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Abstract 

This thesis uses foraminiferal, sedimentological and isotope analysis from three piston 

cores from different depositional environments in Disko Bugt, West Greenland to 

understand the nature of the relationship between deglacial activity and palaeo-water 

mass circulation. It has increased the spatial and temporal resolution of marine multi- 

proxy data in the region through the development of a tight radiocarbon chronology. 

High resolution sampling has furthered the understanding of modes of Holocene 

palaeoceanographic circulation in Disko Bugt and West Greenland, and linked them to 

likely operating mechanisms of change. Information about past variations in the strength 

of the dominant water current in West Greenland (the West Greenland Current - WGC), 

has been successful through the application of foraminiferal water mass indicator species 

and isotope techniques. New dating relating to the timing of the final retreat of 

Jakobshavns Isbrae, the most important ice stream draining the West Greenland Ice 

Sheet, has been determined through evidence of meltwater and sediment fluxes from the 

calving margin. The high resolution records produced in this thesis clearly document the 

rapid instability and subsequent retreat of the ice stream to be related to rapid 

atmospheric warming following the well-documented "8.2 event". Mid-Holocene 

climatic changes are recorded in the fjord mouth setting of Kangersuneq. Despite 

considerable dissolution processes operating in the fjord (which are in fact a product of 

climatic change themselves), a high resolution record of variable and declining warmth of 

the WGC is recorded from c. 6.3 ka cal BP, prior to the onset of full Neoglacial conditions 

around 4.1 ka cal BP. The maximum cooling during the Neoglacial period is clearly seen 

from c. 3.2 to 2.2 ka cal BP in two cores. A distinct warming of the WGC takes place 

around 2.2 ka cal BP, which can be linked to an increased component of Irminger Current 

Water. This is also seen in the records from East Greenland and the Nordic Seas. The 

foraminiferal assemblages from one of the cores show evidence of a distinct climatic 

amelioration which is associated with the Medieval Warm Period. There is some 

evidence for a deterioration of oceanographic conditions which is linked to the onset of 

the Little Ice Age. 
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Chapter l: Introduction 

Chapter 1: Introduction 

1.1 Introduction 

This thesis examines the nature of the relationship between the deglacial history of 

Disko Bugt in West Greenland and water mass circulation. Diagnostic foraminiferal 

assemblages, sedimentological data and 6180 ratios are used to develop a high 

resolution record of Holocene modes of oceanographic circulation, focussing on the 

dynamics of deglaciation, Holocene rapid instabilities and the role of Jakobshavns 

Isbrae (the major ice stream draining the West Greenland Ice Sheet). Possible driving 

mechanisms for change in oceanographic circulation are explored, and links are 

established on a range of temporal and spatial scales with existing palaeoclimatic 

records from the region. 

This chapter outlines the key role the Greenland Ice Sheet (GIS) has to play in climate 

change, and places this thesis and its research aims firmly in the context of the 

University of Durham ARCICE project "Late Quaternary Ice Sheet Dynamics in West 

Greenland". The scientific rationale for this research is outlined, highlighting the 

current knowledge gaps, the significance of West Greenland, and the importance of 

Jakobshavns Isbrae. This chapter also provides a summary of the thesis structure. 

1.2.1 The Greenland Ice Sheet and climate system 

The Greenland Ice Sheet is an important component of the global climate system, and 

is one of the two large ice masses to have survived the transition to current interglacial 

conditions (Huybrechts, 2002). This is because it is located in the path of storms, 

allowing the ice sheet to receive a large moisture supply and also because of the 

relative warmness of near ocean surfaces (Johnson, 1997). Its volume is enough to 

raise sea level by 7 metres (Warrick and Oerlemanns, 1990) and, combined with an 

estimated summer melting of up to 60% (Weidick, 1985), it has a key role to play in 

climate dynamics on both a local and global scale. From 6 ka cal yr BP onwards, 

1 



Chapter 1: Introduction 

Greenland is the only ice sheet left in the Northern Hemisphere, and therefore 

provides a laboratory for studying the interaction between climate/ice sheets and 
oceanography, as well as a basis for climate model validations. 

1.2.2 Perturbations in the West Greenland climate system 

The Greenland ice cores, e. g. GRIP (Dansgaard et al., 1993; GRIP Members, 1993; 

Grootes et al., 1993; Meese et al., 1994; Steig et al., 1994; Stuvier et al., 1995,1997), 

GISP2 (Meese et al., 1994; Steig et al., 1994; Stuvier et al., 1995; 1997), Dye 3 

(Clausen et al., 1997; Dahl-Jenssen et al., 1998; Johnsen et al., 2001), provide a 

record of atmospheric climate signals which are used as a benchmark against which to 

correlate other global proxy palaeoenvironmental records. However, there is a 

relatively poor understanding of past dynamics of the ice sheet, and of changes in 

mass balance relating to atmospheric and ocean interactions. In general, the Holocene 

has been considered to be a characteristically stable period in comparison to glacial 

periods (Grootes et al., 1993). Despite this, increasing evidence suggests that high 

latitude areas were more susceptible to variable climate conditions than previously 

thought (e. g. Bianchi and McCave, 1999; Bond et al., 1997,2001; Dahl and Nesje, 

1996), and variations in freshwater flux may be a key component of these changes 

(Alley et al., 1997; de Vernal et al., 1991). As Greenland is the single remaining ice 

sheet in the Northern Hemisphere, there is potential for significant oceanographic and 

atmospheric perturbation on a local, regional and global scale given currently 

predicted scenarios for future climate change. These scenarios are primarily related to 

potential disruption to the thermohaline circulation by increased freshwater flux to the 

North Atlantic forced by anthropogenically-induced warming (Dansgaard et al., 1993; 

Schmittner and Stocker, 1999; Stocker and Schmittner, 1997). 

The formation of North Atlantic Deep Water is critical in driving global thermohaline 

circulation. The circulation of water masses in the North Atlantic region is an 
important conduit for heat transport. An increase in meltwater supply to the North 

Atlantic from Arctic and Greenlandic sources initiated by climate warming is likely to 

reduce surface water densities and therefore the deep-water formation rates. A 

resulting thermohaline circulation slow-down or collapse, initiated by changes in 
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meltwater flux, would impact significantly on Western Europe and Africa and have 

implications for the global climate system (Latif et al., 2000; Seager et al., 2002). 

1.2.3 Localised variations in the West Greenland climate system 

It is becoming increasingly apparent that seemingly localised changes in atmospheric 

or oceanographic conditions, such as variations in the mode of the North Atlantic 

Oscillation (NAO), one of the most prominent modes of variability in the Northern 

Hemisphere winter climate (Wanner et al., 2001), may have "knock-on" effects 

throughout the climate system (Dawson et al., 2003; Seidov and Haupt, 2003). 

Enhanced storm activity and moisture supply in the Labrador Sea relating to the 

incursion of increasing westward deflected warm water masses carried by the 

Irminger current are likely to have been responsible for the initiation of Canadian ice 

sheet re-growth at the start of the Last Glacial Maximum (Bradley, 2000; Johnson, 

1997). With increased evaporative losses to the anthropogenically enhanced 

greenhouse effect from increased C02 production, estimates are that re- 

growth/expansion of the Canadian and Greenland ice sheets could be instigated 

towards the end of this century (Johnson, 1997; Ulbrich and Christoph, 1999). 

Enhanced positive phases of NAO are likely to have significant effects on 

atmospheric and oceanographic circulation in the North Atlantic regions due to 

northward displacement of the Arctic front, creating anomalously high atmospheric 

temperatures in Europe, as far northeast as Siberia, and much lower temperatures and 

drier climates in West Greenland (Nesje et al., 2000; Rogers, 1997; White, et al., 

1997). Greenland is influenced by both the Icelandic Low to the southeast and Davis 

Strait/Baffin Bay storms to the southwest and west. The NAO creates a "seesaw" in 

winter temperatures between West Greenland and Northern Europe (Barlow et al., 
1997; Dawson et al., 2003). 
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1.2.4 Other climate system driving mechanisms 

Other driving mechanisms such as changing solar irradiance (Bond et al., 1997; 

Finkel and Nishiizumi, 1997) may be involved in rapid shifts and instabilities in the 

climate system during the Holocene. Bond et al., (2001) claim that clusters of sub- 

millennial scale variabilities in solar flux in the range of 200-500 years are the main 

driving mechanism for the production of the periodic -1500 yr cyclicity known 

generally as `Bond cycles' (Bond et al., 1997). These Bond cycles show rather 

limited periodicity during the Holocene, and indeed the reported duration for Bond 

cycles is on the order of 1470 +1-500 yrs (Schulz, 2002; Schulz and Paul, 2002). 

These and other authors (e. g. Chapman and Shackleton, 1998; 2000; Grootes and 

Stuiver, 1997; Stuiver et al., 1995) argue that ice core and marine records may rather 

be exhibiting Holocene climatic variations with a 550 and 900-1000 periodicity 

(Risebrobakken et al., 2003). 

1.3.1 Introduction to the ARCICE project 

This thesis is part of the oceanographic component of a wider international research 

project entitled "Quaternary Ice Sheet Dynamics in West Greenland" which is funded 

by the NERC ARCICE programme. ARCICE is a thematic research programme that 

aims to enhance our understanding of, and capacity to predict, the fluctuations of 

Arctic sea-ice and glaciers, which influence climate and sea levels in NW Europe. 

The specific project based in Durham addresses a primary aim of the ARCICE 

programme, namely the dynamics of glaciated Arctic continental margins since the 

Last Glacial Maximum (LGM). It involves collaboration with other institutions on a 

national and international basis; the University of Copenhagen, the Geological Survey 

of Greenland and Denmark (GEUS), the Southampton Oceanography Centre, and 

Toronto University. 

The multidisciplinary ARCICE project has two main strands; the first is terrestrially 
based, and the second is marine based. The terrestrial component is related to 

Holocene relative sea level (RSL) changes in West Greenland, investigating glacio- 

isostatic adjustment and ice margin fluctuations by establishing a new generation of 
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well-constrained RSL curves based on isolation basin and coastal stratigraphic data. 

These data are then used to test models and existing chronologies for ice-margin 

fluctuations since the Last Glacial Maximum (LGM) (Long et al., 1999,2003; Long 

and Roberts, 2002,2003; Rasch, 2000). 

1.3.2 Terrestrial based component 

In recent years there has been an increase in the research investigating ice margin 
fluctuations of the Greenland Ice Sheet since the Last Glacial Maximum (LGM). This 

research has tended to focus on the relatively wide ice-free terrestrial margins of west 
Greenland. The accepted chronology was proposed in the 1970's by workers such as 
Weidick (1968,1972) and Ten Brink (1974,1975), with more recent valuable 

contributions from Kelly (1985); Ingblfsson et al. (1990); Van Tatenhove et al. 
(1995,1996); Funder and Hansen (1996), and has recently been updated by Bennike 

and Björck (2002). This research has been based largely on geomorphological 

mapping of major moraine complexes of West Greenland, with the deglacial 

chronology developed using relative sea-level (RSL) curves, radiocarbon dated by 

shells and other carbonaceous material. Recent work by Long et al. (1999) and Long 

and Roberts (2002) used isolation basin methodology to increase the accuracy of RSL 

reconstructions. 

1.3.3 Overview of the marine based component 

The key aim of the marine component was to identify `rapid instabilities' of the 
Greenland Ice Sheet in Disko Bugt, West Greenland (Figure 1.1), which may be 

linked to topographic morphology, pinning points of the ice sheet, and meltwater and 

sediment fluxes. This has been achieved by undertaking a coring programme directed 

by seismic data acquisition to identify sites for palaeoceanographic reconstructions 
using foraminiferal, oxygen isotope and other sedimentological techniques. Analysis 

of the data produced using these techniques has produced a centennial to millennial 
timescale record of palaeoeeanographic change in terms of meltwater/iceberg and 
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sediment fluxes since the LGM. This can then be directly linked to Greenland ice 

core records (e. g. GRIP, GISP2). 
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Figure I. 1: Location map of research area, Disko Bugt, West Greenland. Blue dots mark the location 

of the long piston cores (DAOO-03, DAOO-05, DAOO-06) used in this thesis. 

