140.10 
285 162.70 337 141.13 
290 167.76 344 149.25 
295 172.83 365 150.80 
300 177.89 369 155.06 
305 182.95 380 158.92 
310 188.01 390 166.66 
~ 193.07 410 172.07 
320 200.57 424 174.40 

430 178.26 
440 182.13 
450 186.00 
460 195.33 
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Appendix. (cont.) Ages of samples examined in this study. Stars indicate short box cores that sample the surface sedi­
ments with less disruption than long gravity cores. Stratigraphic events (see 1mbrie et nl., 1984 and Martinson e/ nl. , 
1987) are underlined. 

23065 23071 23342 23357 
ages from ages from ages from ages from 

Vogelsang (1990) Vogelsang (1990) Henrich (1992) Henrich (1992) 
1- - -depth age depth age depth age depth age 

(em} (ka) ~} _(ka) (cm} (ka) (em) (ka) 

OS 2.55 OS 1.50 0' 2.50 0' 2.50 
22 .0 4 .85 3.5' 2.57 3' 3.20 3' 4.53 
6.5' 6 .37 9.5' 4.72 6' 3.90 10 5.21 
17.5' 9.72 12.5' 5.79 9' 4.60 6' 6.57 
20.5' 10.45 15.5' 6.73 12' 5.30 9' 8.60 
23.5' 12.55 18.0' 6 .97 15' 6 .00 12' 9 .50 
26 .5' 14.09 21.0' 7 .27 18' 8 .60 15' 10.98 
29.5' 15.16 23.5' 7.51 8 9.26 2.1: .u&Q 
32.5' 16.74 26 .5' 7 .80 21' 10.10 30' 14.03 
36.5' 18.85 32 .5' 8.39 25 10.88 1li ll...9..Q 
39.5' 20.42 35.5' 8 .69 30' 11.76 57 15.78 
59.0 22.30 38.5' 8 .98 45 14.25 67 19.22 
77.0 29.30 41.5' 9.27 55 16.00 76 23 .11 

55.0 9.62 75 20.40 .6..5. 2L.Q.Q 
140 54.03 63.0 10.40 85 22.60 90 30.56 
150 59.12 70.0 11 .08 95 24.80 100 37.67 
.1.22. ~ 80.0 12.06 1M 2L.Q.Q 
180 74 .37 89.0 13.15 115 48 .33 
190 79.46 94.0 13.82 195 61.49 ~ ~ 
2..QQ .1.!&...5.4 101.0 14.57 215 67.14 ~ .6..5....22 
209 106.80 106.0 15.07 245 89.32 145 78.34 
218 110.06 113.0 15.72 255 96.52 155 93.02 
229 117.74 121.0 16.46 265 103.71 165 107.70 
248 125.41 130.0 16.99 ZN 1..1.Q.TI .in ~ 
256 126.24 140.0 17.75 285 118.10 1.6..5. 1..2..5...QQ. 
2U .1.2.8....Q.Q. 151.0 18.55 295 123.50 195 131.22 
28 1 129.36 160.0 18.79 305 125.75 205 137.67 
292 130.87 170.0 20.11 317 128.72 215 144.11 
299 131.93 180.0 21.43 335 135.25 226 151 .20 
311 133.74 184.0 21.66 345 138.87 235 157.00 
32.Q ll5....1.Q 193.0 22.18 375 149.74 245 163.44 
332 137.68 210.0 23.15 385 153.36 255 169.89 
342 139.83 221.0 23.80 395 156.99 264 175.69 
~ ill....3.3. 230.0 24.41 405 160.61 275 182.78 
363 148.23 240.0 25.09 415 164.23 285 189.82 
370 151.68 251.0 25.84 435 171.48 295 197.45 
.3.8.1 .1..5L..1Q 260.0 26.45 445 175.10 305 205 .09 
390 159.90 270.0 27.13 455 178.72 
395 161.45 274.0 27.41 465 182 .35 
405 164.56 280.0 27.82 ~ lll..6.....Q.Q 
420 169.22 485 191.59 
430 172.33 490 64 .09 495 197.17 
437 174.50 499 66.53 505 202 .76 
452 179.16 510 69.5 
458 181.03 520 72.21 
470 184.76 530 74.92 
480 187.86 536 76.54 
490 190.97 544 78.71 
500 194.08 558 92.00 

567 94.37 
575 96.48 
584 98.85 
596 103.77 
604 107.28 
610 109.91 
620 113.27 
634 117.6 
644 120.7 
654 123.09 
660 123.87 
670 125.19 
680 127.67 
690 130.15 
694 131.14 
701 132.87 
l.1.Q. .u.s.J.Q. 
722 138.07 
730 140.05 
738 142.19 
743 143.45 
748 144.68 
756 146.74 

End of core 763 148.55 
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Appendix. (cont.) Ages of samples examined in this study. Sta rs indica te short box cores tha t sample the surface sed i­
ments wi th less disruption than long gravity cores. Stra tjgraphic events (see Imbrie ct aI., 1984 and Martinson 1'/ a/. , 
1987) are underlined. 

23454 
ages from 

Goldschmidt (1994) 

23454 (cont.) 23456 
ages from 

Goldschmidt (1994) 

23456 (cont.) 

depth age depth age depth age 
(!<a) (cm), ___ \(!!;ka~J)~__ (cm) ___ ...,(ka)<-__ -'= , ___ ,= _____ ,-"-cm=.> 

o 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 

~ 
60 
65 
70 
75 
80 

a.5. 
90 
95 
100 
1Q.5. 

110 
115 
120 

300 
305 
310 

~ 
320 

.32.5. 
330 
335 
340 
345 
350 
355 
360 

~ 
370 

3.Z.5. 
380 
385 
390 
395 

0.00 
1.23 
2.47 
3.71 
4.94 
6.18 
7.72 
8.65 
9.89 
11.13 
12.36 

ll&Q 
13.82 
14.03 
14.25 
14.47 
14.68 
14.90 
17.72 
20.95 
23.98 

.2LQQ 
28.06 
29.13 
30 .20 

68.84 
69.56 
70.28 
71.00 
75.12 

~ 
84.88 
90.52 
97.03 
103.54 
105.36 
107.17 
108.98 
110.79 
116.58 

~ 
123.04 
123.69 
124.34 
125.00 

400 126.50 

~ .12..8.",QQ 
410 129.15 
415 130.30 
420 131.45 
425 132.60 
430 133.75 
435 134.90 
440 136.05 
445 137.20 
450 138.35 
455 139.50 
460 140.66 
465 141 .81 
470 142.96 
475 144.11 
480 145.26 
485 146.41 
490 147.56 
495 148.71 
500 149.86 
505 151 .01 
510 152.16 
515 153.31 
520 154.46 
525 155.61 
530 156.76 
535 157.91 
540 159.06 
545 160.21 
550 161.36 
555 162.51 
560 163.66 
565 164.81 
570 165.96 
575 167.12 
580 168.27 
585 169.42 
590 170.57 
595 171.72 
600 172.87 
605 174.02 
610 175.17 
615 176.32 
620 177.47 

End of core 

o 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 

~ 
90 
95 

100 
105 
110 
115 
120 
125 

~ 
135 
140 
145 
150 
155 

345 
350 
355 
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ABSTRACT 
Benthic foraminiferal assemblage patterns in Core PS 1246-2 from the Iceland Plateau are 
examined as they relate to annual productivity and seasonal productivity changes during the 
Late Pleistocene glacial (23,000-11,000 yrs B.P.), Younger Dryas cool period (11,000-10,000 yrs 
B.P.) and Holocene (10,000-2,900 yrs B.P.). Abundance fluctuations of Cibicidoides wuellerstorji, a 
suspension-feeder, are used as the proxy for annual productivity, while fluctuations of the 
phytodetritus-exploiting species Epistoininclln r ~ i p r a ,  Eponides tlinzid~illis and GloDocossidlrliiia 
strbglobosa are used as the indicators of seasonal productivity. 

These records show seasonal productivity began to increase around 22,500 yrs B.P. and 
experienced three subsequent peaks in the glacial, while annual productivity increased around 
16,000 yrs B.P. and shows only one peak in the glacial. The Younger Dryas shows a decrease in 
both seasonal and annual productivity records. Seasonal productivity in the early Holocene is 
much higher than during the glacial, yet appears more extreme. The Holocene record of annual 
productivity continues to show a strong general increase in intensity. 

INTRODUCTION 
The Iceland Plateau is an area 
enced strong contrasting glacial. 
tions, mainly as a function of its 
of the North Atlantic within 

which has experi- 
-interglacial condi- 
location in an area 
close vicinity of 

Greenland ice sheets. Box Core PS 1246-2 
(69'23.0'~, 12'55.0'~, 1861m water depth) is situa- 
ted on the northern extent of the Iceland Plateau 
(Fig.1) and contains a Late Pleistocene glacial - 
Younger Dryas - early Holocene transition. 

Supply of food is the deciding factor in control- 
ling the abundance of benthic organisms, therefore 
both an increased organic flux (food source) from 
surface productivity (Altenbach & Sarnthein, 1989; 
Herguera & Berger, 1991; Struck, 1995) and the 
amount of organic carbon in the sediment (Lutze & 
Coulbourn, 1984) will affect the benthic foramini- 
feral fauna. Additionally, Herguera & Berger (1991) 
have determined a correlation of R=0.97 between 
benthic foraminiferal accumulation rates and orga- 
nic carbon flux rates. This means that surface pro- 
ductivity (as indicated from organic carbon flux 
rates) linearly correlates with the benthic foramini- 
feral accumulation rates, confirming the finding of 

others that the fluctuating relative abundance or 
accumulation rates of benthic foraminifera1 species 
can therefore be used as a proxy for surface water 
paleoproductivity (Altenbach & Sarntheii~, 1989; 
Gooday, 1993; Smart et al., 1994). 

In this core, the suspension-feeding Cibicidoidcs 
wliellcrstnrfi (SCHWAGER, 1866) is used as the proxy 
for annual productivity (Lutze & Thiel, 1987; 
Altenbach & Sarnthein, 1989), as it is probably a 
long-living species (possibly several years, thus 
representative of the average annual productivity), 
fairly abundant and the distribution pattern is 
similar to the total benthic foraminiferal abun- 
dance curve from this core (Struck, 1992; this 
study). 

Higher abundances of Epistonzinelkl exzcgun 
(BIWDY, 1884), Epoizides tiinziduliis (BIWDY, 1884) 
and Globocassid~ilina subcglobosa (BI~ADY, 1881) are 
used in this study to indicate periods of increased 
seasonal productivity, as modern specimens tluive 
in the phytodetritus falling on the sediment surface 
during periods of high surface productivity 
(Gooday, 1988). Such phytodetritus-exploiting 
foraminifera are regarded as opportunists, able to 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. Grzybowski Folindation Special Publication, no. 5, pp. 141-148 
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rapidly grow and reproduce when presented with Iceland Plateau using indicative benthic foramini- 
a sudden pulse of food, leading to the formation of feral species during the late glacial, Younger Dryas 
large populations (Gooday, 1988; Graf, 1989; and Holocene. (The reader should remember this 
Gooday, 1993). Once the food source is exhausted paper's use of "annual", and especially "seasonal", 
the populations collapse, yet are able to "hiber- productivity are therefore loosely used terms). 
nate" until the next pulse of food (Gooday, 1988; 
Gooday, 1993; Smart et nl., 1994). METHODS 

For any given year the trace of phytodetritus in Foraminifera1 Sampling 
the fossil record may fail to be preserved, however, As pointed out by Schroder ct 01. (1987), some envi- 
the signal of increasing or decreasing phytodetritus ronmentally-significant foraminifera (for example 
inputs over many years sl~ould be. This would the phytodetritus-exploiting species used in this 
mean that inputs over significantly long periods of study: Epistonzinelln e x i ~ u n ,  Eponides t l ~ l ? l i d ~ ~ l u s  and 
time would be recorded as peaks in phytodetritus- Globoc~zssidr~linn s~lbglobosn) are adequately repre- 
exploiting benthic foraminiferal species. The sented in only the >63pm residues. Keeping this in 
assumption of a foraminifera1 abundance peak mind, approximately 25cc of wet bulk sediment, in 
being representative of an average seasonal pro- lcm thick sediment slices, was wet sieved over a 
ductivity over many years (or decades) holds true 63pm mesh and the retained sediment sample was 
for the annual productivity peaks as well. This dried and sieved into the following size fractions: 
assumption is particularly true of Core PS 1246-2 63-125pm, 125-250pm, 250-500pm, 500-1000pm and 
which does not have high sedimentation rates 1000-2000pm. 
(0.58-4.05 cm/kyear), necessarily meaning low For a given sample, the entire foraminifera1 
temporal resolution. population from each size fraction was picked and 

It is a clear fact that habitat preferences of fora- counted (or the statistically valid minimum nuin- 
minifera are not rigidly set, but rather are able to ber of 300 specimens if the sample was too large to 
tolerate fluctuating food availability and oxygen be picked in its entirety). The data presented are 
gradients (Gooday, 1993). Therefore, using the fee- based on the entire fraction >63pm. 
ding habits of foraminifera more so than their res- 
pective living habitats, this study traces the chan- Age Model Control 
ges in annual and seasonal productivity on the Ages used in this study are reservoir-corrected 

AMS years before present. The age 
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of the surface (2,900 yrs B.P.) was 
determined by correlation of planktic 
foraminiferal abundance patterns with 
Core PS 1243 from the East Iceland Sea, 
which has a much higher sedimen- 
tation rate and radiocarbon age control 
(Bauch & Weinelt, in press). 
Correlation between these two cores 
has been done in order to aid the age 
control for Core PS 1246-2. A distinc- 
tive rhyolitic ash (18.5 cm core depth), 
undoubtedly the Vedde ash which 
identifies the Younger Dryas cool peri- 
od, occurs at a depth stratigraphically- 
correlated to be 10,600 yrs B.P. (terre- 
strially dated; Mangerud ct nl., 1984). 
The beginning of the Last Glacial 
Maximum (LGM) is given the age of 
17,700 yrs B.P. (Sarnthein et nl., 1995) 
and is plotted based on linear interpo- 
lation of age data points. The end of 
the LGM (better identified in tlus core 
than the beginning) is indicated by the 
glacial maximum in the Neoglobo- 
qmdrinn pachyderi?zn (sin) 61R0 record 

cold Warm (see Fig. 5b(ii) this study; Bauch, 1994) 
and is given the age of 14,900 yrs B.P. 

Figure 1. Locality map. (data from Vogelsang, 1990; age modi- 
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fied by Sarnthein el al., 1992; Sarnthein et al., 1995). 
The age of the bottom of the core, through correla- 
tions with Core PS 1243-2, has bee11 assigned the 
age of 23,000 yrs B.P.. This age estimate is con- 
firmed by the absence of an isotope Stage 3.1 melt 
water spike in the planktic 6180 record and by the 
occurrence of Sipllotcsttllaria ralslzai~seni which also 
implies only isotope Stage 2 (Nees & Struck, 1994). 
Ages for the rest of the core were obtained by 
means of linear interpolation using the above four 
data points. 

Calculation of Accumulation Rates 
Foraminifera1 counts were converted into indi- 
viduals/gram (ind/g) using dry bulk sediment 
weight and, subsequently, into accumulation rates 
using the following formulas: 

where: 
ARBulk = bulk accumulation rate 

a = years before present 
LSR = linear sedimentation rate (partly modi- 

fied from Bauch, 1993) 
DBD = dry bulk density (linearly interpolated 

from Birgisdbttir, 1991) 
indg-I = individuals/g (this study) 
INDAR = individual accumulation rate 

RESULTS 
Only the environmentally significant species (those 
showing substantial fluctuations in abundance) are 
discussed in this study: Cibicidoidcs 7oz~ellcrstoi:fi, 
Epistonrinella e s i p a ,  Eponides t i ~ n r i d z r l ~ ~ s ,  Globo- 
cassidulina stibglobosa Sipliotestr~laria rolslurns~~izi ,  
and Stetsoilia spp. 

General trends, as shown in Figure 2a(i), show 
larger numbers of foraminifera in the post-Younger 
Dryas and early Holocene portion of the core tha i~  
during the glacial. Ste fso~z ia  spp. and 5 .  rolslurllseni 
are the only major exceptions. Siphotextlilaria r ~ ~ l s -  
Iznuseni, although not abundant in total number 
(Fig. 3d) or abundance (Fig. 2d), has an 
obvious preference for the glacial (Nees & Struck, 
1994). S tetsonia spp. has only slightly higher total 
numbers (Fig. 3e) in the glacial (as compared to the 
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Holocene) yet, as the total number of foraminifera 
is lower in the glacial, the percent abundance of 
Stetsonin spp. (Fig. 2e) is markedly higher. This 
would suggest that Stetsonin spp. has an obvious 
preference for glacial environmental conditions, as 
the accumulation rates of Stetsonin spp. (Fig. 4e) 
show peaks clearly associated with the LGM and 
the Younger Dryas. The increased percent abun- 
dance of Stetsonin spp. during these times is in 
accordance with its dominance in modern Arctic 
Ocean deep sea foraminiferal faunas (Scott & Vilks, 
1991). 

There is a pre-Younger Dryas warming as 
shown by increased benthic and planktic forarnini- 
feral abundances (Fig. 5a(i) and a(ii)). During the 
Younger Dryas a substantial drop in the size of the 
foraminifera1 population is recognized. 

Benthic foraminiferal accumulation rates gene- 
rally mimic the trend of percent abundance (Fig. 4), 
more so than that of ind/g, and no major devi- 
ations from this trend are observed (compare Figs. 
2 and 4). The accumulation rate data give a better 
indication of the absolute magnitude of productivi- 
ty changes, showing the strong post-Younger 
Dryas peak in warming of surface waters and 
hence, in both annual and seasonal productivity. 
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Lower 613c values correspond to nutrient-rich 
waters, and higher values to nutrient-depleted 
waters. The 613C C. ~ol~ellerstorfi  record (Fig. 5c(i)), 
shows a general increase in productivity from low 
glacial levels to the higher productivity levels of 
the Holocene. Additionally, it agrees well with the 
percent abundances of the annual (Fig. 2c) and sea- 
sonal (Fig. 2b) productivity-indicating species, i.e. 
the peaks in percent abundance positively correla- 
te with lower 613c values. The general trend of the 
benthic 613c curve is coeval with that of the plank- 
tic 613c curve (Fig. 5b(ii)), further strengthening 
the relation of benthic foraminifera to surface pro- 
ductivity. 

Heavier 6180 values correspond to times of 
increased ice volume, necessarily inferring a colder 
climate, thus acting as a first-order proxy for paleo- 
temperatures. The 6180 benthic C. zouellerstorfi 
record (Fig. 5b(i)) generally corresponds with 
trends shown in the planktic Neogloboqvndrinn 
pach!ydern~n (sin) 6180 record (Fig. 5b(ii)), both sug- 
gesting colder times during peaks in productivity. 

DISCUSSION 
Late Pleistocene Glacial (23,000-11,000 yrs B.P.) 
Glacial conditions are represented by total abun- 
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Figure 4. Accumulation rates ( i n d * ~ m ~ ~ a - I ) :  ( a )  total indi- 
viduals,  ( b )  seasonal productivity species = Epistorninelln 
exig~rn, Eporzides t l r , i~ id t~h~s  and ~ lo~ocnss id l~ l i~zn  sl~bylobo- 
sn, ( c )  annual productivity species = Cibicidoides rul~ellers- 
torfi, (d) Sipl~otext~~lnrin rols!mr~seni, ( e )  Stetsonin spp.. Y D  
= Younger  Dryas, LGM = Last Glacial Max imum.  
Vertical axis is age i n  14C years be fore  present. 

Figure 5. Stable isotopes: ( a )  benthic and planktonic for- 
amildferal abundances, ( b )  oxygen  and ( c )  carbon stable 
isotope records o f  Cibicidoides zv~~ellerstorfi and Neoglobo- 
quadrinn pachyderma ( s )  (%o vs .  PDB). Y D  = Yoimger  
Dryas, LGM = Last Glacial Max imum.  Vertical axis is 
age i n  14C years before present. 
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dances of about 1000 ind/g and species diversity 
ranging from 22 to 28 species (averaging around 
26). Siplzotextlllnrin rols l~al~se~l i  (characteristic of low 
organic carbon flux; Nees & Struck, 1994) ranges in 
abundance from 15 to 27 ind/g. This species re- 
flects a strongly oligotrophic environment, which 
is supported by a near-absence (0.0125-0.25 ind/g) 
of hiill organic flux species (i.e. Boliui~za sp., 
B~lliir~irzn ninrgilintn, Briznli~zn sp., P~rllenia blllloiclcs 
and ~ u i ~ e r i n n  spp.). Although S .  rolshnrlserli does 
not constitute a large part of the foraminiferal 
populatioi~ (1-4.5% iiour core), it appears virtually 
only in the glacial, and strongly confirms to be stra- 
tigraphically useful in the Nordic Seas as an indi- 
cator of oxygen isotope Stage 2 (Struck & Nees, 
1991; Nees & Struck, 1994). The percent abundance, 
ind/g and accumulation rate of S .  rc~lslzal~scni all 
simultaneously reach a maximum around 16,500 
yrs B.P.. 

Cibicidoides z i ~ ~ ~ ~ l l i ~ r s t o r f i  (used here as a first- 
order proxy for annual productivity) was virtually 
absent early in the glacial but, at approximately 
16,000 yrs B.P., it began to gradually increase. In 
Core 1246-2, it reached its glacial peak of about 
13%) of the total foraminiferal population around 
12,000 yrs B.P.. This peak is associated with peaks 
in both ind/g and accumulation rate. 

Seasonal productivity, as recorded by phyto- 
detritus species such as Epistomin~l ln  exzgun, 
Epoizides fll17iid~~llls and Globocnssidl~li~zn sl/l?ylobosn 
(Gooday, 1993), shows small peaks around 22,500 
yrs B.P., 19,000 yrs B.P., 16,500 yrs B.P. and the lar- 
gest glacial peak at 13,500 yrs B.P.. 

Stc.tsonin spp. is undoubtedly the major consti- 
tuent in the glacial foramillifera1 assemblage (aver- 
age of 52% and 300 ind/g). At 16,000 yrs B.P. 
Stctsonin spp. increases slightly in total numbers 
(400 ind/g) and has a much higher percent abun- 
dance (60%), accompanied by a sharp increase in 
the accumulation rate. Both annual and seasonal 
productivity trends are similar in degree of change 
but seasonal productivity begins to increase some 
7,000 yrs B.P. earlier and is more of a gradual 
change than annual productivity trends. Seasonal 
productivity appeared to slowly increase at about 
20,000 yrs B.P., reaching a small peak before 
decreasing in intensity during the LGM. 
Percentages of both seasonal and annual produc- 
tivity-indicating species show an increase around 
14,000-13,000 yrs B.P., possibly indicating pro- 
longed sea-ice free conditions, as warming of the 
North Atlantic was underway at this time (Veum et 
nl., 1992). At approximately 12,000 yrs B.P., there is 
a near-minimum in species diversity (22 species) 
and a slight increase in total numbers (1400 ind/g). 
Indicated by an increase of C.  zullcllerstorfi froin 
10"/0 to 13'%, annual productivity has its maximum 
during the late glacial, and seasonal productivity 

(% phytodetritus species from 9% down to 6%)) 
decreases at tlus time. 

Younger Dryas (11,000-10,000 yrs B.P.) 
A decrease in total numbers of individuals (850 
ind/g), as well as a corresponding decrease in the 
total number of each individual species, occurred 
during the Younger Dryas. This is understartdable, 
as there was a return to glacial conditions, with an 
associated decrease in temperature (Fig. 5b(i)) and 
productivity (Fig. 5c(i)). Oddly, there exists a near- 
maximum in species diversity (Fig. 2a(ii)), reseinb- 
ling the peak in species at 15,000 yrs 13.1:. 
Sipliotexti~larin rolshnllscni comprises only 1.5% of 
the total population. Despite the low relative abun- 
dance, it maintains a glacial level, thereby indica- 
ting low organic carbon flux. The decrease in % C. 
zu~lellerstorfi as a suspension feeding species 
suggests a decrease in annual productivity (Fig 
2c), as well as a possible weakening of lateral 
advection of nutrients. This may be a manifestation 
of the slight decrease ill NADW production in thc 
Nordic Seas as suggested by Boyle k Roseiier 
(1990). Seasonal productivity is also reduced 
during the Younger Dryas, as indicated by the 
lower percent abundance of phytodetritus species 
(Fig. 2b). 

Most trends during the Younger Dryas seen1 to 
indicate environmental conditions similar to those 
indicated at 15,000 yrs B.P., during the last glacial. 
At both times, the total numbers of each species 
decrease and percent abundances are slightly 
lower. The lower percent abundances result from 
the relatively small decrease in total numbers of 5 
rolshausn~i and especially Stutso~zrn spp. (Figs. 2e 
and 4e). In fact, this similarity between the Younger 
Dryas and conditions indicated at 15,000 yrs B.P. is 
evident in nearly all proxy indicators. 

The abrupt decrease of S .  r ~ ~ l s l ~ a ~ ~ s r ~ i i  at the end 
of the Younger Dryas may have resulted from a 
marked increase in organic carbon flux at this time 
which, in turn, may help explain the quick envi- 
ronmental recovery immediately following thC 
Younger Dryas as shown by the sudden and dra- 
matic increase in foraminiferal abundances. 

Holocene (10,000-2,900 yrs B.P.) 
Early Holocene conditions are represented by a 
post-Younger Dryas 4- fold increase (as compared 
to early- to mid-Younger Dryas levels) in total 
number of individuals (approximately 5000 ind/g) 
as well as a slight decrease ill species diversity 
(average of about 24 species). Annual productivity, 
as indicated by % C. u~~~el lers torf i ,  increases rapidly 
from the Younger Dryas level to the early post- 
Younger Dryas level between 9,000 and 8,000 yrs 
B.P.. Seasonal productivity (% phytodetritus spe- 
cies) slightly decreases iinmediately after the 
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Younger Dryas, then increases to the Holocene 
average. Though seasonal productivity fluctuates, 
there appears to be a period of high (Fig. 2b with a 
maximum of 18% phytodetritus species abundan- 
ce) seasonal productivity from 7,000 to 5,000 yrs 
B.P.. At 4,000 yrs B.P. there is a noticeably sharp 
decrease in the foraminifera1 population, accompa- 
nied by a slight decrease in species diversity (Figs. 
2a(i) and a(ii)). The relative abundance of C. unrel- 
lerstorfi is higher at this time, while all others 
decrease. This is interpreted not as an increase in 
annual productivity but, rather, as a change in 
environmental conditions that was detrimental to 
all species. As C. zollellerstorfi was the most nume- 
rous at the time (about 1000 ind/g), its higher per- 
cent abundance is a result of the greater loss to the 
remaining species. 

CONCLUSIONS 
Our study of benthic foraminifera (percent abun- 
dances, ind/g, and accumulation rates) support the 
following observations concerning late Pleistocene- 
Holocene productivity changes: 

(1) During the glacial period (23,000 to 15,000 
yrs B.P.) seasonal productivity increased some 7,000 
yrs B.P. before any comparable increase in annual 
productivity. Seasonal productivity peaked at 22,500 
yrs B.P., 19,000 yrs B.P., 16,500 yrs B.P. and 13,500 yrs 
B.P., while annual productivity had a peak at only 
12,000 yrs B.P.. 

(2) The Younger Dryas is inarked by a notice- 
able decrease in the total number of foraminifera 
and a near-maximum in species diversity. 
Foraminifera1 evidence points to conditions similar 
to those present at 15,000 yrs B.P.. The abrupt 
decrease of S. rolshnuserii at the end of the Younger 
Dryas possibly indicates a substantial increase in 
organic carbon flux, which may account for the 
post-Younger Dryas explosion in total numbers. 

(3) Most species exhibit an abundance maxi- 
mum during the early Holocene, reflecting highest 
seasonal productivity from 7,000 to 5,000 yrs B.P.. 
The major exception being S. rolshauseni, which 
almost disappeared. At 4,000 yrs B.P. there was a 
substantial change in environmental conditions on 
the Iceland Plateau, which caused total numbers to 
drastically decrease. 
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Appendix 1: SYSTEMATIC TAXONOMY 

Adercotn  Inn glotneratn (BRADY 1878) 
Litirula ,ydnmratn BRADY, 1878, p. 433, Plate 20, Fig 1 

Bolivinn spp. 

Briznlina spp. 

Buliminn rnnrginatn (D'ORBIGNY 1826) 
Billiiriinn nrnrgrimta D'ORBIGNY, 1826, p. 269, Plate 12, Fig. 
10-12 
Bzrlinzirzn spp. 

Bzrlitninoides willintnsoninnzrs (BRADY 1881) 
Bulitnina wi l l in~nsoniana BRADY, 1881, p.56. 

Cnssidzrlina spp. 

Cassidiilinn laevigatn (D'ORBIGNY 1826) 
Cassidlrlinn lnevigntn D ' O R R I G ~ V ,  1826, p. 282, Plate 15, Fig. 
4-5 

Cibicides robertsorzinnirs (BRADY 1881) 
Trr~ncntrrlirrn robertsor~iarza BMDY,  1881, p. 65 ' 

Cibicides spp. 

Cibicidoides zvirellerstorfi (SCHWAGER 1866) 
Anorrial~r~n ivr~ellerstorfi <CIIWAC:ER, 1866, p. 258, Plate 7, 
Fig. 105, 107 

Cyclarnrninn spp. 

Dentalina parrpernta (D'ORBIGNY 1846) 
Dcrztalirzn palrpcrntn D'ORBIGNY, 1846, p. 46, Plate 1, Fig. 
57-58 

Dentnlir~a spp. 

Elphiditrm spp. 

Epistolninelln exigun (BRADY 1884) 
Pr~lvinr~linn exigrln BRADY, 1884, p. 696, Plate 103, Fig. 13, 
14 

Eponides tlrinidzrllrs (BRADY 1884) 
Trrri~cntillirm trriilid~rlr~s BRADY, 1884, p. 666, Plate 95, Fig. 
8 

Fissirriiza spp. 

Frrrseizkoina fnsiforinis ( W I L L I A M S O N  1858) 
Birlirrrir~n p~rp6idei var. firsifornlis W I L L I A M S O N ,  1858, p. 63, 
Plate 5, Fig. 129-130 

Globocnssidulinn sub lobosn (BRADY 1881) 
Cassidulinn s~l$loboso ~ L ~ A L I Y ,  1881, p. 60 

Glornospira gordialis ( J O N E S  & PARKER 1860) 
'Ttoclmrr~nrinn sqrlarirntn JONES  & PARKER Val: gordialrs JONFS 
& PARKER, 1860, p. 304 

Gyroidiira spp. 

Horinosina spp. (infilled) 

Islandiella norcrossi (CUSHMAN 1988) 
Islnr~diella norcrossi (CUSHMAN)  - Loeblich & Tappan, p. 
506, Plate 559, Fig. 3-7 

Lagena spp. 

Lenticuliizn gibba (D'ORBIGNY 1839) 
Cristellaria glbba D'ORBIGNY, 1839, p. 40, Plate 7 ,  Fig. 20-21 

Mnrginzrlinn labra (D 'ORBIGNY 1826) 
Mnrgiirlllinn ,g%brn D'ORBIGNY, 1826, p. 259, no, 6 

Neoletzticuliizn peregriizn (SCHWAGER 1866) 
Cristellaria per'grina SCHWAGER, 1866, p. 245, Plate 7, Fig. 
89 

Nonionellina labmdorica (DAWSON 1860) 
Nonior~ii~n labmdorica DAWWN, 1860, p. 191, Fig. 4 

Nonionelln spp. 

Oolinn  spp. 

Oridorsalis zrwzbonatzrs ( R ~ u s s  1851) 
Rotalir~n ilnlbonnta R ~ u s s ,  1851, p. 75, Plate 5, Fig. 35a-c 

Pullenin billloides (D'ORBIGNY 1846) 
Nor~ionir~n br~lloides D'OREIGNY, 1826, p. 293, Plate 5, Fig. 9- 
10 

Pyrgo rotalnria (LOEBLICH & TAPPAN 1953) 
Pyrgo rotnlaria LOEBI.ICH & TAPPAN, 1953, p. 47, Plate 6,  
Fig. 5-6 

Pyrgo SPP. 

Qirinqrreloculina seminzrla ( L I N N E  1758) Eponides spp. 
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Quirrqr~eloci~li~z~z spp. 

Reophnx riodrilosn (BRADY 1879) 
R~op l rns  t~odrilosn BI<AI>Y, 1879, p. 52, Plate 1, Fig. 9 

Rliizairirnirin nlgaeformis (BRADY 1879) 
Rl l iz~ i r i r r t l i i~n al~neforriris BRADY, 1879, p. 39, Plate 4, Fig. 
16-1 7 

Sig~noilopsis sclilr~tnbergeri (BRADY 1884) 
Plnrrispirn~n cclntn(Costa). - BRADY, 1884, p. 197, Plate 8, 
Fig. 1-4 

Siyhotcstrilnria rolsl~arrser~i (PHLEGER & PARKER 1951) 
S i ; ~ h o t ~ x t ~ i l n r . m  rolslrnrlsrrlr PHLEGFR & PARKER, 1951, p.4, 
Plate I ,  Fig. 23, 24a-b 

Strtsoizia spp. 

Sribreoplinx guttifer (BRADY 1881) 
R r o p l r a  p t t q r r f l   BRA^, 1881, p. 49 
Textiilarin spp. 

Trilocrilina tricariiintn (D'ORBIGNY 1826) 
Tri locul i im tricnriirntn U'ORGIC;NY, 1826, p. 299, Plate 7, Fig. 
94 

Trocharnrnirln spp. 

Uvigeririn spp. 

agglutinated tube fragments (unidentified) 
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ABSTRACT 
Late Weichselian and Holocene dinoflagellate cyst assemblages ha1.e been inirestigated at t\\,o 
stations situated close to the modern Polar Front at the continental margin off East Greenland. 
Both the concentrations of dinoflagellate cysts and the assemblage composition reflect changes 
ill the surface water conditions, occurring in distinct steps during the past 15,000 years. Low 
concentrations of dinoflagellate cysts during Termination Ia suggest harsh environmental con- 
ditions, most probably caused by an extensive sea-ice cover and/or a high influx of low sa- 
linity meltwater. A surface water warnung was recorded from 13,000 - 12,000 years BP, related 
to the inflow of warmer water from the North Atlantic into the western Norwegian-Greenland 
Sea. The interval between Terminations Ia and Ib was characterized by a strong seasonality 
with an extensive sea-ice cover in winter and relatively warin surface waters in summer. At the 
transition to the Holocene, a reorganisation of the hydrography resulted in surface water con- 
ditions characteristic for the Holocene with three well-defined major water masses and oceano- 
graphic fronts. The modern water mass conditions at both stations were established at the end 
of Termination Ib, around 6,400 to 6,800 years BP. 

In general, the influence of colder surface waters was more pronounced at the location off 
Scoresby Sund throughout the Holocene. Arctic water had the strongest influence at both sta- 
tions in the middle Holocene. A progressive cooling with an increase in sea-ice cover is time- 
transgressively recorded at both stations during the Holocene, indicating that the Polar Front 
moved to its present position or that branches of the zonal currents expanded from the East 
Greenland shelf eastward during the last 3,000 years. 

INTRODUCTION 
The surface waters of the Norwegian-Greenland 
Seas represent modifications and mixtures of two 
major water masses which enter from the Atlantic 
and the Arctic oceans, respectively (e.g. Swift, 
1986). The Norwegian Atlantic Current (NAC) 
carries the relatively warm, saline Atlantic water 
along the Norwegian continental margin towards 
the Arctic Ocean and supplies the lugh northern 
latitudes with heat and moisture (Fig. 1). Smaller 
influxes of warmer water are provided by the 
Irminger Current (IC) and the Norwegian Coastal 
current (NCC). The East Greenland Current (EGC) 

counteracts this warm water influence, transpor- 
ting cold, low saline surface water and sea ice 
along the East Greenland shelf edge to the Den- 
mark Strait. These boundary currents create two 
large cyclonic gyres in the central part of the 
Greenland and Iceland seas, resulting in the cl~a-  
racteristic distribution of hydrographic fronts and 
surface water masses (Fig. 1). 

These meridional and zonal hydrographic coil- 
trasts cause a distinct distribution of sea ice. The 
North Atlantic water (NAW) is usually free of sea 
ice throughout the year. The Arctic Water (AW) is 
characterized by a large seasonal and interannual 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. Grzybomskl Folrlldafioii Spccilrl P~rblicafio~z, no. 5, pp. 149-165 
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cores (e.g. Gard & Backrnan, 1990; 
Baumann et al., 1993; Koq et ol., 1993; 
Stein et al., 1994, 1996; Nam e f  al., 1995; 
Antonow, 1995; Nam, 1996). There- 
fore, the influence of polar water has 
been widely ignored or considered a 
marginal phenomenon. It was quite 
recently realized that changes in the 
supply of fresh water from the Arctic 
Ocean via the EGC may considerably 
disturb the hydrological cycle in the 
Norwegian-Greenland Sea and the 
North Atlantic, resulting in changes in 
deep water convection (Aagaard & 
Carmack, 1989). The transport of sea 
ice and low saline surface water in the 
EGC through the Fram Strait is the lar- 
gest contribution of fresh water to the 
Norwegian-Greenland Sea, of which 
only less than 3% flows into the con- 
vective gyres (Aagard & Carmack, 
1989). If this influx increases annually 
by a factor of two, the deep convection 
would shut down. Sea-ice formation 
in the central Greenland and Iceland 
seas is also linked to the influx of low 
salinity, low density water froin the 

Figure 1. Schematic surface currents and distribution of surface water EGC (Swift, 1986). Thus, past changes 
masses in the Norwegian-Greenland Sea. Abbreviations: PW = polar in the hydrography of the western 
water masses; AW = arctic water masses; NAW = North Atlantic water 
masses; EGC = East Greenland Current; NAC = Norwegian Atlantic Greenland and Iceland seas may have 

Current; NCC = Norwegian Coastal Current; IC = Trminger Current had a strong '*Iuence On the Ocean'- 

(after Dickson ct nl., 1988; Joha~messen, 1986; Swift, 1986). graphy of the entire Norwegian- 
Greenland Sea. 

variability in sea-ice cover especially in the winter, Unfortunately, the variability of the present day 
remaining free of sea ice in some years and being oceanographic conditions is not adequately reflec- 
ice covered in other years. In contrast, the polar ted in the distribution of planktic microfossils in 
water (PW) is permanently covered by sea ice in the surface sediments from the Greenland and Ice- 
winter (Vinje, 1977; Swift, 1986), whereas open con- land seas, and the reconstruction of paleoceanogra- 
ditions mainly prevail in the western 1celand Sea in phic conditions is seriously hampered beca~lsc of 
summer. the sedimentary conditions. Calcareous microfos- 

Paleoceanographic investigations to date main- sils are of restricted importance due to sparse 
ly focused on the Norwegian Sea because of the occurrences and low d&ersity of assemblages, 
profound influence of the warm North Atlantic reflecting the harsh ecological conditions (e.g. 
water on the past and present climate of Europe. Pflaumann, 1986; Eide 1990; Samtleben pt a!., 
The first inflow of relatiGely warmer water into the 1995b). Additionally, abiotic processes, in particu- 
Norwegian Sea and the   ram Strait after.Termina- lar dissolution, alter the living communities of the 
tion Ia forms a major datum in the late glacial and calcareous and biosiliceous plankton, often leaving 
Holocene paleoceanography of the region (e.g. Jan- 
sen et al., 1983; Jansen & Bj~rklund, 1985; Koq Kar- 
puz & Jansen, 1992; Lehman & Keigwin, 1992; 
Veum et a/.,  1992; Koq et al., 1993, 1996; Haflidason 
et nl., 1995; Hald et al., 1996) which initiated thc 
modern meridional Holocene type circulation 
(Sarnthein et al., 1995). In contrast, upper Quater- 
nary sediments underlying the colder water mas- 
ses were investigated only in the past few years 
because of a previous lack of suitable sediment 

only a fragmentary record in recent and Holocene 
sediments (e.g. Samtleben et al., 1995b). 

Dinoflagellate cysts differ from calcareous and 
biosiliceous microfossils in being chemically illore 
resistent to biochemical degradation and dissolu- 
tion because their cyst wall is made of organic com- 
pounds. They are persistently present in recent 
sediments from the Norwegian-Greenland Sea, 
reflecting the summer conditions, and form 
distinct assemblages in upper Quaternary sedi- 
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ments (Matthiessen, 1991, 1995, 1996; Baumann & 
Matthiessen, 1992). 

Therefore, dinoflagellate cysts assemblages 
have been investigated at two stations at the conti- 
nental margin off East Greenland in order to recon- 
struct the evolution of surface waters during the 
last ca. 15,000 years which are today cold, relatively 
low saline and seasonally ice covered. The chrono- 
stratigraphy of both cores is well-constrained by 
means of stable oxygen isotopes and accelerator 
mass spectrometry dating (Jones & Keigwin, 1988; 
Narn et al., 1995; Nam, 1996; Stein et al., 1994,1996). 
Previous investigations at both stations focused on 
reconstructil~g glacial-interglacial changes in the 
sedimentary environment (Letzig, 1995; Narn et al., 
1995; Nam, 1996; Stein et al., 1994, 1996), whereas 
micropaleontological analyses were carried out 
only on Holocene coccolith and dinoflagellate cyst 
assemblages from core PSI295 (Matthiessen, 1991; 
Baumam & Matthiessen, 1992), and on planktic 
foraminifera from the gravity core of station 
PSI730 (Nam et al., 1995; Nam, 1996). 

In this study, special emphasis is placed on Ter- 
mination I because previous paleoceanographic 
reconstructions suggested a time-transgressive 
inflow of North Atlantic surface water into the 
Norwegian Sea during the last deglaciation (Kog et 
al., 1993; Hald et al., 1996), reaching the south- 
eastern Norwegian Sea from 13,500 to 13,000 years 
BP, the Fram Strait from 12,500 years BP and the 
western Iceland Sea after 9,000 to 8,000 years BP. A 
comparison of different planktic microfossil 
groups, however, showed that only dinoflagellate 
cysts are continuously present in the Greenland 
Sea during the past 11,000 years (Samtleben et al., 
1995b). Thus, dinoflagellate cysts may have a great 
potential to reconstruct the paleoceanography of 

cold, ice-covered regions. Additionally, the pos- 
sible causes for differences between the dinoflagel- 
late cyst and other planktic rnicrofossil records are 
discussed because the continuous presence of 
dinoflagellate cysts has important implications for 
paleoecanographic reconstructions, which were 
previously based only on calcareous and siliceous 
microfossils. 

MATERIAL & METHODS 
The sediment cores from stations PSI295 and 
PSI730 were selected for this study because accele- 
rator mass spectrometry radiocarbon dates (Table 
1) and stable oxygen isotopes (Fig. 2) suggest that 
they provide continuous sections during the last 
ca. 15,000 years BP (Jones & Keigwin, 1988; Nan1 et 
al.,  1995; Nam, 1996; Stein et al., 1994; 1996). Box- 
core PSI295 (formerly referred to as PS21295-4 by 
Jones & Keigwin, 1988; 21295 by Baumann & Mat- 
thiessen, 1992) was collected in the southern Fram 
Strait (77O59.52' N, 2O25.23' E, 3112 m), while the 
boxcore (70°06.99'N, 17"41,66'W, 1622m ) and the 
gravity core (70°07.19' N, 17O42.06' W, 1617m) from 
station PSI730 were taken in the western Iceland 
Sea (Fig. 1). 

The upper Quaternary sediments of both cores 
consist of greyish brown silty clays to clayey silts 
with a variable degree of bioturbation (Letzig, 
1995; Nam, 1996; Fig. 2). Samples were taken at 
variable intervals in order to get a resolution of 
approximately one sample per 1,000 years. An 
initial study on sediment core PSI295 revealed a 
distinct temporal variation in the composition of 
dinoflagellate cyst assemblages (Matthiessen, 1991) 
despite the low sedimentation rate (ca. 2 to 
3 cm/ka; Jones & Keigwin 1988). Therefore, ad- 
ditional samples were analyzed from Termination 1. 

PSI 295 

8180 Dinocysts 6' '0 D~nocysts 
(%.) ( 1  19) (no) ( j ig)  

3 0 3000 0 

40 

60 

& N. labyrinthus N. labyr~nlhus 
+ 

+ 0. centrocarpum % + 0. centrocarpum % 
100 + Depth 

Depth S. e1ongatuss.l. (cm) -+- S. e1ongatuss.l 
icm) 

Figure 2. Correlation between the dinoflagellate cyst records of station PSI730 and PS1295. The distinct changes in the 
composition of the assemblages are marked with a dashed line. Arrows in the stable oxygen isotope record indicate 
AMS ages (Nam ~ , t  nl., 1995), while all samples used for stable oxygen isotope analyses from PSI295 were dated (Jones 
& Keigwin, 1988). 
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Table 1. AMS dates of sediment cores. 
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Table 2. Taxonomic listing of species recovered. 

- 
Algidasphaeridium? I 

(Harland & Reid, i l  

suoka & Bujak. 1988 
Brigantedinium simp) 

(Wall 1965) Reid 
Brigantedinium spp. 

Reid la74 

lmpagidir us,j 

Bujak 
Nematosprraarupwa labyrinthus 

~feld 1903) Reid 1974 

sulnlrentes efonoatu. 

Spiniferites frigidus 
Harland & Reid, in Harland etal. 1980 

Spinilerites cf. elongatus 
Harland & Shar 

Spiniferit~ 
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5) Sarjeant 1970 

sp~n~tentes memoranaceus 
(Rossignol 1964) Sarjeant 

Spiniferites mirabilis 
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ssignol 1963) Sarieanl 
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,enberg) Lo, 

Other spi 
Ataxio~ 

Reic 
~roorn~urn re, 
;on 1973 

'dinium spp. 
ier & Evitt 1 

'dinium sph, 
11 1967) Ler m s  i v v i  

.,-. ~dinium machaerophor~rm 
(Deflandre & Cookson 195 

Pentapharsodinium dalei 
Indelicate & Loeblich 1986 

vinutum s. 
i Harland e 

I. 
t al. 1980) 1 

Depth 
(em) 

'ex 
1977 

(Oster 
Operculo, 

(Defla~ 
- . .. .. 

dinium cent 
idre & Cool 

rocarpum 
kson 1955) 

S S.I. 

l tUS 

Reid 1 

Spinife 
Reic 

?S spp. 
311 1850) Sa 
2.. L..,,.:. 

rjeant 1970 
,...- Spinife 

(Del 
Spinife 

Reic 
- . .. 

Nam efal. 19 

The samples were processed with standard 
palynological methods wluch have been briefly 
described by Matthiessen (1995, 1996). Dinoflagel- 
late cyst concentrations are calculated per gram 
dry sediment. The second set of samples from core 
PSI295 and all samples from the box and gravity 
core PS1730 were sieved with 6 pm mesh after each 
acid treatment, while 10 lun was used with the first 
set of samples from PSI295 (Matthiessen, 1991). 
The different mesh sizes do not pose any problems 
because the smallest Quaternary dinoflagellate 
cysts are usually larger than approximately 15 pm. 
The taxonomy follows principally Matthiessen 
(1991,1995) who also illustrated the species shown 
in Figures 2 to 4. All species recovered are listed in 
Table 2. 

(RO! 

Spinile 
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eblich 1966 
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jinium choa 
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31U\ 

lmpagr 
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5) Wall 196 

Chronostratigraphy 
Accelerator mass spectrometry I4C dates on the 
planktic foraminifera1 species Neogloboqrurdrino 
pnch!ydcrnm (sin.) provides the basic chronostrati- 
graphic framework for the sediment cores (Table logy because of 22 AMS dates (Jones & Keigwin, 
1). Boxcore PSI295 has a well constrained chrono- 1988). The gravity core from station PSI730 was 

Trinov; 
Reic 
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Figure 3. Dinoflagellate cyst record of selected species at station PS1730. The stable oxygen isotope stratigraphy and 
AMS dates are from Nam et al.  (1995). The distinct changes in the composition of the assemblages are marked with a 
dashed line. 

PSI295 5' 

*05 
(\" 

8180 Dinocysts \$ 
5. 

(%a) (llg) +, 0. 
5 4 3 0 3000 0 20 0 20 0 20 40 0 20 40 60 80 0 20 40 60 80 0 20 40 9'0 

I yrs. BP I 
Figure 4. Dinoflagellate cyst record of selected species at station PS1295. The stable oxygen isotope stratigraphy and 
the AMS dates are from Jones & Keigwu~ (1988). The distinct changes in the composition of the assemblages are 
marked with a dashed line. 

dated at four levels within the upper 100 cm (Nam 
et al., 1995; Nam, 1996; Stein et al., 1994, 1996). The 
ages have been reservoir corrected with 440 and 
550 years, respectively (Tab. 2). Additionally, the 
Vedde Ash is a tephrachronological marker hori- 
zon at 35 cm core depth in gravity core PSI730 
(Nam e t  al., 1995; Fig. 2) which has been recently 
dated by AMS at 10,310 +/- 50 years B.P. (Birks e t  
al., 1996). Boxcore PSI730 was not dated. The age of 
the surface sediment from station PSI730 has been 

set at 500 years BP, in accordance with ages of sur- 
face sediments from the western Iceland and 
Greenland seas (Samtleben et al., 1995b). All ages 
recorded in this study are conventional 14C ages. 
Ages between the fix points were calculated assu- 
ming linear sedimentation rates. This chronostrati- 
graphic framework is supported by the stable oxy- 
gen isotope stratigraphy of N e o ~ l o b o ~ ~ z ~ a d r i i z a  paclly- 
dernza (sin.) which clearly shows Termination Ia 
and Ib (Figure 2; Jones & Keigwin, 1988; Nam e t  al.,  
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Table 3. Dinoflagellate cyst data from station PS1730. Note the different depth columns for the composite section, 
the box corn (BC) and the gravity core (GC). 
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1995; Nam, 1996; Stein et nl., 1994). The chronologic 
terminology of Mangerud et 01. (1974) and Mange- 
rud & Berglund (1978) has been used in Figures 3 
to 6. 

RESULTS 
Dinoflagellate cyst stratigraphy 
The sediment cores from both stations show a com- 
parable development of the dinoflagellate cyst 
assemblages which is characterized by changes in 
percentage abundances of few species (Tables 3 
and 4). In particular, the change in dominance from 
Nenlntospltaeropsis lnbyrinth~rs to Opercrrlodinirrnf 
centrocarprrm provides an independent tool for stra- 
tigraphic correlation between the sediment cores 
and enables the construction of a composite section 
for station PSI730 (Tab. 3). The depth scale of the 
gravity core was corrected by +10 cm to obtain the 
best fit of the dinoflagellate cyst curves. In addition 
to the abundant taxa, other cyst species contribute 
usually less than 4% at both stations (Tables 3 and 
4). These species are listed in Table 2. Usually, the 
diversity of the assemblages is higher in the sam- 
ples from the Fram Strait. This is probably caused 
by the stronger influence of relatively warmer 
water on the hydrography. 

Fluctuations in the concentrations and the per- 
centage abundances of 0. cenlrocarpz~nr, N. lnb!yrin- 
thzrs and Spiniferltcs elonsntrrs s.1. enable correlation 
of both sediment cores (Fig. 2). The concentrations 
continuously increase from the late Weichselian to 

the late Holocene. Concentrations are extremely 
low during Termination la, preventing the calcu- 
lation of percentage abundances of individual taxa. 

The changeover in dominance from 0. cenfro- 
cnrplrm to N .  lnbyinfhtrs has been recognized in 
several sediment cores from the Norwegian Sea 
(Matthiessen, 1991; Baumann & Matthiessen, 1992; 
Samtleben et nl., 1995b) and the eastern North 
Atlantic Ocean (Harland, 1994; Harland & Howe, 
1995). The assemblages from the Greenland and 
Iceland seas (e.g. at station PS1730; Table 3) differ 
in having higher percentage abundances of lnrpngi- 
dini~rnt? pallidrrm than the assemblages from the 
Norwegian Sea, and in showing a distinct increase 
of Algidflsphneridirrm? minutrrrff s.1. and Brignnfedi- 
nifim spp. in the late Holocene. 

The interval between Terminations Ia and Ib is 
dominated by species of Spiniferifes, especially 5. 
elongntus s.l., together with N. Inlryrinth~rs. I.? pnlli- 
dlrnl is almost absent in the late Weichselian, and S. 
elongnlirs s.1. increases downcore. The distinct in- 
crease of I.? pallidrrnr at the transition to the Holo- 
cene has been observed in other sediment cores 
from the Iceland and Greenland seas (e.g. Samtle- 
ben ef nl., 1995b) and thus may be a good marker 
for the onset of interglacial hydrographic condi- 
tions. 

The distinct changes in the composition of the 
assemblages are approximately associated with the 
end of Termination la, the onset of Termination Ib 
and the end of Termination Ib. The significant 
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Table 4. Dinoflagellate cyst data from station PS1295. 

33%0, and to a long seasonal sea-ice cover (de Ver- 
nal ef nl., 1994). This species characterizes sediment 
assemblages underlying the polar surface water 
masses in the Norwegian-Greenland Sea (Mat- 
thiessen, 1995). 

Bripntedini~rnr species, which are commonly 
referred to as spherical brown protoperidinioid 
cysts, occur in polar to tropical regions (e.g. Wall ef 
nl., 1977; Marret, 1994; Mattluessen, 1995; Biebow, 
1995; Zonneveld, 1996). Most protoperidinioid 
cysts probably belong to heterotrophic dinoflagel- 
lates (Dale, 1983). It has been observed that several 
species feed on diatoms (lacobsen & Andersen, 
1986). Their presence may therefore be related to 
the occurrence of food organisms in the first 
instance and secondly to hydrographic parameters 
such as temperature and salinity (e.g. Dodge, 
1994). 

Usually, the orientation and preservation of 
these delicate cysts prevents identification of most 
specimens to species level. Therefore, it is only pos- 
sible to assign specific assemblages to environ- 
ments by considering the individual species in the 
assemblages, and not the percentage composition 
of the assemblage. Recent assemblages from polar 
to subpolar environments (Mudie & Short, 1985; 
Mudie, 1992; Rochon & de Vernal, 1994; Matthies- 
sen, 1995) dominated by B~i~pnnfedinianr contain 
usually two species, B. sititplcx and B. cnrincoense. 
Brignntedinium simplex is the characteristic species 

decrease of 0. certtrororptrnf in the latest Holocene 
is not clearly reflected in the stable oxygen isotope 
records. The major changes occur almost synchro- 
nously in both sediment cores proving the useful- 
ness of dinoflagellate cysts as ecostratigraphic tools 
(Figs. 3 and 4). Stratigraphic datums are (1) 13,000 
to 12,000 years BP at the end of Termination Ia, (2) 
around 10,000 years BP at the transition from the 
late glacial to the Holocene and (3) around 6,400 to 
6,800 years BP at the end of Termination IB, where- 
as the change in the late Holocene occurred time- 
transgressively. 

Ecology of species' 
The ecologic preferences are determined from the 
distribution in surface sediments in the North At- 
lantic Ocean and adjacent seas (Harland, 1983; 
Mudie, 1992; de Vernal cf al., 1994; Rochon & de 
Vernal, 1994; Matthiessen, 1995) and from sedi- 
ment trap investigations in the Norwegian-Green- 
land Sea (Dale & Dale, 1992). The abundant dino- 
flagellate cyst species are arranged according to 
basic ecological preferences in Figures 3 and 4. 

Al~idnsphaeridirrm ntirzltfrrnr s. I. comprises mor- 
photypes resembling the holotype (Harland & 
Reid in Harland el nl., 1980), and A,? n~inrrtum var. 
ccsnre (de Vernal et a!., 1989). It is a polar taxon 
(Dale & Dale, 1992; Mudie, 1992; Matthiessen, 
1995), which is principally adapted to low sea-sur- 
face temperatures (<5'C), salinities less than ca. 
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of polar environments (Dale, 1985; Matthiessen, 
1991; 1995), and is abundant to dominant on the 
East Greenland shelf. In polar environments Rri- 
ganfedii~il irn species co-occur with A.? 17iiiz1if1iin s.l., 
while gonyaulacoid species such as 0 .  ceizfrocar- 
pli~il and S. elongatus s.1. are rare to absent. In con- 
trast, recent assemblages from warmer environ- 
ments such as the permanent upwelling area off 
Peru contain several other species of Brignlifedi- 
~iiliiii and additionally numerous spinose protope- 
ridinioid species that are absent in polar environ- 
ments (Wall e f  al., 1977; Biebow, 1996). In the tropi- 
cal eastern Atlantic, assemblages which are domi- 
nated by Briga~~tedinizi l i l  spp. are characterized by 
gonyaulacoid species (mainly Spiniferites), while 
other spinose protoperidinioid species are usually 
rare (Marret, 1994). 

In this study, only Brigmitediriilm~ siiiiplex- has 
been unequivocally identified, and counts have 
been included in Br iga~~ fed in iun l  spp.. Brigaiitedi- 
11iti17~ species from polar and cold-temperate envi- 
rorunents are adapted to a wide range of tempera- 
tures but obviously prefer sea-surface salinities 
lower than 330/00 and occur in regions with some 
months of sea-ice cover (de Vernal e f  al., 1994). 
Thus, assemblages composed of both A,?  rr~intit~irrl 
s.1. and Brigaiitedirziliiii spp. characterize environ- 
ments with low sea-surface temperatures and sali- 
nities, and a long seasonal extent of sea-ice cover 
(Mudie & Short, 1985; de Vernal et nl., 1994; Rochon 
& de Vernal, 1994; Matthiessen, 1995) such as the 
polar water masses in the Norwegian-Greenland 
Sea. Both species only occur in the latest Holocene 
of both sediment cores (Figures 3 and 4). 

Impngidi~~iui iz?  pallidzinl is probably a bipolar 
species because it has been observed only in high 
northern (Mudie, 1992; Dale & Dale, 1992; de Ver- 
nal e f  al., 1994; Mattluessen, 1995), and southern 
latitudes (Marret & de Vernal, in press). It requires 
similar summer temperatures as A,?  i?liniifum s.1. 
but has a higher minimum Limit for sea-surface 
salinities (>25%) and is found in regions with a 
somewhat lower extent of seasonal sea-ice cover 
(de Vernal ct  al., 1994). It characterizes recent 
assemblages underlying the Arctic water masses of 
the Norwegian-Greenland Sea (Matthiessen, 1995). 
This species is abundant only in the Holocene, 
generally decreasing upwards in the cores. Thus, it 
is a good marker of the interglacial surface water 
conditions along the East Greenland continental 
margin. 

The other species recorded in both sediment 
cores are characteristic of the relatively warmer 
waters found in the Norwegian Sea (e.g. Harland, 
1983; Dale & Dale, 1992; Matthiessen, 1995). These 
species usually dominate the assemblages, and 
here, only the abundant species are considered. 

Nei7tafosplzaeropsis lahyriiztht~s and Operctllodi- 
rziunz ceii trocarp~in~ are two opportunistic cosmopo- 
litan species (Wall c f  al., 1977; Harland, 1983). 0. 
perculodini~inz ceiitrocarplinl obviously tolerates a 
wider range in temperature and salinity conditions 
than N .  lnbyrintli~is (e.g. Dale, 1985; de Vernal e f  al., 
1994). This species is often a pioneer species in 
polar environments (Harland, 1983) and it is even 
adapted to brackish waters (Dale, 1988). The com- 
mon to abundant occurrence of N .  labyr i i~ f l ius  in 
sediments from the Norwegian-Greenland Sea and 
the Northeast Atlantic has been previously associa- 
ted with a cold-temperate to subpolar outer neritic 
to oceanic preference (Matthiessen, 1991, 1995; 
Harland & Howe, 1995) but recently it has been 
shown that this species is also abundant to domi- 
nant in the tropical Arabian Sea (Zonneveld, 1996). 
Therefore, it may prefer Iugher sea surface tempe- 
ratures than 0. cel~trocarptirii. 

Spiniferifes elongafus s.1. comprises a variety of 
morphotypes (Harland e f  al., 1980; Harland, 1982; 
Harland & Sharp, 1986; Matthiessen, 1991, 1995) 
including S .  elongaflis, S .  frigidus and intergrades. It 
prefers in contrast of Spiiiifcrifes spp. cold-tempe- 
rate to polar conditions (Dale, 1983). Spi i~i jkr i fes  
s p p  comprises all species other S .  elorigaf~rs s.1. 
which have a preference for relatively warmer con- 
ditions (Tab. 2). 

Spiiziferifrs elongaflis s.1. and 0 .  ceiitrorarp~irrr 
form characteristic assemblages in subpolar envi- 
ronments. In Baffin Bay, these assemblages are 
associated with sea-surface temperatures around 
2°C and reduced salinities around 32%0 (Mudie & 
Short, 1985; Rochon & de Vernal, 1994). Similar 
assemblages occur in the inner Barents Sea (Har- 
land, 1982), where the surface waters are stratified 
in summer because of relatively high sea-surface 
temperatures (ca. 7" to 9O C) and sea-surface salini- 
ties lower than 34.7% (Midttun, 1989,1990; Loeng, 
1991). The Baffin Bay and the Barents Sea are cha- 
racterized by some months of sea-ice cover (Vinje, 
1983; Loeng, 1991; Middtun, 1989; Vinje & Kvam- 
bekk, 1991; Mudie & Short, 1985). 

This compilation of the ecological preferences 
thus show that the predominant species, which are 
continuously present during the past 13,000 years 
are cosmopolitan forms, whereas the species which 
indicate specific ecological conditions are abun- 
dant during specific intervals (Figs. 3,4). 

DISCUSSION 
Paleoceanographic interpretation 
Termination Ia 
Both stations show a period of extremely low Qua- 
ternary dinoflagellate cyst concentrations between 
15,000 to ca. 13,000 years BP (Figures 3 and 4). The 
coeval shift in the stable oxygen isotope values is 
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probably caused by a significant decrease in sur- 
face water salinities owing to a strong freshwater 
discharge (Jones & Keigwin, 1988; Stein et ol., 1994, 
1996). Termination Ia was characterized by a high 
input of meltwater into the entire Norwegian- 
Greenland Sea because of the decay of the major ice 
sheets (e.g. Hald ct n l ,  1996; Koq & Jansen, 1994; 
Stein rt  nl., 1994, 1996; Sarnthein ct al., 1995). 111 the 
Fram Strait, the retreat of the ice sheet from the 
outer shelf of Spitsbergen and the southern Barents 
Sea may have contributed to the increased meltwa- 
ter discharge until ca. 13,000 to 12,500 years BP 
(Hald et nl., 1996; Elverhni et al., 1995; Polyak ct al., 
1995). Stein et al. (1994) and Nam ct al. (1995) attri- 
buted the light stable oxygen isotope values at sta- 
tion PSI730 off Scoresby Sund to fluctuations in the 
Greenland ice sheet. Additionally, changes in the 
inflow of low saline meltwater from the Arctic 
Ocean may have influei~ced the surface waters at 
both stations. 

The low concentrations of dinoflagellate cysts 
may be explained by harsh living conditions for 
cyst forming dii~oflagellates because of too low 
sea-surface salinities and/or an extensive sea-ice 
cover, resulting in a low production. The meltwater 
probably contained a high suspension load provi- 
ding a difficult light regime which in addition to 
the low salinity caused a hostile environment for 
dinoflagellates. 

Dinoflagellate cyst concentrations increased 
slightly between 13,000 and 12,000 years BP, cor- 
responding to the end of Termination Ia (Figures 3 
and 4). This event is well-dated in core PS1295, 
occurring between 13,000 to 12,600 years BP, while 
the lower temporal resolution of PSI730 hampers a 
more precise definition than 13,000 to 12,000 years 
BP. The presence of species which characterize rela- 
tively high surface water temperatures indicate 
that the initial warming occurred at the locations 
off Scoresby Sund and in the Fram Strait already at 
the end of Termination Ia. Previous investigations 
suggest that Atlantic waters flowed first into the 
southeastern Norwegian Sea around 13,500 years 
BP (e.g. Koq & Jansen, 1992, 1994; Lehman & Keig- 
win, 1992; Sarntl~ein et al., 1995), reached the 
Barents shelf slope around 12,500 years BP (Hald et 
al., 1996; Koq t7t al., 1996) and the Iceland and 
Greenland Sea after 9,000 years BP (Koq et al., 
1993). The time-transgressive inflow along the 
Norwegian and Barents continental margins can- 
not be confirmed by the present study. Further- 
more, the increase in dinoflagellate cyst concentra- 
tions in a sediment core from the Barents shelf 
slope is dated at 13,100 to 12,800 years BP (Bau- 
maru~, A., unpubl. data), supporting that the initial 
warming occurred synchronously along the path 
of the Norwegian Atlantic Current. Time-slice 

reconstructions based on stable oxygen isotope 
records revealed that the Holocei~e style intergla- 
cial circulation 111ode persisted largely in the Nor- 
wegian-Greenland Sea over the last 12,800 years 
(Sarnthein rt  nl., 1995). In the adjacent North Atlan- 
tic, summer sea-surface temperatures increased 
already from 15,000 to 13,000 years BP (Duplessy rf 
nl., 1992a,b; Koc ct nl., 1996; Sarnthein rt  al., 1995), 
suggesting that warmer water might have also 
flowed into the Norwegian a i ~ d  Iceland seas. Thus, 
it appears likely that warmer water reached almost 
synchronously the Fram Strait and the western Ice- 
land Sea, but the question remains open as to 
whether the central Greenland and Iceland seas 
were also influenced by warmer water from 13,000 
to 12,000 years BP. 

In general, the contin~~ous presence of dinofla- 
gellate cysts suggest that the ocean climate evolved 
in accordance with the atmospheric climate. When 
the summer insolation increased in the high north- 
ern latitudes after the last glacial maximum (Ber- 
ger, 1978), dinoflagellate cyst assemblages reflect 
the improving environmental conditions froill 
13,000 to 12,000 years BP. 

Late Glacial 
The composition of the dinoflagellate cyst assemb- 
lages varied in the late glacial but thev are charac- 
terized by S .  elorzgntlrs s.l., and an Inverse relation- 
ship between N. lah!/rlrltlll~s and 0. ceritrocarpll~rl. 
These species indicate a stronger influence of rela- 
tively warmer water at both stations in summer 
but they occur today also in regioils with some 
months of sea-ice cover (de Vernal t7t al., 1994). The 
assemblages are somewhat comparable with recent 
assemblages from Baffin Bay (Mudie & Short, 1985, 
Rochon & de Vernal, 1994) and in particular the 
inner Barents Sea (Harland, 1982). The hydrogra- 
phy of both regions is characterized by the inflow 
of relatively warm water in summer mixing with 
cold polar water, causing a stratified upper water 
column. However, the assemblages from the conti- 
nental margin of Greenland differ from these 
recent assemblages in having high proportions of 
N. lahyri~~tlzus.  This can not be definitely explained 
yet but the ecological preferences of N. lnb!jrint/lus 
suggest that sea-surface temperatures and salini- 
ties were relatively higher when it was more abu11- 
dant. The decrease of 5. c l o ~ z ~ a t l ~ s  s.1. towards the 
Holocene may indicate an increase in sea-surface 
salinities. The late glacial surface water conditioils 
at the East Greenland continental margin probably 
involved a strong seasonality. Low temperatures 
and a sea-ice cover may have prevailed in winter, 
whereas in summer the inflow of warmer water, 
the warming of the sea surface and the input of 
meltwater led to a stratified upper water column 
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which covered colder polar water. 
Short-term input of meltwater from 

the margins of the retreating ice sheets 
close to the stations may have helped to 
maintain lower sea-surface salinities in 
summer. A second meltwater event star- 
ted in the Fram Strait just after 13,000 
years BP, when the ice retreated from the 
inner shelf to the coast of Spitsbergen but 
was interrupted by a short readvance 

around 1995). The ca. 12,400 Scoresby years Sund BP (Elverh~i glacier proba- et al., 

bly retreated after 13,000 years BP from 
the outer fjord system (Dowdeswell ct d . ,  
1994) which is indicated by high sedi- 
ment accumulation rates at station 
PSI730 between ca. 11,000 and 13,200 

PSI295 
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years BP (Nam et 0l.1 1995). Unfor- Figure 5. Comparison of dinoflagellate cyst and coccolith records 
tunately, such events are not reflected ill of station PS1295. The arrows mark the first increase of dinoflagel- 
the stable oxygen isotope curves of stati- late cyst concentrations and coccoliths at the end of Termination Ia 
ons PSI295 and PSI730 because of their and at the base of Termination lb, respectively. 
low temporal resolution. 

Previous investigations on diatoms and plank- 1996; Koq et al., 1993; Samtleben et nl., 1995b) sug- 
tic foraminifera revealed a strong variability in the gest considerable changes in surface water inass 
inflow of warmer water from the North Atlantic properties and the position of oceanographic 
and in the hydrographic properties along the Nor- fronts. 
wegian continental margin between 13,000 and 
10,000 years BP (Lehman & Keigwin, 1992; Koq & Early Holocene: Teri~linatioii Ib 
Jansen, 1992; ~af l idason ct al., 1995; Koq et al., The distinct increase of I.? pallidunl and the strong 
1996). This cannot be resolved at stations PSI730 decline of S. elongatus s.1. at the transition to the 
and PSI295 because of low sample resolution and Holocene indicate that interglacial conditions were 
low sedimentation rates. However, fluctuations in established along the East Greenland continental 
the assemblages from core PSI295 might be asso- margin after 9,000 to 10,000 years BP. Because the 
ciated with the Younger Dryas around 11,000 to distribution of I.? pallidlir~l is today strongly related 
10,000 years BP (Figure 4). Peaks in the abundance to the Arctic surface waters, the characteristic 
of N. lab!jrinth~ls bracket the Younger Dryas. The modern distribution of the surface water masses 
peak in the abundance of I.? pallidlliii suggests that and oceanographic fronts did not exist before the 
the sea surface was cooler in summer than before, Younger Dryas/Holocene transition. The onset of 
and the sea-surface salinities increased during the the Holocene conditions is clearly reflected in the 
Younger Dryas. Sarnthein et 01. (1995) suggested coccolith abundances in the Fram Strait and Green- 
that a strong seasonality prevailed in the Norwe- land Sea (e.g. Figure 5; Andruleit, 1995; Baumann, 
gian-Greenland Sea during the Younger Dryas 1990; Baumam & Matthiessen, 1992; Samtleben et 
with a closed sea-ice cover in winter, low surface al., 1995b) which strongly increase first after 9,000 
water temperatures and sea-surface salinities in years BP. 
summer similar to modern values. According to Termination Ib is characterized by fl~lctuations 
their spatial reconstructions, colder waters exten- in the surface water temperatures which is reflec- 
ded to the east, but a narrow corridor was left open ted by a somewhat reciprocal relationship between 
for Atlantic water inflow. I.? pallidurn and N. lab!/riizth~ls. An abundance 

maximum of N. lab!jrinthi~s is found at both sta- 
Holocene tions around 9,000 to 8,000 years BP bracketed by 
Although the Holocene is considered to be a period peaks of I.? pallid~rnl. This reflects a short-term war- 
of long-term stability in ocean climate without ming during a period of generally stronger influ- 
major evolutionary trends and/or important short- ence of Arctic water. 
term events (e.g. Sarnthein et al., 1995), the dinofla- The end of Termination Ib is marked by a 
gellate cyst records from the East Greenland conti- changeover in dominance from N. lab!jrintlzus to 0. 
nental margin and other planktic microfossil centrocarpun~, suggesting that modern hydrogra- 
records (e.g. Bauch & Weinelt, in press; Hald et rrl . ,  phic conditions were established at the East Green- 
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land continental margin around 6,400 to 6,800 
years BP (Figure 2). This event occurred slightly 
later in the Iceland and Greenland seas than the 
eastern Norwegian Sea (Samtleben et al., 1995b; 
Baumann, A., unpubl. data) but this may be the 
result of the different temporal resolution and age 
control of the records. 

Despite the major role of temperature as pri- 
mary ecological factor, this pronounced change in 
the composition of the assemblages cannot be 
explained by the smooth long-term atmospheric 
temperature fluctuations during the middle Holo- 
ceile alone. Both species are adapted to relatively 
warin sea-surface temperatures but 0. ceritrocnr- 
pi1171 tolerates a wider salinity range. Thus, the 
cause of change has to be found in the North Atlan- 
tic Drift-Norwegian Atlantic Current (NAC) 
system because the percentage abundances of I.? 
;7dliidi~tii which is indicative of colder conditions 
does not change in the middle Holocene. Other 
ecological factors may have been involved, such as 
short-term surface water salinity changes. At the 
end of the postglacial sea-level rise (Fairbanks, 
1989) a marked rise by ca. 6.5 m occurred within a 
few decades around 6,800 years BP (Blanchon & 
Shaw, 1995), probably resulting in short-term sali- 
nity reduction. Blanchon & Shaw (1995) correlate 
this rise event with a minimum in the stable oxy- 
gen isotope records from the Greenland ice sheet at 
ca. 7,300 years BP, indicating a cooling (Johnsen et 
nl., 1992; Dansgaard et al., 1993; Taylor et nl., 1993). 
These events again occurred almost synchronously 
with a short-term climate cooling in coastal East 
Greenland dated at ca. 8,000 to 7,500 years BP 
(Bjork et nl., 1994a; b). Additionally, the reorganisa- 
tion of the surface water circulation along the 
Northwest European continental margin, in parti- 
cular changes in the hydrographic properties of the 
Norwegian Coastal Current, has been proposed as 
possible causes ( k i u m a ~  & Matthiessen, 1992; 
Bauch & Weinelt, in press). Thus, both a short-term 
input of freshwater and a cooling phase may have 
triggered the changes in the assemblages but the 
ultimate cause of this event can only be resolved, if 
marine records with a comparable temporal reso- 
lution as the sea level and ice core records are inve- 
stiga ted. 

Middle n l ~ d  late Holocene 
The distribution of surface water masses remained 
relatively stable at both stations for approximately 
3,000 to 4,000 years during the middle Holocene. 
The high percentage abundance of I.? pnllidt~ia 
document the strong influence of Arctic surface 
water on the hydrography in the Fram Strait and 
off Scoresby Sund until ca. 4,000 years BP. The 
dominance of 0. ceiztrocnrpunr, however, indicates 

that relatively warmer water from the Norwegian 
Sea continuously reached the continental margin 
off East Greenland during summer. The generally 
lower abundances of I.? pnllidrrnr in PSI295 indicate 
that the influence of relatively warmer Atlantic 
water was stronger at the location in the Fram 
Strait. 

A decrease of I.? pallidllril started at approxima- 
tely 4,000 to 5,000 years BP, whereas 0. coitrocnr- 
pull1 decreases time-transgressively, at station 
PSI730 from approximately 2,500 years BP and at 
station PSI295 from approximately 4,000 years BI' 
(Figures 3 and 4). Simultaneously, the distinct 
increase in polar species, especially A.? iilii~utririi 
s.l., suggests that branches of the East Greenlai~d 
Current reached the sites and/or the Polar Front 
moved eastward. A stronger influence of coldel; 
low saline surface water is recorded at station 
PSI730 from 3,000 years BP, and at station PSI295 
from 1,500 years BP. 

In principal, polar water did not influence the 
surface water at both stations before the late Holo- 
cene. During the major part of the Holocene Arctic 
water played a more important role, in addition to 
a variable inflow of relatively warmer North Atlan- 
tic water. The Polar Front was probably located to 
the west of both stations in the summer and the 
zonal advection of cold surface water was minimal. 
This interpretation generally agrees wit11 the model 
of Polar Front movement of Kof et 01. (1993). Koq ct 
nl. (1993) suggested that the Polar Front retreated to 
a position along northeastern Greenland until ca. 
7,000 and the western Iceland Sea was under the 
influence of subarctic conditions. The Polar Front 
moved eastward from 5,000 years BP, reaching its 
modern position around 3,000 years BP. 

Comparison of planktic microfossil records: 
Paleoceanographic implications 
When comparing different planktic microfossil 
records from the same stations, strong differences 
in the temporal distributions are evident (Figures 5 
and 6). Coccolith abundances first increased in 
sediment core PSI295 during Termination Ib, 
whereas dinoflagellate cysts increased their abuil- 
dances from the end of Termination Ia (Figure 5; 
Baumam, 1990; Baumam & Matthiessen, 1992). 
Coccolith assemblages are compared to dinoflagel- 
late cyst assemblages of lower diversity and are 
clearly dominated by Coccolitlzi~s pelngicr~s which 
contributes usually more than 80% to the assem- 
blages (Baumann, 1990). Planktic foraminifer 
assemblages are almost monospecific in the 125 to 
250 p size fraction from gravity core PSI730 
during the past 13,000 years consisting maiilly of 
Neogloboquadrinn pncl7ydsiirn (sin.) (Nam et nl., 1995; 
Nam, 1996). In contrast, dinoflagellate cysts which 



Matthiessen and Baumann 

have been studied from the same sample intervals, mination Ia (Koq et al., 1993). Diatoms are present 
show distinct changes in assemblage composition in the southeastern Norwegian Sea since 13,400 
and are principally of higher diversity. Siliceous years BP, whereas they are only found from ca. 
microfossils were not studied in the cores but a 2,000 years BP in the Greenland Sea (Figure 6). The 
sediment core located ca. 20 miles to the west of temporal distribution of radiolarians is principally 
station PSI730 is barren of radiolarians during the comparable to that of diatoms (e.g. Molina-Cruz, 
Holocene and Younger Dryas (Molina-Cruz, 1991). 1991; Schroder-Ritzrau, 1995). 

The sediment core (M23400) is the only record 
from the Greenland and Iceland seas where orga- Possible causes of variability in planktic micro- 
nic-walled, calcareous and biosiliceous planktic fossil records 
microfossils have been investigated from the same There is evidence from actuopaleontological in- 
sample intervals (Figure 6; Andruleit, 1995; Bau- vestigations that these inconsistencies can be attri- 
mann, A. unpubl. data; Kohly, 1994; Schroder-Ritz- buted both to abiotic and to biotic processes 
rau, 1995; Saintleben et al., 1995b). The differences (Andruleit, 1995; Kohly, 1994; Schroder-Ritzrau, 
in the Holocene records are striking, suggesting 1995; Salntleben et al., 1995b). Samtleben ct al. 
that records of single groups must be interpretated (1995b) concluded that dissolution in the water 
with caution. Dinoflagellate cysts are present from column and in the sediment may considerably alter 
the base of the core. Coccoliths occur after 9,000 calcareous and biosiliceous microfossil records, 
years BP, while diatoms and radiolarians are pre- causing sequences barren of biosiliceous microfos- 
sent only from ca. 2,000 years BP. sils even in Holocene sediments from the Green- 

Comparison with previous studies show that land Sea. Abiotic processes obviously play a more 
these differences in the temporal distribution of the important role for the occurrence of biosiliceous 
various groups has a strong impact on paleoceano- microfossils than for calcareous microfossils in 
graphic reconstructions. Calcareous microfossils upper Weichselian and Holocene sediments (cf. 
indicate that interglacial conditions were establis- Figure 6). 
hed almost synchronously in the whole Norwe- The basic ecological requirements may additio- 
gian-Greenland Sea around 10,000 to 9,000 years nally cause principal differences in the occurrence 
BP. Coccoliths occur in most records at the transi- of planktic microfossils along the East Greenland 
tion to the Holocene (e.g. Andruleit, 1995; Bau- continental margin both in upper Weichselian and 
marul, 1990; Baumann & Matthiessen, 1992; Gard & Holocene sediments. The distribution of all plank- 
Backman, 1990), while abundances of subpolar ton groups primarily depends on sea-surface tem- 
planktic foraminifers strongly increase at about the peratures, which is well demonstrated e.g. for the 
same time (e.g. Bauch, 1993; Hald et al., 1996; Bauch distribution of coccolithophores in the surface 
& Weinelt, in press). In contrast, analyses of diatom waters of the northern North Atlantic (Samtleben ct 
assemblages from the Norwegian-Greenland Sea al., 1995a). Additionally, fossilizable coccolithopho- 
revealed a time-transgressive occurrence after Ter- res, planktic foraminifers and radiolarians are 

generally considered marine plankton indica- 
M23400 
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ting that salinity is the second important ecolo- 
gic Few cOccO1ithO~hOre 
such as Enliliaizia hl~xle?ji, tolerate sea-surface 
salinities as low as 20x0 (e.g. Bukry, 1974; Pan- 

kow, adapted (sin.) 1990), is the to a only while wide planktic N~.ogloboq~~adrinn range foraminifer of ecological pnchydcrrlla which condi- is 

tions in the polar regions, in particular salinity 
fluctuations (e.g. Bauch & Weinelt, in press). 
Schroder-Ritzrau (1995) compiled information 
on salinity requirements of radiolarians sho- 
wing that they may be not adapted to salinities 
below ca. 25x0. Low surface water salinities 
caused by e.g. deglacial meltwater discharge 

Figure 6. Comparison of dinoflagellate cyst, coccolith, dia- may be a limiting factor for these 
tom, and radiolarian records of station M23400 from the groups, resulting in the absence in the late 
Greenland Sea (72"21.10'N, 007"48.40'W, 2630 m). The 
arrows in the individual records mark the first increase of Weichselian. 

concentrations (redrawn from Samtleben et al. (199%) with This may be true for coccolithophores 

additional AMS dates from Andruleit (1995)). Arrows in the are autOtrO~hic and live in the photic 'One. 
stable oxygen isotope record indicate AMS dates. cnlith~ls pelagiclls is the only polar to subpolar 
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species (Samtleben rt a/., 1995a) preserved in the 
fossil record but it is absent in the Norwegian-Gre- 
enland Sea in glacial times when cold polar condi- 
tions can be anticipated (e.g. Baumann, 1990; Gard 
& Backman, 1990). The distribution in recent and 
Holocene sediments is somewhat comparable to 
that of the dinoflagellate cyst bnpngidiizinni? pnlli- 
dun1 (Samtleben et nl., 1995b, Fig. 14), suggesting 
that they might have similar ecological require- 
ments. I.? pnllidl~iiz is adapted to polar and subpo- 
lar environments and salinities larger than 25-28%0 
(de Vernal et nl., 1994). Coccolithlls pelngiclls may 
tolerate temperatures as low as -1.7"C but it proba- 
bly requires salinities exceeding 30% (Braarud, 
1979). Therefore, an adverse combination of tem- 
perature and salinity might have caused the 
absence of C.  pelngicils and I.? pnllidl~m in upper 
Weichselian sediments. 

In contrast to the phytoplankton, the zooplank- 
ton is able to migrate vertically in the water 
column, and foraminifers and radiolarians should 
thrive in deeper waters which are less affected by 
the rapid change ill sea-surface conditions. How- 
ever, species such as T~~rDorotalita quirzqllelobn, 
which is an important subpolar planktic foramini- 
fer in the Norwegian-Greenland Sea, contains sym- 
b iont~  restricting its depth habitat to the photic 
zone (e.g. Bauch, 1994). Additionally, it may 
require salinities higher than 30,5%0 (Carstens & 
Wefer, 1992). Therefore, its absence in the assemb- 
lages from the gravity core PSI730 may be either 
attributed to the absence of symbionts or a specific 
temperature/salinity relationship in surface 
waters. In contrast N. pnchyderiila (sin.) might have 
lived ill colder, higher saline deeper waters, and 
dominated therefore the assemblages because of 
unfavourable living conditions for other surface 
dwelling species. The absence of radiolarians in the 
late Weichselian may be also attributed to too low 
sea-surface salinities for surface water species but 
the ecology of deep-dwelling species is insuffi- 
ciently known in order to determine the ultimate 
cause of their absence (e.g. Schroder-Ritzrau, 1995). 

In contrast to these planktic groups, diatoms 
are best-suited for palecological studies. They tole- 
rate a wide range of temperature and salinity con- 
ditions, and are abundant in fresh to marine water 
(e.g. Pankow, 1990). Cyst forming dinoflagellates 
are the only other planktic group which replicates 
the salinity related distribution of diatoms (Wall et 
nl., 1977). Despite these comparable ecologic 
adaptions, diatoms are present only in upper 
Weichselian sediments from the Norwegian Sea, 
whereas dinoflagellate cysts are present in the en- 
tire Norwegian-Greenland Sea during this interval. 

Again, ecologic causes cannot be completely 
ruled out to explain the different records of dia- 

toms and dinoflagellate cysts. Dinoflagellates uti- 
lize a swimming strategy which is more suited for 
stratified systems, in contrast to diatoms which are 
adapted to a sinking strategy (Dale, 1983, 1986; 
Dale & FjellsA, 1994). Dinoflagellates may actively 
optimize their position in the surface water column 
to find optimal living conditions with respect to 
nutrients, light etc., while diatoms require some 
turbulence to remain in the photic zone. Thus, a 
stable upper water column in the summer season 
owing to strong temperature and salinity gradi- 
ents, which is suggested by dinoflagellate cysts tor 
the interval between Termination Ia and Ib, may 
provide difficult ecologic conditions to diatoms 
and result in a low production. 

In contrast to biologic causes, the late 
Weichselian presence of dinoflagellate cysts can 
also be interpreted in terms of transport from adja- 
cent oceans and shelves into the Norwegian- 
Greenland Sea (cf. Dale & Dale, 1992). The East 
Greenland shelf might be a source area but late gla- 
cial sequences are barren of Quaternary dinoflagel- 
late cysts (Matthiessen, 1996). Considering other 
possible source areas this would involve long 
range transport from e.g. the northern North 
Atlantic, and the Iceland and Norwegian co11tinei1- 
tal shelves. Although the dinoflagellate cyst record 
therefore might not reflect a living population, 
both indigenous occurrence and transport require 
the presence of currents which transport warmer 
water into the Norwegian-Greenland Sea. Rewor- 
king of older deposits can be ruled out with ccr- 
tainty because similar assemblages have not been 
recorded up to now from older deposits and it 
would require a widespread event in the entire 
ocean basin to explain the persistent distribution in 
regions which are far away from each other. 

The presence of all plankton groups in the Nor- 
wegian-Greenland Sea from the transition of the 
Holocene suggests that the water masses then 
gained their modern physical properties, while the 
ocean chemistry still varied. Thus, biosiliceous 
microfossils are not adequately preserved in the 
Holocene sediments from the Greenland Sea. 

CONCLUSIONS 
Dinoflagellate cysts are continuously present along 
the East Greenland continental margin during the 
past 15,000 years. Distinct changes in the composi- 
tion of the assemblages at two station occurred 
during certain time intervals. 

1. The increase in concentrations and the com- 
position of the assemblages indicate that warmer 
water reached the western Norwegian-Greenland 
Sea from 13,000 to 12,000 years BP when the Holo- 
cene type meridional circulation system was esta- 
blished (Sarnthein et nl., 1995). The surface waters 
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were free of sea ice during the summer and the 
upper water column was probably stratified owing 
to the surface water warming and the lowered sea- 
surface salinities. This marked environmental 
change is not reflected in the assemblages of other 
planktic microfossil groups from the same region. 
The specific ecological conditions and/or the lower 
fossilization potential of calcareous and biosili- 
ceous microfossils may have caused this bias in the 
plankton records of the western Greenland and Ice- 
land sea. Because of these differences, previous 
reconstructions based in particular on biosiliceous 
microfossil evidence suggest a later and/or time- 
transgressive incursion of relatively warmer water 
from the North Atlantic into the western Norwe- 
gian-Greenland Sea after Termination Ia. 

2. At the transition to the Holocene the intergla- 
cial surface water hydrography with the characte- 
ristic distribution of surface water masses and 
oceanographic fronts was established. In the early 
Holocene, changes in the assemblage composition 
suggest fluctuations between warmer and cooler 
conditions. The end of Termination Ib is marked by 
a distinct change in dinoflagellate cyst assemblages 
which reflect the onset of the modern hydrogra- 
phic conditions. Since the early Holocene dinofla- 
gellate cysts and calcareous microfossils record the 
evolution of the ocean climate in the entire Norwe- 
gian-Greenland Sea while biosiliceous records are 
still variable in the Greenland and Iceland Sea 
suggesting that dissolution strongly altered the ori- 
ginal signal. 

3. The distribution of surface water masses 
varied considerably at both stations in the Fram 
Strait and off Scoresby Sund during the Holocene. 
Arctic surface waters strongly influenced the 
hydrography from the end of Termination Ib. The 
assemblages indicate a time-transgressive cooling 
at both stations. The polar front moved to its pre- 
sent position and/or branches of the colder zonal 
currents expanded eastward in the last 3,000 to 
1,500 years. 
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ABSTRACT 
Large oceanic changes occurred during the last transition from glacial to interglacial con- 
ditions (Termination I), which significantly affected pelagic and benthic environments. This 
study presents results of a quantitative investigation of benthic foraminifera at four sites distri- 
buted along a north-south transect across the northern North Atlantic with a high temporal 
resolution (k 200 years). 
Benthic foraminifera are examined in samples (1-2 cm sampling intervals) from four long sedi- 
ment cores located in the southern Fram Strait, the Greenland-Iceland-Norwegian Sea (GIN 
Sea), and the Rockall Plateau. The most prominent species of benthic foraminifera include Ori- 
dorsalis nnlbolzatlls, Cibicidoides wl~ellerstoufi, Cassidulina spp. group, P!jrgo rotalaria, Globocassi- 
drrliiza sllbg-lobosa and tubes of agglutinated taxa. 
In each core, the climatic amelioration at Termination I is recorded to have occurred in two 
steps. A first INDAR maximum (INDividuals Accumulation Rate = ind/cm2 ky; GIN Sea: 
average 3,000-6,000 ind/cm2 ky, Rockall Plateau: average 150 ind/cm2 ky) is followed by a 
period of lower values. A second maximum reveals slightly lower values than the older maxi- 
mum. Interglacial INDAR values average 700 ind/cm2 ky for the GIN Sea and 200 ind/cm2 ky 
on the Rockall Plateau. This is roughly twice that of typical glacial values. 
Meltwater events, identified by stable isotope data and sea-surface temperature reconstruc- 
tions based on planktic foraminiferal transfer functions, are marked by an increase in endo- 
benthic and opportunistic species. A decrease of reconstructed sea-surface temperatures 
appears synchronous with the relative INDAR minimum that occurs between the two INDAR 
maxima. The results indicate a close coupling of sea-surface processes to the benthic realm 
(,,pelagic-benthic coupling") with a longitudinally variable strength. The climate signal at the 
Rockall Plateau revealed by the fossil benthic foraminifera shows a lower amplitude than that 
of the GIN Sea. The second, younger INDAR maximum is characterized by an increased abun- 
dance of epibenthic species at all core locations, suggesting extended lateral bottom currents. 
In comparison with various palaeo-climatological data sets, the variability of fossil benthic 
foraminiferal abundances in the GIN Sea show a distinct coherence with changes of atmo- 
spheric temperatures, sea-surface temperatures and the postglacial sea level rise. The varia- 
bility of the benthic foraminiferal fauna is principally in phase with climate change events. 

INTRODUCTION tions" forced massive and rapid reorganisations of 
Glacial terminations the entire ecological system both on land and in the 
The transitions from glacials to interglacials in the oceans. With respect to a geological timescale, cli- 
youngest part of the earth's history are major mate changes happened in remarkably short 
events in the development of the biosphere. With periods of time, inducing a lughly dynamic envi- 
increasing geographical latitude, these ,,Termina- ronmental impact (Jouzel et a/. ,  1987; Taylor et nl., 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. Grz?jbozuski Fo lmht ion  Special P~~blicatinn, no. 5, pp. 167-197 
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1993; Alley et al., 1996). These changes are recorded Sea) is of major importance for the global oceanic 
in environmentally sensitive tracers such as fossil circulation system (Figs. 1,3). Surface water masses 
benthic foraminiferal tests. Thus, the investigation of Atlantic and Polar origin meet in this com- 
of these fossils helps us understand the complex parably small ocean basin and create one of the 
interactions between the atmosphere and the most important sources of oceanic deep water 
oceans. (Smethie et nl., 1986). The GIN Sea is, thus, an ideal 

Previous studies have shown that glacial-inter- region for studying past changes in the deep ocean 
glacial transitions are not continuous processes, (Thiede et al., 1986) and the changes occurring 
but take place in several steps. The termination of during the last glacial/interglacial transition (Thie- 
the last glacial has been separated into Termination de et al., 1985; Henrich, 1992). 
IA, IB (Duplessy et nl., 1981; Broecker et al., 1988), Since 1985, the Special Research Project 313 
and IC (Mix & Ruddiman, 1985). Terminations IA (,,Sonderforschungsbereich 313" at Kiel Univer- 
and IB are documented in most deep-sea 6180 sity) has been involved in marine research of the 
records (Berger et al., 1987; Sarnthein & Tiedemann, northern North Atlantic. In collaboration with the 
1990; Jansen & Veum, 1990; Wim et al., 1991). micropalaeontology group at the Department of 
However, the exact timing of these two steps still Geology, Kiel University, a substantial data set has 
remains uncertain on a global scale and in high been compiled for reconstructions of past climate 
latitudes in particular (Ruddiman & Duplessy, changes. In particular the importance of Pleisto- 
1985). cene fossil benthic and planktic foraminifera has 

The Greenland-Iceland-Norwegian Sea (GIN been demonstrated in a variety of publications 
(Altenbach et al., 1987; Hald & Vorren, 
1987; Mackensen, 1987; Haake & 
Pflaumann, 1989; Linke, 1989; Nees, 
1989; Heeger, 1990; Thies, 1991; Bauch, 
1992; Struck, 1992; Altenbach, 1992; 
Nees & Struck, 1994; Struck, 1995; 
Bauch, 1996; Struck, this volume). 