Thermohaline circulation allows vast quantities of mid latitude heat to be transported 

to the North Atlantic Ocean by the "conveyor belt circulation system". Despite 

significant increases in the understanding of its contemporary behaviour, as well as its 

activity over long time periods during the last glacial and postglacial transition (e. g. 

Bond et a!., 1997; Broecker et a!., 1997; Dixon and Lanzante, 1999; Grotzner et al., 

1999; McManus et at, 2002; Rassmussen et al., 2003), changes in past ocean 

circulation during the Holocene are more poorly documented (Duplessy et u!., 2001). 

Records of ocean circulation and climate change in high latitudes during the Holocene 

are concentrated in the Nordic and Greenland Seas (e. g. Duplessy et al., 1992; 

Fronval and Jansen, 1996; Hald and Aspeli, 1997; Koc et al., 1993; Veum et al., 

1992), and despite an increasing body of research on the Greenland margin (e. g. 

Andrews et al. 1994,1996,1997,1998a, 199b; de Vernal et al., 1992; Dowdeswell et 

al., 1998; Feyling-Hanssen and Funder, 1990; Funder and Weidick, 1991; Jennings 
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and Helgadottir, 1994; Jennings and Weiner, 1996; Kuijpers et a!. 2003; Levac et (I!., 
2001), there is a significant knowledge gap in terms of the offshore record of 

oceanographic change in central West Greenland. 

1, -- ---- --- --- (Canada) 

Nord Svalbard Is. 
ýý.... ýý Qf 

(Norway) 

Thule 

ICECAP 

REENLAND Daneborg 
- DENMARK: 

Upernavik ? 

Scoresbysund 

Godhavn Jakobshavn 'J rnmav k 
bj Ammassalik 

1/ 

a Sisimiu# I(U I AHI) 
Herdsau +Mt 

$ 
S rail' NUUK I Jnnh 1. r ri 

° GREAT 
+$ Paamiut. 

_ 
RRIiAI Ný 

CANADA 

F D 

Figure 1.2: Overall diagram showing location of the different seas (Nordic Seas: Barents Sea, 
Norwegian Sea, Greenland Sea, and the Labrador Sea) in the area in relation to Greenland. Adapted 

from http: //wwp. greenwichmeantime com/time-zone/north-america/greenland/map. htm 

Disko Bugt, in central West Greenland is a large marine embayment, and is an 
important location in relation to the Greenland Ice Sheet because it receives the 

iceberg and meltwater flux from the Jakobshavns Isbrae ice stream. Jakobshavns 

Isbrae is one of a series of massive outlets, which are important conduits for 

meltwater/icebergs and sediment transfer from the Greenland Ice Sheet to the 

continental shelf. At the present day Jakobshavns Isbrae is the fastest flowing ice 

stream in the world; it drains approximately 7% of the Greenland Ice Sheet and 
discharges 30 to 40 km3 a-' (Bindschadler 1984), this is equivalent to approximately 

one-third of the calving budget for the whole of central West Greenland (Reeh, 1984). 
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1.3.4 Model testing of the marine based component 

The marine component of the ARCICE project was initially designed to test two 

possible scenarios of ice sheet fluctuations. The first related to the two-stage model of 
deglaciation proposed by Funder and Hansen (1996). These authors proposed that 

rapid rising RSL allowed destabilisation of the marine based portion of the ice sheet 
between 14 and 10 ka BP (Figure 1.3), followed by a slower retreat of the terrestrially 
based portions from the inner-lying coastal areas to a position behind the present ice 

margin. Following the climatic optimum, a readvance is thought to have occurred, 
but evidence has been limited. 

The second scenario aimed to test the behaviour of Jakobshavns Isbrae during the mid 
to late-Holocene. Glaciological reconstructions by Weidick et al. (1990) estimated 
that between 2.7-4.7 ka. cal BP the margin of the Inland Ice at Jakobshavn was 

approximately 15 km behind its current position, close to a deep bedrock trough 

extending 1200-1500 m below sea level and continuing over 100 km inland (Figure 

1.4). They proposed ameliorated climate conditions which showed consistency with 

archaeological occupation of southwest Greenland Inuit sites. 

Due to the age of preliminary core basal dates, it is likely that destabilisation of the 

marine-based portion of the ice sheet on the shelf is likely to pre-date the longest core 

record (DAOO-06) available, and the original ARCICE aims of understanding pre- 
Holocene deglacial history could not be addressed. The resulting resolution of DAOO- 

06, proximal to Jakobshavns Isbrae has limited the ability of this research to 

specifically address Weidick et al. 's (1990) model, and as can be seen from the 

cartoon in Figure 1.3, Funder and Hansen (1996) do not address ice margin activity 
during the Holocene in their model. 

By documenting possible oceanographic effect of halts or readvances of the Inland Ice 

following the initial recession of the marine based portion of the ice sheet from the 

continental shelf, the suggestion that the Greenland Ice Sheet may have undergone 

catastrophic drawdown through the ice stream during the deglacial process could be 

addressed. 
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Chapter l: introduction 

This scenario has important implications, as predicted rises in future warming may 

lead to this deep bedrock trough to be used again as a draw down mechanism for the 

GIS, creating a significant conduit (Figure 1.5) for ice and meltwater fluxes to the 

Baffin Bay and Davis Strait area and the wider North Atlantic. 
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Figure 1.5: Cartoon of conduit of icebergs and or meltwater supplied from Jakobshavns lsbrae through 
Disko Bugt into the Baffin Bay and Davis Strait area, directed by the flow of the West Greenland 

Current. 

This thesis therefore addresses the marine-based evidence for ice stream activity 

during the Holocene, determines evidence for neoglacial activity, and more recent 

rapid climate phases, such as the Little Ice Age, and the Mediaeval Warm Period. 
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1.4.1 Thesis aims and objectives 

This PhD thesis is concerned with the oceanographic component of the ARCICE 

project. It is important that an accurate record of palaeoceanographic change 

complements the terrestrial record of West Greenland deglaciation. This work 

presents a continuous high-resolution decadal to bidecadal record of Holocene 

palaeoceanographic changes from foraminiferal, isotopic and sedimentological 

analysis. 

The overall aim of this research is: 

To develop a high resolution record of Holocene modes of palaeoceanography, 
focussing on the dynamics of deglaciation, Holocene rapid instabilities and the role of 
Jakobshavns Isbrae using foraminiferal, sedimentological and oxygen isotope data 

from three pistons cores at locations in Disko Bugt (see Figure 1.1). This will 

contribute to producing a centennial to millennial timescale record of 

palaeoceanographic change in terms of meltwater/iceberg and sediment fluxes since 

the LGM that can be directly linked to Greenland ice core records (e. g. GRIP, 

GISP2). 

From this, specific objectives were developed to meet the requirements of the project 

as a whole: 

1. To determine the deglacial history of Disko Bugt, West Greenland, and 

variation of the composite water masses of the West Greenland Current 

(WGC), using marine records from three piston cores in Disko Bugt. 

2. To evaluate the discharge history of Jakobshavns Isbrae during the 
Holocene. 

3. To establish a high resolution record of Holocene water mass changes 

within Disko Bugt from faunal and isotopic records. 
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4. To develop a tight chronology for these palaeoenvironmental records 

through radiocarbon dating. 

5. To compare these results to established global climate records such as 
GRIP and GISP2, as well as to previous work from the North Atlantic region. 

1.4.2 Rationale behind specific thesis objectives 

The specific rationale for each of these objectives is discussed below. 

1. Advances in the understanding of the deglaciation of West Greenland have been 

made through terrestrial based investigations (e. g. Long and Roberts, 2002,2003, 

Long et al., 1999; Rasch et al., 1997). However, there is limited marine based 

information about the timing and behaviour of Jakobshavns Isbrae as it retreated from 

Disko Bugt. While there is a body of knowledge about the timing and re-instigation 

of present day water mass circulation in the region, the data are often limited to 

relatively low resolution studies in shallow coastal fjord sites. The key findings of 

this thesis will link the terrestrial record of ice sheet change and Jakobshavns Isbrae's 

deglacial activity to the oceanographic story. This has not been attempted previously. 

2. This objective examines whether meltwater and sediment flux from Jakobshavns 

Isbrae during the past has been constant. Currently, Jakobshavns Isbrae drains 

approximately 7% of the Greenland Ice Sheet. It is possible that this proportion has 

varied during the Holocene. This may relate to deglaciation of Disko Bugt, ice stream 

response to changes in global temperature, and ice stream response to driving 

mechanisms such as global isostatic adjustment (GIA), and possible variations in 

moisture supply derived from changes in the atmospheric system over the North 

Atlantic region. 

Examination of the core sediments may reveal if there have been fluctuations in the 
dominance of this ice stream, with ice rafted debris (IRD) `episodes' recorded at 

different locations in the Bugt. Linkages with the records of warmer or colder water 
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masses can be made with the IRD records to determine whether any IRD events can 
be connected to climate signals of a more regional nature, or whether the shifts are 

reflecting changes in local sediment delivery and meltwater/iceberg production 

conditions. 

3. Changes in the faunal assemblages and isotopic record of foraminiferal tests in 

Disko Bugt will reveal the variation in water mass conditions throughout the 

Holocene. It is likely that in core locations proximal to Jakobshavns Isbrae changes in 

oxygen isotope ratios will reflect variations in intensities of meltwater input from the 

ice stream into Disko Bugt, and thus document the deglacial history of Jakobshavns 

Isbrae. Isotopic variations may also be linked to changes in the strength of (individual 

components of) the West Greenland Current, the dominant surface current along the 

west coast of Greenland (Figure 1.6). This brings a more regional oceanographic 
dimension to the bay. 

Changes in faunal composition of sediments can be related to changes in bottom water 

conditions (temperature, salinity, preservation potential). Certain species can be 

linked for example, to ice proximal or ice distal conditions, which will reveal changes 
in the proximity of Jakobshavns Isbrae during deglaciation and the Holocene. Some 

species may also be found to be indicative of changes in the proportion of the two 

composite surface water currents which combine to form the West Greenland Current. 

It is likely that distribution of species may also be controlled by availability of food, 

which could be a possible indication of changing pack ice conditions. 

Regional and local influences will be differentiated by changing faunal compositions. 

It is important to acknowledge that possible complications of the faunal records may 

arise through a regional climate change causing a local and a regional response. 
Distinguishing these may be addressed by careful comparisons with the IRD and 
isotopic records produced in this thesis, and the other palaeoenvironmental data 

currently being produced (Jensen, et al., submitted and Jensen et al., in press, Morros, 

unpublished data). Comparison with ice core records and further regional studies will 
further resolve possible signal complications. 
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Figure 1.4: Cartoon of dominant surface current in West Greenland. West Greenland Current: WGC 
(Warm, depicted as orange), East Greenland Current: EGC (Cold, depicted as blue), Irminger current: 

IC (Warmest, depicted as red). (Adapted from Osterman and Nelson, 1989). 

4. Tight chronological control is of the utmost importance. Reliable age-depth 

models are vital for correlation of any sort, especially in complex sedimentary 

environments, and in relation to the other aims given here. Without a tight 

chronological framework, results are merely descriptive, and cannot be directly 

compared to other records. Throughout this NERC project, and in this thesis in 

particular, emphasis has been on generating well-constrained, high resolution 

paleoenvironmental data. These relate to identification of rapid instabilities or events, 

such as massive drawdown of the Greenland Ice Sheet. As far as possible, with the 

materials available, this has been achieved, and the chronology of the three cores 
involved is presented in Chapter 4. 
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5. This final aim examines the scale upon which Disko Bugt is responding to change; 

whether it reflects local, regional or global changes or a combination of these. For 

example, changes in atmospheric conditions over Greenland could lead to a reduction 
in the strength of the Irminger Current, (possibly by it being displaced southward) 

creating a weakening of the WGC. A correlation of foraminiferal assemblages with 

assemblages from similar environments in the Eastern Canadian Arctic may imply a 

strong regional connection through the Labrador Sea and Baffin Bay. Identification 

of any cyclicity in the record produced can be compared to existing ice core records 

and other high resolution North Atlantic records from the Baffin Bay area and East 

Greenland, both of which have a high degree of climatic and oceanographic 

connectivity with West Greenland. 