The precision of the climatic signal 
in benthic foraminifera1 records 
Accumulation rates of bentluc fora- 
minifera from deep-sea sediment 
cores reflect the oceanographic varia- 
bility in the past (Mackensen, 1987). 
Although specific environmental pre- 
ferences of benthic foraminifera are 
largely unknown (Murray, 1995; 
Jorissen et al., 1995), they appear to be 
powerful tools for palaeoceanographic 
reconstructions (Altenbach, 1992; Fig. 
2). Only recently the quantification of 
organic palaeo-flux rates has been 
realised using benthic foraminifera 
(Herguera & Berger, 1991; Herguera, 
1992). Actuopalaeontologica1 experi- 
ments with observations of living 
benthic foraminifera are also relatively 
new (Altenbach, 1985; Lutze & Alten- 
bach, 1988; Altenbach et al., 1993). 

The use of a climatic signal pre- 
served in fossil remains with a high 
temporal resol~~tion is also relatively 
new. Past investigations in the GIN 

Figure 1. Physiography of the northeastern Atlantic Ocean and the sea are mainly descriptive and/or  
Greenland-Iceland-Norwegian Sea (GIN Sea). This part of the ocean stratigraphic in character (Johnson, 
holds a key position in terms of deep-water exchange between the 
Arctic and the Atlantic Ocean. The core locations are marked with 1980; Haake & Pflaumam, 1989; Nees, 

dots. 1989 and 1994). In tlus region, Struck 
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- bottom environment 
- bottom current v 

bottom con ditions 

Figure 2. Accummulation rates of benthic foraminiferal assemblages and single species are useful indicators of past 
environmental changes. This figure illustrates the theoretical path of recording the ,,environmental sibmal" (as a secon- 
dary climatic sibmal), its preservation in the ocean sediment and its use as a tool for palaeoclimate reconstr~~ctio~is. 
With respect to their deep-sea environment, benthic foraminifera rarely receive a climatic-influenced signal as a pri- 
mary signal, rather as secondary signals such as changes in organic fluxes (food) or changes in physio-chemical para- 
meters of deep- and bottom water masses. Nevertheless, benthic foraminiferal abundances, together with proxies like 
stable isotope ratios in both planktic and benthic foraminiferal shells, preserve environmental conditions in a manner 
that allows palaeoclimatic and -oceanographic reconstructions. 

(1992) has presented the hitherto most extensive 
data set of benthic foraminiferal taphocoenoses for 
the past 600 ky. This allowed him to detect a gra- 
dual recolonisation of the Norwegian Sea after the 
last and the penultimate glacial (Struck, 1995). 

A striking feature that is clearly visible in 
almost all the quantitative benthic foraminiferal 
distributions is the distinct signal that occurs 
during dramatic climatic changes, such as glacial 
terminations (Struck, 1992). The large sampling 
intervals usually used, however, do not display 
such important events in greater detail. Stable oxy- 
gen isotope investigations have shown that high 
resolution sampling may reveal significant fluctu- 
ations in the climate signal (Weinelt, 1993). 

These results give rise to the following que- 
stions: 

Does high resolution sampling of deep-sea sedi- 
ment cores display the variability of benthic fora- 
miniferal assemblages in greater detail, helping 
to increase the climatic information content of 

quantitative and qualitative data and subse- 
quently allowing a more precise interpretation of 
the past variability of changes? 
What is the response of the benthic foraminiferal 
community to short termed events such as gla- 
cial/interglacial terminations? 
Do sea-surface events have an effect on the 
benthic foraminiferal community? What are the 
differences of the climatic signal in the benthic 
foraminifera in the GIN Sea compared to the 
Rockall Plateau? 
Is a correlation between the climatic signal of 
fossil benthic foraminifera and other climatic 
parameters possible? 

In order to answer these questions, selected 
sediment cores from the northern North Atlantic 
are investigated in this study (Fig. 1). Charac- 
teristics of some indicative species, species assem- 
blages, and their temporal variability is discussed. 
The relatively high temporal resolution of the sam- 
ples (about 200 years) permits correlation with 
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other climate relevant data sets, and allows new 
insight into the palaeoclimatic ,,reconstruction 
potential" of fossil benthic foraminifera. 

Oceanography of the northern North Atlantic 
The northern North Atlantic plays a crucial role in 
the global ocean circulation as link between the 
Arctic and Atlantic Oceans. The surface circulation 
is characterized by warm Atlantic water masses 
intruding from the south along the Norwegian 
coast and cold Arctic water masses moving south 
east off the Greenland coast (Fig. 3). As a con- 
tinuation of the Gulf Stream, the North Atlantic 
Current carries temperate and highly saline water 
masses over the Iceland-Faeroe Ridge into the 
eastern GIN Sea and forms the Atlantic Domain 
(Swift, 1986). The North Atlantic Current continues 
as the Norwegian Current to the Arctic Ocean. 

North of the Scandinavian landmass, a branch of 
the Norwegian Current diverges into the Barei~ts 
Sea as the North Cape Current, and evei~tually pro- 
duces deep water by cascading into the Arctic 
Ocean (Jones et nl., 1995). 

The Transpolar Drift transports low salinity 
cold water masses from the Arctic Ocean as the 
East Greenland Current into the Greenland Sea to 
form the Polar Domain (Fig. 3). These water masses 
reach the North Atlantic via the Denmark Strait 
between Iceland and Greenland. The central part of 
the GIN Sea is characterised by two systems of 
mixing primary watermasses, and is named the 
Arctic Domain. The Arctic Front separates the Arc- 
tic from the Atlantic Domains, the Polar Front 
separates the Polar from the Arctic Domains 
(Fig. 3). 

Surface waters in the Arctic Domain (Fig. 3) are 
cooled in winter by cold, easterly 
winds. Due to increased densitv, 

Figure 3. The modem surface circulation pattern of the northern North 
Atlantic (after Swift, 1986; Koltermann, 1987); core locations are marked 
with dots (labels see Fig. I). The oceanographic frontal system in its sum- 
mer situation (oceanographic domaines after Swift, 1986) is shown in the 
insert map. 

these waters sink, thus forming 
deep water. Together with sinking 
bottom water masses originating 
from the Barents Sea shelf 
(Midttun, 1985; Blindheim, 1989), 
these two major GIN Sea water 
masses form the Norwegian Sea 
Deep Water (NSDW) in the Nor- 
wegian Basin and the Lofoten 
Basin area, as well as the Green- 
land Sea Deep Water (GSDW) in 
the Greenland Basin area (Fig. 1). 
The GSDW is further fueled by 
highly saline cold Arctic Ocean 
Deep Water (AODW; Aagaard et 
nl., 1991; Rudels & Quadfasel, 
1991) through the western parts of 
the Fram Strait. After convecti\/e 
mixing (Smethie et nl., 1986; 
Clarke et nl., 1990), it contributes 
to the Norwegian Sea Deep Water 
(NSDW; Swift & Kolterinai~n, 
1988). The NSDW is discussed as a 
possible source of deep water ill 
the Arctic Ocean through the 
eastern Fram Strait (Jones ~t nl., 
1995). 

After approximately 30 years 
of turnover time [Smetl~ie et nl . ,  
(1986); Heinze et nl., (1990) pro- 
pose a maximum of 13 to 16 years] 
this oxygen-rich bottom water 
mass streams together with inter- 
mediate water masses as ,,over- 
flow water" over the ridges that 
border the GIN Sea in the south 
(the Iceland-Faeroe Ridge and the 
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Denmark Strait; Dickson et nl., 1990). Together with Sam~le  Processing 

parts of the Mediterranean Outflow, these waters 
create the North Atlantic Deep Water (NADW) 

(Broecker, 1987 and 1991). 
which ventilates, to a large extent, the world ocean 

MATERIAL AND METHODS 
Core locations and core data are summarized in 
Table 1. The sediment cores were sampled either on 
board the research vessels or from archive material 
stored at the Department of Geology at Kiel Uni- 
versity or the GEOMAR (Research Center for KOL 

I 
sampledry 

8 - weight Marine Geosciences, Kiel). In order to cover Termi- 
nation I, the cores were sampled from the sediment 
surface downwards until well into the glacial hori- 
zons in slices of 1 or 2 cm thickness and intervals of @ +--- 

1 or 2 cm (ca. 100 ml, see Fig. 4, ,,sample proces- (frscllon<63lm 

sing"). Long cores and box cores were linked using 
stable oxygen isotope stratigraphy. In the append- 
ices and graphs, the arithmetic mean of the actual 
thickness of the sample slice is used. 

The processing of sediment samples followed 
standard procedures (Fig. 4; Struck, 1992). By dry we ah^ 

carefully washing the sediments, damage to 
arenaceous specimens was largely prevented microscopical 

analysis 
(Linke, 1986). All sediment samples are therefore 
considered to be foraminiferally complete for @----' (125 250 ~ 
microscopic analysis. 

The benthic foraminifera were counted in two 
subfractions (125-250 pm and 250-2,000 pm). A 
minimum of 300 tests was counted to ensure sta- 
tistical reliability. The width of the sample splitter 
is 2,000 pm, which limits the maximum size frac- 
tion. 

The raw counts of benthic foraminifera1 tests 
are related to the entire sample (specimens/sam- 
ple) and further computed with the sample-speci- 
fic dry weight data of the total sediment (spe- 
cimens/dry weight). The resulting data set was 
further processed using physical property data of 
the sediment to obtain a quantitative benthic fora- 
miniferal accumulation rate sensu van Andel e l  nl. 
(1975) and Ehrmam & Thiede (1985). The results 
are expressed in INDAR (INDividuals Accumula- 
tion Rate sensu Struck 1992) following equation 1 

LSR: linear sedimentation rate; DBD: dry bulk density 

(Fig. 5). 
Dry bulk density data are provided by the follow- 
ing sources: 
Core PS 1906: Kassens (unpublished data); 
Core M 23256: Holler & Kassens (1989); 

Figure 4. Schematic description of the sample processing 
technique. The fractionated sediment samples (125 - 250 
pn and 250 - 2,000 pm) were analysed using a binocular 
microscope. Coimting results were processed further 
(see Fig. 5). 

Core M 23068: Kassens (1990); 
Core M 23414: Jung (1996). 

Linear sedimentation rates were calculated 
according to a newly interpreted stratigraphy. In 
order to compare all data, the percentages and 
INDAR are plotted versus age in years BP in all 
graphs of this paper. 

STRATIGRAPHY 
A large portion of the sediment core stratigraphy 
was done by other workers (see Appendix 1) using 
stable oxygen isotope analyses. However, additio- 
nal stratigraphic work was necessary in all cores to 
meet the high-resolution objective of this study 
covering Termination I. At cores PS 1906, M 23256 
and M 23068, additional material [Neogloboqundrinn 
pnchydermn (sin.)] was sampled for oxygen isotope 
analyses to cover gaps in the existing isotope 
records. Sample processing and preparation is 
described in Vogelsang (1990) and Weinelt (1993). 
The samples were analysed at the Department of 
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M 23256 - 1 KOL 10" 56.60' E 73" 10.30' N 2.061 960' RV Meteor M 712 1988 

M 23068- 2 GKG lo30.15'E 6749.99 N 2,228 44 RV Meteor M 212 1986 
M 23068 - 3 KAL 1" 30.30' E 67" 50.06' N 2.231 760 

M 2341 4 - 6 GKG 20" 17.40' W 53' 32.20' N 2.201 34 RV Meteor M 1712 1991 
M 23414 - 9 KAL 20' 17.30' W 53' 32.20' N 2,196 908 

Table 1. Station list and 
core data (M = RV 
METEOR: PS = RV . - - - - - - - , - -  - - 

POLARSTERN; data 
from: Thiede & Hempel, 
1991; Hirschleber et al., 
1988; Gerlach et a!., 1986; 
Suess & Altenbach, 1992; 
* loss of sediment surface 
during core recovery). 

Pure and Applied Nuclear Physics, Kiel University 
(Dr. H. Erlenkeuser) using a FINNIGAN MAT 251 
mass spectrometer. All the collected data were 
included into an already existing data set (see 
Appendix 1 for reference and data sources). The 
oxygen and carbon isotope data for the last 30 ky 
from the four cores used in this study are display- 
ed in Fig. 6. Interpretation of the extended strati- 
graphic data sets and new stratigraphic corre- 
lations (pers. comm. Sarnthein, Erlenkeuser and 
Weinelt, 1993) are listed in Appendix 1. 

Age determinations between two isotopic 
events were calculated (interpolation/extra- 
polation) and their ,,IT-ages" were converted to 
calendar years according to Bard et al. (1990). The 
entire data set, including interpretation, for Core M 
23414 was taken from Jung (1996). Stable isotope 
analyses on material from this core was carried out 
using specimens of Globigerina bulloides. To ensure 
the best possible stratigraphic reliability the 6180 
data sets of all cores were tested by cross-cor- 
relation with the SPECMAP data set (Martinson et 
al., 1987). This test is based on Milankovitch's theo- 

Data analvsis 

counting resuns 
rnicmscoplcal analyses 

[SpeurnenYSample] 

sediment accumulalion rals ARblk 
isotope stratigraphy ., 

dry bulkdensity DBD [g'cmJI 
ARM - LSR [cmmyl ' OED (gcm31 

individual spdmen accumulation rate 

] qualitative and quantitative interpretation B 

Figure 5: Data processing of the benthic foraminiferal 
test counts. This procedure, described in detail by Struck 
(1992), allows a quantitative review of test flux or 
benthic foraminiferal accumulation rates according to 
physical sediment and stratigraphic properties. 

ry that climatic cycles correlate with periodic cycles 
of the earths orbital parameters (Imbrie et al., 1984). 
The analysis revealed good correlation for the 41 
ky cycle in all cores. The 19 ky cycle in Core M 
23256 and the 23 ky and 19 ky cycle in Core M 
23068 correlated poorly; this is possibly due to 
interpretational problems for isotopic stages 3.1 to 
5.3. (pers. comrn. Struck, 1993). 

Based on the stratigraphy presented in Fig. 6 
and individual ages calculated for each sample, 
age/depth graphs were produced and linear sedi- 
mentation rates were calculated (Fig. 7). 

TAXONOMY 
A total of 51 benthic foraminifera1 species were 
taxonomically determined and counted. The most 
common taxa are listed in Table 2; a complete list of 
taxa is given in Appendix 2. Additionally, for the 
practical applications of this study, some species 
were summarized in four faunal groups on genus 
level. The taxonomy was controlled by use of 
micropalaeontological reference slides of the 
micropalaeontology group of the Department of 
Geology, Kiel University. Selected species were 
photographed using a CAMBRIDGE SCAN S2 at 
the SEM-Unit, The Australian National University, 
Canberra (Plate 1). The faunal groups include: 

The Cassidulina sp. group 
T h s  group contains the species C. laevigata and C. 
teretis. A reliable differentiation of these species is 
only possible with excellent preservation (Macken- 
sen & Hald, 1988). The description given by Tap- 
pan (1951) for C. teretis mentions the distinct umbi- 
lical plug and specific perforation of the test. These 
features might not be apparent on fossil specimens. 
C. teretis, described by Belanger & Streeter (1980), is 
interpreted as C. laevigata by Sejrup et al. (1981). C. 
neoteretis Seidenkrantz (1995) is believed to be the 
Recent and Subrecent representative of C. teretis 
and is included in the Cassidulina sp. group. 

The Elphiditrm sp. group 
All taxa belonging to the genus Elphidizlltl are lum- 
ped together in a single group. They are not further 
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Event 
Stratigraphy 

6,400 y BP 

8,600 y BP 

Younger Dryas 

14,900 y BP (2.2) 

LGM 

6 13C (%o) VS. PDB 6 13C (%) VS. PDB 6 13C (%) VS. PDB 6 13C (%) VS. PDB 

(N. pachyderrna sin.) (N. pachyderrna sin.) (N. pachyderrna sin.) (G. bulloides) 

Figure 6. The S180 and S13C isotopic ratios for the last 30,000 years from cores used in this study. Single stratigraphic 
events and periods are marked by a stippled pattern or labels. The isotopic ratios were measured on shells of Neoglo- 
boquadrina pachyderrna sin., except core M 23414 where Globigerina birlloides was used (includes data from Vogelsang, 
1990; Hamich, 1991; Weinelt, 1993; Jung, 1996; see Appendix 1 for data and data sources, LGM = Last Glacial Maxi- 
mum). 

PS 1906 M 23256 M 23068 M 23414 
depth in core LSR LSR LSR LSR 

(cm) (cm * ky-1) (cm * ky-1) (cm * ky-1) (cm * ky-1) 
0  2 C 4 0 6 0 8 0 1 0 0 0  1 2  3  4  0  5  10 1 5 0  2  4  6 8  0 1 2 3 4 5 6 7 8  

Figure 7. Age/depth control 
and linear sedimentation rates 
(LSR) according to the adjusted 
oxygen isotope stratigraphy. In 
the glacial section Core M 
23256 shows an increased LSR. 
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PS 1906 M 23256 M 23068 M 2341 4 
INDAR INDAR INDAR INDAR 

taxonomically distinguished as they are interpre- 
ted as allochthonous faunal elements in deep-sea 
sediments (eg. Green, 1960; Lagoe, 1979, Murray, 
1991). 

The Lagcnida sp. group 
The species belonging to the genus Lagena appear 
in great variety but low numbers in the GIN sea 
(Struck, 1992). In this study, they are not taxonomi- 
cally distinguished and are grouped together. The 
tests are usually hyaline and elongated. Spiny 
extensions and other individual features are often 
lost on fossil specimens. 

The agglutinated tubes group 
This group contains entire specimens and frag- 
ments of agglutinated tubes that are positively 
identified as benthic foraminifera. The tests of 
these species are rarely preserved completely; a 
taxonomic identification on a species level is most- 
ly impossible. Coul~ts of these fragments are there- 
fore only semiquantitative. According to the exten- 
sive work by Thies (1991) using recent material, it 
is suspected that most of the specimens belong to 
the genera Astorlliza sp., Rlmbda77l17lina sp., Saccor- 
llizn sp. and Hyperamnlina sp. 

In general, the preservation of benthic forami- 
nifera in this material is excellent. Corrosional fea- 
tures arc rare; they occur only in single samples in 
glacial sediments and usually affect miliolid tests 
such as P y q o  rotalaria or round the edges of fragile 
morphological features such as apertures. Massive 
carbonate dissolution (see Corliss & Honjo, 1981) is 

Figure 8. Benthic foraminiferal accu- 
mulation rates in the investigated 
cores of the last 20,000 y (INDAR = 

individual specimen accumulation 
rate; specimen , cm~' . ky-I). Filled 
circles mark the fraction 125 - 2,000 
pm, open circles the fraction 125 - 250 
pm and triangles the oxygen isotope 
ratios. The fine fraction dominates 
the assemblages of all cores. In core 
M 23414, the relation of the fractions 
is almost parallel throughout the 
entire core section. 

not observed. Textulariid species are usually found 
to be very well preserved. Possibly favoured by the 
outline of their tests (bi- and triserial and involute 
planispiral), these species can withstand the physi- 
cal stress of sample processing. 

RESULTS 
Total benthic foraminiferal accumulation rates 
In all cores the benthic foraminiferal assemblages 
are dominated by specimens found in the 125 to 
250 PI fraction (Fig. 8). Between 20,000 and 9,600 y 
BP, the test size in Core PS 1906 shows little varia- 
tion and is almost entirely dominated by the frac- 
tion < 125 pm. After a distinct accumulation mini- 
mum at 12,150 y BP (INDAR = 16), a maximum in 
foraminiferal accumulation occurs at 8,900 y BP 
with INDAR of 5,863. A younger maximum occurs 
around 8,000 y BP with INDAR of 5,282, followed 
by a decrease to INDAR of around 500 in most of 
the younger samples. In Core M 23256, benthic 
foraminifera between 18,820 to 11,100 y BP occur 
almost entirely in the 125-250 pm fraction. The 
INDAR range between 70 and 0. The INDAR reach 
a prominent maximum of 1,090 at 10,060 y BP. Tl~c  
total INDAR values for the youngest samples 
decrease to an average level of around 500 to 600. 
Due to loss of surface sediment during core reco- 
very, samples younger than approximately 8,500 y 
BP are not available. 

The abundance pattern of benthic foraminifera 
in Core M 23256 is repeated in Core M 23068. The 
INDAR in the samples prior to 15,550 y BP vary 
between 0 and 246. A distinct double maximum 
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occurs around 15,000 BP, with maximum values Table 2. Alphabetical listing of the most important spe- 
cies of benthic foraminifera found in the investigated of 1,400 INDAR at 14,500 y BP. From approxi- 
sections of the sediment cores, 

mately 12,000 y BP to Present the samples show 
little variation in foraminiferal abundance, al- 
though the values increase up to 1,800 INDAR. A 1 

slight minimum occurs at about 9,000 y BP. Core M 
23414 shows very little variation in its INDAR and 
the proportion between the two counted fractions. 
The INDAR increase continuously from 113 to 360 
INDAR between 20,000 y BP and Present. 

Individual species accumulation rates 
The abundances of the most important benthic 
foraminiferal species (Tab. 2) are displayed for each 
core together with the individual percentage of the 
entire benthic foraminiferal assemblage (Figs. 8- 
12). The percentage data often reach very high 
values, particularly in the glacial samples. This is 
related to low INDAR and to low species numbers 
in these samples. In all cores, the individual species 
abundances vary, but show a pattern which can be 
related to glacial, interglacial and transitional envi- 
ronments. 

In Core PS 1906 the INDAR show three ranges 

with maxima between 20,000 y BP and Recent (Fig. 
9). The C n s s i d ~ ~ l i i ~ a  sp. group and 0. f i ~ ~ r b o i z n t ~ ~ s  

have maximum abundai~ces of 220 and 610 INDAR 
between 19,000 and 20,000 y BP. At 16,800 y BP, T. 
trilzedrrr shows a minor maximum that is accompa- 
nied by high percentages of this species. A further 
maximum range is dominated again by the Cassi -  

d l i l i n a  sp. group and 0. zr i i~bonatus wit11 INDAR of 
153 and 512, respectively, between 13,000 and 
16,000 y BP. From 11,000 y BP onwards, the INDAR 
of almost any other species start to increase and 

agglutinated group 

Bulrmina marginata 

Cassrdulina renrforme 

Crbicides lobatulus 

C~blcrdoides wuellersiorfi 

Cnbmstomordes subglobosum 

Epntominelia exrgua 

Eponrdes tumidulus 

Core PS 1906: 20,000 y BP - Recent 

Globocasdulina subglobosa 

Cassidulina sp group 

Elphrdrum sp. group 

Lagen~da sp. group 

Melon~s barleeanurn 

Oridorsalrs umbonatus 

Pyrgo rotalaria 

Trilocufina trihedra 

Cassidulina sp. group C .  wuellerstorfi P. rotalaria G. subglobosa 0. umbonatus T. trihedra 8180 @o) 

INDAR INDAR INDAR INDAR INDAR INDAR VS. PDB 

Figure 9. Abundance data of the most common benthic foraminifera in Core PS 1906 from 20,000 y BP to Recent 
(dashed line = percentages, solid line = INDAR). All species, except the Cnssidrllirzn sp. group, show a prominent maxi- 
mum between 9,000 and 8,000 y Bl? However, distinct maxima do not appear synchrol~ously. C. iurrrll~rstorfi and I? 
rotnlnrin reach maxima slightly later than the other species. 
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Core M 23256: 20,000 - 8,000 y BP 
Cassidulina sp. group C. wuellerstorfi 0. umbonatus C. subglobosum M. barleeanum C. reniforme 6180 (%o) 

INDAR INDAR INDAR INDAR INDAR INDAR VS. PDB 

Figure 10. Benthic foraminifera1 abundances of the most common species in Core M 23256 (dashed line = percentages, 
solid line = INDAR). The top sediment layers of this core were lost during core recovery. 

Core M 23068: 20,000 y BP - Recent 

Figure 11. Benthic foraminifera1 abundances of the most common species in Core M 23068 (dashed line = percentages, 
solid line = INDAR). 
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Core M 23414: 20,000 y BP - Recent 

Figure 12. Benthic foraminiferal abundances of the most common species in Core M 23414 (dashed line = percentages, 
solid line = INDAR). 

create a suite of abundance maxima up to ca. 
7,000 y BP. C. zollellerstorfi and 0. urnboi~atl~s show 
the highest INDAR with 2,398 and 2,443, respec- 
tively. At 7,720 y BP C. wi~ellerstorfi and P. rotalaria 
forin a prominent peak. This maximum appears to 
be the youngest of the suite of high abundance 
maxima. T. trihedra, G. sl~bglobosa, 0 .  za~zbonatt~s and 
the Cassidzllina sp. group show a maximum abun- 
dance shortly before 8,000 y BP. The younger sam- 
ples reveal low INDAR and little variation in their 
benthic foraminiferal abundance. 

The benthic foraminiferal abundance in Core 
M 23256 reveals two maxima (Fig. 10). The older 
maximum range between 19,000 and 16,000 y BP is 
dominated by M. barleeanurn and the Cassidulina sp. 
group. These species reach maximum INDAR of 35 
and 8, respectively. Oridorsalis untbonatus shows 
high percentages of the total assemblage but very 
low abundances during this time. A second inter- 
val with maximum values occurs between ca. 
11,000 and 9,000 y BP, where most of the species 
reach highest abundances. A very prominent peak 
at 10,000 y BP shows C. wzlellerstorfi and 0 .  un~bo- 
nntus with INDAR of 487 and 498. A younger pro- 
minent abundance peak at 9,400 y BP shows the 
INDAR of the Cassidulina sp. group (52) and the 

agglutinated foraminifer C. sz ibg lobos~~i~~ (50). Youn- 
ger sediments of these cores were lost during core 
recovery. 

The benthic foraminiferal abundance in Core 
M 23068 shows a less distinct pattern than Cores M 
23256 and PS 1906 (Fig. 11). The amplitude of 
INDAR in all species fluctuates less distinctly and 
most species, except T. trihedra and the Cassid~~linn 
sp. group, are present in all samples. A maximum 
abundance range occurs between 15,300 and 
14,200 y BP. C. ~inrellerstorfi reaches a maximum 
INDAR of 772, 0. irnlbonat~ls shows 403, G. s ~ ~ b g l o -  
bosa 218 and C. S I ~ ~ ~ ~ ~ O ~ O S Z L I I I  reaches an INDAR of 
83. A second maximum abundance range between 
12,300 and 8,600 y BP is formed by the same spe- 
cies. Between 8,000 and 4,000 y BP, 0 .  nlnbonatlls 
and C. wlrellerstorfi occur in slightly increased 
INDAR. The Cassid~rlinn sp. group also occurs in 
slightly increased INDAR between 5,000 and 
2,000 y BP. 

The abundances of all species of benthic fora- 
minifera in Core M 23414 show very little variatioil 
(Fig. 12). Along the entire investigated core section 
the INDAR of 0 .  ~lrnboizat~ls, G. znnbonntn and 
agglutinated tubes only indicate a few ranges with 
increased values. 0 .  uinbo~~atlls reveals increased 
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INDAR between 6,000 and 1,800 y BP with a maxi- 
ilm value of 31. G. irnzborzrrta shows a distinct 
INDAR maximum at 1,800 y BP of 39 and the 
agglutinated tubes occur in increased abundances 
between 18,000 and 14,000 y BP at a maximum 
value of 36. 

DISCUSSION 
The dynamic development of benthic foramini- 
fera during a glacial/interglacial transition 
High-resolution records of benthic foraminiferal 
abundances covering the last glacial termination 
indicate that the transition from glacial to intergla- 
cial conditions occurred in two steps. Bulk benthic 
foraminiferal accumulation rates in the 125-2,000 
pn fraction reveal low values and little variations 
in glacial samples from all of the cores. Meltwater 
events or other regional phenomena, such as sea- 
sonal sea ice-free sea surfaces or temporary bottom 
currents, may be responsible for short-term 
INDAR peaks. 

Benthic foraminiferal accumulation rates start 
to increase during the early termination of the last 
glacial between 12,500 y BP (Core M 23414 from the 
Rockall Plateau) and 9,500 y BP (Core PS 1906 from 
the southern Fram Strait). Within a period of 
roughly 1.,500 years, the INDAR values of the total 
benthic foraminiferal fauna reach a distinct first 
inaxiinum (,,older INDAR maximum"). This event 
lasts about 500 to 1,000 years. In Core M 23256 it 
corresponds with the Termination I B (10,400 to 
9,900 y BP) described by Broecker et a/.  (1988). The 
enormous increase of INDAR with a steep gradient 
indicates an important turning point in the oceanic 
environment. Cillicilloides alrlcllerstovfi and 0. zr\rrbo- 
flatus are the most common species forming tlus 
INDAR maximum. A comparable occurrence event 
is reported by Koq-Karpuz & Jansen (1992) in Core 
HM 79-6/4, located in the southeastern GIN Sea 
(Fig. 1). Reconstructed sea-surface temperatures 
indicate a decrease of 2" C within a period of at 
least 300 years between 10,100 and 9,600 y BP. The 
authors coined the term ,,Younger Dryas 11" for this 
cold spell. Sea-surface temperature reconstructions 
by Schulz (1995) reveal similar results. The begin- 
ning of the sea-surface teinperature decrease coin- 
cides chronologically with ,,meltwater event I B" 
(Fairbanks, 1989). 

After this accuinulation rate minimum a 
second peak in benthic foraminiferal accumulation 
occurs (,,younger INDAR maximum"), which is 
most distinct in Core PS 1906 (9,900-7,800 y BP). 
This event shows, in general, lower INDAR values 
than the older maximum, but a similar duration of 
1,200 + 500 years. The characteristic species are C .  
i.ozrellerstorfi, P. rotalaria, C.  s11~ylobos1rm, 0. 1111~bo1.10- 
f11s and T. trilrcdrn appear in higher acc~lmulation 

rates. This second, younger, peak indicates the 
beginning of the interglacial period and the return 
of the INDAR to a lower level with little variations. 
However, values remain two to ten times higher 
than the average glacial INDAR. 

Do benthic foraminifera respond to ,,meltwater 
events" and changing sea-surface temperatures? 
,,Meltwater events" are short-term features, ilsual- 
ly of limited extent, that can be traced by F180 

values of planktic foraminiferal tests (Sarnthein c f  
al., 1992). An identification of true meltwater 
events is only possible with correlation to sea-sur- 
face temperature reconstructioi~s (Weinelt, 1993; 
Schulz, 1995). These should not show a distinct 
warming of surface waters, as during the transition 
from a glacial to an interglacial, but the isotope 
record should have lighter F180  values. liecon- 
structed sea-surface temperatures by Schulz (1995) 
allowed the identification of such ,,meltwater 
events" in Cores M 23256 and M 23068 prior to the 
actual glacial termination (Figs. 13 a-d). In the 
southern Fram Strait (near Core PS 1906), a plank- 
tic oxygen isotope record froin Core PS 1295 (Jones 
& Keigwin, 1988) is used to identify a possible 
meltwater event between 17,000 to 14,000 y BP 
(Fig. 13 a). A similar event occurs in Core PS 1291 
(Fig. 1) located in the eastern Fram Strait (pers. 
comm. Spielhagen, 1996) and is also recognized in 
the eastern central Arctic Ocean (Stein ct a/. ,  1994). 

A minor increase of benthic foraminiferal 
INDAR values in the cores PS 1906, M 23256 and M 
23058 reveals excellent temporal correspondence 
with identified ,,meltwater events". Periods of 
light oxygen isotope values correspond to in- 
creased accumulation rates of benthic foraminifera. 
Thus an environmental change with positive 
effects on the benthic foraminiferal fauna is sugge- 
sted. The increased INDAR are formed almost 
entirely by the fraction 125-250 pm and species ot 
the Cnssidillirra sp. group, 0. 1~11117o~?nt1rs and agglu- 
tinated tubes, which also form the gradual increase 
of accumulation rates towards the ,,older inaxi- 
mum". Sparse but continilous occurrences of 0. 
r ~ ~ ~ r b o n a t r ~ s  in glacial material of GIN Sea cores are 
already described by Haake & Pflaumann (1989). 
The occurrence of tests of the Elpliid~rr~r sp. group 
indicates winnowing and input of shelf sediments 
(0stby & Nagy, 1982). 

The oxygen isotope peaks in Core M 23414 
occur synchronously with SST maxima and are 
therefore interpreted as ,,warming events" rather 
than meltwater events (Fig. 13 d). This ,,warming" 
is evidence for the influence of warmer Atlantic 
waters (Ruddiman & McIntyre, 1973; Bard ~t ill., 
1987), which do not have such a significant influ- 
ence on the benthic foraminiferal fauna as is docu- 
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mented at the northern core locations. Core NA 87- 
22, which is located near M 23414 (Fig. I), shows 
parallel increases of salinity (Duplessy et nl., 1992) 
and hence supports this interpretation. 

Reconstructed sea-surface temperatures are 
available for three core locations in this study 
(Schulz, 1995). These data are correlated with the 
benthic foraminiferal INDAR and can be related to 
the lateral influence of the North Atlantic Current 
and its continuation, the Norwegian Current (Figs. 
14 a-c). The SSTs were calculated using the SIM- 
MAX technique (Pflaumann et al., 1996) and show 
a temporal gradient from south to north through 
the northern North Atlantic. The first shift to war- 
mer SSTs occured at the Rockall Plateau around 
13,400 y BP with 7' C and in the northeastern GIN 
Sea at 8,600 y BP at 5' C (Schulz, 1995). At the Rock- 
all Plateau location (Core M 23414), the older 
INDAR maximum occurs synchronously with 
increased SSTs, whereas in the cores in the eastern 
GIN Sea (M 23068 and M 23256), INDAR suggest a 
temperature rise at 10,800 y BP and 10,000 y BP, 
respectively. Labeyrie ef  al. (1992) postulate that, in 

Figure 13 a-d. Accumulation 
rate maxima of benthic fora- 
minifera occur parallel with 
shifts of planktic oxygen isotope 
ratios to lighter values in the 
period from ca. 17,000 to 14,000 

BP. This temporal coherence 
indicates a change of environ- 
ment with positive effects for 
the abundance of benthic fora- 
minifera (amelioriation of tro- 
phic situation?). These shifts are 
identified as ,,melt-water 
events". At all core locations, 
except Core PS 1906, reconstruc- 
ted SSTs records do not parallel 
the oxygen isotope shifts. The 
oxygen isotope record of Core 
PS 1295 (Jones & Keigwin, 1988) 
from the eastern Fram Strait 
shows the same shape as Core 
1906, whereas the younger iso- 
tope shift is probably lost due to 
a large sample spacing. Also, 
due to a low resolution, the oxy- 
gen isotope record in Core M 
23068 does not show a younger 
shift towards lighter values, but 
an increase of SSTs. 

this period, the Norwegian Sea was ,,relatively 
warm" with salty surface water and cold, ventila- 
ted deep water. The later appearance of peaks 
towards the north is interpreted as indicative of the 
retreat of glacial ice cover of the GIN Sea (Nees ~f 
al., subm.). 

Apparently, the abundance of benthic forami- 
nifera is closely related to sea-surface temperature 
changes. Warmer temperatures are likely to induce 
an increase of benthic foraminiferal accumulation 
rates. ,,Meltwater events" in contrast seem to have 
a similar effect, but with a considerably lower 
amplitude. Sediment trap and detailed interdisci- 
plinary studies have already revealed a primary 
link between the sea surface and the bentluc realm, 
the so-called ,,benthic-pelagic coupling" (Graf, 
1989; Graf et nl., 1995). Increased primary produc- 
tion induces, within a period of few days, an 
increased nutrient flux and sedimentation of 
phytodetritus. This is detectable in the deep-sea 
(Graf, 1989; Asper et al., 1992). In particular, some 
species of filtrating benthic foraminifera are well 
adapted to respond to pulses of organic matter 
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foraminiferal accumulation 
rates can be related to 
reconstructed sea-surface 
temperatures. Reconstruc- 
ted SSTs are available for 
three core locations in the 
northern North Atlantic. I11 

all cores, the benthic fora- 
miniferal lNDAR show a 
distinct maximum parallel 
to a postglacial rise of SSTs. 
While the INDAR and tem- 
perature rise occur synchm- 
nously at the Rockall Pla- 
teau location (Core M 
23414); a t  the other locati- 
ons a slight temporal shift 
occurs. This may be related 
to inaccuracies in the strati- 
graphic data of these cores. 

input (Gooday, 1988; Gooday & Lambshead, 1989; 
Smart et nl., 1994). The synchronous increase of 
fossil benthic foraminiferal INDAR with the recon- 
structed SSTs implies a close link between the sea 
floor environment and changes of the sea surface. 

Palaeoceanographical implications 
Accumulation rates of benthic foraminifera dearly 
reflect oceanic changes in the GIN Sea since the last 
glacial. Low INDAR with Little variation during 
oxygen isotope Stage 2 indicate a stable benthic 
environment with little input of organic matter. 
Kellogg (1980) suggested a year-round sea ice 
cover for the GIN Sea during the Last Glacial Maxi- 
mum at 18,000 y BI? Extremely reduced primary 
production still produced a constant flux of organic 
matter into the deep-sea (Carey, 1987; Andersen, 
1989). In particular, small species appear to res- 
pond instantly to minute environmental changes 
(Fig. 2) and, thus, may indicate variability in the 
sea ice cover. Short-term input of organic matter 
synchronous to meltwater events led to increased 
benthic foraminifera1 accumulation rates. These 
maxima are mainly formed by endobenthic and 

opportunistic species. There is little sign of lateral 
advection in the GIN Sea during this period of 
time. But some occurrences of filtrating species 
indicate such an event in the eastern GIN Sea. Very 
low SI3C values indicate limited exchange between 
the sea surface and the atmosphere and therefore a 
closed sea ice cover (Kellogg, 1980; Weinelt, 1993). 
From 12,400 y BP on Weinelt (1993) suggests the 
gradual development of an anti-estuarine circnla- 
tion system with intrusions of warm Atlantic sur- 
face waters into the eastern parts of the GIN Sea. 
This might have created oceanographic conditions 
which have resulted in increased benthic foramini- 
feral INDAR. Furthermore the early decompo- 
sition of the Barents Sea ice cover by sea level rise 
(Jones & Keigwin, 1988) might be responsible for 
the increase of INDAR in the GIN Sea. 

Prior to the ,,older maximum", the INDAR 
values show a gradual increase. This slow increase 
lasts up to 1,500 years and can be interpreted as an 
indicator of increasing flux of organic matter from 
the sea surface to the sea floor without lateral 
advection. It is possible that this gradual change 
results from seasonal advance and retreat of the sea 
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ice cover during the general retreat at the transition 
from glacial to interglacial. The first influence of 
warm~~t lant ic  surface water that started to affect 
the southeastern GIN Sea (Jansen & Bjnrklund, 
1985) with the establishment of interglacial condi- 
tions might have induced the massive benthic fora- 
miniferal INDAR maximum in all of the sediment 
cores. The increasing abundance of epibenthic spe- 
cies indicate an onset of deep-sea advection. 

The following period of low accumulation 
rates is characterized by an icreased presence of 
agglutinated species. The INDAR of C. wllellerstor- 
f i  decreases in all cores prior to the massive increa- 
se leading to the second INDAR maximum. During 
this peak, epibenthic as well as endobenthic spe- 
cies reach high accumulation rates and therefore 
indicate ideal living conditions. This may be rela- 
ted to an optimized food supply. Under the gra- 
dually increasing influence of Atlantic water mas- 
ses during the transitional phase, more nutrient- 
rich waters were transported northwards (Niirn- 
berg, 1991). The abundance of epibenthic species 
indicate additional lateral advection in the deep- 
sea (Lutze & Thiel, 1989). The ,,returni' of INDAR 
to a lower level after the younger maximum can 
not be related to a specific oceanographic event. 
Based on results of stable oxygen isotope analyses, 
the postglacial surface circulation in the GIN Sea 
seems to be stable since 9,000 y BP (Weinelt, 1993). 
It can be speculated that, in relation to organic mat- 
ter flux rates, the trophic situation in the deep-sea 
has been debased due to variations in the zoo- 
plankton community during the early Holocene. 

Chrzriging climate a t  Terniination I 
The INDAR of 11 sediment cores are combined to a 
,,stackd' using data of Nees (1989) and Struck (1992) 
(Fig. 15). This curve represents the benthic forami- 
niferal accumulation rate in the eastern GIN Sea 
under the influence of the North Atlantic Current 
and Norwegian Current. The interpretation of this 
record, however, is limited to a transect from the 
Rockall Plateau through the eastern GIN Sea to the 
southern Fram Strait. 

All parameters displayed in Fig. 15 show sta- 
ble conditions between 20,000 and 16,000 y BP. 
Solar insolation increased slowly (Imbrie et al., 
1992) and reached a maximum at 11,000 y BP, some 
2,500 years ahead of the INDAR maximum. Solar 
insolation is discussed as one of the most impor- 
tant factors influencing the earth's climate and 
oceanography (COHMAP, 1988; Crowley & Kim, 
1992). The stack of benthic foraminiferal accumula- 
tion rates shows low values, slowly increasing, in 
glacial samples to ca. 10,500 y BP. The first step of a 
,,deglacial warming" occured from 16,000 to ca. 
11,000 y BP and is documented as a distinct sea- 

level rise (Fairbanks, 1989), higher SSTs (Schulz, 
1995) and an increase in atmospheric temperatures 
calculated from Greenland (Mayewski et  al., 1993) 
and Antarctic ice cores (Jouzel et al., 1993). Syn- 
chronous occurrence of oceanic and atmospheric 
changes in the North Atlantic region is documen- 
ted by correlation of sediment core and ice core 
data (Haflidason et al., 1995). The first step of trans- 
ition from the last glacial to the present interglacial 
apparently had only little effect on the benthic fora- 
miniferal accumulation rates. It is possible that cli- 
mate-related oceanic changes on the sea surface 
did not increase productivity so that they affected 
deep-sea habitats by benthic-pelagic coupling. 

A period of stagnancy in tlus warming trend 
occurs together with the insolation maximum bet- 
ween 13,000 and 11,000 y BP. This period is paral- 
leled by changes in SSTs, sea level and INDAR of 
benthic foraminifera. A decrease of the sea level 
rise can be correlated with a decrease of atmospl~e- 
ric temperatures. This cold episode, the Younger 
Dryas, is well documented in all parameters, 
except the benthic foraminiferal INDAR. Appa- 
rently the deep-sea environment was affected to a 
lesser extent. Until this period, the benthic forami- 
niferal fauna was dominated by detritivore, endo- 
benthic and opportunistic species, indicating stable 
and relatively calm conditions (Struck, 1995). Pre- 
sumedly all organic matter that served as a major 
food source was delivered vertically. Studies on the 
organic components of the sediment in the eastern 
GIN Sea indicate an accumulation of very mature, 
terrigenous organic material during this period 
(Wagner & Henrich, 1994). This material is of low 
energetic value, but apparently seems to be 
favoured by endobenthic or opportunistic benthic 
foraminiferal species. Possibly a coupled process 
using the terrigenous input as a transporter of 
organic material from enhanced primary produc- 
tion has increased the organic matter flux rates and 
subsequent biological activity on the sea floor. 

Between 10,000 and 8,000 y BP, SSTs (Schulz, 
1995) and atmospheric temperatures (Jouzel et  al., 
1993) form maxima. Solar insolation has passed its 
maximum. The melting of ice caps leads to sea 
level rise and the influence of the Norwegian Cur- 
rent in the eastern GIN Sea increases as well 
(Bauch, 1992). These changes seem to have an enor- 
mous effect on the benthic foraminiferal accumula- 
tion rates. INDAR reach a clear maximum around 
8,500 y BP, parallel to the atmospheric tempera- 
tures reconstructed from the Vostok Ice Core (Jou- 
zel et al., 1993). The climatic conditions during this 
period created an evironment on the sea floor that 
apparently favoured the reproduction of benthic 
foraminifera. Planktic foraminifera and other zoo- 
and phytoplankton reach lugh accumulation rates 

13 - P6homy Atlantyk 
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Figure 15. The stack of benthic foraminiferal INDAR of four cores along a transect through the G[N Sea can be corre- 
lated to various other regional and global climate records. The resulting maximum around 8,500 y BP occurs in a late 
phase of the transition from the last glacial to the present interglacial. It correlates well with a global sea level rise, a 
rise of sea-surface temperatures and a rise of atmospheric temperatures. Older SST warming peaks seem to have had 
little effect on benthic foraminiferal accumulation rates. 
1 : Insola tion (lmbrie r,t nl., 1992). 
2: SPECMAP (Martinson r t  a/. ,  1987). 
3:  Vostok Ice Core, temperature difference to the present mean (Jouzel ct a/., 1993). 
4: Sea level changes (Fairbanks, 1989). 
5: Sea-surface temperatures (SST); this data set is computed as a stack from three cores located on the Rockall Pla- 

teau and the eastern GIN Sea (see Figs. 13 a-c; Schulz, 1995). 
6: lNDAR of benthic foraminifera, calculated as stack from 11 cores located at the Rockall Plateau and the central and 

eastern GIN Sea to the southern Fram Strait (data: this study; Nees, 1989; Struck, 1992). 
7: Chrono zones (Mangerud ct a/., 1974; Fairbanks, 1990). 

synchronously (Baumann, 1990; Koq-Karpuz & 
Schradel; 1990; MatthieBen, 1991; Bauch, 1992). 

The mid-Holocene benthic foraminiferal 
assemblage is characterised by an increased por- 
tion of cpibenthic species such as C. zi~l/ellerstofi, 0. 
~rnlbonntlls and P. rlotalnrin. The oceanography of the 
GIN Sea had changed significantly and shows 
great similarities with the present situation. 
Bentl~ic foraininifera indicate greater activity of 
bottom currents and lateral advection. Despite 
only small changes in global atmospheric tempera- 
tures since 8,000 y BP (Dansgaard, 1987; Jouzel et 
i71., 1993; Johnsen et nl., 1992; Kerr, 1993) and insi- 

gnificant changes in oceanography (Weinelt, 1993) 
the INDAR of benthic foraminifera decrease aftcr 
the distinct maximum. An explanat~on of this 
maximum could possibly be the quick and opti- 
mised consumption of a short-term intensive pulse 
of organic matter by quickly responding and 11igh- 
ly adapted species such as C. i.uue.llerstovfi, M. bnr- 
leenrznni and I? rotnlarin (Linke & Lutze, 1993). With 
the establishment of interglacial conditions, the 
abundance of benthic fora~ninifera finally stabi- 
lised, exceeding the glacial values of accumulation 
rates, but remained far below the peak values at 
Termination I. 
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CONCLUSIONS 
High-resolution investigations of deep-sea benthic 
foraminifera enable detailed insight of climate- 
forced palaeoceanographic changes and distinguis- 
hes short-term events. 

The transition from the last glacial to the pre- 
sent interglacial is documented in benthic forami- 
niferal accumulation rates as a noncontinuous sig- 
nal. Glacials are characterized by low benthic fora- 
miniferal accumulation rates. During the transi- 
tional phase, the values show two maxima with 
extremly high values. The present interglacial is 
characterized by higher accumulation rates than 
the glacial. However, they remain well below the 
peak values of the transitional phase. 