1.4.3 Further thesis rationale 

West Greenland is a benchmark region for the study of terrestrial ice sheet dynamics 

since the Late Glacial Maximum. However, this work has been undertaken in relation 

to the wide ice-free zone, with access to research locations close to towns, and out of 

the research base on Disko Island. The region has a long history of relative sea level 

(RSL) research, and archaeological research of occupation of this wide, presently ice- 

free zone by Greenlandic Inuit cultures. This research has been based on terrestrial 

sequences, some of which include marine sediments now above sea level, but the 

offshore palaeoceanographic component of the region has not been addressed. High 

resolution palaeoceanography of the West Greenland margin has been relatively 

poorly investigated in comparison to the East Coast and the north Icelandic Shelf. 

This current research from Disko Bugt is the first to have generated a high-resolution 

palaeoceanographic record of the region. 

1.5.1 Identifying the knowledge gap 

Previous work in terms of foraminiferal research in west coast sites has been limited 

to an early 1970's paper on palaeotemperatures in a small southwest fjord (Hermann, 

1972), taxonomic efforts by Feyling-Hansen and Funder (1990) based in the north of 

15 



Chanter 1: Introduction 

Greenland, and a fjord-based study on Disko Island (Ohlenschlager, unpublished MSc 

thesis, 2000). Most foraminiferal studies are confined to the east coast (Jennings and 
Helgadottir, 1994, Jennings and Weiner 1996), or the Eastern Canadian Arctic (Vilks, 

1989; Osterman and Nelson, 1989). 

Back on the west coast of Greenland, good RSL results and terrestrial chronologies 
have been generated (Long et al., 1999; Long and Roberts 2001,2003; Rasch, 1997). 

Increasingly intensive work has been carried out on the glaciology of Jakobshavn 

Isbrae itself, and the subsequent modelling of its behaviour, ice flow and velocities, 

and iceberg production (e. g. Abdalatti and Krabil, 1999; Bamber et al., 2000a, 2000b; 

Joughin et al., 2001; Letreguilly et al., 1991; Matsumoto, 1996; Sohn et al., 1998; 

Sugden, 1987; Thomas et al., 1998; Warren and Hulton, 1990). Early bathymetric 

seismic surveys were undertaken by Brett and Zarudski (1979), but these were purely 
descriptive, with no interpretation or linkage of surveyed bathyal features to wider 

aspects of local or regional ice sheet history. 

Recent oceanographic research is relatively extensive, with a detailed analysis and 
breakdown of the West Greenland Current and adjacent currents and waters (e. g. 
Buch, 2000; Buch and Stein, 1987; Dunbar, 1989; Myers et al., 1989; Stein, 1990, 

1993). However, this research has tended to be driven by socio-economic factors, as 

knowledge of oceanographic conditions here is important in the assessment of 

environmental impact on living resources, and assessing the possibilities of living and 

non-living exploitation of marine resources (Buch, 2000). 

The major aspect that has not been investigated in any high resolution detail 

previously is the palaeoceanographic evolution of the West Greenland margin, and 

specifically Disko Bugt. There is currently no comprehensive palaeoceanographic 

record against which to compare these other terrestrial palaeo-records and 

contemporary process investigations, or to provide reliable marine-based evidence to 

complement their findings. In recent years it has become very obvious that in order to 

further understanding of past climates and environments all aspects of the 

palaeorecords must be investigated. This is especially true in an ice marginal location 

such as this where the role of the ocean has been divorced from the surrounding 
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environment, especially in light of the increasing awareness of the part played by 

ocean circulation in determining climate fluctuations on a variety of scales. 

1.5.2 Relevance to future climate scenarios 

From palaeoclimatological perspectives, knowledge of ice sheet or ice stream 
behaviour and its interaction with the ocean during interglacials, as well as glacials, is 

important, especially in relation to iceberg and meltwater flux on ocean circulation in 

the North Atlantic. Understanding the nature of water mass changes is also important 

in order to realistically quantify freshwater flux as a forcing mechanism in the ocean 

component of general circulation models (Matsummoto, 1996). High resolution 

records of relationships between the ice sheet, climate and ocean circulation in the 

past, such as this thesis seeks to present, is crucial to furthering the understanding of 

mechanisms operating today, and in modelling the responses of the ice sheet to 

potential future climate perturbations. 

Knowledge of past perturbations and rapid short lived climate changes such as those 

that may have been operating in the Holocene interglacial is essential for climate 

model prediction, as the resolution of current models is often too coarse to derive 

confident predictive outputs for future climatic scenarios, particularly in relation to 

forcings of meltwater flux variations. Stocker (2000) describes freshwater discharge 

into the ocean as the primary agent to trigger abrupt (climate) changes. Short lived 

periods such as the Medieval Warm Period (MWP) and the Little Ice Age (LIA) are 

able to be related in part to changes in oceanographic circulation and water mass 

transport and states of atmospheric pressure (Domack and Mayewski, 1999; Jennings 

and Weiner, 1996; Jennings et al., 2002; Hui Jiang et al., 2002; Lassen et al., 2002), 

rather than just global atmospheric temperature changes. 

Increasing the resolution of marine (and terrestrial) multi-proxy palaeoenvironmental 
data, as well as enhancing the spatial resolution of marine sites in the North Atlantic 

to include regions such as West Greenland, is ultimately required to further resolve 
the issues of periodicity and rapid scale changes during this present interglacial. The 
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proximity of coastal and offshore West Greenland to well-established high-resolution 

and globally significant records such as the Greenland ice cores is essential for 

addressing these issues. The location of Jakobshavns Isbrae as the most important ice 

stream draining the Greenland Ice Sheet (GIS) (see Figure 1.1), and its connectivity to 

the wider regional oceanography of Baffin Bay and the North Atlantic, means it is 

well placed for identifying phases of palaeoceanographic or palaeoclimatic change on 

a range of spatial and temporal scales. 

1.6 Chapter summary and thesis structure 

This introduction has provided an outline of the scientific rationale for undertaking 
this research. The importance of the location of Greenland and its relationship with 
the atmospheric and climate systems have been identified, as well as possible 

responses to driving mechanisms of change in the past, and in relation to future 

climate scenarios. The justification and aims of this thesis have been outlined in the 

context of the wider thematic ARCICE project and existing relevant 

palaeoenvironmental work in the West Greenland and Disko Bugt area. 

This thesis is structured as follows. Chapter 2 examines the prevailing oceanographic 

circulation system, dominant in West Greenland at the present time, with reference to 

knowledge of past circulation, which this research aims to develop. Chapter 3 

outlines the methods used to generate data for this thesis, concentrating on site 

selection, sampling methods, and analytical techniques. Results from the three piston 

cores used within this research are presented in Chapter 4, and relate to foraminiferal 

distributions, stable isotope results, sedimentological data and the development of a 

Holocene marine chronology for Disko Bugt, West Greenland. 

Palaeoenvironmental interpretation of these core results from Disko Bugt is discussed 

in Chapter 5, identifying significant foraminiferal assemblages which can be related to 

the specific water mass components of the West Greenland Current (WGC). Chapter 

6 develops these discussions to establish the palaeoceanographic record of West 

Greenland during the Holocene. These two interpretation chapters focus on the nature 

of the relationship between the deglacial history of Jakobshavns Isbrae in Disko Bugt, 
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West Greenland, and water mass circulation, and develop a high resolution record of 
Holocene modes of the WGC activity. Possible driving mechanisms for change are 

explored, and links on a range of temporal and spatial scales are established with 

existing palaeoclimatic records. Thesis conclusions are presented in Chapter 7, as 

well as acknowledgement of thesis research limitations. Finally, suggestions are 

made regarding possible future research paths stemming from this original 
investigation. 
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Chapter 2: West Greenland study area 

2.1.1 Introduction 

This chapter discusses the West Greenland study area, and highlights current research 

and prevailing knowledge about present and past processes operating in the area. 

Specific attention is paid to the advances made in relative sea level work, and a 

detailed examination of West Greenland oceanography is made. 

2.1.2 Breadth of previous West Greenland research 

West Greenland has been the subject of varying degrees of investigation and research. 

Mid-century diatom investigations by Foged (1953,1955,1958,1972,1977), provide 

taxonomic information, but little connection is made to palaeoenvironmental records. 

Glaciological investigation of ice streams (specifically Jakobshavns Isbrae) and 

modelling of these (Warren and Hulton 1990; Warren 1991; Reeh et al., 1999) has 

been a focus for terrestrial research. 

Low resolution coastal fjord studies have been carried out in Southwest Greenland 

(e. g. Bennike et al., 1994; Donner and Jungner, 1975; Feyling-Hanssen and Funder, 

1990; Funder and Weidick, 1991; Ingolfsson et al., 1990; Kelly, 1979,1985; Levac, 

2001; Osterman and Nelson, 1989). However, these marine based studies have not 

extended to Disko Bugt, or linked findings to possible terrestrial or glacial operating 

mechanisms. Fjord investigations in Disko Bugt itself have been poorly developed in 

the area, with only two significant studies based in fjords of Disko Island rather than 

the mainland (Desloges et al., 2002; Gilbert et al., 1998), which concentrate on 

sedimentological processes. 

Further terrestrial processes that have received attention include rock glacier 

formation (Humlum, 1999), and more recently, limnological research (Anderson et 

al., 1999,2001; Brodersen and Anderson, 2000,2002; Ryves et al., 2002; Willemse 

and Torngvist, 1999). These latter authors are concerned with developing transfer 
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functions from diatoms and chironomids to assess changes in precipitation and 

evapotranspiration during the late Quaternary. This achievement will be useful in 

furthering the understanding of moisture supply to coastal terrestrial areas and has 

possible implications for comprehending West Greenland's response to atmospheric 

circulation changes such as amplified phases (positive or negative) of the North 

Atlantic Oscillation (NAO). 

2.2.1 West Greenland landscape 

West Greenland is taken to be the 150 km to 200 km wide ribbon of ice-free land that 

stretches from Kap Alexander (78° N) to Kap Farvel (60° N). Disko Bugt is centrally 
located (between 68°30'N and 69°15'N and 50°00'W and 54°00'W), and is the largest 

(40,000 km2) (Long and Roberts, 2002) marine embayment on the west coast (Figure 

2.1). 
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Figure 2.1: Map of extent of West Greenland from Kap Farvel to Kap Alexander. 
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Precambrian gneisses account for much of the mainland bedrock geology, while 

Disko Island and areas of the Nuussuaq peninsula are composed of relatively soft 

Tertiary basalts (Chalmers et a!., 1999). Morphologically, the landscape is very 

similar to the classic fjord landscape of western Norway (Ten Brink, 1975). For the 

most part, the terrestrial coastal landscape is hilly upland, with cirques and plateau 

remnants with elevations from 300 to 1500 m. The landscape is further typified by 

exposed and deeply abraded bedrock and thin Quaternary deposits (Funder, 1989; 

Sugden, 1974), often with small lakes or isolation basins present above and below the 

marine limit (Long et al., 2003). During the last glacial maximum (LGM), termed the 

Sisimuit glaciation or Sisimuit Stade by Kelly (1985), the presently low-lying ice-free 

coastal area was covered by the Greenland Ice Sheet (GIS), and Disko Bugt was 

occupied by a large ice stream (Ingölfsson et al., 1990). The ice shelf extended out 

into Baffin Bay (Bennike et al., 1994; Funder, 1989), and is likely to have been 

grounded 30-50 km offshore (Kelly, 1985). 
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Figure 2.2: Diagram showing the possible extent of the Sisimuit glaciation during the Last Glacial 
Maximum (Blue line). Filled in area represents the large ice stream likely to have been occupying 

Disko Bugt at the time. 
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2.2.2 West Greenland bathymetric features 

Seismic surveys carried out nearly 50 years ago (Holtzscherer and Bauer, 1954 in: 

Funder, 1989) found the presence of deep subglacial channels extending more than 

200 km inland from the ice margin and it is thought that these are related to a 

preglacial fluvial drainage system. Immediately north of Disko Bugt, the landscape is 

dominated by a complex drainage pattern derived from high mountain plateaux 

dissected by steep valleys and cirques. The bathymetric features of the area are 

described by Brett and Zarudzki (1979) from their shallow geophysical survey on the 

West Greenland continental shelf. These are rather generalised, as their survey was 

limited to Disko Bugt itself. 
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Figure 2.3: Seabed contour map of Disko Bugt [from Long and Roberts, 2003. Contours are given in 

metres below sea level. Data are based on interpolation between soundings detailed in admiralty maps 
(Royal Danish Hydrographic Office, 1954)]. Egedesminde Dyb, the deepest transverse channel 

extending from the West Greenland coastline is highlighted in blue above. 
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The Brett and Zarudzki survey extended from 64°N to just north of 69°N and revealed 

a broad platform of gently westward sloping banks from near the coastline to the shelf 

break. A series of deep transverse channels dissects the shelf into individual banks, 

the largest of which, Egedesminde Dyb, extends westwards from Disko Bugt, 

between Kronprinsen Ejland and Hunde Ejland (Zarudzki, 1979). Figure 2.3 (above) 

shows the bathymetric features of Disko Bugt itself. These channels seem to display 

the main features of glacial valleys, and are thought to be a product of the Quaternary 

glaciation of the banks. The floor of Disko Bugt itself displays very rugged 

topography, incised by a dendritic pattern of deep valleys up to 990 metres, which 

Brett and Zarudzki (1979) ascribe to southwestwardly flowing glaciers. Water depths 

in the eastern and western part of the Disko embayment vary typically between 200 

and 400 m (Kuijpers et al., 2001; Long and Roberts, 2002), although locally this may 

increase to 1000 m in fjord settings (Long et al., 1999). 

2.2.3 West Greenland climate 

The West Greenland climate ranges from cold - polar and dry in the north, to sub- 

polar and humid in the south. The Inland Ice (Greenland Ice Sheet) creates a 

stabilising influence on air circulation, and consequently summer temperatures are 

usually consistent from north to south. However, there is a clear latitudinal effect 

where growing season length increases from north to south, and there is an oceanic to 

continental climate gradient from the outer coasts to the Inland Ice margin (Funder, 

1989). Disko Bugt has a polar maritime climate at the present day. During the 

summer months it is subject to moist maritime air masses (Humlum, 1985), which 

move through the Davis Strait from the south and southwest. During the winter 

months the area comes under the influence of continental polar air masses from the 

Inland Ice. Climatic changes are amplified along the coastal bay areas due to the 

resulting orographic precipitation (Ingölfsson et al., 1990). Mean annual air 

temperature (in the town of Qeqertarsuaq on Disko Island) is around -4°C, and the 

mean July temperature is 6°C (Bennike et al., 1994). Average annual precipitation 

(water equivalent at sea level) can range from 100 mm to 500 mm per year (Danish 

Meteorological Institute, 1962-1985 in: Rasch & Nielsen, 1995; Ingolfsson et al., 

1990). Marine climatic change along the coast of West Greenland is brought about by 
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variations in the intensity of the West Greenland Current (WGC) that brings warm 

Atlantic water to Disko Bugt, and the bay is typically ice-free between mid-April and 

mid-January (Long and Roberts, 1999; 2002). 

2.3.1 Fluctuations of the West Greenland Ice Sheet 

A lowering of eustatic sea level exceeded isostatic subsidence in this area during the 

last glaciation. During the Last Glacial Maximum, the ice margin was land based on 

the inner shelf, 30 to 50 km from the present coastline, but towards the shelf break 

flowed large calving outlet glaciers. While the extent of the ice on the shelf differed 

from area to area (Funder, 1989), at the mouth of Disko Bugt, side scan sonar surveys 

(Brett and Zarudzki, 1979; Larsen, 1983) have shown that iceberg scouring commonly 

occurred down to depths of 350 m. These scours extended up to 4 km in length, and 

measured 75 m in width. This means that the ice in this location must have been 

extended out into, and beyond Disko Bugt. The origin of the icebergs must have been 

from the ice sheet on the shelf, as the depth of the scours indicates that iceberg depth 

was too great to have originated from the mouth of Jakobshavn and escape the fjord 

lips. 

In the Disko Bugt area of central West Greenland, the Inland Ice margin is presently 

25 to 40 km inland of the coast (Ingölfsson et al., 1990). The fjords connect the 

Inland Ice margin with the marine environment through actively calving outlet 

glaciers such as Jakobshavns Isbrae. It is estimated that around 40% of the Greenland 

Ice Sheet's mass loss occurs in these calving regions (Weidick, 1990). 

2.3.2 Jakobshavns Isbrae 

Jakobshavns Isbrae is located at 69°10' N on the West Coast of Greenland. It is the 

fastest moving glacier in the world with speeds of up to 7 km a-' (Clarke and 

Echelmeyer, 1996), with its outlet in Disko Bugt. Two ice streams feed the glacier; 

one of these is 100 km long, draining between 4.0 and 5.8% of the Greenland Ice 

Sheet (Pelto and Hughes, 1989). As a whole, it drains 6.5% of the Inland Ice (Fastook 
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et al., 1995), covering a large area of the western slope of the margin (Weidick, 

1992). 

The dynamics of Jakobshavns Isbrae exhibit similar characteristics to those outlets 

draining the West Antarctic Ice Sheet and into the Amundsen Sea. However, the 

large ice thickness and steep surface gradient leading to high basal shear stresses of 

Jakobshavns (200 to 300 kPa) distinguish it from the comparatively long and flat ice 

streams of West Antarctica (Clarke and Echelmeyer, 1996). The ice tongue varies in 

thickness from 600 to 1100 m thick, and floats in the fjord which is 100 to 1500 m 

deep (Clarke and Echelmeyer, 1996). Calving at the end of the 10 to 14 km long 

floating terminus (Clarke and Echelmeyer, 1996) can produce bergs up to 2 km3. 

which at present drift predominantly to the north. Large icebergs (600 m deep) often 

get stuck on the submarine shoal at Illulisat (Jakobshavn) (-200 to 300 m deep) which 

extends approximately 5 km into Disko Bugt (Figure 2.4). Here they stagnate to melt 

and break up behind the sill (Echelmeyer et al., 1991). 

Figure 2.4: Aerial photograph of blocked up icebergs in Jakobshavn Isfjord, looking east up towards 
Jakobshavns Isbrae. 
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Analysis of surface velocity data taken over a 22-year period at the calving front by a 

number of workers (Carbonnell and Bauer, 1968, Lingley et al., 1981 in: Pelto and 

Hughes, 1989) has yielded a mean velocity of 20.6 m d1 and an estimated volume 

flux into the fjord of 37 km3 a-'. The calculation of these authors indicated that the 

mass balance of the glacier during the 1980's was near equilibrium, although a minor 

negative balance was observed. 

A rapid retreat has been assigned to the glacier from its LIA position in 1850 (Figure 

2.4), retreating 27 km in just over 100 years (Fastook et al., 1995) although this is not 

as fast as the recent rate of the Alaskan Columbia Glacier retreat of 0.5 to 1.7 km a -I 

(Echelmeyer et al., 1991). From trimlines at the 1850 position, Echelmeyer et al. 

(1991) estimate that the thickness of the coastal marginal ice was 25% greater during 

the LIA than the present estimate of 700 to 800 m. Historical retreats of the terminus 

of Jakobshavns Isbrae are illustrated in Figure 2.5. 
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1-hure 2.5: 111 stor Ica I ice sheet margin fluctuations based on four different rennte sensing data sets 
(1962,1985,1988,1992), and terrestrial evidence of ice margin halts and re-advances (1850,1880, 

1902,1929). Adapted from Weidick (1992). 
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After a slowing down period during the late 1980's and 1990's, the rate of discharge 

of icebergs into the Davis Strait from the calving front has varied significantly. 

Velocity has decreased from 6.7 km yr-' in 1985 to 5.7 km yr ' in 1992. By 2000, this 

had increased to 9.4 km yr 1, and by 2003 the velocity had nearly doubled that of 1985 

with 12.6 km yr 1 (Joughin et al., 2004). 

satellite image in Figure 2.6. 

This increase in velocity is shown in the 

10 3003 

Figure 2.6: Satellite image of Jakobshavns lsbrae. The main ice stream runs right to left (east to west), 
and is fed by a tributary ice stream. The three lines mark the very recent retreat of the grounding line 

of the ice stream. Positional lines are based on remotely sensed data by Joughin et al. (2004). Image is 

adapted from http: //earthobservatorynass gov/Newsroom/Newlmages/imaLes. php3? iMg id= 166760 

It is thought that ice streams such as Jakobshavns Isbrae are likely to have played an 

essential part in the Greenland Ice Sheet, with their rapid response to climate change 

controlling the dynamics of the ice margin (Weidick, 1992). However, the processes 

for mass loss from the Greenland ice sheet are not yet fully understood. The precise 

mechanisms of glacier front fluctuation both presently and during past episodes of 

advance and retreat are still not entirely determined. However, it has recently been 

identified that near-coastal thinning is likely to be responsible for mass loss from the 
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Greenland ice sheet (Rignot and Thomas, 2002). While Weidick (1992) advocates 

gradual retreat and advance from the pinning points during the Holocene 

(approximately 20 mä 1), post `Little Ice Age' retreat has been shown to be much 
faster (see Figures 2.5 and 2.6 above). Identifying controls on ice sheet dynamics has 

so far been limited, as previous work has only been derived from terrestrial evidence. 
This generally provides only minimum age estimates for ice limits, and does not 

engage with marine evidence for the nature and mechanisms for ice margin 
instabilities. 

In 1995, Van Tattenhove et al, tested an ice sheet model for West Greenland by using 

existing geomorphological and glacial geological data. They concluded "a 

reconstruction of the volume of the Greenland ice sheet during Holocene deglaciation 

is not possible using geological (geomorphological) evidence alone" (p326). It is 

likely that the differences between the model and geological data in the coastal areas 

are due to insufficient understanding of the calving mechanism, and the relationship 
between sea level and the ice margin. Recent work by Long and Roberts (2000,2003) 

and Long et al., (1999,2003) has attempted to address these shortcomings through the 

construction of RSL curves for West Greenland in the Disko Bugt area using 14C- 

dated isolation basin and coastal stratigraphic data. Isolation basins have the potential 

to provide a complete record of post-glacial RSL change. Using diatom analyses, the 

successive transition from marine to freshwater environments in each basin is 

pinpointed, and from using radiocarbon dates, high resolution local RSL curves can 

be developed. Figure 2.7 illustrates the process of isolation, and the transition from a 

fully marine depositional environment to fully freshwater conditions during a fall in 

sea level. 

Further discussion of post-glacial relative sea level change in West Greenland take 

place in this chapter in sections 2.5.1 and 2.5.2. 
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Figure 2.7: Schematic representations of an isolation basin during a fall in sea-level. During Stage I the 
basin is inundated during all stages of the tidal cycle and is fully marine, by Stage V the basin is 

isolated at all stages of the tidal cycle and is a freshwater lake. Stages II to IV represent intermediate 

stages when the basin is isolated during various proportions of the tidal cycle and has a variable but 

generally decreasing salinity (adapted from Lloyd, 2000). 

2.4 Sedimentary processes 

The characteristics of fjord drainage basins, and the degree of exposure of their waters 

to the open sea, have a direct effect on sedimentary regime (Gilbert et al., 1998). 