Benthic foraminiferal accumulation rates 
reveal an excellent correlation with reconstructed 
SSTs. Meltwater events are synchronous with 
increased accumulation rates of endobenthic and 
opportunistic species of benthic foraminifera. This 
indicates the direct coupling of sea-surface pro- 
cesses with the deep-sea environment, which is 
more distinct ~ I I  the GIN Sea than at the Rockall 
Plateau. 

The correlation of benthic foraminifera1 accu- 
mulation rates with other climate proxies yields a 
high temporal coherence with climate changes. The 
response in the deep sea seems on average to lag 
atmospheric changes. 
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Appendix 2. Taxonomy ilnd synonym list 
The tilxonomy follows micropalaeontological reference 
slides hosted ilt the Department of Micropalaeontology 
of the Institute of Geology, University of Kiel. The 
following synonym list records also the taxonomic lite­
rature used. 

AI1I1IIabaclilites agglntinans (d'ORBIGNY) 
*IR46 SpirolillD agglulinDns n. d'ORJ3IGNY, p. 137, Plate 7 

(10-12). 
1%0 A. ngg!utillans pars- BARKER, p. 66, Plate 32 (19-20 

and 24-26). 
1980 A. nggiutiJlIIIIs - HAAKE, p. 7, Plate 1 (11). 

Auomalilltl gla/mlasa CHAPMAN & PARR 
*1937 A. ,,/oiJll/osa n. - CHAPMAN & PARR, p. 117, Plate 9 

(27) 
1'171 A. glo/J/llosa - FEYLING-HANSSEN d nl., p. 258, Plate 

9 (1-3). 

Bolit.ina pselldaplicilta HERON-ALLEN & EARLAND 
*1930 B. pscildoplimia n. - HERON-ALLEN & EARLAND, p. 

81, Plate 3 (36-40). 
1971 13. pseudoplicaln - FEY LING-HANSSEN cl III., p. 243, 

Plate 7 (16) and 18 (11). 

Bolivitlita qlladrilatera (SCHWAGER) 
*1866 Talilaria qIllldrilnlern n. SCHWAGER. p. 253. 

1964 B. qllndrilatem - LOEBLICH & TAPPAN, p. C 548, Plate 
434 (1-3). 

Bllccclla frigidll (CUSHMAN) 
*1922 JiIllvirlUlil1n (rigian n. - CUSHMANN, p. 12. 

1971 fl. Figitil1 - FEYLING-HANSSEN clal., p. 253, Plate 8 
(12-14) and 19 (1). 

Bulimina llIargitlata d'ORBIGNY 
*1826 B.l1Iar<;;il1ll1a n. - d'ORBlGNY, Plate 12 (10-12). 

1960 13. II1nr~inllla - BARKER, Plate 51 (3-5). 
19tH) B. I1wrginaln - LUTZE, p. 41. 

Brtlillli1111 striata d'ORBIGNY 
*1826 13. slrialll n. - d'ORI3IGNY, p. 269, nr. 2. 

1971 13. Slriala - FEYLING-HANSSEN cl al., p. 236, Plate 6 
(21). 

Cassitiulil1uluevigata d'ORBIGNY 
*1826 C Incl,i"llla n. - d'ORI3IGNY, p. 282, Plate 15 (4-5). 

1981 C lael,tgala - SEJRUP rl al., p. 290, Plate 1 (5). (s. Cassi­
dll11l10 sp. group) 

Cllssitilllitlfl Ileoteretis SEIDENKRANTZ 
*1995 C neoleretis n. - SEIDENKRANTZ, p.148, pI. 1, figs. 1-

6, pI. 2, fjgs. 1-14. (5. Cossidillina sp. group) 

Cassiilulitla rctlifarl1le N0RVANG 
*1945 C rClli{ofillC n. - N0RVANG, p. 41, text fig. 6 e-h. 

19RO C. renijorlllc - SEJRUP & GUILBAULT, p. 79-85, fig. 2. 

Cassidlllina terctis TAPPAN 
*1951 C. Imlis n. - TAPPAN, p. 7-8, pI. 1, fig. 30. 

1988 C. lerelis - MACKENSEN & HALD, p. 17, Plate 1 (8-
15). (5. CnssitillliJ1a sp. group) 

Cil1icities fletsc/leri GALLOWAY & WISSLER 
*1927 C. ficlsclleri n. - GALLOWAY & WISSLER, p. 49. 

1980 C. fielsdlcri - LUTZE, Plate 12 (11). 
1992 C. leretis - STRUCK, Plate 1 (7). 

Cibicidcs labatltlus (WALKER & JACOB) 
*1798 C.lobaluilis n. - WALKER & JACOB, p. 642, Plate 14 

(36). 
1884 Tmncntlllillil laballlills BRADY, p. 660, Plate 92 (10). 
1952 C loballilus - PHLEGE!<, p. 83, Plate 14 (29). 

Cibicidoides wuelierstOlfi (SCHWAGER) 
*1866 Al1olllolina wllcllershlrfi n. SCHWAGER, p. 258, Plate 

7 (105, 107). 
1978 P. wl/clierslOlfi - LOHMANN, p. 26, Plate 2 (1-4). 
1979 Cibicidoides wlieilerstOlfi LUTZE, p. 426. Plate 1 (5 a-b). 

Cribrosto111oides subglobosltlll (SARS) 
*1868 Lituola sllbgloboSIl n. SARS, p.248, 

1964 C. slIbgloboSlllll - LOEBLlCH & TAPPAN, p. C225, Plate 
136 (1, 2). 

1981 SEJRUP ct ai., 
p.290, 

Cyclogyra planorbis (SCHULTZE) 
*1854 COrJ1l1spira planorbis n. - SCHULTZE, p. 40. 

1964 C plallorbis LOEBUCH & TAPPAN, p. C 438, Plate 
329 (1, 2). 

Dentalina baggi GALLOWAY & WISSLER 
*1927 D.l!ll<;;<;;i n. - GALLOWAY & WISSLER, p. 49, Flate 8 

(14-15). 
1953 D. /Jaggi LOEBLICH & TAPPAN, p. 54, Plilte 9 (Ill-

15). 
1971 D baggi - FEYLING-HANSSEN clal., p. 199, PI,1tt, 3 

(1). 

Dcr/talitlll cltvieri (d'ORBIGNY) 
*1826 Nodosaria C11l'ieri n. - d'ORBlGNY, p. 255. 

1964 D. C11l'icri LOEBLICH & TAPPAN, p. C516, Plate 403 

1989 CIIvl1'ri - NEES, p. 13, Plate 1 (6). 

Dentalina frob isllCrens is LOEBLICH & TAPPAN 
*1953 D. (robisiler('l1sis n. - LOEBLlCH & TAPPAN, p 55~56, 

Plate 10 (1-9). 
1971 D. fi'o/1isilercnsis - FEYLING-HANSSEN et aI., p. 200, 

Plate 3 (2). 

Denta/illa pallpemtll d'ORBIGNY 
*1846 D. pllllperaia n. - d'ORBlGNY, p. 46, Plate 1 (57-58). 

1953 D. pall11craia - LOEBLICH & TAPPAN, p. 54, Plate l) 
(Ill-IS. 

1971 D. pllllpernlll- FEYLING-HANSSEN cl III., p. 1'1'1, PI,)t!' 
3 (1). 

Eggerellil brady; (CUSHMAN) 
*1911 VCfIICII11IIn bratilll n. - CUSHMAN, p. Plate 87. 

1964 E./wadl/i - LOEBLICH & TAPPAN, p. 
(1) .. 

E,Jistalllitlella exiglla (BRADY) 

Plate 186 

*18R4 Pulpinulill cxi,,11fl n. - BRADY, p. 696, Plilte 103 (13-14). 
1953 E. 1'xi<;;111/ - PHLEGER cl al., p. 43, Plate 9 (35-36). 
1960 E. 1'xtgull - BARKER, Plate 103 (14). 

Eponides tlllllidlllliS (BRADY) 
*1884 TrllllClllulilln IlIlIIidula n. - BRADY, p. 666, Plate 95 (8). 

1951 E. II/midulus - PHLEGER & PARKER, p. 21, Plate 95 
(8). 

1992 E. IHlnidlllus - TIMM, p. 56, Plate 7 (5 a-b). 

FisSllrilU1 Ulllrgillata SEGUENZA 
*1862 F. mllr"mata n. - SEGUENZA, p. 66, Flate 2 (27-28). 

1981 F. mmFinala - TODD & LOW, p. 26, Plate 76 (73 <1-\:). 

FlIrsenkainll fllsifarmis (WILLIAMSON) 
*1858 BII/imina pllpoides, var./lIs({orlllis n. WILLIAMSON, 

p. 63, Plate 5 (129-130). 
1980 Efusifimnis - HAAKE, p. 14, Plate 3 (13-14). 

GlobaclIssidlllitla sllbglobosa (BRADY) 
*1881 CassidllliI1n sllbf{lobasa n. BRADY, p. 60. 

1960 C. slIbgloboSIl- BARKER, Plate 54 (17). 
1992 G. subglobosa - SCHIEBEL, p. 47, Plate 2 (14). 

Gyroitiinlllltnbonilta (SILVESTRI) 
*1898 Rotalin soldonii d'OR!3lGNY var. umbollala n. - SIL­

VESTRI, p. 329, Plate 6 (14). 
1958 G.Il111bol1llta - PARKER, p. 266, Plate 3 (1<J-20). 
1975 G.lI1l1bol1t1ll1- SEILER, p. 90, Plate 2 (27-28). 

Laticarininll paupemta (PARKER & JONES) 
*1865 Puivilll/linn repandn var. lIlel1l1rdii d'ORBIGNY subvar. 

pllllpcrnia n. - PARKER & JONES, p. 395, Plate 16 (50-
51). 

1953 L paupernta - PHLEGER ell/I., p. 49, Plate 11 (5-6). 
1992 L plll/pemia - TIMM, p. 58, Plate 7 (13). 

Lenticulina gibba (d'ORBIGNY) 
*1839 Crislellilria gibbo n. - d'ORBIGNY, p. 40, Plilte 7 (20-21). 

1960 L glbbn - BARKER, p. 1440, Plate 69 (8-9). 

Marginulitltl glabra d'ORBIGNY 
*1826 M. glabra n. - d'ORBIGNY, 55. 

1923 M. glabra - CUSHMAN, p. 127, 36 (5-6). 
1992 M. gil/bra - STRUCK, p. 17, Plate 4 (7). 
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Mclonis barleeamllll (WILLIAMSON) 
*1858 Nonioninlllmrleeana n. - WILLIAMSON, p. 32, Plate 3 

(68-69). 
1981 N. bar/cml1l11lf SEJRUP el al., p. 293, Plate 1 (12). 
1987 M. barleeallwlI - JORISSEN, p. 42, Plate 4 (8). 

Me/otlis pOl1lpilioides (FICHTEL & MOLL) 
*1798 Nauli/us pOlllpilioidcs n. FICHTEL & MOLL, p. 3L 

1979 M. pmJJpllioidcs LUTZE, p. 428, Plate 2 (1 a-b). 

Nodosaria subsoll/ta CUSHMAN 
*1923 N. subsoll/la 11. - CUSHMAN, p. 74, Plate 13 (1). 

NOtliotlellitla labradorica (DAWSON) 
*1879 Non/onina labradorica n. - DAWSON, ELLIS & MESSI­

NA 1940, p. 14167. 
1953 N.labmdorica - LOEBLICH & TAPPAN, p. 86, Plate 17 

(1-2). 
1981 N. labradorica SEJRUP ct al., p. 293, Plate 2 (5-6). 

Noniotlel/a auriclt/a HERON-ALLEN & EARLAND 
'1930 N. alfJ'icula J1. - HERON-ALLEN & EARLAND, p. 192, 

Plate 5 (68-70). 
1971 N. auriCilla - FEYLlNG-HANSSEN 1'/ ai., p. 265, Plate 

10 (7-9). 

Oolitla /!exa~olla (WILLIAMSON) 
*1858 EII/osolenia squallwsa (MONTAGLl), var. lIexagol1a n.­

WILLIAMSON, p. 20, Plate 2 (23). 
1953 O. ilc.mgOllll- LOEBLICH & TAPPAN, p. 69, Plate 14 

(1-2). 
1971 O. hcxllgm1l1- FEYLING-I-:!ANSSEN ct al., p. 224, Plate 

17 (6). 

Oridorsalis limbotllltlls (REUSS) 
*1851 Rotalillil /1111/101111111 n. - REUSS, p. 275, Plate 5 (35). 

1981 O. /./II/bonalus - SEIJRUP cl III., p. 293, Plate 2 (2-3). 

OSlItlglllaria cll/ter (PARKER & JONES) 
'1865 Plallwrbu/il1a {tlrela var. un'{criana (d'ORBIGNY) wlter 

n. slIbvar. PARKER & JONES, p. 421, Plate 19 (1). 
1975 O. wlfer LEROY & HODGKINSON, p. 436, Plate 9 

(18). 
1982 O. wiler - LARSEN, p. 72, Plate 25 (1-2). 

Pamfissllrina groen/am/iea STSCHEDRINA 
*1946 1'. ~rocn/nlldica 11. - STSCHEDRINA, p. 144,147, Plate 4 

(19). 
1977 P. grocl1hmdiCll- LAGOE, p. 125, Plate 3 (17). 
1980 P. groenlandlCll TODD & LOW, p. 24, Plate 2 (6 a-b). 

Patellina corrugata WILLIAMSON 
'1858 P. corrugnla n. WILLIAMSON, £.46, Plate 3 (86-89). 

1953 P. corrugata - LOEBLICH & TAPI :AN, p. 114, Plate 21 
(4,5). 

1988 P em-rugala LOEBLICH & TAPPAN, p. 306, Plate 320 
(7-14). 

PlIl/cnia bltl/oides (d'ORBIGNY) 
"1826 Nuninilla splmcroidcs n. - d'ORBIGNY, p. 293, fig. 1,43. 

1971 P. blllloides - FEYLING-HANSSEN el III., p. 266, Plate 
10 (13-14). 

1981 P. Iml/oidcs - SEJRUP clal., p. 293, Plate 2 (8). 

Pulletlia quinque/oba (REUSS) 
'1851 Nonionina quinque/oba n. REUSS, p. 71, Plate 5 (31 a­

b). 
1964 P. quinqudoba PHLEGER, p. 383, Plate 3 (23). 
1989 P. quinque/oba OKI, p. 149, Plate 7 (a-c). 
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Pyrgo rota/aria LOEBLICH & TAPPAN 
'1953 P. rOllllaria 11. - LOEBLICH & TAPPAN, p. 47-48, Plate 

6 (5-6). 
1980 P. rolalaria - TODD & LOW, p. 24, Plate 2 (20). 
1991 P. rota/aria - THIES, p. 27, Plate 14 (4 a-c) and 15 (1-21). 

Qllirlque/oculina pygmaea REUSS 
"1851 Q. pygl1loca n. REUSS, p. 53. 

1974 Q. pygll/oca - LUCZKOWSKA, p. 60, Plate 27 (2). 

Quinqlle/oculitla semimtla (LINNE" • 
*1758 Serpula scmil1u/1/I11 n. - LINNE, p. 786, Plate 2 (1). 

1962 Q. se/Jllmtla - HAAKE, p. 31, Plate 1 (13-14). 
1971 Q. semiuul//lll - FEYLlNG-HANSSEN cl ai., p. 19-1, 

Plate 1 (18-20). 

RupertitlO stabilis WALLICH 
'1877 R stabilis J1. - WALLICI-:!, p. 502. 

1953 K slabil!, - PHLEGER et ai, p. 50, Plate 11 (19). 
1988 R. stabilis - LUTZE & ALTENBACH. p. 31-46, fig. 3-5. 

Sigmoilopsis scilllllllbergeri (SILVESTRI) 
'1904 Sig/1lOililla scbl/ll1/bergcri 11. - SILVESTRI, p. 267. 

1960 S. sclllulIlbcrg<'ri - BARKER, p. 16, Plate 8 (1-4). 

SipllOtextlllaria rolslla!lseni PHLEGER & PARKER 
'1951 S. rolsill/l/seni n. - PHLEGER & PARKER, p. 4, Plate '[ 

(23-24). 
1992 S. rolsluwseni - STRUCK, p. 21, Plate 2 (5-7). 
1994 S. rols/ul1ISCHi - NEES & STRUCK, p. 238, Plate 1. 

Stetsotlia /lOrvatlzi (GREEN) 
*1960 S.llOrml//i n. GREEN, p. 72, Plate 1 (6). 

1989 S. IlOl'vall/i - NEES, p. 12, Plate 3 (4). 
1991 S. arctim - SCOTT & VILKS, p. 35, PI(lte 3 (5-14). 

Trifaritla angulosa (WILLIAMSON) 
1971 T. allgH/oslI n. - MURRAY, p. 123, Plate 51. 
1981 T. ang//Josa - SEJRUP el aI., f' 293, Plate 2 (10). 
1992 T. ang/l/0511 - STRUCK, p. 2 , Plate 5 (2). 

Triloclliina tri/ledm LOEBLICH & TAPPAN 
'1953 T. triltedra n. - LOEBLlCH & TAPPAN, p. 45, Plilte 4 

(IO). 
1960 T. Iricarin{/Ia - BARKER, p. 6, Plate 3 (17 a-b). 
1964 T. fricarinalll - FEYLING-HANSSEN, p. 258, Plate 6 (7-

8). 

Uvigerilla peregritlll CUSHMAN 
*1923 U. pmgr1l1t1 n. -.CUSHMAN, p. 166, Plate 42 (7-10). 

1947 U. peregrina - HOGLUND, p. 279, Plate 23 (9), text Fig. 
291-304. 

1971 U. pcre'iril1{/ - FEYLING-HANSSEN eI aI., p. 241, PI,)t!.' 
7 (9-11). 

Faunal groups (5. main body of text): 

Cassidulina sp. group 
Elplzidiwll sp. group 
Lagcl1ida sp. group 
agglutinated tubes group 
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Appendix 3.1. Count data, fraction 125 - 2,000 J.llIl, Core PS 1906 (specimens/ gram dry sediment). 

0.5 700 47,66 0.00 0.34 5.37 0.00 65.80 59.09 0,00 5.37 13.09 421.32 118.17 21.49 10,74 
1,5 2,100 33.90 11.33 3.78 3.78 0.00 64.90 98.17 0,00 0.00 8.26 413.69 113.51 7.55 15.10 
2.5 3,500 54,59 4.69 0.29 0.00 0.00 50.41 63.31 2,34 0.00 5.86 327.09 114.89 28.14 11.72 
3.5 4,900 44,62 1.43 0.00 0,00 0.00 27,61 20.08 0.00 0.00 5.20 230.21 44.46 31.56 11.47 
4,5 6,300 46,19 0.00 0.00 2.77 0.00 43.30 11.08 0.00 0.00 5.89 330.11 11.08 11.08 5,54 
5.5 7,700 49.77 0.00 0.00 2,57 0.00 41.15 0.00 0.00 0.00 16.07 453.29 2.57 12.86 0.00 
6.5 7,900 52.68 0,00 0.00 0,00 0.00 41,31 0.00 0.00 0.00 4.86 334.09 4.86 14.58 2.43 
7.5 8,100 44.27 1.45 0.00 0.00 0.00 21.69 0.00 0.00 0.00 10,48 264,56 8.67 14.46 0.00 
8.5 8,300 49.69 0.00 0.32 1.29 0.00 12.24 0.00 0.00 0,00 16.10 175.17 2.58 10.30 0.00 
9.5 8,500 52.33 0.00 0.31 3.67 0.00 6.42 0.00 0.00 0.00 8.87 96.31 4.89 15.90 1.22 

10.5 8,700 49.30 0.00 0.00 0.00 0.00 37.65 2.60 0,00 0,00 5.52 276.84 10.39 9.09 1.30 
11.5 8.900 33.61 0,00 0.00 5.71 0.00 22.85 0.00 000 0.00 10.00 215.65 7.62 17.14 0.00 0.00 
12.5 9,100 38.58 0,00 0.21 0.00 0.00 13.48 0.83 0.00 0.00 6.84 94.35 13.27 9.95 0.00 0.00 
13.5 9,300 46.31 0.00 0.17 0.00 0.00 11.92 0,00 0.00 0.00 4.66 73.94 12.44 15.89 0.00 0.00 
14.5 9,618 55.40 1.16 0.94 0.00 0.00 3.54 0.00 0.00 0.00 2.96 19.86 9.82 5.78 0,00 0.00 
15.5 9,700 50.01 0.64 0.72 0.00 0.00 1.48 0.00 0.00 0.00 0.76 9.28 9.60 5.12 0.64 0.00 
16.5 10,018 45.11 1.42 2.04 0.00 0.00 1.60 0.00 0,00 0.00 1.46 15.34 11.35 8.16 0,00 0.00 
17.5 10,335 54.83 0,00 0.84 0.00 0,00 2.74 0,00 0.00 0.00 0,47 21.08 12.55 3.79 0.00 0.00 
18,5 10,653 41.98 0.00 0.10 0.00 0.00 0.38 0.38 0.00 0.00 0.38 7.05 6.86 3.91 0.38 0.00 
19.5 10,971 48.53 0.00 0.16 0.00 0.00 0.49 0.00 0.00 0.00 0.16 4.20 7.09 2.31 0.00 0,00 
20.5 11,288 42.11 0.00 0.71 0,00 0.00 1.00 0.00 0.00 0.00 0.14 3.56 4.61 1.71 0,57 000 
21.5 11,606 39.69 0.00 0.38 0.00 0.00 0.00 0.10 0,00 0.00 0.05 0.78 1.91 O.SO 0.20 0.00 
22.5 11,924 50.91 0.00 0.55 0.16 0.16 0.20 0.00 0,00 0.00 0.04 0.75 2.91 0.00 0.31 0.00 
23.5 12,241 49.19 0.00 0.45 0.00 0.00 0,00 0,00 0.00 0,00 0.00 0.06 0.69 0.00 0.65 0.00 
24.5 12,980 48.01 0.00 2.71 0.00 0.00 0.02 0.00 0.00 0,02 0.12 4.77 28.31 1.33 0.10 0.00 
25.5 14,140 60040 0.00 0.00 0.00 4.24 0.00 4.37 0.00 0.00 1.19 33.64 122.78 0.00 4.64 0.00 
26.5 15,300 59.37 0.00 0.00 0.00 0.00 0.13 0.13 0.00 0.00 0.27 39.35 157.12 0.00 0.54 0.00 
27,5 16,460 35.07 0.00 0.23 1.82 0.00 0.11 3.65 0.00 0.00 0.91 20.64 87.60 5.47 0.00 0.00 
28.5 16,818 32.34 0.00 0.49 0.49 0.00 0.12 0.00 0.00 0.00 1.98 2.47 4.95 7.42 0.00 0.00 
29.5 17,175 25.80 0.00 2.09 0.00 0.00 0.00 0.00 0.00 0.00 1.55 0.16 1.86 5.58 0.00 0.00 
30.5 18,737 60.98 0.00 0.10 0.00 0.00 1.67 0.00 0,00 0.00 0.23 2.62 0.26 0.00 0.00 0.00 
31.5 19,094 50.05 0.00 096 0.00 0.00 1.04 0.00 0.00 3.52 0.04 1.78 4.48 0.00 0.02 0.00 
32.5 19,452 64.57 0.00 099 0.00 0.00 0.02 0.00 0.00 1.98 0.00 7.73 40.76 0.00 0.05 
33.5 19,810 71.73 0.00 0.22 1.78 0.00 0.22 1,78 0,00 8.92 0.67 17.29 90.90 0.00 0.00 
34.5 20,168 59.96 0.00 0.53 0.13 0.00 0.40 0,00 0,00 2.13 0.67 28.82 60.71 0.00 0.00 
35.5 20,525 56.95 0.00 3.37 2.25 0.00 4.50 4,50 0,00 2.25 1.40 28.80 80.21 6,74 0.14 
36.5 20,883 66.73 0.00 1.32 0.00 0.00 0.00 1.92 0.00 3.84 2,64 14.99 56.71 13.43 0.00 
37.5 21.241 63.56 0.00 1.76 1.01 0.00 1,01 0,00 0.00 0.00 4.78 3.27 21,15 11.08 0.00 

21,599 48.71 0.00 0.41 0.00 0.00 0.00 0,00 0.00 0.00 1.31 2.30 5.26 3.28 0.00 
22,100 38,95 0.00 0.41 0.00 0.00 0,82 0,82 0.00 0,00 0.92 0.62 3.29 2.88 0.00 
22,314 40.09 0.00 0.45 0.00 0.00 1.20 0.05 0.00 0040 0.50 1.05 0.85 2.39 0.00 
22,816 50.30 0.00 0.40 0.00 0.00 0.64 0.00 0.00 0,00 1.67 0.08 0.00 4.45 0,00 
23,318 35.81 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00 1.90 0.00 1.79 3.57 0,00 

0.5 21.49 0.00 18.13 11.08 0.00 5.37 107.43 0.00 86.61 26.88 7016 0.00 0.00 162.15 
1.5 41.53 0,00 13.45 0.71 0.00 3.78 143.95 0.00 64.90 0.00 33.98 0.00 0.00 151.27 
2,5 58.62 0.00 4.98 2.64 0.00 2.34 110.20 0.00 43.96 0.00 9.38 0.00 0.00 98.48 
3.5 35.86 0,00 5.38 7.53 0,00 1.43 126.40 0.00 18.65 0.00 15.78 0.00 0.00 45.90 
4.5 36.03 0.00 6,56 11.43 0.00 0.00 213.73 0.00 45.03 2.77 13.86 0.00 0.00 55.42 
5.5 41.15 0.00 2,57 2.57 0,00 0.00 205.75 0.00 67.51 0.00 7.72 0.00 0.00 100.30 
6.5 55.88 2.43 5.47 2.43 0.00 2.43 26302 0.00 34.02 0.00 17.01 0.00 0.00 121.49 
7.5 52.04 0.00 3,98 0.00 0.00 0.00 374.79 1,45 40.12 5.78 5.78 0.00 0.00 170.59 
8.5 60.54 0.00 3,54 2.58 0.00 0.00 465.61 0.00 33.81 1.61 7.73 0.00 0.00 151.98 
9.5 56.26 0.00 2.45 1.22 0.00 0.00 376,99 0.00 24.46 1.22 3.67 1.22 0.00 103.96 

10.5 40.24 0.00 2.60 7.79 0.00 0.00 277.48 0.00 28.56 0.00 7.79 0.00 0.00 115.86 
11.5 51.41 0.00 7,14 1.90 0.00 0.00 331.33 0.00 29.04 1.90 15.23 0.00 0.00 176.14 
125 38.98 0.00 3.53 0.21 0.00 0.00 378.64 0.00 14.10 0.83 7.47 0.00 0.00 83.77 
13.5 69.79 0.00 2.25 1.38 0.00 0,00 258.61 0.00 5.53 0.00 691 0.69 0.00 73.59 
14.5 50.83 0.00 0.56 0.00 0.00 0.00 141.16 0.00 1.08 0.00 4.62 0,58 0.00 32.35 
15.5 55.67 0.64 0.12 0.00 0.00 0.00 127.61 0.00 048 0.00 6.40 1,28 0.00 19,28 
16.5 31.92 0.00 1.46 0.75 0.00 0.00 129.37 0.00 2.79 0.00 1.42 0,00 0,00 14,90 
17.5 33.56 0.00 0.33 1.17 0.00 0.00 98.27 0.00 0.47 0.29 2,33 0,00 0.00 9.92 
18.5 19.06 0.00 0.38 0.38 0.00 0.00 37.35 0.00 0.00 0.00 6,10 0,00 0,00 1.91 
19.5 20.77 0.00 0.16 0.49 0.00 0.00 16.73 0.00 0.00 0.00 1.65 0.00 0,00 0.16 
20.5 13.88 0.00 0.38 0.00 0.00 0.00 16.29 0.00 0.05 0.00 0.57 0.19 0.00 0.19 
21.5 2.32 0.10 0.15 0.18 0.00 0.00 7.99 0.00 0.00 0.00 0.71 0.00 0.00 0,10 
22.5 1.41 0.00 004 0.31 0.00 0.00 5.58 0.00 0.00 0.00 0.00 0.16 0.00 0.47 
23.5 0.00 0.00 0.02 0.02 0.00 0.00 5.96 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
24.5 2.69 0.00 1.69 1.50 0.00 0.00 106.48 0.00 0.00 0,00 2.67 0.02 0.00 0.02 
25.5 12.85 6.49 3.84 6.23 0.00 0.00 447.81 0.00 2.91 0.00 0.00 2.12 0.00 0.00 
26.5 17.25 4.31 6.06 13,74 0.00 0.00 521.74 0.00 0.67 0.00 0.00 4.31 0.00 0.67 
27.5 14.60 1.82 1.94 1.82 0.00 0.00 285.14 0.00 1.48 0,00 0,00 5.47 0.00 21.90 
28.5 13.85 0.00 4.58 5.44 0.00 0.49 64.69 1.48 0.62 0.49 7.42 25.73 0.00 36.61 
29.5 3.72 0.00 0.00 4.65 0.00 0.00 35.27 1.86 0.93 1.24 2.48 12.40 0.00 22.33 
30.5 3.67 0.00 0.31 0.00 0.00 0.00 18.89 0.00 0.13 0,00 0,00 0.00 0.00 5.51 
31.5 2.56 0.00 002 0.00 0.00 0.00 20.84 0.00 0.14 002 0.00 0.00 0.00 2.88 
32.5 0.99 0.00 0,29 5.23 0.00 0.00 96,76 0.00 0.05 0,00 0.00 0.06 0.00 1.01 
33.5 2.01 0.00 5,02 4.46 0.00 0.00 237.11 0.00 0.11 0.00 0.11 0.22 0.00 3.79 
34.5 2,27 6.54 5.74 7.61 0.00 0.00 374,78 2.13 1.20 0.00 0.00 4.80 0.00 10.81 
35.5 8.99 2.25 4.92 10.96 0.00 0.00 330.40 2.25 0.98 0.00 0.00 9.55 2.25 51.83 
36.5 21.10 0.00 6.71 10.67 0.00 0.12 280,77 0.00 1.20 0.12 0.00 30.93 0.00 59.70 
37,5 28.19 0.00 5.79 6.29 0,00 0.00 144.24 3.02 0.00 0.00 3.02 41.28 0.00 64.44 
38.5 4.68 0.66 0.00 2.14 0,00 0.00 48,37 0.66 0.25 0.00 0.82 18.39 0.00 19.71 
39,5 2.46 0.00 1.23 2.98 0.00 0.41 62.34 1.23 1.23 0.00 2.88 8.32 0.00 12.32 
40,5 3.59 0.00 0.05 2.39 0.00 0,00 43.15 0.80 1.00 005 0.80 15.27 0.00 6.39 
41,5 3.18 0.00 0.08 1.27 0.64 0.00 51.61 0,64 1.35 0.00 1.91 30.62 0.00 14.71 
42,5 5.36 0.00 1.90 4.58 0.00 0.00 49.48 1.79 2.23 0.89 3.69 38,65 0.00 19.66 
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Appendix 3.2. Count data, fraction 125 - 2,000 pm, Core M 23256 (specimens/gram dry sediment), 

6 9,106 34,60 0,00 0,00 0,00 0,00 312,60 45,78 0,46 
B 9,260 28.32 0,00 0,00 0,00 0,00 246,61 49,72 0,00 

10 9,415 39,78 0,00 0,00 0,00 0,00 259,83 52,29 0,40 0,40 
12 9.569 35.32 0,00 0,23 0,00 0,00 254,13 32,62 0,00 1,36 
14 9.723 26,92 0,00 0,00 0,00 0,00 240,71 12,78 0,89 0,00 
16 10,060 38,53 0,00 0,00 0,00 0,42 178,56 4,15 0,00 0,00 
18 10.580 40,32 0,00 0,20 0,00 0,00 33,63 0,99 0,10 0,00 
20 11.100 35,69 0,00 0,00 0,00 0,00 15,19 1,79 0,00 0,00 
22 11.620 30,36 0,00 0,00 0,00 0,00 8,04 0,26 0,00 0,00 0,00 
24 12.140 42,92 0,00 0,00 0,00 0,19 2,75 0,37 0,00 0,00 0,00 
26 12,534 30,31 0,00 0,00 0.00 0,40 2,84 0,26 0.00 0,00 0,00 0,00 
28 12,803 39,80 0.00 0,00 0.00 0,00 1,06 0,10 0,00 0,00 0,00 0,00 
30 13071 28,53 0,Q7 0,00 0.00 0,00 2,24 0,21 0,00 0,00 0,00 0,00 0,00 
32 13.340 29,95 0,00 0,00 0,00 0,00 1,44 0,07 0,00 0,00 0,00 0,00 0,07 
34 13.609 32,25 0,00 0,00 0.00 0,00 1,55 0,12 0,00 0,00 0,12 0,00 
36 13.877 30,73 0.00 0,00 0,03 0,26 2,80 0,00 0,00 0,00 0,00 0,26 
38 14.146 33,99 0,00 0,00 0,00 0,00 1,24 0,12 0,00 0,00 0,00 0,00 
40 14.414 27,93 0,00 0,00 0,00 0,00 1,90 0,00 0,00 0,00 0,00 0,00 
42 14683 30,44 0,00 0,03 0,00 0,00 1,31 0,13 0,00 0,00 0,00 0,00 
44 14.952 32,57 0,00 0,00 0,00 0,00 0,46 0,00 0,00 0,00 0,00 0,00 
46 15.220 39,71 0,00 0,00 0,00 0,00 0,40 0,00 0,00 0,00 0,00 0,00 
48 15.489 27,86 0,00 0,00 0,00 0,00 0,54 0,00 0,00 0,00 0,00 0,00 
50 15757 19,83 0,00 0,00 0,00 0,81 3,43 0,00 0,00 0,00 0,00 0,00 
52 16.026 37,40 0,00 0,00 0,00 0,00 0,11 0,00 0,00 0,00 0,00 0,00 
54 16.294 31,55 0,00 0.00 0,00 0.00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
56 16,563 23,11 0,00 0,00 0,00 0.00 0,00 0,00 0,69 0,00 0,00 0,00 0,00 
58 16.783 13,97 0,00 0,00 0,00 0.00 0,00 0,00 0,00 0,00 0,00 0,00 
60 17,100 35.52 0,00 0.00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
62 17.320 44.42 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
64 17.540 25,78 0,00 0.16 0,00 0,00 0,00 0,00 0,16 0,04 0,00 0,00 0,16 
66 17.760 29,30 0,00 0,00 0,00 0,27 0,00 0,03 0,03 0,00 0,00 0,00 0,00 0,14 
68 17.980 33,36 0,00 0,00 0,00 0,00 0,00 0,06 0,03 0,33 0,00 0,00 0,00 0,96 
70 18.200 25,35 0,00 0,00 0,00 0,04 0,00 0,00 0,16 0,00 0,00 0,00 0,79 
72 18,325 36,38 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,44 
74 18,450 32,12 0,00 0,00 0,00 0,00 0,00 0,06 0,00 0,00 0,00 0,00 0,25 
76 18.574 34,25 0,00 0,00 0,00 0,00 0,00 0,06 0,00 0,00 0,00 0,00 0,00 
78 18.699 31,33 0,00 0,00 0,00 0,00 0,00 0,13 0,00 0,00 0,00 0,00 0,00 
80 18,824 18.92 0,00 0,00 0,00 0.00 0,00 0,00 0,00 0,63 0,00 0,00 0,00 0,00 0,00 0,85 

Appendix 3.2. continued 

6 0,00 1,85 1.39 0,92 141,50 0,00 0,00 12,25 0,00 0,00 0,00 0,00 
8 0,12 0,85 2.26 0,56 145,20 0,56 0,00 10,73 0,00 0,00 0,00 0,00 

10 0,24 2,01 0,40 0,00 92,11 0,40 0,00 10,46 0,00 0,00 0,00 0,00 
12 0,00 2,27 1.36 1.81 144,96 0,45 0,00 6,34 0,45 0,00 0.45 0,00 
14 0,00 2,08 1,19 0,00 153,64 0,00 0,00 4,46 0,30 0,00 0,30 0,00 
16 0,00 0,83 2.08 0,00 184,38 0,00 0,00 3,53 0,00 0,00 0,00 0,00 
18 0,00 0,40 0,60 0,00 44,84 0,00 0,00 0,79 0,60 0,00 0,40 0,00 
20 0,00 0,06 0,00 0,00 21,07 0,00 0,00 0.45 0,00 0.00 0,00 0.00 
22 0,00 0,00 0,00 0,00 6,59 0,00 0,00 0,26 0,00 0.00 0,00 0,00 
24 0,00 0,00 0,19 0,00 1,68 0,00 0,00 0,19 0,00 0.00 0,00 0.00 
26 0,00 0,00 0,13 0,00 1,45 0,00 0,00 0,20 0,13 0.00 0,13 0,00 
28 0,00 0,00 0.00 D,OO 1,11 0,10 0,18 0,00 0.00 0,00 0,00 
30 0,00 0,04 0,00 0,00 1,'9 0,00 0,25 0,07 0.00 0,07 0,00 
32 0,00 0,00 0,00 0,00 0,27 0,00 0.10 0,00 0,00 0,00 0,00 
34 0,00 0,00 0,00 0,00 0,12 0,00 0,19 0,00 0,00 0,00 0,00 
36 0,00 0,00 0.03 0,00 1,04 0,00 0,33 0,00 0,00 0,00 0,00 
38 0,00 0,00 0,00 0,00 1,'8 0,00 0,21 0,00 0,00 0,00 0,00 
40 0,00 0,00 0,00 0,14 2,72 0.00 0,32 0,29 0,00 0,00 0,00 
42 0,00 0,00 0,00 0.00 4,57 0,13 0,26 0,00 0,00 0,00 
44 0,00 0,00 0,00 0,00 0,49 0,00 0,00 0,00 0,00 0,00 
46 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
48 0,00 0,00 0,00 0,00 0,00 0,04 0,00 0,00 0,00 0,00 
50 0,00 0,00 0,00 0,00 1,61 0,00 0,20 0,00 0,00 0,00 0,00 
52 0,00 0,00 0,00 0,00 0,86 0,00 0,00 0,00 0,00 0,00 0,00 
54 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
56 0,03 0,00 2,77 0,00 1,38 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
58 0,12 0,00 1,15 0,57 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
60 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
62 0,00 0,00 0,00 0.00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
64 0,00 0,00 0,16 0.00 2,83 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
66 0,0' 0,00 0,38 0,00 1,30 0,00 0,00 0.00 0,00 0,14 0,00 0,00 0,00 
68 0,01 0,12 1,02 0,00 0,03 0,00 0,00 0,00 0,00 0,24 1,23 1,20 0,00 
70 0.00 0,16 0,91 0,00 0,16 0,00 0,00 0,00 0,00 0,04 0,32 0,16 0,00 
72 0,00 0,05 2,38 0,00 1,81 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 
74 0,00 0,06 1,12 0,00 1,00 0,00 0,00 0,00 0,00 0,00 0,00 0,25 0,00 
76 0,00 0,06 0,99 0,00 0,47 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.06 
78 0,00 0,00 0,32 0,00 0,83 0,00 0,00 0,00 0,00 0,00 0,00 0,26 0.00 
80 0,00 0,05 0,63 0,00 1,53 0,00 0,00 0,00 0,00 0,85 0,42 0.21 0.00 



Benthic foraminifera of the last glacial termination in the northern North Atlantic 195 

Appendix 3.3. Count data, fraction 125 - 2,000 J.l.IIl, Core M 23068 (specimens/gram dry sediment). 

0,5 6.41 1,74 8,55 0,00 105,93 453,38 210,79 0,00 0,67 8.55 0,00 2,;4 
2,5 1D14 0,00 0,00 0,00 0,00 75,85 380,43 112,84 0,38 1,38 7,73 0,00 4,42 
4,5 1,825 3,26 0,00 1,30 0,00 67,15 520,90 159.73 0,00 3,26 5.87 0,00 0,00 
6,5 2,636 0.00 0,66 0,88 0,00 53.52 300.71 159,68 0,00 0,66 2,19 0.00 0,00 
8,5 3,447 0,00 0.00 0,12 0,00 54,27 313,38 172,27 0,24 0,24 1.40 0.00 0,00 

10.5 4,258 14,82 0,00 1.02 0,00 0,00 79,82 383,70 15s.o1 0,00 0,00 1,42 0.00 0,00 
12.5 5,069 19,55 0,00 2.40 0,00 0,00 45,43 354,31 110.51 0,61 0,00 1,74 0,00 0.00 
14,5 5,880 18.33 2,02 3.21 0,00 0,00 47,19 410.37 57,61 0,00 o.co om 0,00 0,65 0,00 0,00 
16,5 6,692 20.11 4,n 5,51 0.00 0,00 3\1,97 355.98 11,50 0,00 0.00 0,20 0,00 0,00 0,00 0,00 
18.5 7,501 15,92 5,02 3,21 0,00 0,00 34,79 432,13 109,41 0,00 0,00 0,38 1.13 1,32 0,00 0,00 
20.5 7.750 17.44 1,84 3,21 0.45 0,00 32,69 444,39 25,70 0,00 0,cQ 0,00 0,00 0,00 0,00 0,00 
22,5 8,684 16,13 0,00 1,38 0,12 0,00 18,35 187'()() 3,72 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
23,5 9,139 14.84 0,00 2,97 3.24 0,00 22,92 152,75 2,16 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
24,5 9,604 14,29 0,00 1,12 1,12 0,00 17,08 187,01 0,66 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
25,5 9.693 16,23 0,49 2,71 4,07 0,00 18,24 181,38 1,48 0,00 0,12 0,00 0,00 0,00 0,00 0,49 
26,5 10,182 11,20 0.00 0,89 0,54 0,00 15,18 235,74 0,71 0,00 0,00 0,00 0,36 0,00 0,00 0,00 
28.5 10.767 17,65 0.00 0,91 0,11 0,00 14,16 214,24 2,95 0,00 0,00 0,00 0,23 0,45 0,00 0,45 
29.5 11.057 19,33 0,00 0.62 0,41 0,00 21,11 212,16 2,48 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
30.5 11.499 19,53 0,00 3!J7 0,31 0.00 21,92 233,51 3,07 0,00 0,00 0,00 0,20 0,00 0,00 0,00 
32.5 12,384 20.50 0,00 0.68 0,39 0,00 8,78 95,32 0,00 0,00 0,00 0,00 0,20 0,00 0,00 0,00 
34.5 13.269 16,35 0,00 1,28 0,00 0,00 14,31 113,33 0,98 0,00 0,00 0,31 0,49 0.00 0,00 0,00 
36,5 14.154 18,90 0,00 0,21 0,00 0,00 4,71 34,76 0,00 0,00 0,00 0.00 0,00 0.00 0,00 0,00 
38,5 14.371 29,12 0,00 0,00 0,00 0,00 1,30 12,45 0,55 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
39,8 14.506 30,00 0,00 0,00 0,00 0,27 10,87 102,67 0,00 0,00 0,00 0,00 0,07 0,00 1,07 0,00 
42,5 14,801 31,47 0,00 0,00 0,06 0,51 3,91 39,85 0,00 0,00 0.00 0.51 0,00 0,00 0.13 0,00 
44,5 15,021 32,36 0,00 0,00 0.09 0,59 0,80 7.14 0.00 0,00 0.00 0,25 0,06 0,00 0,15 0,00 
46,5 15,236 32,64 0.49 0,00 0,18 0,98 3,62 20,59 0.49 0,00 0,00 0.06 0,00 0,00 0.92 0,00 
48,5 15.455 33,62 0,00 0,00 0,54 0,54 7,97 0,06 0,00 0,12 0,06 0,00 0,00 0,06 0,00 
50,5 16,536 35,38 0,00 0,00 0,23 0,62 0,93 2,04 0,00 0,00 0,00 0,00 0.00 
52,5 16,836 39,20 0,20 0,00 0.94 0,51 0,59 0,74 0,00 0,00 0,00 0,00 0,00 0,00 
54,5 17,269 40,79 0,83 0,00 0,95 0,12 0,91 1,40 0,00 0.00 0,00 0,00 0,05 0.00 
56,5 17,703 39,50 0,20 0,00 0.30 0,03 0,00 0,10 0,20 0,00 0,00 0,00 0,20 0,00 
58,5 18,181 33,71 0,03 0,24 0,00 0,00 0,00 
60,5 18.370 36,78 0.00 0,Q3 0.00 0,00 0,00 
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0,00 15,90 0,00 0,00 4,27 0,00 51,56 2,14 0,00 
2,5 0,00 0,00 15,46 0,00 0,00 3,31 0,00 23,74 0,00 0,00 
4,5 0,00 0,00 9,78 0,00 0,00 2,61 59,98 0,00 24,77 0,00 0,00 
6,5 0,00 0,00 7,68 0,00 0,44 5,70 47,38 0,00 8,99 0,88 0,00 
8,5 62,51 0,00 0,00 9,16 0,00 0,00 7,39 59,70 0,00 13,74 1,71 0,00 

10,5 78.61 0,00 0,00 7,42 O,DO O,DO 5,87 124,56 0,00 19,84 0.61 O,DO 
12.5 48,81 0,00 0,00 4,50 0,00 0,00 2,61 154,72 O,DO 13.10 0.20 0,00 2,68 
14,5 51,66 0,00 O,DO 4,20 0.22 0,00 1,69 180,52 0,00 11,13 0,05 O,DO 
16,5 53,30 0,00 0,00 3,23 0.15 O,DO 0,65 185,35 0,00 6,96 0,15 0,00 
18,5 37,56 0,00 0,00 2,07 O,DO O,DO O,DO 152,74 0.00 B,10 0.00 0,00 0,00 0,00 1,00 
20,5 47,83 0,00 O,DO 1.09 O,DO 0,46 131,23 0,00 s,n 0,00 O,DO 0,00 0,00 0,00 
22,5 32,24 0,00 O,DO 0,74 a,DO 0,00 93.50 0,00 3,10 0,00 0,00 0,00 0,00 O,DO 
23,5 41.12 0,00 a,DO 2,43 0,00 O,DO 100,24 O.DO 4.85 0,00 O,DO 0,00 0,00 O,DO O,DO 
24,5 29,12 0,00 O,DO 0,00 O,DO 0,00 87,63 0,00 2,38 0,00 0,00 4,48 0,00 0,00 0,00 
25,5 46,21 0,00 0,00 0,00 4,44 O,DO 0,00 126,18 0.00 5,05 0.00 0,00 2,96 O,DO 0,00 O,DO 
26,5 11,07 0,00 O,DO 3.57 0,00 86,44 0,00 4,29 0,00 O,DO 0,00 O,DO 0,00 0,00 
28.5 24.92 0,00 O,DO 3,63 0,00 85,65 0.00 7,14 0,00 0,00 0,45 0,00 0,00 O,DO 
29,5 44.71 0,00 0,00 0,41 123,36 0,00 9.94 0,00 0,00 0,00 0,00 0,00 O,DO 
30,5 61.66 0,00 0,00 136,83 0,00 4,30 0,00 0,00 2,46 0,00 O,DO O,DO 
32,5 15,02 0,00 0,00 0.00 73;Jl 0,00 1,11 0,00 0.00 0,00 O,DO D,DO 
34,5 12,72 0,00 0,00 0,00 40,12 0,00 0,49 O,DO 0,00 0,00 0,00 O,DO 
36.5 6,n 0,00 0,00 0,00 0,00 11,00 0,00 0,26 0,00 0,00 0,00 O,DO Q,DO 0,00 
38.5 4.40 0,00 0,00 0,55 0,00 6,04 0,00 0,07 0,00 O,DO 0,00 0,00 0,00 O,DO 
39,8 19,47 1,60 0,00 0,00 49,40 O,DO 2,13 0,00 O,DO 2,67 O,DO 0,00 7,73 
42.5 10,68 0,00 0,00 O,()() 19,38 0,00 0,10 0,00 0,00 2,03 O,DO O,DO 1,02 
44,5 18,79 0,25 0,74 0.00 0,00 17,40 O,DO 0,12 a,DO 0,00 1,48 0,00 0,00 1,24 
46,5 25,98 0,98 0,49 0.55 0,00 42,22 0,00 2,02 0,00 O.DO 3,43 0,49 0,00 3.49 
48,5 4,28 0,48 0,06 0,00 0,06 7;J2 0,00 0,69 0,00 O.DO 0,95 0,00 0,48 0,9S 
50.5 3,17 0,23 0,00 0,00 0,00 0,00 7,24 0,00 0,06 0,00 0,00 0,23 0,00 0,06 0.68 
52,5 4,29 0,00 om 0.26 0,05 5,92 0,00 0,23 0,00 0,00 0,00 0,00 0,10 0,41 
54,5 3,95 0,39 0,00 0,81 0,00 11,38 0,00 0,61 0,00 0,02 0,00 0,00 0,49 1,96 
56,5 3,44 0,00 0,20 0,66 0,03 3,24 0,00 0,15 0,00 0,00 0,00 0,20 0,00 0,00 
58,5 3,80 0,00 0,00 0,00 6,23 0,24 0,21 0,00 0,00 0,00 0,24 0,00 
60,5 1,06 O,CO O,DO O,DO 6,40 0,00 0,08 0,00 0,00 0,00 0,21 0,05 
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Appendix 3.4. Count data, fraction 125 - 2,000 pm, Core M 23414 (specimens/gram dry sediment). 
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ABSTRACT 
Calcareous benthic foraminifera from four cores from the southern flank of the Skagerrak (NE 
North Sea) were investigated in order to estimate the response of this fossil group to climate 
fluctuations during the upper part of the Holocene. Q-mode factor analyses were carried out 
for the most abundant taxa. 
The results reveal C. laeuigata, H. baltllica, M .  barleeanus, G. turgida, B. mal;yirintn, and U. yeregrirtn 
as most conm~on/important taxa. In the upper part of all cores B. skagerrakensis shows a signi- 
ficant increase and dominates the foraminifer fauna in cores from greater water depth. The data 
suggest no direct relation between the fluctuations of foraminifer assemblages and climate 
change. However, climate forced fluctuations in the strength of the water-circulation caused 
considerable changes in the foraminifer assemblages. Three major assemblages were used for 
environmental analysis: H. baltlticn dominated assemblages were identified as indicators for 
stagnant conditions. They characterize the oldest core sections, most probably the Holocene cli- 
mate optimum. Cassidl~lina laeuigata assemblages seem to indicate increasing current strength, 
a process that is often associated with deteriorating climatic conditions. Briznlirtn skaCqcrrnkensis 
appears to have a certain relation to unstable water masses, and probably a tolerance for increa- 
sing polution of the North Sea since the advent of modern industrialization. 

INTRODUCTION 

There is currently considerable debate about the 
present and future development of the earth's cli- 
mate. While most climate modelers agree in that 
there will be a remarkable warming in the near 
future, the regional effect of global warming still is 
a major issue of discussion. 

During the later part of the Holocene at least 
Northern Europe witnessed various minor climatic 
changes known as the Little Ice Age or the 
Medieval Warm Period which had tremendous 
effect on ecology and human society (Lamb, 1995; 
Schonwiese, 1994). Understanding of the con- 
sequences of such climate fluctuations is of highest 
importance since they mirror conditions which we 
are about to fact in forthcoming years. A great 
number of investigations, including ice-core and 
tree-ring analyses in the first place, are presently 

concerned with late Holocene climate variations. 
The marine record, however, often suffers from 
bad resolution yet it is not obvious whether the 
benthos is reacting to minor climate change at all. 

The Skagerrak is well known as the sink for 
suspended matter from the North Sea (Van 
Weering et al., 1993). Major currents keep fine 
material in suspension until it is deposited where 
currents decelerate in the Skagerrak (Van Weering, 
1981). In addition, great amounts of bedload sedi- 
ment enter the Skagerrak area every year. The total 
amount of sediment being transported annually 
into the Skagerrak was estimated at 28.4 Mt (Van 
Weering et al., 1987). Due to t h s  high sediment 
accumulation some areas in the Skagerrak bear vir- 
tually complete geological records for the Holo- 
cene at very high resolution (e.g. Hass, 1996; 
Conradsen & Heier-Nielsen, 1995; Stabcll (L 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
p11y of the Northern North Atlantic. Grzybozilski Forlndntio~t Special Pl~blication, no. 5, pp. 199-216 
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Thiede, 1985; Jorgensen et al, 1981). Sediment cores 
chosen for the present study provide undisturbed 
records of the past 1-4 millennia with sedimenta- 
tion rates ranging between 0.4 and 54 mm/yr 
which are well suited for high resolution paleocli- 
mate studies of the late Holocene. 

Previous investigations of these cores (granu- 
lometry, 6180; Hass, 1993,1996) revealed a distinct 
climate signal through a coupled atmospheric- 
hydrographic system, in which changing mean 
wind speed and direction are most likely to 
strengthen or weaken the water-mass circulation in 
the Skagerrak. The present study investigates the 
response of the calcareous benthic foraminifera to 
climate fluctuations basically tlwough the past ca. 
2,000 years. Although not much is known about 
the ecologic preferences of benthic foraminifera 
they are among the most powerful tools in strati- 
graphy. Recent studies (e.g. Alve & Murray, 1995; 
Altenbach, 1992; Murray, 1991) once more point 
out the close relationship between benthic fora- 
minifer assemblages and the conditions of the sur- 
rounding water masses. The North Sea in general 
and the Skagerrak in particular appear to be well 
suited to study benthic foraminifer ecology as 
there are narrow zones of changing conditions due 
to the influence of changing water masses (see e.g. 
Alve & Murray, 1995; Conradsen et al., 1994; 
Seidenkrantz, 1993; Corliss & Van Weering, 1993; 
Qvale & Van Weering, 1985; Nagy & Qvale, 1985; 
Van Weering & Qvale, 1983; Jorgensen et al., 1981; 
Tluede et nl., 1981; Kihle, 1971; Lange, 1956). Thus, 
many different environments can be sampled in a 
very small area. 

THE SKAGERRAK 
The Skagerrak is a deep glacio-erosive sedimentary 
basin (>700 n~ water depth) between the epiconti- 
nental North and Baltic Seas bordering SW 
Sweden, S Norway, and N Denmark (Fig. 1). As a 
result of the Pleistocene glacier's general SW flow 
direction, the cross-section through the basin is 
asymmetrical, with a steep northern flank and a 
smooth, convex southern flank (von Haugwitz & 
Wong, 1993). Davies (1980) attributes higher cur- 
rent speed over the S flank and lower current speed 
over the N flank, as measured during JONSDAP 
'76, to the asymetry of the basin. 

Oceanography 
Water-mass exchange in the Skagerrak generally 
runs counter-clockwise, guided by a prominent 
current system (Fig. 1). It is fueled by the Jutland 
Currents which transport water masses from the 
southern North Sea, the South Trench Current that 
adds northern North Sea and Atlantic waters, and 
the Baltic Current that enters the Skagerrak 

Figure 1. General circulation pattern of the Skagerrak 
(after Svansson, 1975 and Nordberg, 1989). SJC = South 
Jutland Current, NJC = North Jutland Current, STC = 
South Trench Current, BC = Baltic Current; NCC = 
Norwegian Coastal Current. 

through the Kattegat, adding brackish Baltic Sea 
water into the westernmost part of the Skagerrak 
(Svansson, 1975). Furthermore, there is a deep 
counter current flowing through the Norwegian 
Trough into the deep Skagerrak. Its surface is 
marked by the 35 PSU isohaline (Dahl, 1978). 

Surface currents change direction in the 
western Skagerrak and eventually leave the 
Skagerrak as the Norwegian Coastal Current 
which follows the southern Norwegian coast line. 
The bottom currents generally follow this cyclonic 
circulation pattern. Thus, inflowing water is gene- 
rally constrained to the southern flank of the 
Skagerrak, whereas the outflow takes place over 
the northern flank (Larsson & Rodhe, 1979; 
Svansson, 1975; Figs. 1 and 2). 

Ljoen (1981) differentiated 3 different water 
masses involved in the Skagerrak water-mass 
circulation: North Sea water (salinity 34-34.95 
PSU), Atlantic water (salinity >34.95 PSU) and 
Skagerrak water (salinity <34 PSU). According to 
Rodhe (1987) salinity changes can be neglected 
below 250 m water depth (0~0 .1  PSU). Likewise, 
temperatures are more or less stable between 5 and 
7" C below 250 m (Fonselius, 1989). 

Sedimentation and climate development 
There are few areas in the Skagerrak where erosion 
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Figure 2. Perspective map of the Skagerrak including directions of surface-currents, core locations (I, 11, 111 KAL and 
15535-I), and a current-speed profile (Hanstholm-Kristiansand, winter situation 1977, redrawn after Rodhe, 1979). 

outweighs accumulation. These areas are situated 
on the southern flank under the influence of the 
Jutland Current. In these areas Quaternary tills and 
even Mesozoic strata crop out, blown free of sedi- 
ment by intensive bottom current action (Salge & 
Wong, 1988; Van Weering, 1981; Sellevoll & Aa- 
lstad, 1971). 

In places where sedimentation takes place 
(which includes most of the Skagerrak) sedimenta- 
tion rates are generally high (Hass, 1996; Van 
Weering, 1987; Erlenkeuser & Pederstad, 1984). 
Extremely high sedimentation rates, especially in 
the eastern Skagerrak, are due to strong current 
activity, which transports high quantities of sus- 
pension load over the southern flank of the 
Skagerrak. Great amounts of bedload and sus- 
pended sediment carried by strong currents are 
deposited in the eastern and inner Skagerrak, 
where currents decelerate and dump large quanti- 
ties of sediment. Sedimentation rates over the nor- 
thern flank are significantly lower because of the 
generally lower current speed. 

The Skagerrak is situated in the climate sensi- 
tive, boreal area well under the influence of the 
northern hemisphere main westerly wind stream. 
A close relation between the atmospheric and 
oceanic circulations has been suggested by various 
oceanographers (e.g. Fonselius, 1989; Rodhe, 1987). 
Hass (1993, 1996) was able to show a relation bet- 
ween the effects of atmospheric forcing on the 

Skagerrak water-mass circulation and the sedimen- 
tary record of the past 3,000-4,000 years (see also 
Hass & Kaminski, 1994). It appears that increased 
current speed is induced during periods of proba- 
ble stormy zonal (W to E) atmospheric circulation 
patterns over the North Atlantic and North Sea lea- 
ding to a general coarsening of the sediment, and 
increased sedimentation rates at least in the eastern 
Skagerrak. Such events were most frequent during 
colder periods. 

Warmer phases, however, are characterized hy 
calmer meridional to zonal atmospheric circulation 
patterns which are likely to cause water mass circu- 
lation to slow down. Thus, during warmer periods 
less sediment is transported over the southern 
flank. Due to the lower current speed, a proportion 
of the sediment is able to settle further to the West, 
resulting in decreased sedimentation rates in the 
eastern and central Skagerrak. The granulometric 
composition also suggests a fining of the sediments 
as coarser grains can no longer be transported. 

During the later part of the Holocene various 
climate periods affected the North Atlantic-North 
Sea region, which likewise had a significant influ- 
ence on the Skagerrak system (basically derived 
from granulometric and stable isotope analyses). 
The following climate periods are compiled after 
Lamb, 1995, 1977; Schonwiese, 1994, 1979; 
Fairbridge, 1987, and the results of previous work 
on the cores presently studied (Hass, 1996). The 
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Subboreal climate optimum (until ca. 1300-1200 
BC) and the Subatlantic climate deterioration (until 
ca. 300 BC) appear to have left only indistinct tra- 
ces in the sediments of the Skagerrak, whereas the 
Roman climate optimum and a colder period bet- 
ween ca. 400 and 700 AD are sufficiently documen- 
ted. The subsequent Medieval Warm Period is cha- 
racterized by generally lower sedimentation rates 
and finer sediments, which point to calm atmo- 
spheric conditions over the area; slightly increased 
water temperatures are suggested by the stable iso- 
tope record. The onset of the Little Ice Age has been 
set between 1300 and 1400 AD. There are three 
distinct intervals of the Little Ice Age, the first and 
last being stormy and rough, whereas the middle 
phase was likely to have been calm but exceptio- 
nally cold. 

The magnitude of atmospheric forcing mainly 
from strong westerly winds has been related to the 
movement and position of the North Atlantic 
cyclone tracks (to the south during cold phases, to 
the north during warm phases. See e.g. Lamb, 
1969). Arouild 1900 AD at the termination of the 
Little Ice Age the cyclone track zone moved back 
beyond the northern limits of the Skagerrak 
system, signalling the beginning of the Modern 
Climate Optimum. 

MATERIAL AND METHODS 
In 1991 three long cores (4.5-8 m) were taken from 
the southern flank of the Skagerrak during a cruise 
of RV ,,Planetu (see Tab. 1 and Figs. 1 and 2 for 
details). One additional core (15535-I), taken 1980 
on board the RV ,,Poseidon", was chosen to com- 

Table 1. Background information on the cores used for 
this study. 

I VGKG I 5PO4.55.N 1 422 1 34 1 GKG I 

Core 

(RV) 

15535.1 
(Po) 

15535-2 
(PO) 

Position Corer Water depth 

[ml 

58'04 90'N 
9 9 7  OO'E 

58"W 90'N 
9"37 OO'E 

(PI) 

1 GKC 
(1'1) 

Core length 

Icml 

I1 KAL 
(PI) 

I1 GKC 
(1'1) 

plete the core material. At least one box core was 
taken from each station in order to obtain un- 
disturbed surface samples. 

The cores were opened, described, photo- 
graphed and sub-sampled onboard (except for 
Core 15535-1). Surface samples (approximately 1 
cm thck) were taken directly from the box cores. 
Further subsamples (0.7 cm wide; in 4 and 8 cm 
intervals, respectively) were taken in the labora- 
tory later on for granulometric analyses. Once the 
granulometric analyses (via settling tubes) were 
completed the residual coarse fractions were used 
for further rnicropaleontologic analyses. 

A total of 322 samples were micro- 
paleontologically analyzed. The coarse fractions 
were dry-sieved into 4 fractions (@ 4-1) using a 
sonic sifter. Each of the fractions 125-250 pm (@ 3-2), 
250-500 pm (9 2-I), and >500 PI (<@ 1) were split 
to an appropriate size using a micro-splitter and 
then separately analyzed. In each of the fractions 
an average of 250 to 300 specimens of benthic fora- 
minifera were identified and counted. If there were 
fewer than 250 specimens, the entire fraction was 
analyzed. The data from single fractions of each 
sample were then recombined for further analyses. 
Percentages given in the following refer to percent 
of the total foraminiferal fauna (fraction >125pm). 

Q-mode factor analyses were carried out using 
the program MacCabfac (Imbrie & Kipp, 1971; 
Klovan & Imbrie, 1971). Two different types of ana- 
lysis were run: (A) an overall analysis with all cores 
stacked to one data set, and (B) separate analyses of 
each individual core (however, not including the 
corresponding box cores). Run (A) provides basic 
information for a comparison of the benthic fora- 
minifer assemblages from all cores. The large data 
set, however, blurs individual differences between 
assemblages in individual cores. In order to eluci- 
date these core-specific differences and to control 
run (A), run (B) was carried out. For the factor ana- 
lysis, frequency percentages of the most common 
25 foraminifera1 taxa (run (A)) and the most com- 
mon taxa in the individual cores (run(B)) were 
used. Run (A) factors will be referred to as ,,O-fac- 
tors" (overall factors), run (B) factors as ,,I-factors" 
(individual factors). For run (A) the prograin was 
configurated to 6 factors; for run (B) it was set to 4 
factors. 
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AGE DETERMINATIONS 
Age determinations for the past 3,000-4,000 years 
were carried out using the advanced *l')Pb method 
described by Erlenkeuser & Pederstad (1984), 
Erlenkeuser (1985), and Hass (1996). The results of 
the age dating procedure are thoroughly described 
by Hass (1996). Fig. 3a and 3b depict simplified 
age/depth relations for the cores studied. They 
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Figure 3a. Simplified age/depth relation for the long 
easterly (15535-1, I KAL) and the westerly (11, 111 KAL) 
cores. For more details see Hass (in press). Shaded area 
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marks dating limit. Note strong differences in general 
sediment accumulation between easterly and westerly 
cores. (2~0Pb-meas~~rements: C14 Laboratory, Kiel). 
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Figure 3b. Simplified age/depth relation for the long 
easterly (15535-1, I KAL) and the westerly (IT, I11 KAL) 
cores. For more details see Hass (in press). Shaded area 
marks dating limit. Note strong differences in general 
sediment accumulation between easterly and westerly 
cores. (210Pb-measurements: C14 Laboratory, Kiel). 

, I , , I I I  I I I I  
M I  11111 IIMII UKl 0 .VII .I1111 -1UKl -3111 .2(111 . U I I I  .I011 dl111 

show the remarkable difference in sediment accu- 
mulation between the easterly (high) and the TAXONOMY 
westerly (low) stations. For this study ca. 50 taxa of more than 130 taxa 

Table 2. The most important foraminifer species, including references used for identification 
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Qvale & van Weering (1983) identified in samples 
from all over the Skagerrak were identified. The 
following list comprises the most important spe- 
cies, including references used for identification. 

Specimens of Stainforthin filsifovinis were often 
found to be sticking together in chains and clusters 
of different number and size glued by organic 
material. It was often impossible to separate them, 
thus counts of Stniizfortkla filsiforiilis may be partly 
incorrect or incomplete. 

According to previous studies (e.g. Nagy & 
Qvale, 1985; Van Weering 1982; Lange, 1956; Alve 
& Nagy, 1990; Jerrgensen et al., 1981) many taxa are 
not relevant for paleoclimatic investigations. 
Furthermore, low percentage values of single rare 
taxa (close to 0, or even 0 in various samples) are 
likely to distort the results of the factor analysis. It 
was, therefore, attempted to group some of the taxa 
in order to prepare suitable data matrices. 
Although they mostly do, the taxa within these 
groups do not necessarily have ecologic or taxo- 
nomic connection. The following groups were 
formed: 

The Islnndielln lrclcnne - Cnssidnlinn spp. croup 
This cassidulinid-group is composed of Cnssidtllina 
laevigntn, which dominates the group with an ave- 
rage percentage of 98%. Islaizdiella helenne 
(=Cnssidzllinn teretis before 1976), C. cvassn, and C. 
renifor~ile are present in insignificant numbers, 
thus, they were combined into the Islnndiella helenae 
- Cassidtllinn spp. group. Studies of Nagy & Qvale 
(1985), Van Weering (1982), and others suggest that 
within the time period studied in this paper the 
Arctic species Islandielln helenae, C. cvnssn, and C. 
venifoane are very rare to absent in sediments of the 
Skagerrak. 

The Elokiditlin spv. Proup 
The Elphiditlnr spp. group is dominated by 
Elpkidillm excavn turn. Other Elphidi~lm species occur 
sporadically, but do not represent a significant por- 
tion of this group. 

The planktic foraminifer group 
Due to their very small numbers, planktic forami- 
nifera were not further determined. 

The agglutinated foraminifer group 
Agglutinated foraminifera were only poorly pre- 
served, thus, the remains were partly in- 
determinable (see also Hass, this vollltne). 

The Lagenn s~p.-Fissl~vina svv.-Pavafissuvinn spv. , 
group 
This group was actually composed of 3 groups 
(Lngenn spp., Fissuriizn spp., and Pnrnfisstlrina spp.) 

which all showed very low percentages. The spe- 
cies were not further determined. 

The Eiloct~linn-O~~iny~eloct~li~~n group 
Only in very few samples of the entire data set 
Tviloctllinn spp. and Qtrinqtleloctlliizn spp. together 
made up slightly more than 2%. Since both genera 
mostly occurred together, the Triloctrliirn- 
Quinqueloctr linn group was established. 

RESULTS 
Bentluc foraminifera form the major part of benthic 
life in the Skagerrak. Only the most important for- 
aminiferal taxa will be discussed here. These make 
up between 100% (maximum) and 94% (minimum) 
of the total benthic foraminifer fauna. In the 
following the characterizing species or group is 
underlined. 

After convention the statistical level of confi- 
dence for correlation analyses is at 0.5 (correlation 
coefficient) (Backhaus et nl. 1990). In order to obtain 
a clearer overview this value was raised by 0.2, 
thus the following figures (4 and 5) only show fac- 
tor loadings >0.7. The results of the 0-factor analy- 
sis are compared to the results of the I-factor ana- 
lyses vs. core depth for each of the cores. 

Overall factor analysis (run A) 
Six factors were calculated which together account 
for 96% of the total variance (Figs. 4 and 5). Nine 
taxa clearly show increased factor values and 
determine the factors that can here be regarded as 
foraminifera1 assemblages. As they are not 
,,Assemblage Zones" according to the biostratigra- 
phic definition, they are herein called 
,,Foraminifera1 Factor Units" following Alve 
(1991). 

0-factor 1 (38% of total variance) is characterized 
by the Cnssidnlina svv. group (in the following as C. 
laevignta) alone. This 0-factor reveals high loadings 
at the westerly stations (dominating I1 KAL and the 
surface of I1 GKG; clear-cut sections within 111 
KAL). Within Core I KAL 0-factor 1 only explains 
a small amount of the samples whereas it is 
meaningless for Core 15535-1. 
a 0-factor 2 (23% of total variance) is characterized 
by H. bnlthicn, and further by B. mnl;gii~atn and M. 
bavleecrnzls., and to a lesser extend by l? blllloides. 0- 
factor 2 shows clear-cut zones within cores from 
greater water depth (15535-1,111 KAL). This factor 
is of significance for none of the shallower cores 
(with one exception all factor loadings remain 
<0.6). 

0-factor 3 (15% of total variance) is clearly cha- 
racterized by G. tuvaidn. Subordinate species are M. 
bavleearztls and the agglutinated foraminifera 
group. 0-factor 3 is significant for a few samples of 
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1 GKG I11 I11 KAL 

"Overall Factor" ( 0 rn r,n h\f 

C C~(,rigor[l t I  hi l lhi~ir  R. ~krip?i,akoi,,\ 

0-factors 5 (7% of total variance) 
and 6 (1 'YO of total variance) are not 
significant for any of the cores. They 
do, however, substantiate the 4-fac- 
tor model used for run (B). 

Individual factor analyses (run B) 
Core 15535-1 (referred t o  as: I-factor 
151#, Fig. 5)  
Factors calculated for Core 15535-1 

1 I I account for 94"L) of the total vari- 

GKG 11 I1 KAL 

E 0.2 
0. 1 

010211 11 100 ?01l 300 400 

"Overall Factor" I + 2 t 
C bwlieu1,i H. hirlihiiii 

ance. 
I-factor 1511 (45'/0 of total vari- 

ance) is characterized by C. lacvigatn 
and H. baltlzica. It is significant bet- 
ween 800 and 244 cin core depth. 

I-factou 1512 (24% of total vari- 
ance) is characterized by M. bariec.17- 

and H.  bllltlzica. This factor only 
shows a clear-cut zone around 200 
cm core depth. There are few single 
samples with increased I-factor 
15/2 loadings throughout the core. 

I-factor 1513 (11'%) of total vari- 
ance) contains G, t t lrpi~la and the 
agglutinated foraminifera group. 
This factor shows dominance only 
around 100 cm core depth. H. 
balthica reveals slight anti-correla- 
tion. 

I-factor 1514 (15% of total vari- 
ance) corresponds to 0-factor 4 (&. 
sk~lyerrakensis) .  It shows high factor 
loadings around 600 and <I00 crn 
core depth. 

"Individual Factor" ( 11/1 ( 1112 1114 

C. loe!~;y ! r , !  H. / x~ l i l , i <~ ,  M borlc~r~l irr-C.  Lei.i:.<rr, 

Core I ZL4.L (referred t o  as: I-fflctol. 
I/#, Fig. 5)  
Factors calculated for Core 1 KAL 

Figure 4. Diagram of relevant factors of the westerly cores GKG 111, 111 account for 98y0 of the total vari- 
KAL, GKC 11, and I1 KAL ("overall" and "individual" factor analysis). The ance. Unless otherwise stated, the 
characterizing species for each factor is indicated. For a clearer overview 
only significant Varimax factor loadings >0.7 vs. core depth are depicted. factors cannot be assigned to 

Due to technical reasons Varimax factor loadings of I-factors III/2 and distinct 'Ones Or sections within 

II1/3 have been multiplied by -1 (see text). core because factor loadings show 
strong fluctuations from sample to 
sample. 

the easterly cores (I KAL, 15535-1) as well as for the I-factor I11 (37"A) of total variance) corresponds to 
surface sample of I GKG. It is meaningless for the 0-factor 1 (C. Iaev i~a ta ) .  
westerly cores (I1 KAL, I11 KAL). I-factor I12 (24% of total variance) is character- 

ized by M. barlemnlrs, R. zoilliamsoni, C, lobahllz~s,  
0-factor 4 explains only 11'Yo of the total vari- and Elphidi t~m.  

ance, however, it reveals clear-cut zones especially I-factor 113 (270A1 of total variance) is solely cl~a- 
within the cores from greater water depth (111 KAL, racterized by G.  tliraida. 
15535-1). It is solely characterized by R. skawrra-  I-factor I14 (8% of total variance) contains R. sku- 
&. 0-factor 4 is meaningless for Core I1 KAL gerrakelzsis and as secondary species H. baltlrica. 
but it determines the dominant species in Cores This factor shows high loadings within the upper 
GKG I11 and V. 40 cm of the core. 
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Core I1 KAL (referred to  as: I-fac- 
tor Ill#, Fig. 4)  
Factors calculated for Core I1 KAL 
account for 96% of the total vari- 
ance. 

I-factor 1111 (46% of total vari- 
ance) is characterized by C. lneui- 
@ and reveals slight anti-corre- 
lation to M. bnrleen171ls. It is signi- 
ficant between 400 and 60 cm core 
depth. 

I-factor 1112 (29% of total vari- 
ance) is characterized by 
bnltlzica, U. peregri,ia, and B. inargi- 
~zatn. It shows increased factor 
loadings from the bottom of the 
core up to ca. 480 cm core depth. 

I-factor I113 explains less than 
1% of the total variance and is 
thus meaningless. 

I-factor I114 (22% of total vari- 
ance) contains M. bnr.lccnn~rs, and 
C. laeuigntn as characterizing spe- 
cies; H. bnlfllicn is weakly anti- 
correlated. This factor is domi- 
nant from 40 cm core depth to the 
core top. 

I GKG V 15535-1 I 

GKG I I KAI, 
I- 

"O\cl.alI Facial." 0 I 
Core 111 KAL (referred to as: I-fac- c I , ~ ~ , ~ ~ ~ ~ ~ ~  (I o r r o i i r !  n ~ h ~ , ~ ~ ~ ~ , , h ' ~ ~ , ~  

tor III/#, Fig. 4 j 
Factors calculated for Core I11 
KAL explain 97% of the total vari- 
ance. 

I-factor III/l (37% of total vari- 
ance) is dominated by B. marpi- 
nntn, M .  lmrlcearzlrs, and P. blilloi- 
des. This factor charactrizes the 
section between 430 and 220 cm 
core depth. 

I-fncior 11112 (29% of total vari- 
ance) shows high negative factor 
scores for C, laevipatn and low 
positive scores for B. skngerrakerz- 
sis. Since all factor loadings are 

Figure 5. Diagram of relevant factors of the easterly cores CKC I, I KAL, 
GKG V, and 15535-1 ("overall" and "individual" factor analysis). The cha- 
racterizing species for each factor is indicated. For a clearer overview only 
significant Varimax factor loadings >0.7 vs. core depth are depicted. 

- 
negative C. laeuigafa can be regar- 
ded as the dominant species whereas B. skngerra- 
kerzsis is weakly anti-correlated. This factor is signi- 
ficant from 190 to 100 cm and from 40 to 8 cm core 
depth. 

I-factor IIIl3 (17% of total variance) is dominated 
by H. bnltlzica, whereas M .  bnrleeanus is weakly anti- 
correlated (see I-factor III/2). This factor is 
significant from the core bottom to 440 cm core 
depth. 

I-factor I1114 (14% of total variance) corresponds 
to 0-factor 4 (B. skaperrakensis). It shows high loa- 
dings between 100 and 40 cm core depth and from 

8 cm to the core top. 
It appears that the sediment cores partly reveal 

quite different assemblages according to their lo- 
cation (I-factor analyses). Factor analysis of the ent- 
ire data set (0-factor analysis), however, is able to 
discover similarities between the different cores. 

Surface and near-surface samples of the GKGs 
reveal significantly increased amounts of aggluti- 
nated foraminifera. Quantitative down-core 
decreases of this group are explained by poor resis- 
tence of the tests (see also Moodley ct al., 1993). 
This is substantiated by down-core increasing 
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amouts of broken tests accompanied by a down- 
core decrease in the size of the fragments. Thus, the 
GKGs were not included in the I-factor analyses. 

BENTHIC FORAMINIFERA AS PALEO-ENVI- 
RONMENTAL INDICATORS 
The following sections will deal mainly with inter- 
pretations based on the factor analyses (Fig. 6,7) 
The significance of factor analyses or principal 
component analyses for micropaleontologic stu- 
dies have been demonstrated by Imbrie & Kipp 
(1971) and Klovan & Imbrie (1971) in general, rela- 
ted to Skagerrak bentluc foraminifera by e.g. Van 
Weering & Qvale (1983), Alve & Nagy (1990), 
Conradsen ct al. (1994) and Seidenkrantz (1992, 
1993). 

The oldest core sections 
Within the deepest sediment core, I11 KAL, that 
most probably includes the oldest deposits of this 
study, a factor characterized by H. balflzica (I-factor 
III/3, Fig. 4) characterizes the section from its base 
until 450 cm core depth (Fig. 8). Stable isotopes in 
this zone may suggest increased temperatures and 
probably decreased ventilation (see also Hass, 
1996). A similar H. Daltllica factor unit can be found 
at the base of Core I1 KAL (I-factor II/2, Fig. 4). 
These sections are not well resolved by the 0-factor 
analysis. Both factors include increased factor 
scores of low oxygen conditions tolerant species 
like B. ~ilor;\rirlota (Murray, 1991; Alve, 1990; Bandy 
ef a]., 1964, 1965; I-factor III/3, Fig. 4) and U. 
pcr~'griiin (Streeter & Shackleton, 1979; Schnitker, 
1979, 1980; I-factors III/3, II/2, Fig. 4), and are cha- 
racterized by If. Dalthica which is a boreallusitanian 
species which may suggest an amelioration of the 
climate (Nagy &   vile, 1985). Both factors are 
interpreted here as indicators for increased tempe- 
ratures and stagnant oxygen conditions. 

Van Weering & Qvale (1983) found a B. 111nrgi- 
izata-H, balfllica assemblage (,,factor 4") in Skager- 
rak sediments which appeared to have a relation to 
bottom currents. H. bolfliica was found to occur 
mostly at intermediate water depths. B. ~ialginata 
occurred most frequently in relatively shallow 
waters, whereas U. pcrCgrirln seemed to prefer grea- 
ter water depth, as it was found to replace deep- 
water assemblage of the inner Skagerrak, which 
was dominated by R. skn,yerrakei~sis (as B. cf. B. 
rob~~sta in Van Weering & Qvale, 1983) where the 
amount of oxygen in the water decreases along the 
Norwegian Trench to the West and the North. 
Thus, at least B. iiznlgii~ata and U. peregrina may 
stand for decreased oxygen content. 

Alve & Nagy (1990), working on cores from the 
Oslo Fjord, described a similar assemblage 
(Rtllii~iii~a i~iarginata-Verne~~iliiioides n~cdirr assem- 

blage) which is dominated by B. i~ln~illata (H. 
baltlzica ranking third); I~owever, in this area it cha- 
racterizes the transitional fjord water mass bet- 
ween 25 and 90111 water depth. The deep water 
mass in the Oslo Fjord is characterized by a B ,  skr7- 
gerrnkeizsis-Noizioiz barleearltls assemblage. 

Investigating Eemian sediments from the 
Anholt I11 deep borehole, Seidenkrantz (199%) 
explained the dominance and increasing amounts, 
respectively, of H. balfhica and B. iiiargirzafn as likely 
representing oxygen depletion. 

Nagy & Qvale (1985) who studied benthic fo- 
raminifera in Core 15530-4 from the western 
Skagerrak (Stabell & Thiede, 1985) also found a 
similar assemblage. After their interpretation the 
H. baltllica assemblage belongs to the Atlantic 
period, thus, basically indicating a climate amelio- 
ration. 

Thus, in agreement with results and inter- 
pretations of cited studies and taking into account 
the age determinations carried out for cores I1 and 
I11 KAL, the sections dominated by a H. Dalflzic.i7 
asse~nblage may at least represent the later part of 
the Atlantic climate optimum when calm and 
warm atmospheric conditions prevailed. 

Cass id t~ l ina  Iaevignta documents changes in 
water-mass circulation 

Changes in foraminifer assemblages above the 
previously described Fl. balflzicn factor unit within 
Cores I1 and I11 KAI, are likely to document drastic 
changes in ecologic conditions (Fig. 4). Oxygen iso- 
topes suggest slightly decreasing telnperatures 
(or/and a salinity increase) (Hass, 1996; sec also 
Figs. 8,9). Both cores show a very slight coarsening 
of the sediment which may be interpreted as a11 
increase in bottom current strength (Hass, 1993; scc 
also Figs. 8,9). Corresponding changes in the envi- 
ronment are mirrored by 0-factor 2 within Core I11 
KAL. Among the 3 species with high factor scores, 
H. Dnltliicn now is less significant, wheras I-factor 
III/1 points to B. iilargii7ata (Fig. 6) (which also is a 
component of the H. Dnlfhica assemblage in Core I1 
KAL) and M. barleeanus as the characterizing spe- 
cies. 0-factor 2 remains dominant within Core I11 
KAL until the age-dated section around 700 AD 
(ca. 190 cm core depth). 

In contrast, the changes that affected Core I1 
KAL from 400 cm (probably intensifying current 
strength and coarsening of the sediment; Hass, 
1996) lead to the establishment of an asselnblage 
clearly dominated by C. ln~71i~17tn: 0-factor 1 and I- 
factor II/1, respectively (Figs. 6,9). The assemblagc 
which characterizes 0-factor 1, thus, may indicate 
ecologic conditions under a slightly intensifying 
water-mass circulation. 

0-factor 1 (C. Lzcuig[ztn) replaces 0-factor 2 (R. 
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inargiizata) rapidly within Core I11 KAL around 700 
AD. During the Period between 600 and 700 AD all 
investigated parameters suggest a significant envi- 
ronmental change: sediments abruptly begin to 
coarsen, whereas the oxygen isotopes decrease to 
Medieval Warm Period minimum values (Hass, 
1996; see also Fig. 8). Core I1 KAL, which suggests 
similar changes, appears to be dominated by O-fac- 
tor 1 (C. laevignta showing high factor loadings) 
already from 400 cm core depth. This factor 
remains dominant until the 14th century AD. I-fac- 
tor II/4, however, shows that M. barleeanus beco- 
mes more important from 600-700 AD. At the onset 
of the Little Ice Age M. barleenrif~s starts to become 
significant at the cost of C. laevigata (I-factor II/4, 
Fig. 6). 

Apparently 0-factor 1 and the corresponding 
I-factors can be interpreted as a 'current-indicative' 
factor. The Cassidulinn laevigntn assemblage seems 
to have expanded down-slope from at least the 
shallow Core I1 KAL to the deeper Core I11 KAL. A 
slight increase in current strength appears to have 
led to a change from a H. balthica assemblage to a B. 
marginata dominated assemblage at Station I11 KAL 
(Fig. 8). Another hydrographic shift then caused 
the dominance of a C. laeuigata assemblage, repla- 
cing the H. bnlthicn-B. iilarginntn assemblage subse- 
quently around 600-700 AD. Individual percentage 
data show that a 'H. bnltllica-B. nzarginata-C. laevi- 
gatn' succession is also present in Core I1 KAL 
during the probable manifestation of the first 
increase in water-mass circulation in the Skagerrak 
(I1 KAL: core base until ca. 400 cm, Fig. 9). 
Although not mentioned, a similar succession can 
be seen in Nagy & Qvale (1985: Fig. 1). 

Seidenkrantz (1993) explains a recent/sub- 
recent change from H. balthica to B. innrginata as a 
result of increased organic carbon content and oxy- 
gen depletion due to anthropogenic polution. This 
cannot be the reason for the succession during the 
Atlantic/Subboreal, though. More likely it is 
steered by a gradual change of the environment 
and/or competition between species. It seems, 
however, after studies of Alve (1994), Conradsen et 
al. (1994), and others that a succession via C. laevi- 
gata to either a E. excavat~ri?l assemblage in case of a 
more or less natural intensification of the water- 
mass circulation, or to a S. filsiforr~zis assemblage in 
case of intensification of the circulation and a cer- 
tain level of oxygen depletion (most probably 
caused by anthropogenic pollution) is possible. 
Since neither a fall of the sea level nor a permanent 
change in salinity could have triggered the change, 
a slight intensification of the bottom currents must 
have led to the establishment of conditions favora- 
ble for foraminifera of the shallower areas to dwell 
in deeper areas of the Skagerrak. 

There seems to be no doubt that C. Iaez~igatn 
assemblages occur most frequently in turbulent or 
at least strongly current-influenced environments 
and on coarser grained substrate than is normally 
found in the deeper areas of the Skagerrak (see 
Conradsen et al., 1994). This assemblage is mostly 
situated in the transitional zone between two water 
masses, thus under unstable oceanographic condi- 
tions (see Nagy & Qvale, 1985; Van Weering & 
Qvale, 1983). Since a change of the environment 
seems to have taken place from the shallower into 
the deeper Skagerrak as well as from the West to 
the East (i.e. from the higher to the lower energy 
zone) in order to provide conditions suitable for a 
C. laevigata assemblage a general increase in bot- 
tom current strength can be inferred. As a further 
point Elphidirlnl spp. shows an increase in Core I1 
KAL and a very slight increase in Core 15535-1. 
Two cores studied by Jerrgensen et al. (1981) reveal 
a similar pattern (see Figs. 13 and 14 by J~rrgensen 
et al., 1981). 

It can thus be inferred that bottom current 
energy was increasing at least from the later part of 
the Atlantic until at least the Medieval Warm 
Period including a phase of rapid increase around 
600-700 AD. Foraminifera1 data suggest that the 
h g h  energy zone migrated down-slope most likely 
in a northwesterly direction. Hass (1996) came to a 
similar interpretation while studying stable isoto- 
pes and granulometry of the same cores used in the 
present study. 

The easterly cores: alternating ecologic conditi- 
ons? 
Withn sediment Core 15535-1 H. Dalthica and C.  lac- 
v i p t a  assemblages seem to be mixed (I-factor 15/1, 
Figs. 5,7). This is also suggested by fluctuating but 
generally high loadings of 0-factors 1 and 2 which 
may be caused by alternating ecologic conditions 
due to fluctuating current strength. During the last 
phase of the Little Ice Age, which has been inter- 
preted as a phase of strongly increased current 
speed (Hass, 1996; Hass & Kaminski, 1994; see also 
Fig. 11) all individual factors apper to have fluc- 
tuated. 

Core I KAL shows small scale fluctuations wit- 
hin the corresponding period just like Core 15535- 
1 (Figs. 5,7). This is also reflected by the I-factors. 
Thus, rapidly changing bottom current strengths 
are suggested, leading to likewise rapid changes in 
ecologic conditions. Results show, however, that 
especially C.  lnevignta and M .  barleeanlrs have 
increased in number during the phase of stronger 
current activity of FSD 2a (Fig. 10; see also Core II 
KAL, Fig. 9). 
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1300 AD until Present: B. skagerrakmsis ,,con- 
quers" the area 
Assemblages with high abitndances of C. Inevignta 
or with C. laevigflta as the dominant species (O-fac- 
tor 1: indicative for intensified current strength) 
occur mainly where higher current speed is sugge- 
sted (see Hass, 1996). High loadings of this factor 
are interrupted when Brizalinn skagerrnkensis (0- 
factor 4 )  appears in the sediments. B. skngerrnktlnsis 
is principally (in very small amounts) present 
throughout the cores from deeper water (15535-1, 
I11 KAL, Figs. 8 , l l ) .  However, it is not before 1300- 
1400 AD that this species increases dramatically up 
to 60%, but only to decrease again until the mid- 
19th century AD, when another acme occurs (Core 
15535-1, Figs. 7, 11). Until the end of the 19th cen- 
tury AD B. skngtlrrnkensis again decreases but only 
to dominate the benthic foraminifer fauna with 
more than 70% from the mid-20th century AD 
onwards (Fig. 11). 

Within Core 111 KAL (Fig. 8) B. shgerrakensis 
shows less variability, probably because of the 
lower temporal resolution. It does not exceed 50%; 
the first maximum appears ca. 100 years later than 
it occurs in Core 15535-1. Between 1700 and 1900 
AD B. skqerrakensis decreases down to 5%. From 
ca. 1900 AD the corresponding 0-factor increases 
again to lugh factor loadings and remains dorni- 
nant until the top of the core (Fig. 6). B. skngerra- 
kcnsis shows a strong increase in all examined cores 

at the beginning of the 20th century AD except in 
Core TI KAL, which is the shallowest core. 
However, even in this core the amount of B. skager- 
rnkerlsis increases threefold but it never exceeds 7%) 
(9% in GKG 11) (Fig. 9). All cores are characterized 
by a strong increase of B. skngerrnke~isis although it 
does not dominate the foraminifer fauna in the 
shallow cores. 

The sudden first increase of B. skngerrnkensis 
can be related to the first increase in current 
strength during the initial phase of the Little Ice 
Age (FSD 2c). At least Core 15535-1 suggests the 
second B. skngerrnkensis increase is related to the 
last phase of the Little Ice Age (FSD 2a, Fig. 7). Both 
phases were characterized as being strongly influ- 
enced by the atmospheric forced intensification of 
the Skagerrak circulation system. The younger 
maxima, including the successive 'conquest' can- 
not easily be explained. There may be a relation to 
increasing anthropogenic pollution of the North 
Sea since the advent of industrialization. Aside 
from possible reasons such as changing hydro- 
graphic conditions or the quality of the TOC, it 
seems that the trend to increase has not yet finis- 
hed. 

WHAT CONTROLS THE DYNAMICS OF FOR- 
AMINIFER ASSEMBLAGES IN THE SKAGER- 
RAK? 
Due to the strong variability of ecologic conditions, 

Figure 8. Selected benthic foraminifer species (GI = Glohoblrli~ninn t~r,~ir ln).  61x0, FI'C, and indicativc grain-sizc class (sce Hass 
Kaminski. 1994) from Cores 15535-1 and GKG V. The uppermost part of the figure refers to the surfacc sa~nplcs (hoxcorcr 

GKG V). the lower part refers to the long core (15535-1). (61x0 and 617C measurements: C14 Laboratory. Kicl). 
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Figure 9. Selcctcd benthic foraminiftr species 1Gt = Glol~ohirli,,iin~r rarpkb). 6180. SI'C. and indicative grain-sizc class lsee Hasr 
& Kaminski. 1994) from Cores II KALand GKG II. Norc dificrent vertical scalcs (..yeerr ADIBC" where aec delcr11iin:rtioli h;lvc 
heen carricd oul and ..cm" wlicre no age determinations were ;tvailnhlc). The uppcnnoa part of the figure refers to thc surfacc si l l l l -  
ples (hnxcorer CKG 11). thc lower pan rethrs to the long core 111 KAL). tS"0 and 61'C mcnsuremcnts: C14 Laboratory. Kiel). 

Figure 10. Selected henlhic foraminifer species 1Mh = Mebnb bor.leeunrrr). 6'80. WC. and indicative grain-sire cl;~ss lsec H a r  
& Knminski. 1994) from Corcs I K A L  and GKG I. The upperniost par1 of  the f i g r e  refers lo the surhce samplcs (hoxcorer GKG 
I), the lower part refers lo the long cure ( I  KAL). (StKO .and 6°C measurements: C14 Lnhoratory. Kiel). 
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Figure 11. Selected benthic foraminifer species (Mb = Melortis b~trlce~rnrrs). 6W0. 61T, and indicative grain-size class (see Hass 
gL Kaminski. 1994) from Cores I KAL and GKG I. The uppermost part of the figure refers to the surface samples (boxcorer GKG 
I). the lower part refers to the long core ( I  KAL). (61% and 61'C measurements: C14 Laboratory. Kiel). 

results of investigations on the continental slope 
and in the deep sea cannot directly be related to 
shallow-water foraminifer assemblages (Corliss & 
Van Weering, 1993; see also Qvale et a/., 1984). 
Shallow-water environments often provide 
extreme habitats which are not comparable to the 
deep sea. Direct interpretation from assemblages to 
the prevailing ecologic conditions are therefore dif- 
ficult or impossible in shallower, current controlled 
environments. Corliss & Van Weering (1993) consi- 
der the differences in the habitats of benthic fora- 
minifera from the Skagerrak and the continental 
slope off Nova Scotia (Corliss & Emerson, 1990) to 
be related to the effect of water depths and to 
micro-habitats affected by different grades of bio- 
turbation. 

Dynamics of the bottom currents 
The dependency of foraminifer assemblages on 
oceanograplc parameters within the Skagerrak 
has been outlined by e.g. Conradsen ef al. (1994), 
and Van Weering & Qvale (1993). Such a depen- 
dency can be substantiated by the results of the 
present study. It can be concluded that despite the 
spacial proximity of the core locations there is a 
significant heterogeneity in the foraminifer assem- 
blages, which can be attributed to the dynamics of 
thebottom current circulation. 