Sediment depositional processes in glacial marine environments can be highly 

complex as a direct result of the ocean-glacier interaction (Smith and Andrews, 2000). 

Sediment deposition in a glacial marine environment takes place either by sediment 

rain-out or reworking by sediment gravity flows such as debris flows and turbidity 
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currents (Eyles et al., 1985). Figure 2.8 describes the general model of glacio-marinc 

sedimentation operating in the Disko Bugt area. 
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Figure 2.8: Model of glacio-marine sedimentation operating in the Disko Bugt area. Sediment in the 
cores analysed in this thesis has been deposited through the processes illustrated above. Deposition of 

sediment is primarily through (IRD) from iceberg rainout, and settling out of suspended sediments. 
(From Hambrey, 1994 in: Siegen, 2001). 

Iceberg ploughing or scouring is often evident in fjords; it is significant in Scoresby 

Sund, Jakobshavns Isbrae's east coast counterpart, and is thought to occur in 

Jakobshavn Isford as well (Dowdeswell et al., 1993), however no evidence of this 

has been found, and indeed knowledge of debris production from the Greenland Ice 

Sheet is limited (Knight et al., 2002). Due to this complexity, the value of 

sedimentary records of arctic fjords in contributing to understanding of 

palaeoenvironmental change in Greenland has not been fully explored. Those that 

have been undertaken (e. g. Andrews et al., 1997,1998; and Jennings and Weiner, 

1996) have concentrated on the east coast, while Desloges et al., (2002) and Gilbert et 

al., (1998) working on the west coast, have concentrated on smaller scale system 

processes around Disko Island itself. While these studies have focussed on the nature 

of the sedimentary records of the fjords and shelves and the processes operating, they 

do not engage with the mechanisms involved for ice margin and ice stream or glacier 

instability, which this study seeks to address. 
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2.5.1 Sea level change 

Relative sea level has fallen in all areas of Greenland since the Wisconsin glaciation 
due to land emergence. This period is equivalent to the Devensian glaciation in the 

UK. There has been only one major ice advance during the Wisconsin. This occurred 

after 40 ka cal BP and in West Greenland is termed the Sisimiut. Funder (1989) states 

that the ice was grounded up to 30 to 50 km offshore, (although in East Greenland this 

was extended to 200 km), but the actual extent is unclear; Funder and Hansen (1996) 

deduce from Kelly's (1985) weathering limit on coastal mountains of West Greenland 

that Late Glacial Maximum (LGM) ice cover was thin on the coast and extended only 

a short distance from the present coastline. Their model for ice sheet extent in 

Greenland during the LGM and at 10 ka cal BP (See Chapter 1) is limited for Disko 

Bugt, with no marine evidence for these tentative limits, and interpolation between 

research sites to the north and south of the bay; yet in their summary they describe the 

LGM West Greenland ice margin south of 72°N as lobate, following the inner shelf 

with outlets through transverse channels. These transverse channels located by Brett 

and Zarudzki (1979) imply that the ice was extended much further out in the Disko 

Bugt area. 

2.5.2 Investigations of the deglacial history of the Inland Ice margin 

Investigations of the deglacial history of the Inland Ice margin to date have been 

based on a variety of studies. Relative sea level information in western Greenland has 

been continually sought since early archaeological observations during the 1940's 

(Gabel-Jorgensen & Egedal, 1940; Roussel 1941) and early tidal measurements and 

observations (Gabel-Jorgensen and Egedal, 1940; Saxov 1958). Subsequent data has 

been obtained from other sources, but have been derived mainly from geological and 

geomorphological investigations (e. g. Kelly, 1985, Rasch et al., 1997, Weidick, 1990, 

1992), and more recently, this has been produced in conjunction with 

palaeoecological records (e. g. Long and Roberts 2002; 2003; Long et al., 1999; 2003) 

from isolation basins. 
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The importance of relative sea-level change (RSL), and its relationship to deglacial 

history since the LGM and specifically during the Holocene has become increasingly 

apparent over recent times (Funder and Hansen, 1996). The complex RSL and 
isostatic history of West Greenland holds important implications for understanding 

modes and mechanisms of deglaciation, and the interrelationship with oceanographic 

circulation. A detailed understanding of RSL may go a long way to providing a key to 

understanding the elements involved in iceberg calving and ice sheet retreat. 

The major obstacle in reconstructing relative sea level changes at present appears to 

be the uneven distribution of data based on 14C dates from shells and other 

carbonaceous material, which can only provide minimum age or altitude estimates 
due to issues such as those concerning reworking, for example. Extrapolation of these 
data for interregional comparisons has meant that the complexity of the RSL change 

and isostatic rebound history in response to ice sheet dynamics has been lost due to 

the likely significant differential crustal regime in the different areas. This is 

emphasised by the recent evidence of Long et al., (1999) that there is a substantial 

north-south gradient to the isostatic record of the relatively small area of eastern 
Disko Bugt, resulting in variations in RSL of up to 20 m at 7.8 to 6.8 ka cal BP. One 

hypothesis is that sea level rise could cause floating of grounded marine based ice 

tongues, followed by catastrophic collapse. Another is that instigation of the West 

Greenland Current bringing Atlantic-sourced, warm, saline basal water could have 

caused basal melting of the ice sheet, allowing surging and increased calving leading 

to collapse and melting. 

2.5.3 Current scenario of ice sheet retreat 

The current model of ice sheet retreat and instability that has been proposed for the 

Inland Ice margin is that two discrete phases occurred, probably initiated some time 

after c. 15 ka cal BP, between 14 and 10 ka cal BP, (Funder and Hansen, 1996). From 

c. 14 ka cal BP, rising RSL is attributed to destabilisation of the marine-based ice on 

the shelf and in major inlets. This first stage is thought to have been driven by 

calving, and Funder and Hansen (1996) see this scenario allowing the ice front to 

retreat to a position approximating the present day coastline. The next (second) stage 
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began with a minor advance between c. 10 and 9.5 ka cal BP. This stage relates to the 

terrestrial based ice retreating quickly to achieve a mid-Holocene position behind the 

present ice margin. Weidick et at., (1990) suggest this was possibly more than 15 km 

behind the present position, although more recent evidence in the form of moraine 
dating in the Kangerlussuaq area by Van Tattenhove et al., (1996) has allowed the 

possibility that the retreat could in fact have been 10's of kilometres behind. 

These two steps attempt to explain the behaviour of the glacial retreat, although 

currently there is limited evidence for this in Disko Bugt. The marine based stages of 

retreat have been inferred only from the intersection of marine deposits on land, 

providing minimum age estimates at best, and there is no oceanographic record of ice 

margin fluctuations in terms of speed of retreat, and specific timing of movements. 

Timing of the terrestrial based portion of the Ice Sheet has been further constrained by 

the work of Long and Roberts (2002,2003) and Long et al., (2003). Figure 2.9 shows 

the minimum dates for terrestrial retreat. 

From the mid-Holocene (around 4 ka cal BP), the ice sheet is thought to have 

readvanced (Weidick, 1990). However, evidence becomes less clear from this time, 

with poor preservation of geomorphological features, and a lack of investigation on a 
local or regional scale. Again this seems to highlight the need for inter-site 

comparisons as opposed to interregional. A range of driving mechanisms are put 

forward in response to widespread evidence for RSL rise - as a crustal response to 

neoglacial readvance (Weidick et al., 1993; 1996), or to the effects of forebulge 

collapse from the Greenland and Laurentide Ice Sheets (Rasch et al., 1997), (Rasch 

and Jensen, 1997). The most recent RSL studies do not correlate with the regional 

forebulge collapse hypothesis, but follow the scenario of crustal subsidence due to ice 

sheet readvance during the neoglacial. 
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Figure 2.9: Minimum radiocarbon dates for terrestrial deglaciation (Long et al., 2003) given in mean 
cal kyr BP. (Data are from Rasch, 1997 supplemented with data from Bennike, 2000; Long and 

Roberts 2002; Long et al., 1999,2003). 

Long et al's (1999) data show that RSL fell continuously from the marine limit at 

approx. 70 m at c. 9.9 ka cal BP to approx. -5 m 2.8 ka cal BP. From then, RSL has 

risen by around 5m due to a switch from emergence to submergence. Their most 

recent development of localised RSL curves for Disko Bugt region in West Greenland 

based on isolation basin stratigraphy (see section 2.3.2 this chapter) is illustrated in 

Figure 2.10. Figure 2.11 shows the locations in West Greenland where the isolation 

basin fieldwork took place. 
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Chapter 2: West Greenland study area 

The record of Rasch et al., (1997) in western Disko Island showed that the early- 

middle Holocene periods was characterised by a decline in RSL, to be later followed 

by late Holocene rise. Interpretation of coastal features at Saqqarliit Ilorliit (location 

show in Figure 2.12) suggest that after c. 2.5 ka cal BP a transgression occurred that 

lasted until around 1.0 ka cal BP, and was repeated between 0.7 ka cal BP and the 

present. It is possible that the most recent transgression comprised three distinct 

minor phases. The production of local RSL records such as these should not be stand- 

alone investigations, and the previous trend for regional investigations should be 

redirected into the development of detailed local RSL curves with tight chronological 

control. 

Figure 2.12: Shows the location of archaeological site of Sagqarliit llorliit in relation to Disko Bugt. 

2.6.1 Introduction to oceanographic regimes in West Greenland 

Regular meteorological observations in Greenland started in 1873, and the collection 

of oceanographic and biological knowledge of West Greenland waters began in 
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earnest with the Danish and American expeditions in 1928 of the "Godthaab" and the 

"Marion" and the "General Greene" respectively (Dunbar, 1989). This early research 

sought quantitative oceanographic information in relation to locally observed 

occurrences and movements of economically exploitable fish species. Since the mid 
20`" century, further economically- (and latterly academically-) prompted regular 

vessel-based hydrographical observations have been undertaken by Danish and 
German researchers (Buch and Stein, 1987). 

2.6.2 Recent oceanographic trends 

Research concerning oceanographic trends in the region has been, and continues to 

be, driven mainly by socio-economic factors (Buch, 2000). A later emphasis has been 

on determining hydrosphere conditions such as air-sea-ice interactions that may 

contribute to the understanding of the role that the region plays in relation to global 

climate scenarios (e. g. Buch, 1989; 1993; 2000; Stein, 1993; Stein and Wegner, 

1990). Since as early as 1600 AD (Dunbar, 1989), increasing knowledge of 

oceanographic conditions in this area has tended to be prompted by furthering the 

understanding of the regions variability in order to assess the possibilities of 

exploitation of, initially living, and later, non-living, marine resources (Bradley, 2000; 

Buch, 2000). 

Local knowledge that during the early part of the 19`h century there were brief periods 

of significant cod migration along the southwest coast (Buch 1989), prompted interest 

in temperature and biological data from the region (Dunbar, 1989). Cod movement 

and later spawning occurred at the beginning of the 20th century, with commercial 

fisheries being established as early as 1917 in the south west, and 10 to 15 years later, 

the fish movement was observed to have reached as far as Disko Bugt, and recorded 
further north as well (Dunbar, 1989). A similar increase in Atlantic salmon was also 

noted, although lagging behind the cod trend. Both fish species are associated with 
Atlantic (Irminger) water, and to some extent a mixture of Atlantic and Arctic water 
(Dunbar, 1989). 
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Dunbar and Thompson (1979) associated the salmon distribution with the climatic 

warming of the WGC, and have linked historical records of salmon abundance in 

West Greenland waters to warm periods recorded in the Greenland ice cores from 

Camp Century. These periods are sub-centennial in cyclicity (75-76 years). 