It could be shown that a persistant intensifica- 

tion of the bottom currents lead to the establish- 
ment of a C. laevignfn dominated assemblage repla- 
cing a H. bnlthicn assemblage in the lower part of 
Core I1 KAL. Probably synchronously, M. bnrlecn- 
nrrs established itself at the deeper location of Core 
I11 KAL. A similar zone was not outlined but is evi- 
dent from the data of Nagy & Qvale (1985: Fig. l ,  p. 
108). Investigations of ,,Core 2" (Jrargensen ef nl., 
1981), and P78-4 (Van Weering, 1982) suggest simi- 
larities as well. 

Present day observations of surface assem- 
blages of the Skagerrak (e.g. Cornadsen et nl., 1994; 
Van Weering & Qvale, 1983) cannot easily be rela- 
ted to fossil assemblages, as the huge abundance of 
B. skngerrnkensis during the past 500-1,000 years 
strongly affects the percentage distribution. 
However, at least ,,Factor 3" (Van Weering & 
Qvale, 1983), which identifies a C. lnevigofn assemb- 
lage, shows a strong maximum on the southern 
flank of the Skagerrak, an area which is basically 
characterized by a coarser substrate. In zones 
where slower currents lead to a finer grained sub- 
strate, assemblages such as ,,Factor 4" (B. iimyi- 
nntn-H. bnlthicn nssenrblnge) are dominant (Van 
Weering & Qvale, 1983). The interpretation of the 
C. laevignta assemblage as 'current indicative' as 
well as its expansion down slope, thereby repla- 
cing firstly H. balftlicn and later on (600-700 AD) 
also B. nlnrginntn assemblages in the course of 
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intensifying currents, can thus be substantiated. 
Mackensen & Hald (1988) describe a weak pre- 

ference by C. iaezligfltn for sandy substrates in the 
North Sea. Further east, in the Skagerrak, 
Cornadsen et ni. (1994) found a C. inevignta assem- 
blage 011 sandy to fine grained substrate and under 
rather high current velocities (see also 
Seidenkrantz, 1992). It is not evident, however, 
whether C. laezlignta prefers a coarser substrate or 
the conditions which characterize shallower (i.e. 
100-400m) water depths, such as generally higher 
current velocities with higher standard deviations 
leading then to coarser substrate. A preference of 
H. baitlzicn for coarser substrate, as suggested by 
Pujos (1972, Golf de Gascogne), is not evident from 
the Skagerrak. However, a preference for certain 
sediment types is often secondary, as the prime 
cause for foraminifera living on a given substrate is 
the availability of food (Graf, 1989; Lutze ct nl., 
1983). The changes in foraminiferal assemblages 
within Core I11 KAL during the intensification of 
water-mass circulation, thus, are likely to mirror 
changes in the availability of food and probably 
changes in ventilation of the bottom water mass, 
which generally favor smaller foraminifer forms 
like C. lnevigntn (Perez-Cruz & Costillo, 1990). 

It appears that between ca. 600 and 700 AD a 
general displacement of the average situation of 
the current core by some 100 m down-slope the 
southern flank of the Skagerrak has taken place. 
Correspondingly, the biotopes including the asso- 
ciated foraminifer assemblages joined that down- 
slope movement. Slightly increasing amounts of E. 
rxcnvntrilr~ which forms the dominant species in the 
shallow-water assemblage (Van Weering & Qvale, 
1983) in Cores I1 and I11 KAL (see also J~rgensen et 
nl., 1981) suggest that the shallow water assem- 
blages may also have slightly expanded down- 
slope. 

Brizalilza skagewakensis: indicator for stable con- 
ditions? 
0-factor 4 (characterized by B. skngerrakensis) 
which loads high in all of the surface samples of 
the four analyzed cores, except for the shallow 
water Core I1 KAL (B. skngerrnkensis is also increa- 
sing in this core, however, remains at low percen- 
tage), is similar to ,,Factor 1" (Van Weering & 
Qvale, 1983) and an assemblage described by 
Conradsen et 01. (1994) (see also Nagy & Qvale, 
1985; Qvale & Van Weering, 1985; Van Weering, 
1982a; J~rgensen et nl., 1981; Lange, 1956). The 
main area of distribution of B. skngerrnkensis is 
below 200 m water depth. The immigration of B. 
skn'qerrnkcrzsis is thought to have taken place bet- 
ween 2000 BP (Lange, 1956) and 1000 BP 
(J~rgensen et nl., 1981). Results of the present work, 

however, suggest that this species occurred already 
much earlier in very small amounts. Despite this, a 
pronounced maximum was established not earlier 
than at the beginning of the Little Ice Age. The esta- 
blishment of this maximum takes place during the 
start of a period of generally unstable conditions. 
The circulation energy was already increased 
through a ,,hydrographic jump" around 600-700 
AD. Superimposed on this, a further atmospl~eri- 
cally forced increase in current speed during the 
Little Ice Age may have finally produced conditi- 
ons that were favorable for B. skngerrnker~sis to 
invade the southern flank of the Skagerrak. Thus, 
the established consensus that B. skngerrnkrnsrs 
indicated stable hydrographic conditions or at least 
a stable bottom water mass in the Skagerrak 
(Conradsen et al., 1994; Nagy & Qvale, 1985; Qvale 
& Van Weering, 1985; Van Weering, 1985) cannot be 
confirmed by all means. The steady occupation 
even of the shallower areas of the Skagerrak (Core 
I1 KAL, 245 m), that are rather prone to stronger 
hydrodynamic variability appears to be contradic- 
tive to this view. The occurrence of B. skn~errnke~zsz~  
under stable conditions in the Oslo Fjord (Alve & 
Nagy, 1990; Thiede et al., 1981; Risdal, 1964) may 
thus not be primarily caused by stable hydrodyna- 
mic conditions. The present study, however, is not 
able to elucidate the causes that have supported 
the extreme fluctuations of B. skngerraker~sis during 
the past ca. 500 years (varying between 1 and 70'%,). 

Most likely there is a relation between the 
latest increase of B. skngerrnkerzsis and anthropoge- 
nic pollution since the advent of the industrialized 
era. Earlier spikes may be favored by current speed 
fluctuations, thus a preference of B. skng~rrnkcrzsrs 
for unstable conditions. Althoug11 a relation bet- 
ween the Little Ice Age climate deterioration and 
the distribution of B. ska~errnkensis seems to exist, 
there is - as for the entire benthic foraminifer fauna 
of the Skagerrak - no striking evidence for a cli- 
matic response during the latest part ot the 
Holocene. 

CONCLUSIONS: FORAMINIFER ASSEMBLA- 
GES IN THE SKAGERRAK AND CLIMATE 
FLUCTUATIONS 
The investigations suggest that fluctuations in 
benthic foraminiferal assemblages are principally 
caused by long-term energy changes in the water 
mass circulation system. These changes, however, 
appear to be only indirectly caused by climate 
change. Pronounced climate fluctuations, such as 
the Medieval Warm Period or the Little Ice Age, 
affected the system only periodically through 
atmospherically forced alterations of the water 
mass circulation strength, whereas the general cir- 
culation regime (refering e.g. to the energy increase 

15 - P6homy Atlantyk 
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around AD 700) is more probably depending on 
large scale oceanographic processes elsewhere. 

The primary effect of e.g. the Medieval Warm 
Period (i.e. warming) is obviously not reflected by 
the benthic foraminifer fauna as there seems to be 
no obvious correlation between the stable oxygen 
isotopes (as a major indicator for temperatures) 
and the benthic foraminifer assemblages. It was the 
rapid hydrographic change to a higher energy level 
producing conditions similar to those of earlier 
cooler climate phases that finally supported C. Iae- 
r~igatn. Under normal conditions of a warm period 
one would have expected a H. baltllica assemblage 
to become donunant just like what possibly hap- 
pened during the Holocene Optimum. During the 
Little Ice Age, however, one would have expected 
the C. laevigatn assemblage to become even stron- 
ger as strong westerly winds increased the current 
energy above the level that was already present. 
Instead, 8. skaserrakerlsis invades the area, most 
likely supported by strong currents or the effects 
resulting therefrom. Decreased current energy 
during the Little Ice Age maximum may then have 
supported the C. lnevisata assemblage again whe- 
reas 8. skagcrrakerzsis nearly completely disappea- 
red. 8. skagerrakensis occurs again in very high 
amounts at the end of the Little Ice Age probably 
supported by a combination of increased currents 
and increasing pollution. Thus, it can be concluded 
that changes in the composition of foraminifer 
assemblages are directly related to the dynamics of 
the Skagerrak circulation system. 

Although the mentioned climate phases were 
the result of substantial changes in the atmospheric 
circulation (e.g. Lamb, 1979, 1969), that resulted in 
significant fluctuations of the climate aspects, they 
did not lead to significant changes in the benthic 
foraminifer fauna other than as a reaction to the 
displacement of the average position of the current 
core over the southern flank of the Skagerrak. 
Thus, strong fluctuations in the amount of 8. ska- 
cqerrnkensis are most likely caused by fluctuations of 
the Jutland Current and its bottom current counter- 
part, respectively. Part of the dynamics within the 
foraminiferal assemblages from the beginning of 
the Little Ice Age is probably linked to ,,competi- 
tion" between 8. skagerrakensis and C. laevigata 
dominated assemblages (see also Van Weering & 
Qvale, 1983), suggesting limiting ecologic conditi- 
ons for either of them. There is, however, some evi- 
dence that current energy fluctuations also lead to 
fluctuations in the availability and quality of food 
which is one of the major aspects influencing 
benthic foraminifer assemblages (Altenbach, 1992). 
Not enough is known, though, about the food and 
nutrient preferences of the individual species 
ii~volved. 

The strong increase of B. skngermkensis froin the 
beginning of the 20th century AD may be suppor- 
ted by anthropogenic pollution of the North Sea 
since the advent of modern industry in the area. 
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ABSTRACT 
Agglutinated foraminifers from 4 box cores spanning the past ca. 140 years (maximum) taken 
from the southern flank of the Skagerrak (NE North Sea) were studied. Fourtyseven species 
were identified, among them ~ i e 6 ~ s e l l n  goesi, Eggerelloides spp., Rlrnl~dn~nminn discreta, and 
Hnplophvnginoides bmdyi are the most common. The two more westerly locations reveal signifi- 
cantly higher amounts of agglutinated foraminifers, which may be caused by a better supply 
of suitable food provided by east headed bottom currents. Extremely high sedimentation rates 
and a higher degree of pollution suggest environmental stress that may be one reason for 
lower amounts of agglutinated foraminifers at the two more easterly stations close to the 
Skagerrak deep. Increasing numbers of specimens within the present century suggests a com- 
bination of instability of the tests and ecological controls. 

INTRODUCTION 
,,Agglutinated foraminifera belong to the most 
widely distributed and abundant groups of marine 
meiofaunna iiz some environil~ents (e.g. salt marshes, 
deep sea)." That is how the editors of the special 
publication on paleoecology, biostratigraphy 
paleoceanography and taxonomy of agglutinated 
foraminifera (Hemleben et nl., 1990) start the pre- 
face of their book. Indeed, the restriction (here in 
italics, above) to only some environments promo- 
ted this foraminifer group as an unpopular one. 
Recent efforts, however, namely through the IWAF 
(International Workshop on Agglutinated Foram- 
inifera) meetings and proceedings, however, suc- 
ceeded in establishing a forum, that exclusively 
deals with agglutinated foraminifers. 

Numerous investigations of benthic foramini- 
fers from the Skagerrak have been carried out 
through the past 50 years (e.g. Knudsen et nl., 1996 
a, b; Alve & Murray, 1995, Conradsen et nl., 1994; 
Seidenkrantz, 1993; Alve & Nagy, 1986; Nagy & 
Qvale, 1985; Van Weering & Qvale, 1983; Jrargensen 
et nl., 1981; Hoglund, 1947; see also Hass, this 7701- 
t~ ine) ,  however, mostly, the agglutinated foramini- 
fers have not enjoyed a great deal of attention as 
sometimes the poor resistability of their tests 
results in disintegration in a short time period in 
some environments. This study exclusively investi- 

gates the agglutinated foraminifer fauna of four 
box cores from the Skagerrak with regard to the 
physical environment, and with regard to the 
apparent strong increase of agglutinated foramini- 
fers during the present century. 

OCEANOGRAPHY AND SEDIMENTS 
The Skagerrak forms the deepest part of the 
Norwegian Trough that stretches in a northerly 
direction along the Norwegian coastline. It coi~sists 
of a number of different sedimentary environ- 
ments, characterized by current-energy related 
grain-size distributions and assemblage zones of 
calcareous benthic foraminifers (see references 
above). 

Generally, the water mass circulation is coun- 
terclockwise (Svansson, 1975) (Fig.1). T11e southern 
flank of the Skagerrak is affected by the Jutland 
Current that transports North Sea water masses 
into the Skagerrak. According to the dominant 
wind conditions the Jutland Current largely varies 
in flow energy (Hass, 1996; Fonselius, 1989; Rodhe, 
1987; Davies, 1980). Bottom current speed mav 
vary between 0 and 15-20 cm/s on average (Rodhe, 
1987). In the inner Skagerrak water masses turn 
around and eventually leave the Skagerrak as the 
Norwegian Coastal Current. A deep counter cur- 
rent to the Norwegian Coastal Current injects sa- 

In: Hass, H.C. & Karninski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. Grzybozuski Foundation Special Pt~blication, no. 5, pp. 217-226 
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Figure 1. Bathyrnetry (continents in black, water depths in shades of gray), gene- 
ral surface circulation pattern (after Svansson, 1975) and core locations (GKG I, 11, 
111, V). SIC = South Jutland Current; h'JC = North Jutland Current; NCC = 
Norwegian Coastal Current (after Nordberg, 1989). 

Table 1. Background 
line Atlantic water into the Skagerrak deep (Dahl, this study. 
1978). 

At the depths that are of interest for this study, 
seasonal influences are minor (Corliss & Van 
Weering, 1993). Temperatures may vary between 4 
and 7°C (Larsson & Rodhe, 1979; Fonselius, 1989), 
but remain usually around 6'C. Salinities show 
little variation around 35 PSU (Lee, 1980). TOC 
values range between 1.3 and 3% (Hass, 1994); oxy- 
gen saturation is good throughout (Svansson, 
1975). The sediments suggest a series of environ- 
ments characterized by different current strengths. 
Sediments range from silty clay with about 57 
weight% of clay at the deepest location (GKG III, GKG = L ~ ~ ~ ~ B ~ ~ c ~ ~ ~  

(PI) = RV "Planet" 

450 m) to to silty sand with 
about 26 weight% of sand at 
the shallowest location 
(GKG II, 245 m). Equally dif- 
ferent appear the sedimenta- 
tion rates, that vary between 
2 and 10 mm/yr (Hass, 
1994). 

The Skagerrak basin is 
affected by environmental 
pollution that began with 
the onset of modern indu- 
strialization during the last 
century. Especially heavy 
metals (Cr, Pb, Cu, Co, Mn) 
show a clear increase 
(Miiller & Irion, 1984; 
Erlenkeuser & Pederstad, 
1984). 

MATERIAL AND MEIHODS 
In November 1991 four box 
cores were taken from the 
southern flank of the 
Skagerrak during a cruise of 
RV ,,Planet" (GKG I, 11, III, 
V; see Tab. 1). In the follow- 
ing, Cores GKG I1 and I11 
will be addressed as the 
,,westerly cores", Cores 
GKG I and V are termed the 
,,easterly cores". 

Bulk density measure- 
ments (4cm intervals) were 
carried out using syringe 
samples that were taken 
aboard the research vessel 
during the cruise. The cores 
were subsampled using 50 
cm plastic liners which were 

information on the cores used for 

core 

(RVI - . , . - 
v l . h ~ ,  

(I'll 

V GKG 
(PI) 

V GKG 
(1'11 
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then sliced into 0.7 cm slabs every 4 cm 
(Core GKG I: 8 cm intervals). After free- 
ze-drying the samples were washed 
through a 63 pn standard sieve. Then 
the dried coarse fraction was further 
fractionated into the usual fractions 63- 
125 pm, 125-250 pn, 250-500 pm, and 
>SO0 pm using a sonic-sifter. 
Agglutinated foraminifers were picked 
and counted in 3 fractions: 125-250 pn, 
250-500 pn, and >500 pm. Where possi- 
ble, at least 300 specimens in each sam- 
ple were counted. If there were less than 
300 individuals, the entire sample was 
counted. Fragments of agglutinated fo- 
raminifers were counted whenever the 
fragment was unequivocally the larger 
part of an agglutinated test. Very small 
fragments were generally not counted. 
In the following quantitative data are 
always rounded to the nearest integer 
value. 

Age determinations were carried 
out by means of the excess 210Pb 
method (for sample preparation and 
chemical treatments see Erlenkeuser & 
Pederstad, 1984). All measurements 
were taken by and at the C14- 
Laboratory of the Institute for Pure and 
Applied Nuclear Physics, Kiel 
University. There are no age determina- 
tions for Core GKG V. It was assumed 

-- - - - * > -  - 
INDAR 

- Fnglnents 

Aggl. Foralnln~ter~ Fng~i i r~ i [ '  
INDAR 

that sedimentation rates have not signi- Core Depth [cm] 
ficantly changed during the past 30-40 
years, thus sedimentation rates for the Figure 2. Agglutinated foraminifers per cm2 and per year (INDAR), 

upper part of a long core from the same agglutinated foraminifers per gram dry sediment (ind/g) and coun- 

location were applied, and age data cal- ted fragments versus 'Ore depth. 

culated (Core 15535-1: see Hass, 1996). 
Individual accumulation rates 

(INDAR) were calculated by multiplying dry bulk Westerly Core GKG I11 shows about 41 individuals 
density data, linear sedimentation rate, and quan- per gram dry sediment (Ind/g), whereas Core 
titative foraminifer data according to Ehrmann & GKG I1 shows up to 45 Ind/g. Easterly Core GKG 
Thiede (1985) and Struck (1992; see also Nees, this V reveals about 12.5 Ind/g; Core I GKG shows 
volume; Hass, this vollrnte). even less (7.5 Ind/g). 

Various further analyses (stable isotopes, calca- INDAR (,,individuals per square centimeter 
reous foraminifers, CaC03, TOC) were carried out and per year" in the following as i n d . ~ m - ~ . ~ - ' ) ,  
using sediments from the same cores used for this however, show more balanced values. These are 
study (Hass, 1994, 1996, this volzrnze). likely to depend more on water depth (Fig. 2): 

GKG I1 (245 m) shows highest values at 6.8 ind  
~ m - ~ . ~ - ' ,  GKG I (320 m) records 8.4 i n d . ~ m - ~ . ~ - l ,  

RESULTS GKG V (427 m) shows 2.9 i n d . ~ m - ~ . ~ - l ,  and GKG 111 
Total abundance of agglutinated foraminifers (460 m) reaches only 2.1 i n d . ~ r n - ~ . ~ - l .  INDARs 
Highest abundances of agglutinated foraminifers strongly depend on the calculated linear sedimen- 
were found throughout the cores in the topmost tation rates (LSR, Fig. 3) which may be biased by 
samples. The westerly stations reveal between 3 different degrees of compaction, as the sediments 
and 5 times as many individuals within the top- dealt with in this study are very young. Because of 
most samples than the easterly stations (Fig. 2). different hydrographic regimes and likewise diffe- 
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Figure 3. Measured and calculated data from surface sample of the four cores: agglutinated foraminifers per gram d ~ y  
sediment (ind/g); agglutinated foraminifers per cm2 and year (INDAR); linear sedimentation rate (LSR); dry bulk den- 
sity (DBD). 

rent grain size distributions, the dry bulk density 
data is different in all four cores as well (Fig. 3). All 
of these variables may have a considerable influ- 
ence on the INDARs. Thus, in the following dis- 
cussion, the main emphasis will be placed on the 
parameter ,,Ind/g4' that appears to be less biased 
by the physical properties of the sediment (al- 
though strongly influenced by the sedimentation 
rate). 

All four cores show a marked downcore trend 
towards a decreasing abundance of agglutinated 
foraminifers. Figure 2 depicts INDAR and ,,Ind/gU 
values of the bulk agglutinated foraminifer fauna 
for the four box cores. Westerly Core GKG I1 carries 
the maximum number of agglutinated foraminifers 
of all cores with approximately 2.5 Ind/g within 
the lowermost sample (24 cm core depth). The 
remaining cores show values below 0.02 Ind/g. 
These trends are paralleled by INDAR values. 
Compared to the calcareous benthic foraminifer 
fauna (% agglutinated foraminifers of the bulk 
benthic foraminifer fauna), percentages are hetero- 

genous: Core GKG TI1 starts at about 34% and 
decreases downcore to 0.008%; Core GKG I1 starts 
at 3.2% and finishes with 0.2% at the bottom of the 
core. The easterly cores show more similarities: 
Core GKG V starts at 11% and decreases to 0.16% 
whereas GKG I decreases from approximately 7% 
down to 5.8%. Only in Core GKG I the calcareous 
foraminifers reveal a similar downcore decreasing 
trend. 

Species distributions: the surface samples 
Fourty-seven agglutinated foraminifer species 
were identified (see Appendix 1). About 15 species 
accounted for more than 5% or totalled to more 
than 0.2 Ind/g (> 0.5 Ind/g in Core GKG 11). Only 
5 agglutinated species appeared to be characteristic 
for the cores investigated. 

Since there is a rapid decrease in the number of 
individuals downcore, species distributions 
expressed in percent are likely to loose competence 
from the top to the bottom of the cores (see Fig. 4: 
bulk agglutinated foraminifer data is included). 



Recent and subrecent agglutinated foraminifers from the Skagerrak 221 

IS1 hulk aggl. foraminifers [ind/IWgl IS1 hulk aggl. fonminifers [indli(lO~] 
100 lm 100 IW(X1 

75 IMX) 75 IWO 

50 100 so 100 

25 10 25 10 

0 I 0  I 

I! 10 '8 i 30 40 [cm] i  ! ? < I  ,311 40 icnil 

1%) bulk aggl. foraminifen [ind/100g] [%I bulk ngl. roraminili.n [indli Wgl 
I W  , , 1m IW , , I r n  

i! I l l  2 0  io [cml il 10 2 0  30 40 [cm] 

Rhnbdnm~riinn discreto Hnp1ol)hrrrgrnoirlEs brndyi 
--o-- bulk aggl. foraminifers 
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Figure 4. The most important species (in %) versus core depth, and the total amount of agglutinated foraniinifers 
(ind/IOOg). 

Thus, in this chapter main emphasis will be placed 
on the surface samples. 

The characteristic, and thus most abundant 
species are L. goes;, Eggerelloid~s spp., H. brad!/;, and 
R. discretn (Fig. 4). Core GKG I, the shallower of the 
easterly cores, reveals an assemblage that is strong- 
ly dominated by L. goes; accounting for 83% of the 
agglutinated foraminifer fauna (>0.6 Ind/g). In the 
deeper easterly core (GKG V) Eggerelloides spp. 
(44%. 5.50 Ind/g) and L. goes; (30%. 3.8 Ind/g) 
dominate the fauna. In the westerly coresL. goes; is 
of less importance. The shallower core GKG U 
shows only 13% (5.6 Ind/g) L. goesi, whereas 
Eggerelloides spp. amounts to 32% (14.4 Ind/g). R. 
discretn shows 20% (8.8 Ind/g). In the deeper 
westerly core GKG III, L. goesi remains below 1%. 
In this core the dominant species are Eggerelloides 
spp. (53% 21.4 Ind/g), H. Dradyi (20% 7.9 Ind/g), 
and R. discrefn (10%. 4.0 Ind/g). 

Downcore changes in species distribution 
Downcore changes in agglutinated foraminifer 
species are expressed in terms of quantity rather 
than in terms of percentages as the number of indi- 
viduals rapidly decreases to values beyond a rea- 
sonable interpretation of percentages (see previous 
sections). Figure 4 shows the percentage distribu- 
tion of the agglutinated foraminifers in comparison 
with the bulk number of agglutinated foraminifers 
as the strong decrease in quantity makes a quanti- 

tative graph unreadable. 
Easterly Core GKG V shows no significant 

change in the characteristic species core depth. 
Although L. goesi decreases to zero within the 
upper 8 cm of the core, no other species takes its 
place in a significant quantity. The decrease of 
Eggerelloides spp. parallels the decrease of the entire 
agglutinated foraminifera1 assemblage, thus, it is 
present from the top to the bottom of the core. The 
shallower easterly Core GKG I reveals a decrease 
of L. goes; parallel to the decrease of the entire 
benthic foraminifer assemblage (including the 
agglutinated foraminifers); Eggerelloides spy. 
shows strong changes, but is present throughout 
the core. 

The shallower westerly Core GKG I1 shows 
relatively high numbers of Eggerelloides spp. 
throughout the core, whereas R. discretn seems to 
be present in significant numbers only in the top- 
most sample and to a lesser extent at  16 cm core 
depth where the entire agglutinated foraminfer 
assemblage shows a short-term increase. Lieb~rselln 
goesi steadily decreases in number from top to bot- 
tom of the core, also showing a slight increase at 16 
cm core depth. The deeper westerly Core GKG III 
reveals the most significant decrease in the number 
of agglutinated foraminifers of the four cores ana- 
lyzed. It drops from more than 40 to less than 0.2 
Ind/g within the upper 12 cm. There is a very 
slight increase at 16 cm core depth mirroring Core 
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GKG 11. Eggcrelloides spp. parallels the decreasing 
trend of the entire agglutinated foraminifer fauna. 
Hnylopllra~n~oidcs bmdyi  drops from 7.9 Ind/g to 5 
within tlie upper 8 cin of the core. Rlinbda~~ri~rir~a 
discretn is is only present at 0.06 Ind/g at 4 cm and 
disappears at 8 cm core depth. 

ENVIRONMENTAL PROPERTIES 
What controls quantitative differences between 
easterly and westerly stations? 
According to the abundance data, the westerly sta- 
tions show more than 300% more individuals of 
agglutinated foraminifera than the easterly sta- 
tions. Both areas are also characterized by strongly 
different sedimentation rates (Fig. 3). According to 
the INDAR, both shallower cores yield more than 
100% higher values than the two deeper cores. 

Thus, most likely the differences between the 
four cores from the southern flank of the Skagerrak 
are not entirely the result of dilution through diffe- 
rent sedimentation/accumulation rates. 

In terms of grain sizes, Cores GKG V and 111, 
and GKG I and I1 are comparable, more or less 
reflecting the average strengths of the bottom cur- 
rents and the INDAR results. TOC, taken as an 
indicator for the supply of food, however, does not 
show any dependence on water depth: GKG I: 
2.67%; GKG V: 2.48% GKG 11: 2.03%; GKG 111: 
2.62%) (surface samples). With regard to the calca- 
reous benthic foraminifer fauna, there also appear 
to be similarities that are more related to water 
depth than to the juxtoposition of the location (e.g. 
strong Brizalinn skogerrakeizsis assemblages in both 
deeper Cores GKG V and 111, but differing assem- 
blages in the shallower cores) (Hass, flzis volainc). 
Winnowing may be a reasonable interpretation for 
highest abundances of foraminifers in core GKG 11, 
however, grain size distributions do not back up 
this interpretation for core GKG I. 

Various possibilities may account for the diffe- 
rences in abundance (here: ,,ind/gH) of agglutina- 
ted foraminifers between the agglutinated fora- 
minifer faunas of the easterly and the westerly sta- 
tions: The quality of the TOC (i. e. the food supply) 
may vary. Anton et 01. (1983) and Liebezeit (1988) 
point out that up to 89% of the TOC is refractory in 
nature and, thus, not suitable as food for benthic 
foraminifers, although they might benefit from the 
associated bacteria (Alve & Murray, submitted). 
Van Weering ef  a1 (1987) suggest the TOC may be of 
allochthonous origin; Anton e f  o f .  (1993) were not 
able to clearly determine the portions of terrestrial 
and marine origin of the organic material. The frac- 
tion of TOC that may serve as a potential food 
source for benthic foraminifers thus decreases 
down to 0.20-0.27%. Given the quantity of the bulk 
foraminifer fauna (GKG I: 101 ind/g; GKG 11: 1359 

ind/g; GKG 111: 104 ind/g; GKG V: 94 ind/g), the 
TOC content of the sediments turns out to be a cru- 
cial environmental factor in the sediments investi- 
gated for this study. As most of the organic carbon 
is considered to be allochthono~~s, the portion that 
arrives at the easterly stations has to be transported 
a longer way and may be more affected by oxy- 
dization and consumption, thus reducing both 
quantity and quality for marine benthic life. The 
calcareous portion of the benthic foraminifers 
shows numbers of individuals per gram dry sedi- 
ment (see above) in all cores except GKG I1 that are 
similar to each other, hence the calcareous fora- 
minifers might have advantages when competing 
wit11 the agglutinated foraminifers for food. 

The extreme sedimentation rates at the easter- 
ly stations inay produce some additional stress for 
the agglutinated foraminifer fauna that results in a 
lower number of individuals. Agglutinated forami- 
nifers may have a general disadvantage in areas of 
very high sedimentation rates when compared to 
the calcareous foraminifers, as their tests do not 
posses wall pores, which may limit oxygen uptake 
(Murray, 1991). Thus, the infaunal forms may have 
to constantly move to escape the oxygen depleted 
zones in the sediment, these may be as shallow as 
0.5 cm core depth in places (Bakker & Heldel; 
1993). 

Geochemical investigations of Kuijpers ct nl. 
(1993) reveal pathways and concentrations of 
heavy metals over the study area, that might pro- 
vide further suggestions for the differences bet- 
ween the easterly and the westerly core locations 
on the southern flank of the Skagerrak. They 
showed that concentrations of Hg, Cu, Zn and 
most likely Pb as well significantly increase from 
west to east. Mercury, Cu, and Zn contents of the 
sediment surface appear to increase by 100°/o from 
the westerly to the easterly stations. Al t l~o~~gl i  
absolute values are not exceptionally high, it can be 
speculated that heavy metal pollution adds further 
environmental stress to the easterly stations. 

Although it is not yet entirely clear which envi- 
ronmental factor is the dominant controlling factor, 
it appears that the easterly core locations are pro- 
bably more affected by environmental stress thail 
the westerly stations. This may account for signifi- 
cantly lower abundance of agglutinated foramini- 
fers at these stations. 

The recent abundance increase of agglutinated 
foraminifers 
Quantitative analyses carried out for this study 
support the findings of Alve & Murray (1995) and 
Alve (in press), showing generally balanced 
amounts of agglutinated foraminifers during the 
past 200 years and a marked increase from the 
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plete tests (Fig. 2). This should be signi- 
ficantly different if a large portion of the 
agglutinated tests were broken or disin- 
tegrated in the lower part of the box 
cores. 

Agglutinated CaIca~ ~ O I I P  A quantitative plot of the agglutina- 
Benth~c Benlhlc ted foraminifers versus depth reveals 

Fo~nmtnifen Fo~am~n~ferc that a prominent increase in numbers of 
[~ndlg] [~ndlg] tests starts basically at approximately 

40: II1 

show 10 cm. a The significant shallow increase cores GKG at the I deeper and I1 
depth of approximately 24 cm. As there 

50 are similar depth-features in cores of 
10 

0 strongly different sedimentation rates, 
0 
1990 1970 1950 1930 1910 1890 1870 1850 18'30 

these results suggest, that the recent 
increase may at least partly be con- 

GKG I1 trolled by burial depth rather than by 
I 000 external parameters. 

Alve (in press), working on cores 

10 lk3-l 0 1990 1970 1950 1930 1910 1890 1870 1850 1830 0 from show the species the that deep not distribution only Skagerrak the quantity of the basin, agglutina- but could also 

100 ted foraminifer fauna has changed over 

l+!rLA 
the past 20-30 years (strong increase of 

75 T. p~rsillus and Snccarnrnim sp.). As sta- 
50 ted in previous chapters, no significant 

25 change could be found in the four cores 

0 
analyzed in this study, however, these 

0 
I990 1970 1950 1930 1910 1890 1870 1850 1810 

are from shallower areas of the 

150 
Skagerrak than those studied by Alve 
(op. cit.). 

100 
Species distributions 

5 1 0 1990 1970 1950 1930 1910 1890 1870 1850 1830 50 0 preferences from Not much the study is of known agglutinated area. Eggerelloides about foraminifers the ecologic and L. 

goesi dominate the assemblages of all 
Years AD cores. Whereas Eggerelloides is of minor 

importance in Core GKG I, L. goesi 
Figure 5. Agglutinated foraminifers and calcareous foraminifers shows high abundance in both easterly 
(both ind/g) versus years AD. cores. L. goesi is of less importance with- 

in the cores from the westerly area. 
early 1970's (Fig. 5). It is apparant, however, that More interestingly, R. discreta accounts here for 
this increase is more marked than that found in the 10 and 20%, respectively. Alve & Murray (submit- 
cores of the study of Alve & Murray (op. cit.). This ted) point out that tubular agglutinated foramini- 
latter effect may be due to different preparation fers such as Rhnbclflrnnzinn generally suggest a hig- 
techniques. her food supply because of their relatively high 

The recent increase in agglutinated foramini- biomass volume. Thus, it may be substantiated that 
fers is not paralleled by any of the other variables food supply is greater towards the west than at the 
measured (6180, 613c, CaC03, TOC, grain size, easterly stations, although this is not reflected by 
calcareous benthic foraminifers, etc; see Hass, the TOC contents of the sediments. 
1994). Thus, the increase can be inferred to be eit- In addition, the deeper westerly station ad- 
her the result of a physical or chemical change of ditionally reveals H. bmd!yi, a species that is not 
the water masses that is not affecting the other important in any of the other cores. H. Dra4i and 
parameters analyzed, or it may be a taphonomic Eggerelloides are also among the most frequent 
effect. Counts of the fragments of the agglutinated agglutinated taxa elsewhere in the deep Skagerrak 
foraminifer tests yield trends similar to the com- (see Alve, in press); they mark the upper part of the 
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stable deep water and the lower part of the transi- 
tional water layer, respectively, in the Oslo Fjord 
(Alve & Nagy, 1990). Thus, H. brad!$ may account 
for the conditions, that characterize the Skagerrak 
deep water, such as more stable conditions and the 
increased influence of Atlantic water. Since one 
major difference between location I11 and the three 
other stations is lower current speed (Hass, 1996; 
Rodhe, 1987), H. brndyi may as well be indicating a 
weaker current circulation. 

It is possible that, along with other shelf spe- 
cies, E. scabrlls has been transported in from shelf 
areas of the Skagerrak, probably originating from 
the southern North Sea (Alve & Murray, submit- 
ted), as only very rarely living specimens have 
been found outside the shelf area of the Danish 
slope in the Skagerrak. Eggerelloides riiedir~s, how- 
ever, is common, especially in the deeper Skager- 
rak (Alve & Murray, submitted), a fact that is 
reflected by the depth dependence of Eggerclloidcs 
in the sediments investigated for this study. 

There is no hint to current strengths sufficient 
to transport noticable amounts of foraminifers into 
the deeper Skagerrak (e.g. Rodhe, 1987). Slight 
downslope transport (creeping) of sediment can- 
not be excluded, but significant transport would 
have affected all foraminifers, which is not the case 
(see also Hass, tllis zlollrnrc), and terrigenous mate- 
rial of the appropriate equivalent grain size as well. 
Thus, resedimentation of benthic foraminifers is 
unlikely at least at the deeper two stations investi- 
gated here (GKG 111, V). 

SUMMARY AND CONCLUSIONS 
Four box cores from the southern flank of the 
Skagerrak covering the past 30-150 years revealed 
remarkable differences in quality and quantity of 
the agglutinated foraminifer fauna. Of up to 47 
taxa, the four most common are considered to yield 
information on environmental properties (L. goesi, 
Eggerelloides, R. discreta and H. bradyi). 

Generally, the two more westerly locations 
yield higher ammounts (,,ind/gC') of agglutinated 
foraminifers than two more easterly locations. The 
supply of food in combinatiol~ with the hydrogra- 
phic regime is the most likely control over these 
differences. The water mass circulation over the 
southern flank of the Skagerrak runs from west to 
east, thus the westerly locations most likely receive 
a greater amount of more suitable food for forami- 
nifers than the easterly locations. This is not only 
reflected in the number of agglutinated forarnini- 
fers per gram sediment but also in the species dis- 
tribution. RhabcIrzln~itilza discreta, a suspension fee- 
ding tube-shaped agglutinated foraminifer, is cha- 
racterized by a higher volume of biomass. This fo- 
raminifer is abundant in sediments from the 

westerly locations, whereas it is rare at the easterly 
locations. 

Downcore, the number of specimens in all 
cores decrease in a manner that suggests a combi- 
nation of instability of the tests and ecological con- 
trols. 
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APPENDIX : Taxonomy 
A total of 47 species could be identified. Although it was attempted to determine the agglutinated forami- 
nifers to the species level, some could not sufficiently be determined. Thus, in the text, references are occa- 
sionally only to the genus level. 

Adcrcotiyinn gloincratriiir (Brady, 1878) 
Plate 4, Fig. 19 in Bender (1995); 
Plate 67, Figs. 1-3 in Loeblich & Tappan (1988); 
Plate 3, Figs. 22-23 in Gabel 1971 (as Adercotryiizn glonle- 
rntn). 
Ainiizodiscus sp. 
Aminolageizn clnvata (Jones & Parker, 1860) 
Plate 41, Figs. 12-16 in Jones (1994); 
Plate 2, Fig. 9 in Bender (1995); 
Plate 36, Fig. 16 in Loeblich & Tappan (1988); 
Plate 3, Figs. 16-17 in Gabel (1971) 
Batlrysiplzon filiformis (Sars, 1872) 
Plate 13, Fig. 2 in Loeblich & Tappan (1988); 
Plate 26, Figs. 17-20 in Jones (1994). 
Bigenerina nodosarin (dlOrbigny, 1826) 
Plate 7, Fig. 1 in Bender (1995); 
Plate 191, Figs. 1-2 in Loeblich & Tappan (1988); 
Plate 46, Figs. 46-48 in Cabel, 1971. 
Cribrostomoides kostereizsis (Hiiglund, 1974) 
Plate 4, Figs. 5-6 in Gabel (1971). 
Cribrostoinoides subglobosus (Cushman, 1910) 
Plate 5, Fig. 2 in Bender (1995); 
Plate 1, Figs. 1-4 in Jones et nl. (1993) (as Cribrostomoides 
s ~ ~ b ~ y l o b o s ~ ~ s  forma s ~ ~ b ~ l o b o s ~ ~ s  [Cushman, 19101); 
Plate 4, Figs. 1-2 in Cabel (1971) (as Cribrostonloides slrb- 
globosllln [Sars]). 
Cribrostoinoides zoiesneri Parr, 1950 
Plate 3, Figs. 36-37 in Gabel (1971). 
Cribrostomoides sp.  
Crithioirina sp .  
Dorotlrin sp.  
Eggerelloides scnbrlis (Williamson, 1858) 
Plate 1, Figs 6-7 in Alve & Murray (1995); 
Plate 47, Figs. 15-17 in Jones et 0 1 .  (1995) (as Eggerelloides 
scnbrr [Williamson]); 
Plate 189, Figs. 5-7 in Loeblich & Tappan (1988). 
Eggerelloides inedius (Hoglmd, 1947) 
Plate 1, Figs 6-7 in Alve & Murray (1995). 
Erntidus foliacezis (Brady, 1884) 
Plate 59, Figs. 1-3 in Loeblich & Tappan (1988). 
Glomospirn clrnroidcs (Jones & Parker, 1860) 
Plate 3, Fig. 1 in Bender (1995); 
Plate 3, Figs. 13-15 in Gabel (1971). 
Hnplopllrngiitoides brndyi (Robertson, 1893) 
Plate 1, Figs. 10-11 in Alve & Murray (1995); 
Plate 3, Figs. 30-31 in Gabel (1971). 
Haplophrnginoidcs splrneriloczilus Cushman, 1910 
Plate 17, Figs. 5-7 in Schrcider (1986). 
Hypernininiirn c?yliizdricn Parr, 1950 
Plate 23, Fig. 4, 7 in Jones (1994). 
Hypevammiizn lnevigata Wright, 1891 
Plate 16, Fig. 6 in Bender (1989); 

Plate 23, Figs. 9-10 in Jones (1994). 
H?yperaininina sp.  
Lagenaininina sp .  
Liebrrsella goesi Hoglund, 1947 
Plate 14, Figs. 4-8 in Hoglmd (1947); 
Plate 6, Fig. 4 in Bender (1995) (as L.? goesi); 
Plate 5, Figs. 20-21 in Gabel (1971). 
Liebzisella sp.  
Morrilneplecta bulbosa (?) 
Psaininospllaera fuscn Schulze, 1875 
Plate 4, Figs. 9-14 in Hiiglund (1947); 
Plate 1, Fig. 14 in Bender (1995). 
Quinqzicloczilina agglzitinaizs d'orbigny, 1839 
Plate 7, Fig.16 in Bender (1995). 
Reczirvoides sp .  
Reoplzax difllugiforinis Brad y, 1879 
Plate 3, Fig. 9 in Bender (1995) (as R. cf. R. dqJzlgqorrilis); 
Reoplzaxfzisiformis (Williamson, 1858) 
Plate , Fig. 1 in Bender (1995). 
Reoplzax nzicncen Earland, 1934 
Plate 4, Fig. 3 in Bender (1995); 
Plate 1, Figs 20-21 in Alve & Murray (1995). 
Reophax regularis Bjorkholmen 
Plate 9, Figs. 11-12 in Hoglund (1947). 
Reophax scorpiurrrs Montfort, 1808 
Plate 9, Figs. 9-10 in Hoglund (1947); 
Plate 4, Fig. 5 in Bender (1995); 
Reoplzax szibfusiforinis Earland, 1933 
Plate 9, Figs. 1-4 in Hiiglund (1947). 
Reophax sp. 
Rhabdaininina discreta Brady, 1884 
Plate 1, Figs. 6-7 in Hiiglund (1947). 
Rhnbdainmina linearis Brady, 1879 
Plate 1, Figs. 1-5 in H(ig1und (1947); 
Plate 20, Fig. 1 in Gabel (1971). 
Rlrabdnminina sp. 
Saccaminina sp. 
Saccammiira splzaerica Brady, 1871 
Plate 4, Figs. 15-17 in Hoglund (1947); 
Plate 3, Fig. 2 in Gabel (1971). 
Spiroplectainmina sp. 
Textzrlaria conicn dlOrbigny, 1839 
Plate 17, Fig. 17 in Bender (1989); 
Textularin sp. 
Tritaxis sp. 
Troclrninminopsis ptisilltis (Hoglund, 1947) 
Plate 1, Figs 24-25 in Alve & Murray (1995). 
Trochnmmiizn sp. 
Velero~tinoides sp. 
Ve~xeziilina advena Cushman, 1910 
Plate 13, Fig. 11 in Hoglund (1947). 
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ABSTRACT 
The present investigation was initiated to report on species compositions and dynamics in the 
Norwegian-Greenland Sea during low production phases in spring and early summer. Thus, 
the distribution patterns of living coccolithophores during June to July, 1990, February and 
May, 1991, and March to April, 1995 were investigated. In general, the seasonal development 
of the phytoplankton started after the yearly dark period and coccolithophores increased in 
abundance when the water column was more stratified and both temperatures and insolation 
increased. Cell densities reached a maximum of 207x10~ coccospheres/l in the southeastern 
part of the studied area. However, these high cell densities probably resulted from ,,old" popu- 
lations, drifted to the Norwegian-Greenland Sea from the North Atlantic. Some of the collected 
samples did not contain any coccolithophores. 
In total, 15 coccolithophore species were identified. The diversity was generally higher in the 
eastern part of the Norwegian-Greenland Sea and to the west the coccolithophore communities 
often were monospecific. Emiliaizia ht~xleyi is the dominant species, but Cnlciopnppl~s cnudntns 
and Algirosphnern robustn also considerably contribute to the communities. High cell densities 
of C. cn~~dn t z~s  were interpreted as the result of a bloom or more probably close to bloom con- 
ditions during the general low productive period. In addition, many of the E. huxleyi coccolith 
from the surface waters of the southeastern Norwegian-Greenland Sea were heavily corroded. 
These specimens may have drifted within the Atlantic water for a longer time. 

INTRODUCTION 
Coccolithophores are a major group of marine, uni- 
cellular phytoplankton. They form external calci- 
fied plates with a complex ornamentation, which 
cover the cell surface. These coccoliths form an 
important part of the fine fraction of deep-sea sedi- 
ments and therefore are extensively used in bio- 
stratigraphic, paleoecologic, and paleoceano- 
graphic studies (e.g. McIntyre & Be, 1967; Geitzen- 
auer et al., 1976; Roth & Coulborn, 1982; Gard, 1988; 
Crux & van Heck, 1989; Baumam, 1990; Baumann 
& Matthiessen, 1992). Many studies on recent 
calcareous nannoplankton in the northern Atlantic 
Ocean are predominantly taxonomic (e.g. Halldal 

& Markali, 1954, 1955; Gaarder & Markali, 1956; 
Gaarder & Heimdal, 1977; Heimdal & Gaarder, 
1980,1981; Kleijne, 1991; Knappertsbusch, 1993). In 
addition, much of the earlier plankton work from 
our study area in the Norwegian-Greenland Sea 
only included microscopic examinations of the 
netplankton, while the smaller nannoplankton has 
often been overlooked. However, a number of 
investigations concerning the dynamics and eco- 
logy of calcareous nannoplankton in northern 
North Atlantic have recently been published (e.g. 
Samtleben & Schroder, 1992; Knappertsbusch & 
Brummer, 1995; Samtleben et al., 1995a). About 20 
different coccolithophore species have so far been 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. Grzybozi~ski Foundation Special Pl~blicntion, no. 5, pp. 227-243 
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GREENLAND 

Figure 1. Map of the Norwegian-Greenland Sea including surface current pattern, oceanographic fronts, ice edge 
during June 1990 (from Thiede & Hempel, 1991), and locations (squares) of the plankton samples. 

identified in the Norwegian-Greenland Sea (e.g. 
Halldal & Markali, 1955; Samtleben & Schrijder, 
1992; Samtleben ef nl., 1995a). The communities 
with the highest diversities are found in the area of 
the Norwegian Current. To the north and to the 
west species numbers gradually decrease and only 
three species are found on the Greenland shelf 
(Samtleben & Schroder, 1992). 

The Norwegian-Greenland Sea is an area of 
strong east to west hydrographic gradients (Fig. 1). 
The present surface current system on the eastern 
side of the Norwegian-Greenland Sea is dominated 
by the Norwegian Current, a relatively warm (6"- 
10°C), saline (>35%0) branch of the North Atlantic 
Drift flowing northward into the Arctic Ocean 
(Swift, 1986). On the western side the East-Green- 

land Current carries cold (<O°C), less saline (30- 
34%o) polar water southward along the East Green- 
land coast. Between these two main currents mixed 
Arctic surface water is formed in two large gyres 
(Jan Mayen Current and East-Iceland Current) 
(Johannessen, 1986). The close juxtaposition of 
warm and cold water masses results in the forma- 
tion of distinct oceanographc fronts (Fig. l ) .  

The Norwegian-Greenland Sea is also charac- 
terized by strong seasonal changes which are 
mainly controlled by cycles of insolation, water 
temperature, and ice cover. These seasonal changes 
result in distinct variations of the biological pro- 
ductivity (Bathmann et nl., 1990; Bauerfeind el a/., 
1994; von Bodungen ef nl., 1995). Long-term 
records of vertical coccolithophore flux in the Nor- 
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wegian-Greenland Sea demonstrated strong seaso- 
nality with peak fluxes during summer and 
autumn. A less distinct but still recognizable cocco- 
lith flux was observed during spring and early 
summer (Samtleben & Bickert, 1990; Andruleit, in 
press). However, the distribution of living cocco- 
lithophore communities during this time of the 
year was hitherto poorly known in the Norwegian- 
Greenland Sea. Thus, this study was initiated to 
report on species compositions and dynamics 
during low production phases in spring and early 
summer. The present investigation is part of an 
extensive actualistic study of the plankton commu- 
nity, settling assemblages, and development of late 
Quaternary assemblages in the Norwegian-Green- 
land Sea (Samtleben ef al., 1995b). 

MATERIAL AND METHODS 
The investigated plankton samples were collected 

in different years since 1990 during spring and 
early summer in the entire Norwegian-Greenland 
Sea and are part of an on-going sampling project 
on coccolithophores in this region. A total of 76 
plankton samples from 30 stations (Fig. 1) have 
been studied and are listed in Appendix 1 together 
with the geographical and hydrological data for 
each location. 

The main portion of plankton samples was col- 
lected during PRV ,,Polarstern" Cruise ARK VII/l 
(Thiede & Hempel, 1991) between June 12th and 
July 8th in 1990. Sampling took place along two 
transects extending from the central Norwegian 
Sea to the continental margin of Greenland, cros- 
sing the major surface water mass boundaries (Fig. 
1). The ice edge was crossed by PRV ,,Polarstern" 
several times during ARK VII/l (Thiede & Hem- 
pel, 1991). Thus, samples of the stations 8, 10, 11, 
and 12 are from below the ice cover. Ice concentra- 
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Figure 2. Cell densities and species compositions of coccolithophore communities during low production periods in 
spring and early summer in the Norwegian-Greenland Sea. 
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tions ranged from 1/10 to 9/10, but generally were 
about 5/10. The dominant ice type seen was 2.5m 
to 3.5m-tluck multiyear ice, wlule firstyear ice was 
uncommon. Additional water samples were taken 
during a ,,Valdivian Cruise in the central and 
northern Norwegian Sea between May 20th and 
27th in 1991, and during two ,,Poseidon" Cruises in 
the eastern and northern Norwegian Sea from 
February 22nd to 27th 1991 and March 25th to 
April 6th 1995 (Appendix 1). 

Generally, samples were taken in 51 Niskin 
bottles with a Rosette-sampler. Dependent on 
CTD-profiles, water was collected at the surface, 
above (71n-30m) and below (10m-40m) thermo- 
cline, and at around lOOm water depth at each sta- 
tion. Additional surface water samples from 10m 
depth were obtained with the ship's seawater 
pump (Stations 1, 4, 5, 6, and 7). 

The water samples were immediately filtered 
on board through Millipore filters (47 rnm diame- 
tel; 0.45 ym pore size) by means of a vacuum 
pump. Without further washing, rinsing or chemi- 
cal conservation the filters were dried at 40-60°C 
for at least four hours. The filters were then stored 
in plastic Petri dishes, and kept permanently dry in 
closed boxes with silica gel. 

Coccolithophore cell densities were determined 
with a scanning electron microscope (SEM) at 10 
KV. For that purpose, a small piece was cut from 
the dried filter, fixed on an SEM stub, and then coa- 
ted with carbon and gold. The number of indivi- 
duals and the species composition were deter- 
mined by identifying and counting coccospheres 
on measured transects (1-2 mm2) at a magnifica- 
tion of 2000x. A specimen which appeared to be a 
perfect or nearly perfect coccosphere was counted 
as one individual. Isolated coccoliths were not 
included in this study. For species identification 
the publications of Gaarder & Heimdal (1977), 
Okada & McIntyre (1977), Nishida (1979), Norris 
(1984), Sarntleben & Schroder (1992), and Jordan & 
Kleijne (1994) were used. 

RESULTS 
Coccolithophore cell densities and species com- 
positions 
The standing crop varied from 207x10~ cocco- 
spl~eres/l at station 2 to below 1x10~ coccosphe- 
res/l at several stations (Appendix 1). Some of the 
collected samples did not contain any coccolitho- 
phores (Fig. 2). In particular, samples from the 
western part of the study area were characterized 
by very low cell densities (consistently <2.5x103 
coccospheres/l) or were even barren. Medium (1 to 
50x10~ coccospheres/l) to high (>50x103 coccos- 
pheres/l) cell densities were found only in surface 
water samples from the eastern Norwegian Sea 

which were influenced by temperate water of the 
Norwegian Current. This general distribution of 
cell densities was independent of the time of samp- 
ling; for example stations 11 to 14 from the north- 
western Greenland Sea were taken during early 
July and were barren of coccolithophores, whereas 

0 2 4 6 8 10 
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Figure 3. Numbers of species per sample plotted against 
cell density (black dots = 0-25m water depth, open 
circles = >25m water depth). 

No. Specieslsamplc 

Figure 4. Cell densities and numbers of species per sam- 
ple plotted against water depth. 
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Figure 5. Vertical distribution of coccolithophore communities from stations which have at least three samples contni- 
ning coccolithophores. Salinity and temperature data for stations 2,3, 9, and 16 are from CTD-measurements. 

stations 28 to 30, taken earlier in the year during 
late March and early April, already exhibited 
medium cell densities. 

Overall, a total of 15 coccolithophore species 
was identified during the present study (Appendix 
2; Plates 1, 2). The number of species generally 
increased with increasing cell numbers (Fig. 3). The 
diversity was generally higher in the eastern part 
of the study area and coincides with the highest 
cell densities. To the west the coccolithophore com- 
munities were often monospecific. 

The main component of the coccolithophore 
flora in surface waters was Enliliania huxleyi. This 
species almost always dominated the communities 
when medium to high cell densities occurred, 
accounting for approximately 70% of most of the 
sample communities. An exception was station 24 
where Calciopappz~s ca l~dat t~s  dominated the cocco- 
litl~ophore community with high cell densities of 
about 100x10~ coccospheres/l. Other species such 

as Algirosphaera robustn, Acantlznica ql~nttrospirzn, 
Ophiaster hydroideus, and Symcosphaern mnrgirznpo- 
mta, were also well represented during the non- 
production phases but neither reached high cell 
densities nor dominated the communities. Coccnli- 
thlls pelagic~rs, found in both the non-motile stage 
and the Crystallolitlzus hyalirzl~s stage (motile 
phase), was the most frequently occurring species 
but was important only at station 16 with 8x10~ 
coccospheres/l. This species frequently was cha- 
racteristic of very low diversity to monospecific 
communities, especially in the western part of the 
study area. 

Sixteen of the 30 subsurface samples (> 201n 
water depth) yielded coccosphere communities 
with nine species (Appendix 1). Cell densities were 
highest in the uppermost 20m of the water column 
and decreased towards greater depth, whereas the 
number of species did not show equivalent chan- 
ges (Fig. 4). Cell densities and species compositions 
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of all stations with at least three sampling depths 
which were not barren are depicted in Figure 5. 

At all locations the communities in a mixed 
water layer above a thermocline were characteri- 
zed by a relatively high similarity in species com- 
position. At stations 2,3,9, and 16 the temperature 
and salinity values (Fig. 5) indicated the transition 
between two different water layers. Above this 
stratification, diverse communities with highest 
cell densities prevailed, often dominated by E. 
lmxleyi. In contrast, in the range of the thermocline 
and especially below it C. pelngicns dominated the 
low diversity to monospecific communities with 
very low cell densities. At stations 24-27 no clear 
thermocline was observed and, thus, abundances 
and species composition were relatively similar to 
each other at all depths. E. luuxleyi was the most 
dominant species in all of the samples at stations 
25-27, whereas at station 24, Calciopnppt~s c a u d a t ~ ~ s  
dominated the coccolithophore flora. In addition, a 
strong decrease in cell density with increasing 
water depth was observed at the latter station. 

Many of the June-July 1991-samples (from PRV 
Polarstern ARKVII/l-cruise) also contain a signifi- 
cant number of siliceous organisms, including dia- 
toins and some silicoflagellates. A bloom of Thnlas- 
siotrix longissinzn was observed over the eastern Ice- 
land Plateau; and west of Jan Mayen high concen- 
trations of Rhizosolenin spp. occurred (see also 
Thiede & Hempel, 1991). However, most of the 
samples of the westernmost stations were free of 
siliceous organisms as well as of coccolithophores. 

Corrosion of coccolithophores 
The presence of highly corroded and/or dissolved 
coccospheres and, especially, coccoliths was a sig- 
nificant result of this investigation. Remarkably, 
corroded specimens were found only in the June- 
July 1991 samples within the temperate Norwegian 
Current. In addition, only coccoliths of Emiliania 
huxleyi were affected by this feature. Other deli- 
cate-structured forms such as Cnlciopappus cat~da- 
tus, Acnnthoicn qt~attrospinn did not show any signs 
of corrosion or dissolution. All samples also contai- 
ned a relatively high number of intact E. huxleyi 
specimens. Nevertheless, more than approximately 
7O0/o of the E. huxle~ji coccospheres in the plankton 
samples from surface and subsurface waters of the 
Norwegian Current (Stations 1,2,3,4, and 16) were 
collapsed and many of them had an opening, pos- 
sibly a pylome (Plate 2, Fig. 6). 

All coccospheres seemed to have their normal 
shape, and only the coccoliths show a high degree 
of corrosion. Usually, all coccoliths on a coccos- 
phere were affected. However, the proximal shield 
of the coccoliths was not or less affected by this 
phenomenon, and differentiation of boundaries 

0 I I I 
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Figure 6. Cell densities and numbers of species per 
sample plotted against calendar days (black dots = 0- 
25m water depth, open circles = >25m water depth). 
Note that cell densities >150*103 cells/l probably resul- 
ted from drifted ,,old" E. hr~xleyi populations. 

between single proximal shields was often 
impossible. The T-shaped elements of the distal 
shields were not connected to each other at the 
periphery and mostly their arrangement was 
totally disturbed. Often, single elements were 
heavily or totally dissolved. The elements of the 
central opening either were fused together without 
building the normal central grid or were absent 
(Plate 2). In addition, incomplete shields in the cen- 
tral area of the specimens (Plate 2, Fig. 3,6) are pro- 
bably organic and not fused calcitic elements. 

DISCUSSION 
Variation in coccolithophore cell densities and 
community dynamics 
The observed coccolithophore communities are 
part of a recurrent seasonal cycle of communities in 
the Norwegian-Greenland Sea. However, the 
production phases and the development of cocco- 
lithophore blooms are highly variable in space and 
time (Samtleben & Schroder, 1992; Samtleben et nl., 
1995a). Also, the composition and species numbers 
within the Norwegian Current may vary consider- 
ably from year to year. Sakshaug ct nl. (1981) found 
small-scale and short-term horizontal and vertical 
variations in standing crop of the coccolithophore 
flora off northern Norway in 1975 and 1976. How- 
ever, generally the main production phase of coc- 
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colithophores in the Norwegian-Greenland Sea 
shifts from the southeast to the northwest during 
summer (Samtleben & Schroder, 1992; Samtleben et 
nl., 1995a). While south of Iceland the first blooms 
occur during May/June, a high cell density is 
observed in the region of the Verring Plateau 
during July, in the Barents Sea during August, and 
west of Jan Mayen not before September. In the 
present study, the limiting influence of low tempe- 
ratures to coccolithophore thriving is clearly depic- 
ted by overall low cell densities and many barren 
samples during spring and early summer. This is, 
further supported by absence or very low cell den- 
sities of coccolithophores recorded at the western- 
most stations which, at least partly, were within the 
ice cover. The increase in coccolithophore produc- 
tion during spring and early summer is also indi- 
cated by a general increase in cell numbers in the 
investigated samples (Fig. 6). This holds true even 
when considering that a high portion of Emilianilr 
huxleyi, the main component of the community, 
may not be part of the coccolithophore standing 

crop of this region. The heavily corroded speci- 
mens most probably were the result of a plankton 
bloom which occurred in the North Atlantic either 
in fall of the previous year or in early spring and 
were drifted to this region by the North Atlantic 
Drift (see discussion below). 

It is obvious that, even during low production 
phases in spring coccolithophore communities 
may exhibit a relatively high variability in both 
species diversity and species composition, 
although low cell densities prevailed during 
February to April (Fig. 6). Cell densities, in con- 
trast, drastically increased in waters above about 
5°C (Fig. 7). In addition, medium to high cell den- 
sities are only reached in the eastern part of the 
Norwegian-Greenland Sea, in an area influenced 
by temperate surface waters of the Norwegian 
Current, whereas relatively high cell concentra- 
tions in late summer were previously recorded in 
close proximity to the East Greenland Current 
(Samtleben & Schroder, 1992; Samtleben et al., 
1995a). Therefore, during spring and early summer 

Cell density [xl03coccospheres~] 

Slalinn 3 Slalion 0 S1;llron I6  

Slalion 24 Slalion 25 Slaia,n?h Slalion27 

Figure 7. Cell densities and numbers of species per sample plotted against both temperature and salinity. 
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the oceanic fronts, such as the Arctic Front, divide 
the Norwegian-Greenland Sea into distinct areas of 
coccolithophore habitats. In the western part, 
which mainly coincides with the Artic water 
masses, only low diversity to monospecific com- 
munites were observed, whereas in the eastern 
part high cell densities with high diversities were 
already present. In contrast, in late summer during 
the main production phases the oceanic frontal 
systems probably lose their boundary function and 
high cell densities, especially of E. h~lxleyi,  occur in 
the entire study area (Samtleben et al., 1995b). 

In general, the low standing crop as well as the 
increase in cell density during the period February- 
June corresponds well with previous findings of 
Halldal (1953), Braarud et al. (1958), Smayda (1958), 
Samtleben & Schroder (1992), and Samtleben et al. 
(1995a). They all reported that coccolithophores 
play a very subordinate role in the Norwegian- 
Greenland Sea before summer. Diatoms make up 
the bulk of the phytoplankton, but usually with 
small populations before May (e.g. Halldal, 1953). 
In the present study, this is supported by sig- 
nificant number of diatoms which were observed 
over the eastern Iceland Plateau and west of Jan 
Mayen during June 1990 (see Thiede & Hempel, 
1991). 111 contrast, investigations have recorded 
large amounts of coccolithophores in the entire 
Norwegian-Greenland Sea during summer (Samt- 
leben et al., 1995a). Thereby, abundances of single 
species changed spatially and temporally, and 
strong summer blooms occurred. 

Species distribution and composition 
The overall species number of the investigated coc- 
colithophore communities is only slightly lower 
than the total of about 25 previously described 
living species in the Norwegian-Greenland Sea 
(Halldal & Markali, 1955; Braarud et al., 1958; 
Smayda, 1958; Ramsfjell, 1960; Sakshaug et al., 
1981; Samtleben & Schroder, 1992; Samtleben et al., 
1995a, b). This indicates that the communities of 
spring and early summer are already represented 
by typical species compositions of this area. Thus, 
not changes in diversity but the proportions of spe- 
cies seem to be the main characteristic of the high 
northern coccolithophore communities. This holds 
true especially for Anthosphaera roblrsta and Syra- 
cosphaera ~nargilznporata. These two species were 
present in most samples which were not barren, 
but never reached dominant portions of the com- 
munities. However, both species are dominant 
members both of deep-living communities and 
post-bloom communities respectively in late sum- 
mer and autumn (Samtleben et al., 1995a). 

Changes in composition and cell density of the 
coccolithophore community during the study 

period are, at least in part, dominated by changes 
in the abundance of Einiliania 1zzlx.leyi. This species 
is by far the most abundant coccolithophore spe- 
cies in the investigated water samples. Moreover, it 
is the most important and ubiquitous species in 
todays world oceans. Gigantic blooms which 
mainly consist of E. htlxleyi are regularly observed 
during early summer in the subpolar North Atlan- 
tic and the adjacent Norwegian-Greenland Sea 
(e.g., Holligan et al., 1983, 1993; Samtleben c.t nl., 
1995a). In our study, cell densities were consider- 
ably lower than previously described from this 
area, especially during February - April. Enlilinr-lin 
I.luxleyi is dominant mainly in the surface layers 
(<30m water depth) and, with the exception of sta- 
tions 25-27, its abundance drops drastically at the 
thermocline. The presence of relatively high cell 
numbers in the subsurface samples at 75m in May 
1991 (Stations 25-27, see Fig. 5) seems to indicate 
that this species has lived deeper in the photic 
zone. However, coccolith production in E. hltxleyi is 
light-dependent (Westbroek et al., 1989) and, thus, 
these high cell numbers below thermocline depth 
are most probably due to repopulations, intro- 
duced from the south via the Norwegian Current. 
In addition, the relatively high cell densities recor- 
ded in the southernmost Norwegian-Greenland 
Sea were probably not part of the increase in late 
spring/early summer E. hlrxleyi production, but 
rather the result of a supply from outside the Nor- 
wegian-Greenland Sea. 

The large differences in the numbers of E. 
huxleyi between spring and summer are probably 
due to several factors. Tlus species is dominant in 
water masses depleted in nutrients (Okada & 
Honjo, 1975; Kleijne, 1990) while diatom growth is 
favoured by nitrate dominated water masses (Pro- 
byn, 1993). In addition, it has been shown that E. 
hllxleyi becomes abundant when the water column 
becomes stratified (Brand, 1994). Stable water 
masses further increases the growth rate of E. 
huxleyi, which is higher than those of other cocco- 
lithophore species (Brand, 1982). Therefore, this 
species seems to have a much higher reproduction 
rate than other coccolithophores. 

Calciopapplls calldatrls was also commonly 
observed in our samples. Tlus species reached 
medium high cell densities at station 3, and except- 
ionally high cell densities at station 24 which had 
not previously been found in the Norwegian- 
Greenland Sea. Samtleben & Schroder (1992) ob- 
served C. caudatus in abundances below 10x103 
cells/l evenly distributed in the surface water 
masses of the Norwegian-Greenland Sea. Thus, we 
assume that the high coccolithophore cell densities, 
especially at station 24, were the result of a C. call- 
dattls bloom or probably close to bloom conditions 
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during the general low productive period. Pre- 
vious observations have already shown that this 
species can be a prominent coccolithophore in the 
Norwegian Sea as early as May and June (Rams- 
fjell, 1960; Paasche & Rom, 1962; Schei, 1975). Large 
populations were observed when the water tempe- 
rature was only 4-6"C, although C. cal~llatl~s was 
also present at most of the localities in the warmer 
Atlantic water of the Norwegian-Greenland Sea. 
Early bloolns of other species comparable to those 
of C. cnlidntlis are not reported from this area, but 
have been observed in the subpolar North Atlantic 
soutl~ of Iceland (Knappertsbuscl~ & Brummer, 
1995). There are, however, reports of blooms of C. 
cnl~dntlis from Norwegian fjords, where large quan- 
tities were observed in both early and late summer 
(Scl~ei, 1975). 

Coccolith~is yelnsiclis, which is today regarded as 
a cold-water adapted species (Braarud, 1979), had 
a lug11 abundance in the investigated samples but 
did not exhibit generally higher cell densities in 
comparison to the summer communities (Samtle- 
ben & Schroder, 1992; Samtleben et 01. 1995~1, 
1995b). C. yelasicris is observed with medium cell 
densities only in one sample (station 16), despite of 
being the dominant species of the poor to mono- 
specific communities. This species seems to be a 
,,survivor" species, i.e. it is still found at locations 
were other species are missing due to a too harsh 
environment. In the western part of the study area, 
where C. y e l ~ ~ g i c ~ ~ s  is the most commonly found 
species at all depths, in many cases temperature 
seems to be the limiting factor. In contrast, in the 
eastern part C. pelagic~is seems to dominate the 
communities below the thermocline. Most of the 
other species again were influenced by decreasing 
temperatures but also by reduced insolation. 

There are several stations (e.g. 17 to 22) with 
relatively high temperatures of more than 4°C 
which are characterized by very low cell densities 
or even the absence of coccolithophores (Appendix 
1, Fig. 7). These stations, located in the north- 
eastern part of the study area, should have been 
permanently influenced by coccolithophore com- 
munities via the northern prolongation of the 
North Atlantic Drift. However, this is not the case 
and, therefore, temperature does not seem to be the 
only reason for the absence of living coccolitho- 
phores in the surface waters of the northern Nor- 
wegian-Greenland Sea. These stations were 
sampled in February 1991 which was the earliest 
time in the year of all sampling. Therefore, it be- 
comes obvious that coccolithophores are at their 
linuts for living probably due to low insolation 
intensities and not only due to low temperature. 
The seasonal development of the phytoplankton 
started after the yearly dark period and coccolitho- 

phores increased in abundance when the water 
colu~nn was more stratified. 

Corrosion of coccolithophores and coccoliths 
Many of the coccolithophores (> 70%,!) from the 
southernmost stations were highly corroded 
(Plate 2). However, only coccoliths of Errlilinrricl 
Illisle?ji were affected and corroded specilnens in 
the surface samples always co-occurred wit11 intact 
cells. This feature may be the result of either disso- 
lution (Schneidermann, 1977) or of malformation, 
which is the incomplete formation of single cocco- 
liths (Kleijne, 1990). Malformed coccolitlls werc 
mostly described from marginal and inland seas 
during several seasons (Okada & Honjo, 1975; 
Kleijne, 1990). Young & Westbroek (1991) recently 
described that malformed E. Illisle!yi coccolitl~s 
commonly occurred in late stationary phase cul- 
tures, and in cultures held in artificial sea water. 
Thus, they concluded that a depletion in trace 
nutrients might be responsible for the observed 
malformation. 

However, the recorded E. hlisleyi specimen are 
not identical to the malformed coccoliths described 
by Okada & Honjo (1975) and Kleijne (1990). Mal- 
formation is not observed in this study, but many 
of the specimens from the surface waters siinply 
were heavily dissolved. Dissolution of coccolitl~s in 
the near-surface waters has not been widely repor- 
ted from the open Norwegian-Greenland Sea, but 
was described recently from Norwegian fjord 
populations (Young, 1994). Thus, it seems likely 
that the observed specimens drifted witlun the 
Atlantic water for a longer time and, therefore, 
these specimens most probably were supplied to 
this region from outside the Norwegian-Greenland 
Sea via the North Atlantic Drift. A wide range 01 
altered morphotypes caused by different degrees 
of dissolution have been reported from surface 
sediments (Burns, 1977). It is interesting to note 
that a dissolution feature typical for sediment 
samples can be seen in the plankton samples from 
the Norwegian-Greenland Sea (Plate 2, Figs. 3, 4). 
The difference between dissolution morphotypes 
usually seen in surface sediments and that of 
plankton samples has been discussed by Young 
(1994). He concluded that the collapsed coccolith 
pattern may be the result of early dissolution, 
when there is still a large amount of organic matter 
surrounding the coccoliths. 

In addition, many of the dissolved cocco- 
spheres have an opening (Plate 2), which may pro- 
bably be a pylome. Young (1994, Fig. 6A) also 
found coccospheres of collapsed coccoliths which 
do have holes and described this feature as col- 
lapsed structures. This is probably the case in 
many, but not in all of our samples. Although a 
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phenomenon like a pylome in E. huxleyi  has not 
been described earlier, this species is known to 
have several life phases (Klaveness, 1972). Besides 
the common coccolith-bearing cells, naked cells 
lacking conspicuous extracellular scales or cocco- 
liths are commonly found in laboratory cultures 
(e.g. Wilbur & Watabe, 1963; Klaveness, 1972). It is 
also known that motile life stages alternate with 
non-motile stages. Possibly, these cells document a 
change in the life phase of an E ,  h l i x l q i  population. 
However, the primary mode of reproduction in 
coccolithophores is asexual binary fission and each 
daughter cell gets about half the coccoliths of the 
former coccosphere (Brand, 1994). Another possi- 
bility would therefore be that this population has 
been grazed by small heterotrophic organisms. At 
least, whether this or the release of a single daugh- 
ter cell accounts for the cells openings cannot be 
confirmed from the present material. 

CONCLUSIONS 
The spatial and temporal distribution of spring to 
early summer coccolithophore communities in the 
surface and subsurface waters of the Norwegian- 
Greenland Sea has shown considerable variability 
in both cell numbers and species composition. In 
contrast, changes in diversity do not seem to be the 
main characteristic features of high northern 
coccolithophore communities. Relatively high spe- 
cies numbers are already present early in spring 
although cell densities are still low. 

Overall, a total of 15 living species is recorded 
from the Norwegian-Greenland Sea samples, all 
known from this area. Coccolithophore standing 
crop and species diversity are highest in the 
eastern part of the study area, influenced by the 
warm Atlantic surface water. In the western part of 
the Norwegian-Greenland Sea communities often 
were monospecific and characterized by very low 
cell numbers. The seasonal development of the 
phytoplankton started after the yearly dark period 
and coccolithophores increased in abundance 
when the water column was more stratified and 
both temperatures and insolation increased. 

Emiliania htixleyi  is the dominant species, but 
Calciopappzis ca~idatt is  and Alqirosphera robtista also 
contribute significantly to the communities. High 
cell densities, of C .  calldntlis were interpreted as the 
result of bloom or more probably close to bloom 
conditions during the general low productive 
period. In addition, many of the E. huxleyi  cocco- 
liths from the surface waters of the southeastern 
Norwegian-Greenland Sea were heavily dissolved. 
It seems likely that they drifted within the Atlantic 
water for a long time and, therefore, these speci- 
mens may have been supplied to this region from 
outside the Norwegian-Greenland Sea via the 

North Atlantic Drift. 
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ABSTRACT 
Analysis of Rose Bengal stained calcareous benthic foraminifera in a box core taken at a water 
depth of 3098 m on the New Jersey continental margin in late February (before the spring 
phytoplankton bloom) reveals important differences in the vertical distribution of taxa when 
compared with the post-bloom data of Corliss (1985) from a nearby station. Winter populations 
display a large subsurface peak in the foraminiferal population and consist of ,,deep infaunal" 
forms such as Globobtili17iina and Melollis, whereas the late summer populations sampled by 
Corliss consist largely of ,,epifaunalU taxa such as Hoexlundina and Cibicidoides. The near lack of 
live ,,epifaunal" forms in winter may be attributed to low seasonal food supply and the cuinu- 
lative effects of predation at the sediment surface. In the absence of the ,,epifaunal morpho- 
group", infaunal taxa such as Melonis rise to occupy the shallow subsurface habitat (0-4 cm 
depth). Alternatively, low winter populations of epifaunal forms may be part of a natural sea- 
sonal phase in their life cycle, as observed in some shallow-water foraminifera. 

INTRODUCTION 
Benthic foraminifera display enormous ecological 
adaptability, and constitute more than half of the 
total meiofaunal biomass in the deep sea (Shiraya- 
ma, 1984). However, precious little is known about 
the population dynamics of deep-sea taxa. In a 
series of papers, Corliss and co-workers have 
determined that individual foraminiferal morpho- 
groups occupy microhabitats that are vertically 
partitioned with respect to the sediment/water 
interface and pointed out the relationship between 
vertical stratification and the shape of the fora- 
miniferal test (Corliss, 1985; Corliss & Emerson, 
1988; Rathburn & Corliss, 1994). In a subsequent 
study, a positive correlation was observed between 
the proportion of infaunal inorphogroups and the 
flux of organic matter to the sea floor (Corliss & 
Chen, 1988). However, the flux of organic matter to 
the ocean floor (especially phytodetritus) is seaso- 
nal, and the benthic foraminiferal populations 
have been documented to react quickly to seasonal 
fluctuations in food supply (Gooday, 1988). If 

benthic populations in the deep sea are limited by 
the amount of available food as nulnerous studies 
suggest, it is therefore reasonable to propose that 
both populations and habitat preferences of 
benthic foraminifera may change in response to the 
seasonal cycles of food flux. 

The foraminiferal data originally presented by 
Corliss (1985) was collected in September 1980, and 
provides a snapshot of the population structure 
sampled after the marine phytoplankton bloom. In 
this study, we document the distribution of Rose 
Bengal stained calcareous benthic foraminifera 
from the upper 15 cin of sediments in a boxcore 
from the New Jersey continental margin. The box- 
core was collected in late February, 1990, which is 
before the spring phytoplankton bloom. Therefore, 
if the vertical distribution of benthic foraminiferal 
morphotypes within sediment displays seasonali- 
ty, we ought to observe differences between Sam- 
ples collected before and after the spring bloom. To 
achieve this goal, we compare our data set with 
that of Corliss (1985). 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. G r z y b o ~ s k i  Folil~datio~l Special Publication, no. 5, pp. 245-248 
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Figure 1. Location of CSS Hudson Boxcore 
89038-020 and the station studied by Corliss 
(1985) in the northwest Atlantic. Base map 
modified from Corliss & Emerson (1988). 

MATERIAL AND METHODS 
Boxcore 89038 - 020 examined in this study was 
collected 011 board the CSS Hudson at 37'31.23'N, 
72O00.97'W from a water depth of 3098 m on the 
New Jersey continental margin off Atlantic City 
(figure 1). This depth is within 100 m of the boxcore 
(38"12.9'N, 71°30.4'W; 3000 m depth) that Corliss 
sampled in 1980 for his classic study of benthic for- 
anuniferal microhabitats (Corliss, 1985). The litho- 
logy of Boxcore 89038 - 020 consisted of 6 cm of 
brown homogeneous soft clay underlain by 4-5 cm 
of light brown clay. A distinct color change associa- 
ted with a major change in redox conditions is 
observed at 10 cm depth. Below 10 cm the sedi- 
ment consists of olive gray stiff clay with mottling 
by bioturbating organisms. The sediment in the 
core was subdivided on board ship, and slices (one 
cm tl-~ick) from one of the subcores were taken from 
the sediment/water interface to a depth of 20 cm. 
Each 75-cm3 subsample was preserved in a buffe- 
red formalin solution. In the laboratory, samples 
were gently washed over a 63 pm sieve, and pre- 
served in a 50i% methanol solution. Samples were 
treated with Rose Bengal (a protein-specific stain) 
to highlight organisms that were alive at the time 
of collection. ~ l l  stained foraminifera were picked 
from the >I50 Fun fraction to ensure that our data 
and results are directly comparable to those of 
Corliss (1985). We counted only the calcareous 
benthic foraminifera with bright red-stained proto- 

plasm. Agglutinated foraminifera were ignored for 
the purpose of this comparison. We noticed that 
many stained foraminifera contained protoplasm 
that did not fully occupy the test. In many cases the 
final chamber or chambers were empty. These spe- 
cimens were counted as live, but the data were 
recorded separately. Some deep-sea benthic fora- 
minifera have been observed to double their proto- 
plasm mass within three days of being fed (Alten- 
bach, 1992), indicating that benthic foraminifera 
can survive extended periods with little food. The 
foraminiferal census data are presented in Table 1. 

RESULTS 
At our station the dominant species group was 
represented by Globoblilirninn spp. and Cl~ilosfoirrel- 
In oolinn (Schwager) which accoi~nted for a broad 
subsurface peak in the foraminiferal fauna bet- 
ween 5 and 10 cm below the sediment/water inter- 
face. However, these forms did occur in lower 
numbers to the base of the studied depth interval 
at 15 cm. Both Globobtlliiilina and Cl~ilosto~izelln were 
identified by Corliss (1985) as deep infaunal depo- 
sit feeders, preferring a habitat deeper than 5 cm on 
the New Jersey margin. The second most abiul~dant 
species in the winter population is Melonis bar1ct.n- 
nllrrl (Williamson) which was found mainly within 
the upper four centimeters, but may extend to a 
depth of 10 cm. However, the speciinens occurring 
below 3 cm mainly contained partial protoplasm 
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Table 1. Benthic foraminiferal census data in Core 89038-20. Depth is in cm. Num- pressLIre tend to 
bers indicate specimens with full protoplasm - specimens with partial protoplasm. further reduce the number 

of foraminifera. A number 

and may have been in a stressed or dormant state 
owing to the seasonal lack of food. In Corliss' late 
summer data, M. bnrleeaizum occupied an interme- 
diate depth habitat of between 1 and 5 cm. Surpri- 
singly, stained specimens of epifaunal taxa such as 
Hoeglzmdiizn elegnizs, Cibicidoides wuellerstorfi, and 
Cibicidoides spp. were absent from the uppermost 
centimeter of the sediment column, although their 
dead tests were common at this site. Single stained 
individuals of Hoeglzlndi~zn elegrrizs, Oridorsalis spp., 
Cibicidoides ~i~z~el lers torj ,  C .  kullenbergi, and C.  brndyi 
were present in the subsurface, and most speci- 
mens contained protoplasm that only partially 
occupied the test. This is in marked contrast to the 
summer populations which were dominated by 
Hoegluizdiizn elegnizs, Oridorsnlis, and Cibicidoides 
zuzlellerstorfi. 

DISCUSSION & CONCLUSIONS 
Comparison of our winter samples with the sum- 
mer data collected by Corliss (1985) reveals large 
differences in both the population structure and 
the microhabitat preference of lower bathyal 
benthic foraminifera (figure 2). The late summer 

of grazing metazoans, 
such as l~olothurians, 
gastropods and p olyche- 
tes, are known to ingest 
benthic foraminifera 
(Lipps, 1983). Another 
explanation for low num- 
bers of winter epifaunal 
taxa is the possibility of a 
natural seasonality in the 
life cycle of deep-sea 

Speciesldepth in core: 
Full-Partial Protoplasm: 
Cibicidoides kullenbergi 
Qb~cidoides wuellerstorfii 
Cibicidoides bradyi 
Chilostomella oolina 
Fissurina spp 
Globobuhmina aunculata 
Globobulimina sp. A 
Globobulimina affinis 
Hoeglundina elegans 
Melonls barleeanum 
Oridonalis spp. 
Pullenia subcarlnafa 
Pullenia osloensrs 
pvgo  SPP. 
Quinqueloculina spp 
Quadrimorphina 

. - 
foraminifera1 populations sampled by Corliss were 
dominated by epifaunal forms. Some of the smaller 
epifaunal foraminifera may be opportunistic taxa 
whose life cycle is linked to the seasonal supply of 
phytoplankton detritus. Following the spring 
phytoplankton bloom in the North Atlantic, a 
number of species of calcareous benthic foramini- 
fera apparently reproduce and rapidly invade the 
fluffy layer of detritus that arrives at the sea floor 
(Gooday, 1993). However, by winter this ephe- 
meral food source has been exhausted, and the epi- 

benthic foraminifera, as 
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observed in some shallow-water foraminiferal spe- 
cies. Our data suggest that, in the absence of epi- 
faunal taxa, the shallow infaunal species M. bnvlee- 
niz11171 rises through the sediment column to occupy 
the surface layer. This species has also been obser- 
ved to occupy the sediment surface in the Norwe- 
gian Sea during winter, whereas at other times in 
the year it was found at a depth of 3-4 cm (Lutze, 
1987). 

The deep infaunal taxa appear to be less sensi- 
tive to seasonal fluctuations in food supply than 

........ .., ...... September 

U February 

Depth (cm) 

Melonts Globobulimlna spp. 
barleeanum Ch~lostomella oollna 

Figure 2. Seasonality of benthic foraminiferal popula- 
tions in the upper 15 cm of sediments froin box cores 
collected at water depths of ca. 3000 m on the New 
Jersey margin. Febntary data (this shtdy) is measured in 
no. specimens/75 cm3. September data is measured h l  
no. specimens/g dry sand fraction, and is taken from 
Corliss (1985). 

faunal benthic foraminiferal population apparently 
collapses. There may be several reasons (or a com- taxa that have a preferred epifaunal or sl~allow 
bination of reasons) why the numbers of epifaunal infaunal mode of life. After the spring bloom, the 
benthics are lower in winter at our station. One organic carbon from the phytodetritus is removed 
cause for the drastically lowered populations may from the sediment surface by surface grazing meta- 
be predation. In the absence of abundant food, zoans and deposited in their burrows (Aller & 
there would low population growth, and predation Aller, 1986). This resource may serve as a food for 
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bacteria and ultimately for infaunal detritivores 
such as benthic foraminifera during the winter sea- 
son. Increasing preservation of organic matter and 
high numbers of bacteria are often found in asso- 
ciation with the subsurface redox boundary. This 
level was observed at 10 cm depth in Core 89038-20 
and is associated with a strong subsurface peak in 
Globobuli~irir~n, a form known to ingest bacteria and 
associated sediment particles (Goldstein & Corliss, 
1994). A less pronounced subsurface peak in 
benthic foraminifera1 numbers is also evident in 
Corliss' summer data. This may indicate that the 
redox boundary is seasonally stable and provides a 
constant source of food for the deep infaunal detri- 
tivores. 

We believe our observation of strong sea- 
sonality among cosmopolitan deep-water benthic 
foraminifera has important repercussions for inter- 
pretations of benthic foraminiferal biogeography 
(because most studies of live populations are based 
on samples collected during the summer months) 
as well as for studies of Cenozoic palaeoceano- 
grayhy based on the isotopic composition of fora- 
miniferal calcite (which use taxa that are represen- 
tative of water-col~~mn conditions present during 
only a fraction of the year). The deep sea environ- 
ment must be sampled at a much higher temporal 
resolution before we can fully understand the life 
cycle of these deep sea organisms. Once the rclati- 
on of seasonal microhabitats and life-cycles of 
deep-water benthic foraminifera are more firmly 
established, benthic populations may prove to be a 
sensitive monitor of the seasonal carbon flux to the 
seafloor. 
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ABSTRACT 
We describe the new species Psaininiizopelta gradsteiizi Kaminski and Geroch, n. sp. from green 
shales of Eocene age from the Labrador Sea, Norwegian Sea, and the Silesian Unit of the Polish 
Outer Carpathians. The species is characterised by its small, gracile test and numerous evolu- 
te whorls. The more or less synchronous appearance of Psanzininopelta gradstri~li  n.sp. in middle 
to late Eocene green shales in three geographically separated areas means that the species is 
probably cosmopolitan, and is a useful stratigraphical index species in the abyssal area of the 
Atlantic and Tetl~ys oceans. 

INTRODUCTION 
The deep water agglutinated foraminifera (DWAF) 
are widely distributed in oceanic sediments depo- 
sited beneath the Carbonate Compensation Depth 
throughout the world ocean. Although some fau- 
nal endemism may admittedly exist in semi-isola- 
ted oceanic basins such as the North Sea (e.g. Grad- 
stein & Kaminski, 1989), as a general rule most 
DWAF species are cosmopolitan in distribution. 
This particularly applies to the faunas of the abys- 
sal plains. 

On various occasions over the years, the aut- 
hors of this study have carried out direct com- 
parisons of DWAF assemblages from classic locali- 
ties in the Atlantic and Carpathian regions for the 
purpose of establishing a standardised taxonomic 
framework for biostratigraphical studies. Our ear- 
lier comparative studies have shown, for example, 

that a number of species described from the Paleo- 
gene of Trinidad by Cushman and co-workers in 
the 1930's and 1940's are identical with those first 
described from the Carpathian flysch by Grzybow- 
ski and co-workers at the turn of the 19th/20tl1 
centuries (Kaminski et al. 1988; Kaminski & Ge- 
roch, 1993). In another instance, a species newly 
found in Trinidad by the first author also turned up 
in samples from the Polish Carpathians (Kaminski 
& Geroch, 1987). It would appear that the faunal 
links between the Atlantic Ocean and the Carpath- 
ian flysch basins were indeed strong, at least until 
the Oligocene when Alpine tectonic movements 
severed the connections between the b 7 0  areas. 

The purpose of this note is to assign formal 
taxonomic status to yet another new species of cos- 
mopolitan DWAF that has been found in the Eo- 
cene of the northern North Atlantic and Carpatlu- 

Prof. Stan Geroch visited the GEOMAR bungalow in the spring of 1991 to carry out com arative studies of micro- 
fo,asils with the first author. At this time, the matter of the new Psamnzinopel~a was discussed: and Prof. Gercuh contri- 
buted photographs of specimens of the species from the Carpathian flysch. We a ain discussed this species i n  1992 - 
1993 while we were carrying out our revision of the Paleogene species from the 8rzybowski Collection (Kaminski & 
Geroch, 1993). Although the idea carrying out more taxonomic work was discussed and a preliminary description of 
the species was written at that time, Prof. Geroch's death in 1995 precluded him from taking part in the actual writlng 
of this paper. However, photographs of the Carpathian specimens used in this paper were made by him. Because of 
his initial contribution to this paper he is included here as the co-author. 

In: Hass, H.C. & Karninski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. Grzybouaki Fozlndation Special Pzlblicatiorz, no. 5, pp. 249-252 
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an deep sea basins. The species has been reported 
previously under various names, notably in four 
(possibly five) different studies of Paleogene 
DWAF froni DSDP and ODP localities in the Labra- 
dor Sea and Norwegian Sea. The species may have 
also been observed by Grzybowski (1901) from the 
Paleocene of the Magura Unit of the Carpathians, 
but as specimen is not preserved in the collections 
we cannot be certain of the synonymy. We there- 
fore propose the new name Psamiizinopelta grad- 
steini  n.sp. and provide a formal description of the 
species. 

SYSTEMATIC TAXONOMY 
Fainily RZEHAKINIDAE Cushman, 1933 
Genus Psarizii~inopelta Tappan, 1957 
Psan~riiiizopelta differs from Rzehakiiza in having flat 
sides and in the absence of any wall thickening 
over the flat sides of the test. Loeblich & Tappan 
(1987) reported the stratigraphc distribution of the 
genus as Cretaceous. Reports of tlus genus in the 
Norwegian Sea extend its known stratigraphic 
range to the Miocene. 

Psamminopeltlr gradsteini Karninski & Geroch, 
n. sp. 

Textfigure 1; Plate 1, figs. 1-9. 
aff. A m n l o d i s c ~ ~ s  po1y~yr11s (abnormal).-Grzybowski, 
1901, pl. 8, fig. 27. 

aff. Spirolocartntli~?n l f l l~posf l  (Hi~ssey).-Verdenius & van 
Hinte, 1983, p. 192, pl. 4, figs. 19, 20. 

Spr'asi~ri~oilrnelln cor~lprcssn Matsunaga.-Miller i>t nl., 
1982, p. 20, pl. 2, fig. 5; -Kaminski et nl., 1989. pl. 5, fig. 
6. 
Psnrr~ril~nopcltn sp. Kaminski et nl. 1990. pl. 4, figs. 3,4. 

Diagnosis: A gracile species of Psaiiiminopelta with 
a thin wall and a concave initial part. 

Type Specimen: Currently housed in the first 
author's collection at University College London. 
Holotype and paratypes will be deposited in the 
micropalaeontology collections of the Natural 
History Museum, London. 

Type Level: Upper Eocene. 

Type Locality: ODP Site 647, Southern Labrador 
Sea. Holotype is from Sample 647A-45R-1, 14- 
17cm. 

Diagnostic Features: Test small, wholly planispi- 
ral, flat or weakly biconcave, evolute, with two 
chainbers per whorl. Proloculus is minute. Cham- 
bers increase ill diameter slowly, and do not over- 
lap preceeding whorls. Specimens coi~sist of as 
inany as eight sets of whorls, and have a poorly 

developed spiral suture. Periphery is rounded. 
Aperture is an eccentric slit at the end of a pro- 
duced neck. 

Size: Specimens from ODP Site 647 are up to 0.6 
min in length, 0.28 mm in width. 

Derivation of Name: In honour of Dr. Felix M. 
Gradstein (Saga Petroleum), who was co-author of 
three of the ODP papers that originally reported 
this species under various names. Also in recogni- 
tion of his long-standing work on the systematics 
and biostratigraphy of DWAF from the northern 
North Atlantic region. 

Figure 1. Internal structure of IJsnnuninof~~lta grndsti>ini 
n.sp., drawn from transmitted light photographs. Speci- 
mens from the upper Eocene of Biecz, Poland, magnifi- 
cation ca. x160. 

Observed Occurrences: T h s  species may have 
been seen by J. Grzybowski in the Paleogene of the 
Gorlice region of the Carpathians. The specimen 
illustrated by Grzybowski (1901) as , ,Ariiii~odiscus 
po l !ygyr~~s  (abnormal)" in his plate 8, fig. 27 is cer- 
tainly reminiscent of our species. However, this 
specimen is not preserved in the collection, and has 
no formal status. Miller et al. (1982) reported this 
form as Spirosiginoiliizella coinpi*cssa from the upper 
middle Eocene to upper Eocene of DSDP Site 112 in 
the Labrador Sea. Verdenius & van Hinte (1983) 
illustrated specimens as Spirolocaiiiniina larirposl7 
from DSDP Hole 338 which probably fit the 
description of Psaniiiiinopelta gradstciili n.sp. Oster- 
man & Spiegler (iiz press) illustrated a specimen as 
S .  conipressa from the Miocene at Site 909, west of 
Spitsbergen. 

We observed Psamiiiinopelta gradsteirzi n.sp. in 
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the upper middle Eocene to lower Oligocene at 
Sites 112 and 647 in the southern Labrador Sea 
(Kaminski e t  al., 1989), in the upper Eocene to Oli- 
gocene at ODP Site 643 in the Norwegian-Green- 
land Sea (Kaminski e t  al., 1990), and in middle to 
upper Eocene (A. latus Zone) green claystones of 
the Silesian Unit of the Polish Carpathians, in 
Biecz, Poland. 

Known Stratigraphic Range: upper middle Eo- 
cene to ?lower Miocene. The first occurrence of 
this species is a useful biostratigraphic datum in 
the upper middle Eocene in the deep Labrador Sea 
and Norwegian Sea. 

Bathymetry: lower bathyal to abyssal. 

Remarks: One of us (MAK) originally believed this 
form to represent one of the alternate generations 
of S .  conlpressa, and therefore included it together 
with the latter species in data from ODP Site 647 
(Kaminski e t  al., 1989). However, after closer 
examination of material from both the Labrador 
and Norwegian-Greenland Sea, we have been un- 
able to find any individuals of this species with 
spirosigmoiline initial coiling. Moreover, at both 
localities, the first occurrence of this form occurs 
lower in the stratigraphic section than that of the 
typical S .  compressa Matsunaga. There is also a 
paleobathymetrical separation between S .  coinpres- 
sn and P. gradstcini  11.s~. in the North Sea region. 
Psainiizinopelta gradsteini  n.sp. is rare in the North 
Sea, and is only observed in the deepest parts of 
the basin and at the abyssal ODP sites, whereas S .  
coiilpressa is widely distributed. Psanzrninopelta 
gradstciizi n.sp. occurs in low numbers in the 
middle to upper Eocene (Ammodiscus latus Zone) 
of the Silesian basin of the Polish Carpathians, but 
in this area S .  coiilpressa has not been observed. 
Based on the above observations, we now believe it 
is necessary to separate this species from S .  com-  
pressa. 