2.6.3 Oceanographic conditions in West Greenland waters 

Oceanographic conditions in West Greenland waters, including the Labrador Sea and 

Davis Strait, are a result of varying scales of circulation of elements of the North 

Atlantic and Arctic Oceans (Stein, 1993). Exchange between the Arctic and adjoining 

oceans by water mass transport by the East Greenland Current (EGC) and branch 

components of the North Atlantic Current system create the West Greenland Current 

system (WGC) which has a powerful control on the temperature over Greenland and 

resulting ice sheet dynamics (Buch, 2000). This northwestern arm of the Atlantic 

Ocean consists of a large counter-clockwise oceanographic gyre, operated by a 

"warm", northward flowing, and "cold", southward moving surface current (Stein, 

1993) ( Figure 2.13 and Figure 2.14). 

The hybrid West Greenland Current system (WGC) directs circulation along the West 

Greenland margin and Labrador Sea (Stein, 1993), and contributes to the cyclonic 

circulation in Baffin Bay (Ingram and Prinsenberg, 1998). Its influence through its 

relatively warm water effects extends from Kap Favel at the southern tip of 

Greenland, and up through Baffin Bay as far as the northwest continental margin of 

Greenland (Buch, 1993; Lewis et al., 1996; Steffen, 1985). The WGC is 

complemented by the southward flowing Baffin Current (BC), and Labrador Current 

(LC), providing a surface outflow of low salinity Arctic water from the Canadian 

Archipelago (Ingram and Prinsenberg, 1998; Jacobs et al., 1985). 

39 



Chapter 2. West Greenland studs' area 

W1 58 !1', 

Thule 

EGC 

ýý !t .rIIrq\ 

(. rccnIand 

Disko 
BC Arý 

810 v 

Baffin 
L 

tý 
f 

Island WGC' 

1, , ru tr tý 

Labrador 

yl LC 

1 

I- 
.. 

Figure 2.13: The component currents of the WGC, and its northward flow along the West Greenland 

coast. LC - Labrador Current, IC - Irminger current, WGC - West Greenland Current, BC - Baffin 
Current, EGC - East Greenland Current. (Modified from Lloyd et at., submitted). 

While surface current velocities vary throughout the region, the WGC is much weaker 

than its west coast counterpart, the Baffin Current flowing down past Baffin Island 

and the Labrador Coast (Jacobs et al., 1985). Both currents however, have surface 

speeds in excess of 30 cm/s (Myers et a!., 1990). 

The WGC is also linked by wind stress and heat forcing (Eden and Boning, 2002) to 

smaller scale events such as the generation of meanders and eddies (Eden and Boning, 

2002; Stein, 1993) to the west and northwest in the Labrador Sea and Davis Strait. 
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2.6.4 West Greenland Current system 

The West Greenland Current system is an amalgamation of parallel flowing warm and 
cold currents (Funden, 1989); The East Greenland Current (EGC) and the Irminger 

Current (IC) dominate, and a weaker element is a side branch of the North Atlantic 

Current. (Figure 2.14). These currents combined, transport a group of water masses 
derived from a number of sources in the North Atlantic, Arctic and surrounding 
oceans to the south of Greenland (Buch, 1993,2000). An Arctic or Polar Water 
(AW/PW) component is derived from the EGC, and Atlantic water mass components 

are variously derived from the IC, the Labrador Sea (Ingram and Prinsenberg, 1998) 

and the minor North Atlantic branch component. The relatively recent discovery of 
this North Atlantic side branch is linked to the presence of a newly described water 
mass in the southwest of Greenland and has been termed the Northwest Atlantic Mode 
Water (NAMW) and also Sub-Atlantic Water (SAW) (Buch, 1993). 

The route of the EGC coincides with the pattern of polar pack ice distribution coming 
from the Arctic Ocean, (Jennings and Weiner, 1996) and flows south along the coast 

of East Greenland cooling the region on its way round Kap Farvel. The EGC then 

meets the North Atlantic (Irminger Current) derived component off the coast of East 

Greenland moving south and into the West Greenland area (see Figures 2.13and 2.14) 

The two dominating components comprising the WGC have a distinct annual 

periodicity (Buch, 1984). Maximum inflow to the WGC of cold, polar derived waters 
(from the EGC), occurs during June and early July, and the Irminger Current 

contribution of warmer North Atlantic water takes place during the later months, 
October to December (Buch and Stein, 1987). 

Considerable vertical and horizontal mixing occurs as the WGC rounds the southern 
tip of Greenland (Stein, 1993) with salinity and temperature generally increasing with 
distance from the west coast (Stein, 1991). However, the thermohaline front between 

the two dominant currents can be observed at the shelf break at Kap Favel (Stein and 
Wegner, 1990) and the separate components can still be recognised up along the 

southwest and west coasts of Greenland (Buch, 1989,2000; Myers et al., 1989; Stein, 

1993; Stein and Buch, 1985). 
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2.6.5 West Greenland Current components 

By the time the WGC reaches Disko Bugt, these separate components are difficult to 

distinguish. This is supported by an example of contemporary temperature, salinity 

and depth (CTD) data from Disko Bugt, which shows a warm, saline water mass 

underlying the colder and fresher "mixed Disko Bugt water layer" (Figure 2.15), 

suggesting that the WGC in this area of West Greenland is relatively homogenous. 
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Figure 215: CTD data profile from east of Disko Bugt in front of Jakobshavns Isbrae, collected in 1999 
field season by Kuijpers and Lloyd, referenced to Kuijpers et a/., 2001 
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When the maximum intensity of inflow is attained by either of the two main current 
components, the centre of the presiding current is located between 150-200 m water 
depth. However, hydrographic conditions of the upper surface layer also become 

influenced by the presence of the current components due to the Coriolis effect 
forcing the water masses eastward against the outer slopes of the West Greenland 
banks (Buch and Stein, 1987). 

Stein (1993) found it possible to trace thermal events in the WGC system, which were 

observed to have occurred originally in the EGC. Buch and Stein (1987) calculated 
depth intervals for the vertical water mass distribution of the WGC off the coast of 

southwest Greenland based on mean temperature and salinity values for July and 
November from 1950. Figure 2.16 shows their interpretation of these depth intervals. 

Depth (m) Layer 

0-50 Primarily influenced by atmospheric 

conditions, but also significant during 

periods of strong EGC polar water 

50-150 Influenced by EGC 

150-400 A transitional zone between polar water 

and Irminger water 

400-600 Occupied by Irminger water 

Figure 2.16: Table of depth intervals of water masses identified (Adapted from Buch and Stein, 1987). 

Further detailed work on the water mass characteristics has been carried out, (Buch, 

1993,2000; Stein, 1991; Buch and Nielsen, 2001) and Figure 2.17 provides a full 

description of the controlling water masses, and the currents involved in the WGC 

system. 
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Water Mass Temp (°C) Salinity (%o) Comments 

Polar Water Surface layer, close to coast. 
(occurs in <1 °C. Summer Characteristics differ from pure Polar 

surface layer temperatures <33.75-34.0 Water, due to slight mixing with 

0-200m) may rise to 3- surrounding water masses during 

5°C transportation by EGC. 

Irminger Originating from North Atlantic 

Water (200- Current (transported by IC). 

300m) this c. 4.5°C >34.95 In this pure form only occasionally 

and above present in area. 
depth data 

from Stein, 

1991. 

Irminger Formed by Irminger Water mixing 

Mode Water with surrounding water, accounting 

c. 4°C 34.85-34.95 for slightly lower temperature and 

salinity. Always present off SW 

Greenland. 

Northwest >2°C. Late Originates in northern part of North 

Atlantic Mode autumn Atlantic Current from mixing of 

Water temperatures 34.5-34.85 North Atlantic and Labrador Currents. 

may rise to Low salinities due to LC influence. 

>5°C 

Figure 2.17: Table of details of composition of the water masses found at Southwest Greenland 
(Adapted from Buch, 1993,2000; Stein, 1991; Buch and Nielsen, 2001). 

Lewis et al., (1996) provided temperature-salinity data strongly suggesting that the 

WGC can penetrate as far north as the North Water area in the far northern part of 

Baffin Bay (shown in Figure 2.14). Here, a large polynya appears in Smith Sound 

between Greenland and Ellesmere Island 

This North Water polynya is thought to be produced by removal of the ice by wind or 

surface currents (latent heat effects), and warm-water upwelling (sensible heat effect). 

On the discovery of surface warm water cells above freezing point, Steffen (1985) 
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postulated that this warm water was likely to be sourced from the WGC. This 

concurred with Ross' later current meter mooring data of currents and temperature 

within Baffin Bay (Ross, 1990a; b, 1991 in: Ingram and Prinsenberg, 1998). Lewis et 

al. 's (1996) temperature and salinity profiles from the coast of Greenland towards the 

Canadian coast identified a warm layer along the coast, which became progressively 

cooler and thinner to the north and west. While the mechanisms involved in the initial 

opening of the polynya have yet to be determined, it is likely that the during the early 

months, the North Water is initially a latent heat polynya, with sensible heat effects 
becoming more developed in the latter part of the spring (Darby et al., 1994). 

2.7 Oceanography and atmospheric connections 

Interannual and seasonal variability in oceanographic conditions are considerable. 
There are close links with the North Atlantic Oscillation index (NAO) and the climate 

of Greenland, as well as other areas in the North Atlantic and Europe. Changes in sea 
ice cover, and subsequent effects on oceanographic temperature and salinity 

conditions are significant factors affecting contemporary oceanographic conditions. 
Changes in all of these elements can be linked to distributions of marine species, both 

historically and today. 

2.7.1 The North Atlantic Oscillation 

The NAO is an index that represents the anomalies in sea level pressure between the 

Icelandic low pressure system in the subpolar Atlantic and the Azores high pressure 

system in the subtropical Atlantic (Shabbar, 1997) and is one of the major modes of 

winter climate variability in the Northern Hemisphere atmosphere (Buch, 2000). 

When the pressure difference between the two locations is high, the index is said to be 

in a positive phase (NAO+) and when the difference in pressure is small the index is 

in a negative phase (NAO-). The index varies on a yearly basis, can also maintain one 

phase of state for periods lasting several years. Winter is the season that tends to 

display the greatest interdecadal variability between the two phases (Hurrell, 1995). 
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The following diagram (Figure 2.18) shows the general characteristics of the two 

phases of the NAO index. 

Figure 2.18: The two phases of the NAO index. The left-hand diagram shows the effects of a positive 
NAO index; The Icelandic low and Azores high intensify as Arctic pressure drops. This intensifies the 

Westerlies and brings warm moist air further north. The right-hand cartoon depicts the results of a 
negative NAO index; Arctic pressure increases and the subtropical high and the Icelandic low are 

weak. Storminess is weakened and brings warm, moist air to southern Europe. Images adapted from 
htip: //www. ldeo. columbia. edu/NAO/ 

Positive NAO: During the positive NAO index, the Icelandic low is strong, and there 

is an increase in the strength of the North Atlantic Westerlies. This means that warm, 

moist air is carried further and there is a subsequent northward shift in storm activity 

(Stein, 1997). Northern Europe and Eurasia become warmer and wetter, and the 

Eastern United States also becomes wetter. Southern Europe is likely to experience 

much drier conditions as the Mediterranean area is deprived of moisture. Northern 

Canada, the Labrador Sea, Baffin Bay area and West Greenland become cooler and 

drier, as cold air is diverted further north over the North American continent (Dorn et 

al., 2003), with evaporation exceeding precipitation (Hurrell, 1995). Enhanced storm 

activity affects Southern Greenland, Iceland and into Northern Europe due to the 

increased northerly storm tracks crossing the Atlantic. 

Negative NAO: During the negative NAO index, there is a much weaker subtropical 

high and Icelandic low. This results in a reduced pressure gradient between the two 

areas. Storminess is reduced, in terms of strength and frequency, and movement of 
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storm tracks is more east to west (Rogers, 1997), so the Mediterranean areas are 
wetter, and cold air flows over Northern Europe and the eastern United States 

experienced cooler drier conditions. The Labrador Sea area becomes warmer and 
wetter, and Greenland as a whole experiences milder temperatures and moisture 
increases, with South and West Greenland having particularly increased precipitation 
(Dom, 1997; Stein, 1997). 