Although some specimens may be slightly 
assymetrical, others are almost perfectly symmetri- 
cal. The species therefore cannot be placed in the 
genus Spirolocamnlina Earland, 1934. (Spirolocanziizi- 
n n  is a strongly sigmoidal modern genus described 
from the Antarctic seas). 

Psanlnliizopelta gradsteiizi n.sp. is most similar in 
morphology to Paleocene specimens of Rzehakina 
nziniirla from the Central North Sea. The major dif- 
ferences can be found in the nature of the initial 
portion of the test. Rzelzakina nlininla has a larger 
proloculus than Psnnlnlinopelta ~ r a d s t e i n i  n.sp. 
Topotype specimens ofR. iizininza from Lizard 
Springs are broader and thicker, and have perfect- 
ly flat lateral sides, whereas Psamnlinopelta gradstei- 
ni n.sp. is biconcave. Many specimens of Psamnzi- 
nopelta gradsteiizi n.sp. have broken centers, indica- 
ting that the proloculus and first whorls must have 
been extremely thin-walled. Schroder-Adams & 

McNeil (1994) described the new species Psaiilnli- 
nopelta arca from the Oligocene Kugmallit sequence 
in the Beaufort-Mackenzie Basin. This species dif- 
fers in its thicker test and more rounded outline. 
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Wurstkammer specimens of the planktic foraminifer Neogloboquadrina 
pachydema (sinistral): A new morphotype from the Arctic Ocean and 

the Weddell Sea 
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ABSTRACT 
From two cores of the central Arctic Ocean and the Southern Ocean (Weddell Sea) a new mor- 
photype of the planktic foraminifer Neo~loboquadrina pachydernra (skstral) ( ~ h r e n b e r ~ )  with 
"sausage" shaped final chambers (i.e. "Wurstkammer") is described. A comparison of these 
morphotypes in the two polar regions shows significant differences in shape and frequency 
during the last 70,000 years in the central Arctic Ocean and during the last 140,000 years in the 
Weddell Sea. In the central Arctic Ocean the frequency of wurstkammer specinlens call be cor- 
related to that of the so-called kummerform specimens during the last 70,000 years; this corre- 
lation cannot be seen in a core from the Weddell Sea. The wurstkammer and kummerform spe- 
cimens are interpreted as being end-members of a morphological progressional line. The 
abnormal chamber growth is probably an adaption to various environmental stress conditions 
found in the two polar regions during the last 70,000 in the Arctic and 140,000 years in the 
Antarctic, but the reasons for this abnormality are not yet fully understood. 

INTRODUCTION 
In this study, a new morphotype of the planktic 
foraminifer Neogloboqrradri~~a pach!ydernla (sinistral) 
(Ehrenberg) is described and its occurences in the 
central Arctic (Fig. 1) and the South Atlantic Ocean 
(Weddell Sea, Fig. 2) is compared. The last cham- 
bers of these specimens are ,,sausage" shaped 
(,,WurstkammerU = sausage chamber), especially 
in Core PS2185, or are more inflated (in Core 
PS1388). 

Earlier studies concentrated mainly on the 
integration of the planktic foraminifer species N .  
pachyderma (sin.) within the total planktic foramini- 
fer taxa. Since the 1970's several workers have stu- 
died the paleoceanographic and ecological para- 
meters of this polar species, such as the evaluation 
of coiling directions and of frequency distributions 
(Kennett, 1968, Keller, 1978). 

In the 1980's, research on the recent distri- 
bution of planktic foraminifers in the water column 
was strengthened by plankton tow and sediment 
trap experiments, especially in the Pacific Ocean 
(Arikawa, 1983, Reynolds & Thunell, 1986). 

During the 1990's, detailed studies of the verti- 
cal and horizontal distribution of N .  pachyderma in 
the water column of the Arctic Ocean (Carstens & 

Wefer, 1992) and the South Atlantic (Donner & 
Wefer, 1994, Berberich, 1996) have been carried out. 
Several tropical and subtropical planktic forainini- 
fer species (i.e. Globi~perinoides sacc~llifcr, Globiseri- 
nella siphonifera and Orbz~lirza uiziversa) have been 
successfully cultured under varying laboratory 
conditions (e.g. temperature, salinity, food) 
(Hernleben et al., 1987, Hemleben et al., 1989, Bijma 
et al., 1990, Bijma et al., 1992). Studies of N .  paclz!y- 
derina in the Weddell Sea have focused on its di- 
stribution and abundance in the water column 
with and without sea ice cover, and on the occu- 
rence of living specimens of N .  paclzyder-nza in the 
Weddell Sea ice (Spindler & Dieckrnann, 1986, 
Syindler et al., 1990, Dieckmann et al., 1991, 
Berberich, 1996). Culture experiments to demon- 
strate the special adaption of N .  pachydcriila to lug11 
salinities in Antarctic sea ice have been carried out 
by Spindler (1996). 

MATERIAL & METHODS 
Samples of two sediment cores were examined: 
Core PS2185 in the central Arctic Ocean 
(Lomonosov Ridge, core location 87O32.0'N 
144"22,9'E, 1051 m water depth, Fig. 1) and Core 
PSI388 in the eastern Weddell Sea (core location 

In: Hass, H. C. & Kaminski, M. A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceano- 
graphy of the Northern North Atlantic. Grzybowski Forrrzdation Special Publication, no. 5, pp. 253-262 
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Figure 1. Core location of Core PS2185 in the central Arctic Ocean (Lomonosov-Ridge). 

69O02.0'S; 5'55.0'W, 2526 m water depth, Fig. 2). 
Core PS2185 was recovered during the Arktis- 
VIII/3 expedition of RV ,,Polarsterno (Fiitterer, 
1992) and Core PSI388 during the Antarktis- IV/3 
expedition (Fiitterer, 1987). 

All samples were wet-sieved over a 63 PI 

mesh-size sieve and later dry-sieved. The coarse 
fraction was dry-sieved into the subfractions 63- 
125, 125-250 and 250-500 LLm. The wurstkammer 
and kummerform specimens were counted in the 
250-500 pn fraction and calculated for the total 

sample (specimens per gram dry sediment). 
Simi~ltaneously the wurstkammer specimens were 
picked for SEM-analysis. Ongoing work shows 
that only few specimens of N. pach!/dernra (sin.) 
with wurstkammer-shaped chambers occur in the 
subfraction 125-250 tun. 

A wurstkammer is defined as one of the last 
chambers of N. pnchydcrrwn (sin.) which is, in con- 
trast to a kummerform chamber, normally two to 
three times more elongated than the previous 
chamber. They are normally ,,sausagen shaped 

with a width/length ratio of 

~rctic 
isula 

. . -..-u.. 
Sea 

Mau -. 
Gunneru 

Ridge 

70"W 60" 50" 40" 30" 20" 10- o0 0 "  209 30" 4 0 " ~  0.25 - 0.50. These wurstkam- 
60" 60' mers usually grow at an  

angle of 90" to the trochospi- 
ral growth direction and 
overlap earlier chambers. 
This s t~ tdy  covers the last 

70" 'O" 70,000 years including iso- 

tope Stages 4 to 1 in Core 
PS2185 (Arctic Ocean, Fig. 3) 
and the last 140,000 years 
spanning isotope Stages 6 to 
1 in Core PSI388 (Weddell 

80"s .. . . . 
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0 0 0 0 0 Core PSI388 in the eastern 
< 2000 m > 2000 rn > 3000 rn > 4000 rn > 5000 rn Weddell Sea. 
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Sea, Fig. 4). Of special interest are the morphologi- 
cal and faunal changes in the wurstkammer speci- 
mens during the glacial/interglacial transitions 
6 /5 (Termination 11) and 2/ 1 (Termination I). These 
time spans are recorded in Core PSI388 through 
stable oxygen isotope data, but between 52-24 ka 
B.P. 110 samples are available (Figs. 4, 6, 7b, 8b). 
Samples in Core PS2185 cover the last 70,000 years 
dated through AMS-ages and stable oxygen iso- 
tope data (N~rgaard-Pedersen, 1996). The strati- 
graphical basement of Core PSI388 (Weddell Sea) 
used in this study, is the N. pachyderiim (sin.) 6180 
curve, carried out by Grobe et al. (1990) and Grobe 
& Mackensen (1992). The stratigraphic fix points 
are in accordance with Martinson rt al. (1987). 

RESULTS 
Morphological results of the wurstkammer speci- 
mens (interpretation of SEM-photographs) 
The scanning electron microscope photographs 
(Plates 1 and 2) show abnormal shell growth (i.e. 
,,Wurstkammer" specimens) in comparison to nor- 
mal shell growth. Here the ,,Wurstkammerl' mor- 
photypes are defined as N. pachyderinn (sin.) speci- 
mens with abnormally elongated last chambers. In 
these specimens the final chambers are not nor- 
mally arranged in a trochospire. The wurstkam- 
mers appear to grow at an angle of 90" to the nor- 
mal growth direction, thus overlapping the spiral 
and umbilical parts of the test in the form of a 
,,sausagew. Usually only one chamber is formed as 
a wurstkammer, but occasionally two or more 
wurstkammers can be seen in one specimen. In this 
case the last wurstkammer is larger in size and 
more elongated than the others (Plate 1: Fig. IV). 

In the two polar regions morphologically diffe- 
rent types of wurstkammer specimens can be 
found: 

a) In samples from the central Arctic Ocean 
(Core PS2185) relatively long wurstkammers domi- 
nate (Plate 1: Fig. Ia, b, 111, IV). These chambers can 
be up to three times larger than the penultimate 

Figure 3a,b.. Percentages of 
wurstkammer and kumnier- 
form specimens of Nepylubo- 
qiradrirza pnclrt deriim (sin.) of 
total N. pnclilikrnin (sin.) speci- 
mens in the fraction 250-500 pn1 
in Core PS2185, central Arctic 
Ocean (oxygen isotope Stages 4 
to 1). 

chamber. The very wide aperture of the wurstkalli- 
mer specimens in comparison to normal specimens 
of N. pachydtrma (sin.) is another important charac- 
teristic feature (Plate 1: Fig. Ib, 111). 

b) Many wurstkainmer specimens in the 
Weddell Sea (Core PS1388) differ in shape froin 
those of the Arctic Ocean: The wurstkaininers 
formed here are more inflated as they have a lower 
length/width ratio than the wurstkammers from 
Core PS2185 (Plate 2: Fig. IIIa, IVb). 

In addition to the N, pachydernla wurstkainmer 
specimens with large terminal chambers, samples 
also contain specimens with rudimentary lasl 
chambers, so called kummerform-specimens 
(Berger, 1969; Olsson, 1973) (Plate 2: Fig. 11). Berger 
(1969) first described these specimens: he defined 
kummerforms as specimens with a smaller or 
equal-sized final chamber as the penultimate one 
In exceptional cases kummerkammers and wurst- 
kammers occur in the same specimen: Here the last 
chamber is formed as a kumrnerkainmer whereas 
the penultimate and antepenultimate chambers are 
formed as wurstkanuners (Plate 1: Fig. IV) 

Quantitative analysis of wurstkammer/kummer- 
form N.  paclzyderfna (sin.) specimens in the sub- 
fraction 250-500 p n  
In the sediment samples of Core PS2185 the maxi- 
mum frequency of wurstkammer speciinens is 
found at the beginning of oxygen isotope Stage 3 
(up to 22% of the total N. paclzyderi~ra specimens in 
the subfraction 250-500 pm) and at Terinination I 
(up to about 12%, Fig. 3a). The lowest frequencies 
of wurstkammer specimens appear in Termination 
I1 (about O%), in Stage 2 (about 2%) and in the 
Holocene (up to 3%) (Fig. 3a). Highest numbers of 
kurnmerform specimens occur at the same time as 
the wurstkammer specimens, i.e. at the beginning 
of Stage 3 (27% frequency) and at Termination I 
(21%). Frequency minima occur at stage boundary 
4/3, in the middle part of Stage 3 and in the upper 
Holocene (Fig. 3b). 
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Figure 4a,b. Percentages of  
wurstkammer and kummer- 
form specimens of N~.o,ylol~o- 
q ~ i d r i n n  pacl~!/ll~rrr~a (sin.) of 
total N. paclr!jd~~~ilrn (sin.) in 
the fraction 250-500 pm in  
Core PS1388, eastern Weddell 

b 
Sea (oxygen isotope Stages 6 
to 1). 
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In Core PSI388 wurstkammer specimens can 
be observed maiidy within Stage 5 (about 9%) and 
in the Holocene. Frequency miiuma appear at Ter- 
mination 11, Termination I and in the lower Holo- 
cene, a weak minimuin occurs in Stage 4 (Fig. 4a). 

Most of the kuminerform specimens appear in 
Substage 5.5 (about 26%), in Stage 4 (about 9%) and 
in the Holocene (11%) (Fig. 4b). Frequency minima 
occur at Termination 11, within Stage 5, at 
Termination I aild in the Holocene (Fig. 4b). 

Concentrations of wurstkammer/kummerform 
specimens in the subfraction 250-500 p~ 
I11 Core PS2185 1x0 wurstkamrner specimens are 
found in the upper part of Stage 4 and at stage 
boundary 4/3. The numbers increase throughout 

Figure 5a,b. Concentration of 
wurstkammer and kummer- 
form specimens of N L Y J ~ ~ ~ ~ ~ ~ ~ ( I -  
quddrina pacll!jdo~r~a (sin.) in 
the fraction 250-500 pm/g dry 
sediment in Core PS2185, cen- 
tral Arctic Ocean (oxygen iso- 

b tope Stages 4 to 1) 

Stage 3 with hghest test concentratioi~s found in 
the middle part of Stage 3 (up to 11 specimens/g 
dry sediment) (Fig. 5a). At the end of Stage 3 the 
number of wurstkammer specimens decreases 
rapidly down to only 1 wurstkamrner speciinei~/g 
in Stage 2. During the Holocene the concentration 
increases slightly up to 2.5 specimens/g (Fig. 5a). 
The corresponding plot of the kummerforin con- 
centrations shows a similar trend (Fig. 5b): Lowest 
concentrations of kuinmerform speciinei~s arc 
found in the upper part of Stage 4 and at stage 
boundary 4/3 (0 specimens/g). Highest concentra- 
tions occur in Stage 3 (up to 18 specimens/g, Fig. 
5b). Concentrations here are on average twice as 
high as the wurstkarnmer specimens. 

In contrast, concentrations of wurstkammer 
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Figure 6a,b. Concentration of 
wurstkaminer and kummer- 
form specimei~s of Nt>o~lobo- 
quadrina pncht derriln (sin.) ui 
the fraction 225-500 v / g  dr 
sediment in Core P ~ 1 3 8 l  
eastern Weddell Sea (oxygen 
isotope Stages 6 to 1). 

Figure 7a,b. Concentration of 
total specimens of N.  paclryd~r- 
n m  (sin.)/g dry sediment in 
the fraction 250-500 pni in 
Core PS218.5, central Arctic 
Ocean (oxy en isotope Stages 
4 to 1) a n t  in Core PS1366, 
eastern Weddell Sea (oxygen 
isotope Stages 6 to 1). 

specimens are very high in Core PSI388 (more than takes place. In Stages 3 and 2 concentrations are 
600 wurstkammer specimens/g dry sediment near low (about 15 wurstkammer specimens/@. At 
Substage 5.5 about 115 ka B.P.) (Fig. 6a). Termination I and in the Holocene all wurstkam- 
Concentrations decrease rapidly after this short mer specimens disappear (Fig. 6a). Kummerform 
maximum, although a minor maximum occurs at specimens generally show lower concentrations 
stage boundary 5/4 (about 150 wurstkammer spe- than the wurstkammer specimens although they 
cimens/g). Throughout Stage 4 a second decrease follow a similar trend to the wurstkammer speci- 
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I -- no data 

mens. Maximum concentrations were observed in 
Stage 5 with 170 kummerform individuals/g (Fig. 
6b). 

The concentration of the total specimens of N. 
pnclzydernzn (sin.) in the fraction 250-500 p is up to 
250 specimens/g dry sediment in Stage 3 in Core 
PS2185, a lower peak is observed in the Ilolocene 
with about 50 specimens/g (Fig. 7a). Lowest con- 
centrations can be seen at stage boundary 4/3 (0 
specimens/g) and in Stage 2 (about 20 speci- 
mens/g) 

In Core PSI388 highest concentrations are seen 
in two maxima within Stage 5 with 2750 speci- 
mens/g at 115 ka B.P. and 2100 specimens/g at 105 
ka B.P., minima occur at Ternunations I1 and I (0 
specimens/ g) (Fig. 7b). 

The highest concentration of total specimens of 
N. pnclz?/do~~ln  (sin.) is up to 30 times higher in the 
Weddell Sea than in the Arctic Ocean (Fig. 7a, 7b). 
The concentration curve of total specimens of N. 
~~mli!jdcrirln (sin.) in the Arctic Ocean and the 
Weddell Sea (Fig. 7a, b) correlates well with the 
concentration of kummerform specimens in the 
fraction 250-500 Fun in the same cores (Fig. 5b, 6b), 
whereas the correlatioll to the wurstkammer cur- 
ves is not so evident (Fig. 5a, 6a). 

The wurstkammer/kummerform ratio in the 
Arctic Ocean in the fraction 250-500 pm is low (up 
to 1.4 in Stage 5 and 1.7 in Stage 3) (Fig. 8a) com- 
pared with the wurstkammer/ kummerform ratio 
in the Weddell Sea (up to 4.2 in Stage 5 and 2.2 in 
the Holocene) (Fig. 8b). In the Arctic Ocean lowest 

Figure 8a,b. Wurstkani- 
mer/ kummerform 1.3 tio of 
specimens N. ~inclr,1/dr~rrrri7 
(sin.) in the fract~on 250-500 
pm in Core PS2185, central 
Arctic Ocean (oxygen iso- 
tope Stages 1 to 1) and in 
Core PSl388, eastern 
Weddell Sea (ox gen iso- 
tope stages 6 to 1 Y 

wurstkammer /kummerform ratios can be found 
in the upper part of Stage 4, at stage boundary 4/3 
and in Stage 2 (0.05), lughest values are seen in 
Stage 3 (up to 1.8, Fig. 8a). In the Weddell Sea maxi- 
ma of the wurstkammer/kununerform ratio occur 
in Stage 5 at 112 ka B.P. (4.1), near stage boundary 
5/4 (3.2) and in the upper Holocene (3.2). 

DISCUSSION & CONCLUSION 
The comparison of the quantitative analyses on the 
wurstkammer and kumrnerform specimens in the 
fraction 250-500 p n  in Core PS2185 shows an excel- 
lent correlation between these two morphotypes 
(Fig. 3a, b). In this core, especially in Stage 3 and at 
Termination I, a high number of wurstkammer and 
kumrnerform specimens occur at the same time. 
The percentage of kummerform individuals is nor- 
nlally two to three times higher t11ai1 that of the 
wurstkammer specimens. The ratio between 
wurstkammer and kumrnerform speciinens is rela- 
tively low, indicating only a small difference in the 
number of wurstkammer and kumlnerform speci- 
mens (Fig. 8a). 

These two special morpllotypes can be inter- 
pretated as end-members of a inorphological line 
and demonstrate the very high morphological 
variability of N. pclz?jdcrllrn (Kennett, 1968; Keller, 
1978; Healy-Williams, 1992), clearly evident in the 
short time intervals between 56-50 and 18-8 ka B.1'. 
(Fig. 3a, b). 

In contrast, in Core PSI388 no ge~leral correla- 
tion between wurstkamrner '~nd kummerform 
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types can be found, for example some samples 
show a high number of wurstkammer specimens 
together with only a few kummerform specimens 
(Stage 5, about 90 ka B.P.; Fig. 4a, b). 

Kum~~erform growth is probably due to two 
main reasons (Berberich, 1996): 

a) Development of kum~nerforms in small 
specime~~s due to environmental stress, e.g. chan- 
ges in temperature, salinity and food supply 
(Berger, 1971; Be & Van Donk, 1971; Hecht & Savin, 
1972). 

b) Development of kurnrnerforms in large 
specimens due to reproduction stress. Hemleben ct 
a / .  (1987) discovered that specimens of the planktic 
foraminifer G. sncclllifer form kun~merform cham- 
bers instead of normally shaped last chambers 
shortly before reproduction. 

If kumnerform and wurstkammer specimens 
are considered as end-members of a morphological 
progression, then the reasons above i.e. environ- 
mental/reproduction stress need to be further ana- 
lysed. If the formation of a wurstkarnmer is com- 
pared with the building of the sack-like chamber in 
specimens of G. sncclrlfcr, then reproduction stress 
would be the inost important reason for forming a 
wurstkammer. This is supported by the large num- 
ber of wurstkammer specimens found in the frac- 
tion 250-500 pm in contrast to the fraction 125-250 
Fun where there are only a few such specimens. 
Therefore, the wurstkammers were formed mainly 
in the adult stage, when reproduction occurs. 
Secondary calcification of N. pncli!jder~lla tests 
formed shortly before reproduction (Kennett, 1968; 
Be & Hemleben, 1977; Meggers, 1996) appears to be 
less well developed on wurstkamrner individuals 
from either core (Plate 1: Fig. IIa, b, 111; Plate 2: Fig. 
IIIa, b). 

On the other hand the formation of wurstkam- 
mer specimens due to environmental stress is sup- 
ported by: 

1. their extensive appearance during time 
intervals of the last 140,000 years that are characte- 
rized by strong climate change, i.e. in very early 
Stage 3 and at Termination I (Nnrgaard-Pedersen, 
1996) the change of meltwater to normal salinity 
conditions could cause the appearance of large 
numbers of wurstkammer and kummerform speci- 
mens in the Arctic Ocean (Fig. 3a, b). 

2. the abnormal shell growth of the wurst- 
kammer individuals: the abnormality of the wurst- 
kainrner cl~ambers is not oi~ly restricted to size and 
shape, as in the sack-like chambers of G. sncct~lifcr, 
but there is also an abnormality in growth directio~~ 
(often a second growth direction perpendicular to 
the main one). These specimens may terminate 
11orina1 growth in one direction due to strong envi- 
ronmental stresses, and then build enlarged cham- 
bers with growth in a new direction. The different 

morphological shapes of the wurstkanuner cham- 
bers in each of the two polar cores point to different 
strong environmental factors influencii~g N. paclly- 
derrrin populations in the Arctic Ocean and the 
Weddell Sea. 

Earlier works (Be & Hutson, 1977; Boltovskoy, 
1982) were unable to find causes for abnormal shell 
growth in planktic foraminifera. 

To obtain more details about the formation of 
wurstkammer specimens additional studies of N. 
pnclzyderiira shells in sediment surface samples, in 
samples from sediment traps and in plankton net 
tows need to be carried out. Especially the North 
Atlantic and the South Atlantic are interesting regi- 
ons for further studies because of their different 
oceanic conditions and geological history to com- 
pare the biology and the fossil record of the bipolar 
populations of N. pndlyderr?ln. Culture experiments 
are also necessary to test the various conditions 
under which wurstkammer growth takes place. 
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Plate 1. SEM-phcrtngraphs of Nco,ylobrrq~mdrrrln ~ ~ n d i u d c r n ~ n  (sin.) wurstkammer specimens In Corv I37185 (central 
Arcticmean). FIG. la, b: Wurstknrnmcr specimens in different views (49 ka R.F). Fig. Ila, h: Wurstknmmer specimens 
in differnit views (78 kn R.p). Fig. 111: Wurstkammer specin~en (122 ka B.P.). Fig. IV: I.\turstknn~n~er sprcimen (78 kn 
U.P.1. 



I'late 2. SEM-plioto~raphs of hrthr)4~iidaq~lndr~nn ~ ~ n c l r ~ ~ i l r ~ r ~ i ~ n  (sin.3 r\-~trst kamlnrr speclrnvnq 111 Ctvrti PSI 788 (Wt-ddcl t 
Sea). Fit: I R~gi~lar- formed spcrimerl (122 kn 11.1'). Fig. 11: Ktrn~rncrtornm speclmctl (15 k~ B.P.). Fix. 1112, LY 
W~~rrtkanln~i*r 5pwimen.: ill diffewnt view* (1% ka l3.P.). Fig. IVa, b: Wuwtkamnler <puci~ncos In difirrpt~t \.rtliu.. (132 
kn n.lT.) 
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ABSTRACT 
This investigation focuses 011 changes in the ultrastructure of planktonic foraminifer tests 
caused by sediment transport in the-marine environment. ~orakinifer  tests that were unam- 
biguously transported by bottom or turbidity currents (confirmed by sorting of the sediment) 
show changes in the ultrastructure of the crystalline part of tests. These changes can be distin- 
guished from dissolution effects. Analysis of the ultrastructures by scanning electron micro- 
scopy clearly indicates physical abrasion of exposed parts of test surfaces during bottom-cur- 
rent transport; this may result in the disintegration of the test with persisting transport. In con- 
trast, chemical dissolution acts upon the whole surface of the tests, both on exposed and more 
sheltered parts. 
As a consequence, poor preservation and fragmentation of biogenic marine sediments must 
not necessarily be attributed to dissolution, but can be the result of bed-load transport. More- 
over, the recognition of evidence for bed-load transport has important consequences on the 
assessment of the foraminifer tests as carriers of environmental signals. 

INTRODUCTION 
Foraminifers as sedimentary particles 
Sediments can reveal important information about 
their formation. Evidence can be sedimentary 
structures on different scales or the occurrence of 
single grains with features that are characteristic of 
particular processes. Therefore, the detailed ana- 
lysis and interpretation of marine sediment sam- 
ples is an important method for increasing the 
knowledge of the formation processes of the sedi- 
ment. 

The study of foraminifer tests is crucial for a 
wide range of marine sedimentological investiga- 
tions because foraminifers are important carriers of 
environmental signals such as stable isotope and 
geo- and biochemical signals that reveal informa- 
tion about water mass properties and nutrient con- 
tents. Because of the low density of empty (i.e. 
water-filled) foraminifer tests [e.g. 1.5 g/cm"or 
250 planktic foraminifer tests (Berger & Piper, 
1972); mean densities of 1.29 (Globorotnlin hirsutn), 
1.16 (Globi~erirzoides rtlber), 1.30 (Globigerinoides snc- 
c~~lifer) and 1.48 g/cm" (Orbl~liizn uniucrsn) (Fok- 
Pun & Komar 1983); 1.368 - 2.388 g/cm3 for Neoglo- 
boq~ndrinn pach!yderii~n (Oehmig 1993)], they are 

transported by relatively slow currents as bed-load 
at the sediment surface or in suspension, together 
with medium to coarse silt and fine sand terrige- 
nous particles. Thus, they may be found in places 
and environments that are not related to (or not 
immediately beneath) the surface waters where 
they originated. To interprete environmental sig- 
nals indicated by these tests, it is essential to know 
the transport history of the tests and the physical 
influences (both physical abrasion and dissolution 
in the water column or in the sediment) that have 
acted on them on their way through the water 
column, whether bed-load transport is possible 
and the duration at the site of deposition where the 
sediment sample has been taken. Detailed investi- 
gations of the ultrastructure of foranunifer shells 
are a method to trace these influences. 

Marine bottom currents and their effect on fora- 
minifer tests 
Sediment transport by thermohaline bottom cur- 
rents and turbidites in the marine environment is a 
widely recognized phenomenon (e.g. Hollister & 
Nowell, 1991; Edwards, 1993). While there is conti- 
nuous transport of fine grained particles in nearly 

In: Hass, H.C. & Kaminski, M.A. (eds.) 1997. Contributions to the Micropaleontology and Paleoceanogra- 
phy of the Northern North Atlantic. Grzyboulski Foundation Special Pl~blicntioiz, no. 5, pp. 263-271 
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all parts of the oceans, transport of sand- and 
medium to coarse silt is principally restricted to 
events with higher current velocities ('deep sea 
storms', Kerr 1980; Gardner & Sullivan, 1981; Hol- 
lister & McCave, 1984), to areas with generally 
higher current velocities (e.g. 'contourite currents', 
Faugeres & Stow, 1993), and to regions that gene- 
rally show higher sediment transportation rates 
('sediment drifts', e.g. McCave & Tucholke, 1986). 
During high current velocity events even foramini- 
fer tests can be moved. This may result in accumu- 
lation of well-sorted foraminifer tests in distinct 
layers of mm to cm thickness in the sediment 
column. These are commonly referred to as con- 
touritic layers. When these foraminifer tests are 
moved as bed-load, markings develop on the sur- 
face of the shells that are comparable to the roun- 
ding of fluvial and coastal sediment detrital grains. 
Due to the fragility of foraminiferal tests, abrasion 
may cause early break-up of the carbonate shell. 

Until now, the disintegration and break-up of 
foraminifer shells has often been attributed to car- 
bonate dissolution, either during settling through 
the water column or in the sediment due to dyso- 

xic or undersaturated conditions. This investiga- 
tion is dedicated to the recognition of the effects q 
bottom current transport on planktonic foramini 
feral tests before their disintegration. To evaluate 
this effect, detailed investigations were carried out 
using high-resolution scanning electron micro- 
scopy (SEM) methods. In our study, we concentrate 
on the planktonic foraminifer species Neogloboqun- 
drina pnchyder~na (sinistral), a polar and subpolar 
species commonly present in large numbers in 
hemipelagic surface sediments of the northern 
North Atlantic (Henrich et al., 1989). Whether or 
not the sediments were influenced by coarse- 
grained particle transport was inferred froin the 
sorting of the sediment; this is indicated by the 
shape of the settling velocity distributions 
(Michels, 1995). 

The investigations focus on the crystalline part 
of the foraminiferal test that was built up during 
gametogenesis (Ketten & Edmond, 1979). These 
crystalline areas allow the examination of physical 
and/or chemical effects on the tests under con- 
tinuing physical and/or chemical stress (carbonate 
dissolution) that may lead to their disintegration. 

Figure 1. Map of the northern North Atlantic, including the locations of investigated surface sediment samples. Iso- 
lines indicate the 1000,2000 and 3000 m isobaths. 
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The hypothesis that is tested in this study is that 
3hysical influences by bottom-current transport 
and attack by dissolution can be distinguished by 
the effect on sharp-edged and sharp cornered 
crystals of the ultrastructure of the foraminifer 
test's surface. The attack of dissolution ideally 
affects the whole surface that is exposed to corro- 
sive seawater, causing stronger dissolution of cor- 
ners and edges because of their larger exposed sur- 
face compared to the crystal planes. It is suggested 
that all edges, corners, and planes of a crystal 
should be corroded to the same extent. In contrast 
physical abrasion of a surface consisting of nu- 
merous crystals leads to the rounding or removal 
of most exposed corners and edges. 

To lugldight the differences of physical and 
chemical attack on the ultrastructure of the fora- 
minifer test surface, the results are illustrated com- 
paring SEM photographs of completely undis- 
solved but not transported, slightly dissolved but 
not transported, and transported but undissolved 
foraminifer tests. 

MATERIAL AND METHODS 
Samples 
Surface sediment samples (1 cm in thickness) were 
collected from several core sites that were obtained 
during the RV Meteor cruises M 2/2 in 1986 (Ger- 
lach et al., 1986), M 21/4 in 1992 (Pfannkuche et al., 
1993) and during RV Polarstern cruise ARK-VII/1 
in 1990 (Thiede & Hempel, 1991) into the northern 
North Atlantic (Fig. 1). 

The samples were taken from the sediment sur- 
face of box cores, freeze-dried, weighed, and split 
into the coarse (>63 pm) and fine fractions 
(<63 pm) by wet sieving. The fine and coarse frac- 
tions were split into halves. The grain size fraction 
37-63 pm of one half of the fine fraction was sepa- 
rated according to Stokes' law using the Atterberg 
settling velocity method. The separated 37-63 pm 
fraction was then added to one half of the coarse 
fraction, resulting in a >37 pm fraction. This prepa- 
ration of the coarse fraction provides samples with 
the full range of adult foraminifer tests and a grain 
size range of coarse-grained particles that, in case 
of current influence, are transported as single 
unaggregated grains (McCave et al., 1995). 

Terrigenous component 
Carbonate was removed using hydrochloric acid. 
The carbonate percentage of the sample was deter- 
mined by weighing the sample before and the resi- 
due after acid treatment. The carbonate-free 
>37 pm fraction was also subjected to a settling 
velocity analysis in order to gain additional infor- 
mation about the transport of noncalcareous, terri- 
genous material that can be correlated with the 

transport of foraminifer tests. 

Settling velocity 
To obtain a settling velocity distribution of the 
>37 pm fraction, a 0.5-1 g sample of both carbo- 
nate-free and carbonate-containing sediment was 
analysed in a MacrogranometerTh,l settling tube 
(Brezina, 1969). These settling velocity distribu- 
tions were analyzed following the method de- 
scribed in Michels (1995). Although the settling 
velocities obtained for foraminifers cannot be com- 
pared to the settling velocities in the water column 
of the ocean, they reveal a high resolution record of 
the sediment sorting. This can be interpreted wit11 
regard to bottom current influences that may have 
changed the grain size distribution of the sediment 
(Michels, 1995). Since every foraminifer species has 
its own characteristic settling velocity distribution 
and settling velocity range (Michels, 1995), even 
slight changes can be attributed to current influ- 
ence. 

Ultrastructure of shells 
For the SEM investigations of the ultrastructure of 
the crystalline part of the tests, microscope slides 
were prepared with at least 30 specimen of N. 
pach!yder~izn randomly taken from the coarse frac- 
tion (>37 pm) of the sample. These specimens were 
studied in detail for the ultrastructure of their 
crystalline surfaces. 

Preservation 
Preservation of Neogloboquad~iiza pacl.zyder~ria sin. 
tests (usually ca. 40 tests) was studied using the 
SEM. Five-step progressive stages of dissolution (0 
- undissolved to 4 - strongly dissolved) of two prin- 
cipal surface types, reticulate and crystalline, were 
distinguished. Reticulate tests are composed of 
nannocrystals in an initial tiny primary 
microcrystalline layer and a secondary agglo- 
merated layer with crystals arranged as diffuse 
palisades. Crystalline morphotypes develop ter- 
tiary calcitic crusts composed of large rhoinbohe- 
dra at the surface. This crust may completely or 
partly cover the surface. The differentiation bet- 
ween morphotypes in dissolution studies is impor- 
tant because of the lower preservation potential of 
the microgranular morphotype relative to the 
crystalline one. Finally, a composite dissolution 
index was calculated for each sample (cf. Henrich, 
1989; Baumann & Meggers, in press). 

It cannot be completely ruled out that the wet- 
sieving process influenced the ultrastructure of the 
foraminifer test's surface, although this procedure 
was carried out carefully. It is, however, of minor 
importance when compared with the bottom-cur- 
rent transport or the dissolution effects. 
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RESULTS AND INTERPRETATION 
Transported N. pachyderma tests unaffected by 
dissolution 
Figure 2 shows the settling velocity distributions 
(>37 p n )  of two well-sorted surface sediments 
from location 23455 (southern Fram Strait) and 
21880 (Greenland Basin, Vesteris Banken Seamo- 
unt) and a moderately sorted surface sample from 
the Greenland continental shelf (21902). Distribu- 
tions of carbonate and terrigeneous material are 
indicated by different curves. 

The percentage of the >37 pn fraction com- 
pared to the bulk sediment and the CaC03 content 
is q ~ ~ o t e d  in the figure caption. Dissolution indices 
of the N. pachyderi~~a tests are approximately 0.9 for 
all three samples, thus the tests are very well pre- 
served in terms of carbonate dissolution. 

In case of no current influence and thus no sor- 
ting, N. pach!yderi~ia generally occurs in the settling 
velocity range between 1 and 2 cm/s according to 
its nat~u-a1 growth size distribution. This distribu- 
tion is indicated by the shaded peak (marked with 
N. pflch!ydernin reference peak). 

The sediment of location 23455 in the Fram 
Strait shows the best grain size sorting (i.e. the 
sharpest peak). This is the settling velocity distri- 
bution of a sediment that has been very well sorted 
during current transport of both carbonate and ter- 
rigenous particles (indicated by the same settling 
velocity range of the carbonate and terrigenous 
peaks) as bed-load or in suspension. The sorting is 
a function of either duration of transport or inten- 
sity of the process. When transported, the sediment 
particles, even the N. pachyderma tests, must have 
been strongly moved. The fact that the N. pachy- 
dunin reference peak is near the bulk sediment 
peak merely indicates that the grain-size range that 
was involved in the transport process includes the 
whole grain-size spectrum of N. pnchyderrnn. It does 
not indicate, however, that the sediment was not 
sorted by bottom currents. This type of sediment 
typically appears in areas of contourite currents or 
as a turbidite deposit. 

The sediments of core positions 21880 and 
21902 are generally coarser. The sorting of the sedi- 
ment in location 21880 is better than that of loca- 
tion 21902, which suggests different processes: a 
depletion of the fine fraction due to strong currents 
and the generation of a residual sediment is as- 
sumed to be the reason for the shape of the settling 
velocity distribution of the 21902 curve. In this 
curve, the grain size range is broader and more dis- 
continuous than that in 21880, which points to the 
formation of a residual sediment with coarse grain 
sizes, where the fine fraction has been depleted by 
winnowing. The settling velocity distribution at 
21880 is most probably the result of transport and 

subsequent deposition of a coarse-grained sedi- 
ment (i.e. accumulation sediment, e.g. by a turbi- 
dite); this is indicated by its smoother curve, a 
narrower grain size range and a clearly defined 
upper limit in the grain-size range. However, both 
sediments have certainly been affected by strong 
currents. 
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Figure 2. Settling velocity distributions of the >37 pm 
fraction of the surface sediments from locations 23455, 
21880, and 21902. Unimodal settling velocity distribu- 
tions with more or less narrow peaks indicate very well- 
to well-sorted sediments. The >37 pm distributions of 
carbonate and terrigeneous sediment fractions of loca- 
tions 23455 and 21880 are depicted by different shades of 
gray. The settling velocity distribution of a N. pnchyderri~n 
peak unaffected by current influence ("N. pnclr!jdm~n 
reference peak") is represented by the shaded area. The 
dissolution index of all samples is low (- 0.9); the >37 
pm fraction portions of the bulk sediments and the car- 
bonate contents of the coarse fractions make up 
43%/46% at location 23455,90%/20% at location 21880, 
and 47%/10% at location 21902. The scales of the three 
diagrams are equal, however, they provide settling velo- 
cities in cm/s, in Psi (the negative logarithm to a base of 
2 of the settling velocity in cm/s), and as the correspon- 
ding grain size (calculated on the basis of round spheres 
with a density of 2.65 g/cm") as further information. 
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SEM investigations of the crystalline surfaces of 
the N. pnclrydemza tests reveal differences in the sur- 
face ultrastructures of exposed rhombohedra (Plate 
1). Uncorroded crystal planes are smooth while 
crystal edges and corners in protected places are 
sharp. However, the more exposed edges and cor- 
ners there are, the more they are rounded and ero- 
ded. There is evidence that shaping of the edges 
and corners takes place through different proces- 
ses: abrasion of exposed crystal edges and corners 
occurs mainly during low-energy transport (i.e. 
rolling transport) of the foraminifera1 tests (Plate 1, 
upper and lower left photographs), but corners 
may completely break off at the top of the crystals 
only during high-energy movement of the tests (i.e. 
saltation transport) when they hit other sediment 
particles (Plate 1, upper and lower right photo- 
graphs). 

Partly dissolved N. pachyderma tests unaffected 
by currents 
The settling velocity distribution from location 
21842 sediments (Kolbeinsey Ridge, Iceland Pla- 
teau, Fig. 3) reveals a large percentage of finer 
grains in the >37 pm fraction. This is inferred to be 
the result of the deposition of fines from decelera- 
ting currents. The percentage of the >37 pn frac- 
tion makes up just 13% of the bulk sediment. Car- 
bonate dissolution has a significant effect on the 
sediment, which is reflected by the dissolution 
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Figure 3. Settling velocity distributions of the >37 pm 
fraction of the surface sediment of location 21842. The 
>37 pn distributions of carbonate and terrigeneous sedi- 
ment fractions are depicted by different shades of gray. 
A high peak of current-accumulated carbonate in the 
low settling velocity range between 0 and 3 Psi indicates 
that N. pucllydermn tests (which settle in the range of the 
shaded reference peak) have probably not been moved 
by currents. Carbonate dissolution has had a significant 
influence on the N. pachyderma tests; the index is 2.06. 
The >37 pn fraction portion of the bulk sediment makes 
up 13% and the carbonate content of the >37 pm fraction 
21%. 

index of 2.05. The investigation of the crystalline 
ultrastructures of the test surfaces shows that cor- 
ners and edges of all rhombohedra in both exposed 
and protected positions are moderately to strongly 
corroded (Plate 2, lower left and right photo- 
graphs). Crystals exhibit rough, corroded surfaces; 
their edges are more dissolved than the planes 
because of their larger surfaces (compared to the 
crystal's volume) and corners are even more affec- 
ted than edges. 

Neogloboquadrina pachydermn tests, not affected 
by currents and dissolution 
Figure 4 shows the settling velocity distribution of 
the coarse-grained fraction of a sample from the 
outer V~ring Plateau (23069). The sediment is very 
well preserved in terms of carbonate dissolution 
(dissolution index = 0.77). According to the poly- 
modal settling velocity distribution with several 
distinct peaks of different foraminifer species (in 
Fig. 4 the main planktonic and benthic foraminifer 
species in the sediment are assigned to the main 
peaks in the distribution according to Michels 
1995), there was little influence of bottom currents 
on the sediment. SEM investigations yield that the 
majority of the rhombohedra of the crystalline 
areas of the test surfaces are characterized by very 
sharp corners and edges in exposed as well as in 
sheltered positions (Plate 2, upper left and right 
photographs). 
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Figure 4. Settling velocity distribution of the >37 pm 
fraction of the surface sediment from location 23069. The 
>37 pm distributions of carbonate and terrigeneous sedi- 
ment fractions are depicted by different shades of gray. 
The settling velocity distribution of a N. pachyderrrm peak 
unaffected by current influence ("N. pncllydrrnzn refe- 
rence peak") is represented by the shaded area. The 
polymodal carbonate curve and low contents of terri- 
geneous material indicate a sediment type that is not 
affected and sorted by currents. Because of the low dis- 
solution index of 0.77, the sediment can be viewed as 
unaffected by dissolution. The >37 pm fraction portion 
of the bulk sediment makes up 16% and the carbonate 
portion of the >37 Fun fraction is about 9%. 
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DISCUSSION 
Dissolution 
A sediment assemblage of planktonic foraminifera 
contains a complex mixture of environmental 
information including biological, chemical and 
physical parameters. Different methods have been 
used to decipher the physical and chemical effects 
on foraminifer tests. 

To quantify the effects of dissolution, different 
planktonic foraminifera species traditionally have 
been ranked according to their dissolution poten- 
tial (Ruddiman & Heezen, 1967; Berger, 1968; Bol- 
tovskoy & Totah, 1992) or fragmentation indices 
have bee11 defined (Thunell, 1976; Le & Shackleton, 
1992). It was assumed in these investigations that 
110 processes other than dissolution have an effect 
on the preservation of the tests. 

However, our results demonstrate that N. 
pachydernza, which is very resistant to dissolution 
(Berger, 1968; Boltovskoy & Totah, 1992), clearly 
call show abrasion as a result of bed-load trans- 
port. The effect of current transport on the ultra- 
structure of less resistent fragile planktonic fora- 
minifers, like G. sacclllifcr or G. ruber, which are the 
most prominent species in tropical water masses 
(Vincent & Berger, 1981), must be much higher and 
could as well initiate the complete fragmentation 
of the tests. Therefore, a failure to recognise trans- 
port of foraminifera tests may lead to a systematic 
false iilterpretation of carbonate dissolution, de- 
rived from fragmentation indices of different 
planktonic foraminifer species. Effects of transport 
and dissolution should therefore be carefully stu- - 
died. 

A combination of the investigations carried out 
in this study with a method of quantifying dissolu- 
tion effects by the recognition of progressive dis- 
solution stages on the crystalline surface of plank- 
tonic foraminifera with the SEM, like that pro- 
posed by Be et nl. (1975), Henrich (1989), and Meg- 
gers (1996), could achieve a qualitative and quanti- 
tative description of abrasion and dissolution 
effects on foraminifer tests. 

Bed-load transport 
Abrasion and fragmentation of foraminifer tests is 
mainly controlled by the intensity of particle trans- 
port by currents and the duration of current influ- 
ence. For the extent of the physical impact on the 
foraminifer tests, it is important whether 

foraminifer tests are transported as bed-load or 
in suspension (related to the energy of the cur- 
rent), 
transportation takes place as a persistent (con- 
tour current) or ephemeral (turbidity current) 
event, 
grain sizes, that are transported simultaneously, 

are coarse or fine, 
many or few other particles are transported 
simultaneously as bed-load or in suspension. 

The listed factors show that the abrasion and frag- 
mentation of foraminifer tests are closely related to 
the hydrodynamic parameters of the current. For 
sediment samples, it is very difficult to reconstruct 
all of the listed parameters from grain size or sett- 
ling velocity distributions. But the interpretation of 
granulometric data may indicate which sedimeil- 
tary processes took place. For exainple in the 
description of our samples, we pointed out that the 
granulometric data support (a) the interpretation 
as a turbidite and (b) that rolling transport as a low 
energy form may mainly have led to the abrasion 
of the most exposed crystals of the crystalline fora- 
minifer test surface, whereas saltation as a high 
energy form of particle movement may have led to 
a complete removal of the tip of the crystals. 

However, the quantification of the processes 
that influence the abrasion and fragmentation of 
foraminifer tests could probably only be achieved 
by experiments in a flume (or more simply in a 
tumbler). 

CONCLUSIONS 
The hypothesis that physical (abrasion) and chemi- 
cal (dissolution) impacts can be differentiated ill 
the ultrastructure of a crystalline surface of fora- 
minifer tests has been corroborated by SEM obser- 
vations of foraminiferal test surfaces. Especially 
the crystalline part of the shell built up during ga- 
metogenesis is well suited to give a differentiated 
imprint of the stress foraminiferal shells are ex- 
posed to during the sedimentation processes. The 
described method can be used in addition to other 
methods to verify and increase the knowledge of 
sediment transport and carbonate dissolution. 

Physical impacts, caused by sediment trails- 
port, and chemical impacts, caused by dissolution, 
can be distinguished by means of different effects 
on the crystalline ultrastructure of the shells. While 
physical impact during transportation of the shells 
only affects the exposed crystals of the outer sur- 
face, chemical impact by dissolution acts upon the 
whole surface, including the crystalline edges and 
planes in more sheltered positions. Thus, the in- 
vestigation provides insights into the depositional 
history of foraminifer shells that is crucial for the 
interpretation of foraminiferal data. In particular 
biogeochemical and isotope data that are based on 
foraminiferal analyses may be very sensitive to 
changes caused by dissolution or bed-load trans- 
port and should therefore be reinterpreted 
carefully after dissolution or bed-load transport 
has been proved. Perhaps conflicting results bet- 
ween carbon isotope data, carbonate dissolution 
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data and sedimentological can then be solved with- 
out inconsistency. 
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