2.7.2 The NAO and recent atmospheric patterns in Labrador and Greenland 

Winter surface temperature data from stations on coastal eastern Canada and west 
Greenland show detectable decadal cooling since about 1970 (Shabbar et al., 1997). 
Decadal cooling in winter in coastal Canada, especially the Labrador area is thought 
to be associated with decadal salinity anomalies (Dickson et al., 1988; Mysak et al., 
1990), and/or variations in the NAO. According to Hurrell (1996), the majority of the 
European and northwest Atlantic cooling over the past 25 years can be statistically 
explained by the interannual variability of the NAO. 

A strongly sustained positive phase of the NAO index has been evident since the early 
1980's (Buch, 1993,2000), and the significant cold conditions experienced in 

southwest Greenland for the last thirty years have meant the virtual disappearance of 

cod from the fishing banks area (Dunbar, 1989; Stein, 1993; Buch, 2000). Dawson et 

al., (2003) link- late-Holocene climatic "seesaws" first conclusively identified by van 
Loon and Rodgers (1978), with storminess changes in the north Atlantic region and 
GISP2 palaeoclimatic records. They show that in general, when winters in West 

Greenland are colder than average, conditions are characterised by enhanced positive 
NAO, and negative NAO indices are associated with above average temperature and 
moisture supply in Greenland (Jones et al., 1997). 

2.7.3 Temperature and salinity changes in West Greenland waters 

The cold atmospheric conditions created by a persistently positive NAO phase are 
transferred to the oceanographic upper water mass conditions, whereby the strength of 
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the westerlies in a preceding winter is negatively correlated with baroclinic transport 

in the WGC and the LC relative to the upper 100 m during the summer months 
(Myers et al., 1989,1990). Hydrographic data from the coast of southwest Greenland 

since 1950 reveal two distinct periods, 1968-73 and 1981-84, with strong negative 

temperature and salinity anomalies up to depths of 500 m (Buch and Stein, 1987). 

During the late 1960's/early 1970's anomaly, July readings showed relatively cold 

and fresh conditions in the upper 150 metres, indicating a greater than normal inflow 

of cold Polar Water from the EGC. The presence of a very cold air mass centred over 
Egedesminde, West Greenland from February 1982 to November 1984 is thought to 

have been responsible for the negative temperature and salinity anomaly documented 

by Buch and Stein (1987). Low winter temperatures produced extremely large 

quantities of sea ice, and prevention of normal Irminger Water inflow to the area. 
This restriction of Irminger Water allowed even the deeper layers (150-400 m and 
400-600 m) to exhibit negative temperature and salinity anomalies in the latter part of 

the period. 

The well-documented "Great Salinity Anomaly" (GSA) (Kerr, 1992), first observed in 

1968 (Dickson et al., 1988) was a widespread general cooling, and period of 

significantly decreased salinity (Dickson et al., 1988) of the upper 500-800 in layer 

(Myers et al., 1990) in the North Atlantic during the 1970's into the early 1980's. 

The GSA is thought to have resulted from the migration of the East Greenland Front 

(EGF), located between the EGC and the IC prompted by a period of exceptionally 

strong and sustained northerly winds over the Arctic Ocean and northern North 

Atlantic during the preceding decade (Buch, 2000, Myers et al., 1990), derived from a 

build up of extremely high air pressure over Greenland, and a marginal decrease over 

the eastern parts of the Norwegian and 'Barents Seas (Buch and Stein, 1987). This 

southeast migration was accompanied by an influx of PW, sea ice and generally 

colder temperatures to the area (Jennings and Weiner, 1996). 

The advection of this cold, low salinity water mass and sea ice passed along the banks 

of southwest Greenland in 1969 (Buch and Stein, 1987). Air temperatures following 

the 1960's have decreased to the early 1990's at Nuuk in West Greenland, as well as 

at stations on the Labrador coast (Stein, 1993) and high amplitude cold events were 
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recorded both east and west of the Labrador Sea on a near decadal scale in the early 

1970's, 1980's and 1989-90 (Stein, 1993). 

Buch (2000) also described the anomalous cold conditions in the upper 400 m at 

southwest Greenland as being well below normal for both summer and winter during 

the two sustained cold periods, 1981-84 and 1989-94. Similar results were found by 

Stein (1993), identifying significantly colder than average temperatures at the same 

oceanographic station for the depth layers between 0 and 200 m, for the years 1982-84 

and 1989. 

Myers et al. (1989) examined seasonal and interannual variability of the Labrador and 

West Greenland Currents along the coast of southwest Greenland by constructing 

water current transport estimates using temperature and salinity data from 1950 to the 

late 1980's. They were able to distinguish between short and long term fluctuations in 

the strength of the currents. Large scale wind forcing (Dunbar, 1989; Myers et al., 

1988; Thompson et al., 1986) is likely to be responsible for the interannual variation 
in water mass density off the West Greenland shelf. This emphasises the role that 

atmosphere-ocean connections play in this region. 

The dynamic nature of the area is highlighted by the large-scale interannual changes 

in salinity (Buch, 1987; Dickson et al., 1988; Kerr, 1992), deep-water formation in the 

Labrador Sea (Clarke and Gascard, 1983, Lazier, 1988), and variations in sea ice 

formation (Buch, 1993,2000; Mysak and Manak, 1989; Deser et al., 2002). 

Temperature and salinity data relating the Labrador Current and the West Greenland 

Current from Myers et al. (1989) shows a freshening in the upper 200 metres of the 

Labrador Sea at three times on a near decadal scale at 1960,1971, and 1984. The 

1971 fresh phase corresponds with the widespread GSA (Buch, 1987; Dickson et al., 

1988; Kerr, 1992). All three correspond with increases in Arctic sea ice production 

and extent (Buch 2000; Mysak and Manak, 1989). Statistical analysis, (Stein, 1993) 

shows that a coupling of thermohaline events can occur on both sides of the Labrador 

Sea. 

Temperature anomalies observed in the waters of West Greenland are not as a 

singular result of overall climatic warming involving only air temperature increases in 
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the area itself (Stein, 1991,1993), but are related to changes in the relative amount of 

the Arctic and Atlantic water in the West Greenland Current. It has recently been 

recognised that the seasonal and interannual variability of the Greenland waters can 

be considerable. An example of this is the exceptional cold and dry conditions over 

Greenland brought on by a persistent and strong positive phase of the NAO since the 

early 1980's. This was mirrored in the waters off the south west Greenland coast in 

the two distinct cold periods, 1982-84 and 1989-94, where temperatures were well 

below normal in the upper 400 m surface layer (Buch, 2000). While data is from 

survey locations up to 100 nautical miles off the southwest coast, conditions like this 

will be transported and the effect may be detectable within the water masses entering 

Disko Bay (Buch and Stein, 1987; Dunbar, 1989; Myers et al., 1989). 

2.7.4 Explaining the changes in the WGC water mass components 

It is likely that fluctuations in the WGC components are related to atmospheric 

conditions, and, indirectly to surface winds and sea ice formation (extent and 

duration). Dunbar and Thompson hypothesised the following scenario in 1979; entry 

of Atlantic and Arctic water into the West Greenland region becomes restricted when 

westerly winds prevail to the south. This occurs during periods when the Iceland Low 

is at its highest latitude. This position is created by intense strong zonal westerly 

circulation (Loder et al., 1998). The warming effect is created by the increasing 

importance of the participation of the Labrador Sea water (which is Atlantic sourced), 

which dominates in the WGC north of Ivigtut. This restriction of entry of cold, lower 

salinity Polar sourced surface water, was further qualified by Stein and Buch (1985) 

to be not only restricted, but also perhaps also laterally relocated by the winds. 

The opposite effect appears when the Icelandic zonal circulation is shifted to lower 

latitudes; eastern "anomaly" winds dominate in the south of Greenland (Dunbar, 

1989, Loder et al., 1998). This leads to an intensification of the Irminger Current and 

East Greenland Current components of the WGC during their respective dominant 

seasonal phases. An increase in flow, and total cooling effect, shifts the Labrador Sea 

gyre and the point at which the WGC begins to turn west towards Baffin Bay 

northwards (Buch, 2000). 
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As early as 1985, Stein suggested that the presence of the very cold airmass centred 

over Egedesminde in the Davis Strait area and thought to be responsible for the 1981- 

1984 negative salinity and temperature anomaly could be a teleconnection to the El 

Nif%o events of the early 1980's, but this possibility has not been explored fully. 

Further explanations are related to dust and volcanic activity in Mexico and 

Washington State, USA (Buch and Stein, 1987). While periods or phases such as the 

ones described above may appear to be extreme yet short lived, general, "warming" or 

"cooling" trends, i. e. changes in the composition of the components of the West 

Greenland Current may also occur. For example, archaeological midden 

investigations of the "Saqqaq" Inuit culture, active between 2400 BC and 1400 BC 

(the Neoglacial period), in Disko Bugt, show an overwhelming presence of Atlantic 

cod and salmon, but little of another fish species, the capelin. While this is attributed 

to the manner of consumption of the capelin, the abundance of the two Atlantic 

species may also be linked to a strong Atlantic/Irminger Current water influence, or 

weaker Arctic/East Greenland current influence (Dunbar, 1989). 

Recent work by Shabbar et al., (1997) investigating decadal variability of surface 

temperatures in the coastal east Canada and West Greenland area invokes the 

presence of the BWA index (Baffin Island-West Atlantic), a new sea level pressure 

index (SLP) to account for the winter decadal cooling relationship with the circulation 

pattern over northeastern North America, specifically the Canadian Polar Trough 

(CPT). This BWA index better explains the surface climate changes in the Baffin 

Bay-Davis Strait area than the NAO index, which is more directly related to changes 

in the eastern part of the North Atlantic. 

However, the NAO index is still relevant to the West Greenland area in terms of the 

characteristics of the water masses being delivered to the area that originate from, or 

are transported through, regions that come under the influence of the NAO index. 

Stein's (1993) data show that in modem times, that during long observational periods 

(>3 yrs), East and West Greenland stations are able to show an east-west connectivity 

and consistency between the cold and warm signals in water masses. These changes in 

water mass characteristics are likely to be related in turn to atmospheric conditions 
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operating at the time. At present there appears to be a coupling of thermal events of 

both sides of the Labrador Sea. 

The Labrador Sea is one of only two areas in the Northern Hemisphere where deep- 

water formation occurs (Kuijpers et al., 2001), and the connectivity of coastal West 

Greenland with coastal Eastern Canada through water mass transportation suggests 

that changes in meltwater and iceberg volumes sourced from the West Greenland 

portion of the Greenland ice sheet may have implications for oceanographic 

circulation and deep-water formation in the region. 

2.7.5 Sea ice in West Greenland waters 

Over the past two decades, Marko et al., (1994) detected an increase in sea ice cover 
in the Davis Strait in the January months, combined with the presence of unusually 

strong northerly surface winds that have been acting over the Labrador Sea during the 

winter months from the mid 1970's. This leads to both a cooling of the surface waters, 

and an intensification of the post-winter southward sea ice drift from western Davis 

Strait on the Labrador Current. "Westice" is first year sea ice and formation begins in 

September in northern Baffin Bay and Davis Strait, and in the following months it 

continues to obstruct considerable portions of the Northwest Greenland coast (Buch, 

1987; Ingram and Prinsenberg, 1998; Prinsenberg et al., 1997). 

During the majority of the time window (1981-1997) considered by Buch (2000), the 

sea ice limit reached southward as far as Aasiat on the shores of Disko Bugt during 

December-January, with the winter sea ice extent retreating to northern Baffin Bay 

each summer (Deser et al., 2002). It does not usually reach the Southwestern 

Greenlandic waters due to the warmer water masses originating in the Atlantic having 

their peak inflow during the later autumn months (Buch and Stein, 1989). 

The other type of sea ice that dominates in the region is "Storis", multi-year ice 

(Buch, 2000), which originates in the Arctic and is transported to the area by the EGC 

(Jennings and Weiner, 1996, Mysak and Manak, 1989). Storis delivery is subject to 

considerable variability and is determined by the outflow, sea ice and meteorological 
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conditions in the Arctic Ocean, Greenland Sea, Iceland Sea and the Irminger Sea. The 

two extremely cold periods documented in 1983-84 and 1989-94 allowed the 

development of much greater that normal quantities of westice, and the highly unusual 

event of the two sea ice formations co joining (Ingram and Prinsenberg, 1998; Myers 

et al., 1989; Stein, 1993), was able to occur several times in bays in the southwest of 

Greenland (Buch, 2000) 

2.8 Chapter summary 

Disko Bugt is a large marine embayment on the West Coast of Greenland. 

Bathymetric and geological features in the bay are directly related to West Greenland 

Ice Sheet activity during the Last Glacial Maximum. Interrelated RSL responses to 

ice margin retreat following this period and subsequent possible margin fluctuations 

have recently been heavily investigated to further constrain early estimates by Funder 

and Hansen (1996). The most recent chronology suggests that Jakobshavns Isbrae 

retreated later than previously estimated from Disko Bugt (around 10.2 ka cal BP cal 

BP), and was able to survive rapid rates of sea level rise and meltwater pulses 

(Fairbanks, 1989; Long and Roberts, 2003) during the last deglaciation. The 

advancements in knowledge of terrestrial based palaeoenvironmental change relating 

to deglaciation and the Holocene require consolidating with this oceanographic 

investigation. 

The West Coast of Greenland is characterised by complex hybrid oceanographic and 

atmospheric connections. Changes in the WGC may be driven by changes in the 

component currents (EGC and IC). From recent hydrographic and oceanographic 

investigations it is suggested that these changes may be forced by fluctuations in the 

Arctic atmospheric and oceanic Fronts in East Greenland, situated between the EGC 

and the IC, prompted by enhanced positive phases of NAO. Increased positive NAO 

conditions are suggested to lead to increases in the Arctic ice flux and the Polar Water 

component of the EGC as well as increasing the limits and extent of seasonal pack 

ice. This is reflected in the WGC as a significant decrease in temperature and salinity. 
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Distribution of species of marine flora and fauna appear to be affected by 

perturbations of the oceanographic regime by atmospheric forcing mechanisms. This 

is seen, for example, during the enhanced positive phases of NAO during the 1990's 

which has led to the decline of cod. Fish fauna relating to colder Arctic waters are 

noticeably absent from archaeological middens in southwest Greenland. It should 
therefore be possible to track changes in the strength (salinity and temperature) of the 

WGC through the palaeoclimatic record with the high resolution techniques employed 
in this thesis. 
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Chapter 3: Methods 

3.1 Introduction 

Recent and current progress in developing relative sea-level records for West 

Greenland (e. g. Long and Roberts 2002,2003; Long et al., 1999; Rasch, 1997) has 

refined the deglacial chronology of the area, but it is vital that this work is 

complemented by palaeoceanographic and sedimentological studies. Little work of 
this type has been undertaken specifically in West Greenland. The majority of West 

Greenland oceanographic work relates to the post-glacial colonisation by molluscs of 

coastal sites in the south of Greenland (e. g. Donner and Jugner, 1975; Funder and 
Weidick, 1991), with a recent localised fjord sedimentation study in Disko Island 

(Desloges et al., 2002; Ohlenschlager, unpublished data). New data is currently being 

gathered relating to palaeohydrographic changes in sites around Greenland including 

West Greenland (Jensen et al., submitted; Jensen et al., in press). However this is 

limited to changes in surface waters (using diatoms), and some early results indicate 

that preservation has been a severely restraining factor in these studies, and 

consequently sampling resolution is not very consistent (K. G. Jensen, pers. comm., 
2002). Work relating to foraminiferal, IRD and isotopic analysis has not previously 
been attempted in this location, and as a result, this thesis is the first to produce a 

marine record of palaeoceanographic changes, post-glacial ice margin retreat and 

sediment/iceberg/meltwater fluxes in this area. 

This chapter gives details of fieldwork locations, the rationale for site selection and 

sampling strategy. The investigative methods used are outlined and analytical 

techniques described. The use of foraminifera for palaeoceanographic reconstruction 
is appraised. 

3.2. Preliminary 1999 field season sampling strategy 

As this PhD is part of a wider NERC ARCICE research project (Quaternary Ice Sheet 

Dynamics in West Greenland), the selection of fieldwork locations was to some extent 

already fixed, in that sampling sites were to be located within Disko Bugt in order to 
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be able to meet the research aims and objectives (see Chapter 1). The first field 

season took place prior to the initiation of the period of PhD study, so there existed 

evidence and data upon which to base the PhD site selection and sampling strategy for 

the main season of data collection. The first field season relating to this project took 

place in 1999 using the R/V Porsild, when a coring and conductivity, temperature and 

depth (CTD) programme was carried out. Figure 3.1 shows the location of these 

coring and CTD cast sites. 
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Figure 3.1: Survey site locations from the 1999 field sampling season. C'TD and gravity cores taken at 
each site. A: Area in front of Jakobshavns Isbrae, B: Large sediment fan and into Kangersuneq Fjord, 

C: East of Disko Island. 
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The sampling strategy adopted during this initial field season by Kuijpers and Lloyd 
(1999 pers. com. ) was to use a large spread of sampling stations to gather estimates of 
sediment coverage throughout Disko Bugt, with three key areas to be targeted for this 

survey. 

These were: 

i) the areas directly in front of Jakobshavns Is! )ord (A) 

ii) a large sediment fan to the southeast of the bay (B), and 

iii) the area to the east of Disko Island, and in small fjords further north of Disko 
Bugt (C) (see Figure 3.1). 

Short cores, up to 2m in length, were collected using a gravity corer with a5 cm 
diameter PVC liner. A Van Veen grab sampler was used for surface sediment 
sampling. Before sampling at each coring site, a CTD hydrographic cast was made 
using a Seabird Electronics (Sealogger 25) system. The data collected included water 
temperature, salinity, fluorescence and turbidity (Kuijpers et al., 2001). This initial 

sampling program had its limitations, namely that the gravity coring equipment was 

restricted to sampling sites located in less than 400 m water depth. This meant that a 

potential fourth key site, the western part of Disko Bugt, linking the bay to the 
Labrador Sea, could not be sampled during this initial fieldwork. 

3.2.2 Piston coring sampling strategy 

Prior to the 1999 Porsild cruise, and again before the 2000 Dana cruise, archived 
seismic data from the 1972 R/V Brandal cruise and 1978 Project Westmar cruise 
aboard the Dana (Brett and Zarudzki, 1979), were examined to locate potential coring 
sites. The seismic systems used during these early cruises were a single channel 
analogue sparker, a small (up to 40in3) airgun system, and a 1.5-3.5 kHz subbottom 
profiler. These investigations revealed that the majority of presumed Quaternary 

sediment accumulation was in the eastern part of the bay, apart from a thick infill in 
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the western part of Disko Bugt in the base of a deep channel running north-east - 
south-west (Egedesminde Dyb, see Figure 3.2). This trough is envisaged as being a 

conduit for meltwater and calved icebergs, and allowing massive downdraw of the ice 

sheet (Long and Roberts, 2003). Kronprinsen Ejland to the north, and Hunde Ejland 

to the south of the Dyb were thought to mark pinning points for the ice stream during 

deglaciation (Funder and Hansen, 1996), but recent dating of isolation basin work by 

Long et al. (1999,2003) and Long and Roberts (2002,2003) shows that, once 
deglaciation began from the outer shelf, there was no significant delay in retreat 

caused by these potential pining points. 

Bathymetric and seismic evidence also reveal the presence of a large shallow sloping 

sediment fan, located in Sydosbugten to the south of the bay in front of Kangersuneq 

fjord (Figure 3.2). This major spread of glaciomarine sediment suggests that a 

significant conduit for sediment/water must have existed here at some point during the 

region's glacial or postglacial history. 

By combining data collated from the old seismic surveys with the data from the 

preliminary 1999 cruise, three key locations were identified within Disko Bay to fulfil 

the main research aims and objectives of this thesis. 

This thesis is concerned with identifying periods of instability and change in Disko 

Bugt by constructing a high resolution record of Holocene modes of 

palaeoceanography and the dynamics of Jakobshavns Isbrae. In order to address the 

key aim and objectives of this research (Chapter 1), core site locations were chosen to 

give the best possible coverage of these scales in Disko Bugt. 
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Figure 3.2: Seabed contour map of Disko Bugt [from Long and Roberts, 2003. Contours are given in 

metres below sea level. Data are based on interpolation between soundings detailed in admiralty maps 
(Royal Danish Hydrographie Office, 1954)]. Egedesminde Dyb, the deepest transverse channel 

extending from the West Greenland coastline is highlighted in blue above. Kanersuneq is highlighted 

with the sediment fan Sydosbugten highlighted in orange. 
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Figure 3.3: Piston core locations in Disko ßugt. 

1. Firstly a coring site at the mouth of Jakobshavns Isfjord was chosen (DA00-O6, 

Figure 3.3), to investigate an ice proximal environment to reveal information about 

the deglacial history of Jakobshavns Isbrae, and its interaction with West Greenland 

Current waters during the Holocene. Jakobshavns Isbrae has already been identified 

as one of the most important ice streams draining the West Greenland Ice Sheet 

(Chapter 1). Significant advances have been made about the terrestrial deglacial 

chronology from the work of Long and Roberts (2002; 2003) and Long et a!. (1999; 

2003), but information about the marine based portion of the West Greenland Ice 

Sheet is required to further explain the retreat of the ice from Disko Bugt. 

This core site location was chosen because preliminary evidence from the gravity core 

analyses indicated that sediments in front of Jakobshavns Isfjord extended to at least 

10.2 ka cal BP (Lloyd et al., submitted). Coring point selection at this site aimed to 

give as long a core record as possible to generate high resolution records of 

fluctuations in the ice stream deglacial activity. The proximity of this site to 

Jakobshavns Isbrae meant that changes in sediment and meltwater delivery to the hay 

from the ice stream would be recorded before it potentially got diluted in the Bugt, 

and mixed with underlying water masses to form a widespread mixed layer in Disko 

Bugt. This had been identified from CTD casts during the 1999 R/v Porsilcl cruise 
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(Figure 3.4). This figure shows that with increasing distance from the ice margin, the 

depth of the chilled and fresh surface layer increases, and the influence of the West 

Greenland Current on the bottom layer is more discernable with an increase in both 

temperature and salinity. 
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Figure 3.4: Examples of temperature and salinity profiles from a transect taken by Kuijpers and Lloyd 
in 1999 in front of Jakobshavns Isbrae - PORI8 to 20, West to East (see Figure 3.1 for locations). 

Blue line indicates depth of chilled fresh layer, red line indicates when WGC influence is discernable in 

the profile. 

2. A second core location in the deep troughs (ice distal) was chosen to provide a 

more regional view of palaeoceanographic changes in Disko Bugt (DAOO-03, Figure 

3.3). This site was chosen as there is a large thickness of sediment in the deep 

troughs, identified from the old seismic surveys during the previous year. It was 

anticipated that these sediments would have the potential to reveal long records of 

more regional oceanographic change such as fluctuations in the strength of the West 

Greenland Current and its components, the Irminger Current and the East Greenland 

Current. This was due to the outer bay location, at some distance from the potentially 

overwhelming meltwater dominated influence of Jakobshavns Isbrae. If core records 

were temporally extensive, then this site would be ideal for identifying the potential 

role of changes in regional palaeoceanography in deglaciation. 
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3. A third core site location in the southeast of Disko Bugt would allow examination 

of possible changes of dominance in ice streams, and would provide a detailed study 

of a large West Greenland distal fjord environment. This core site is located at the 

mouth of Kangersuneq fjord (DA00-05 Figure 3.3), and its inclusion in the coring 

program meant that three marine environments were investigated in the region; ice- 

proximal (DAOO-06), open water and ice-distal (DAOO-03) and fjord ice-distal 

(DAOO-05). This location would also be ideal for comparison with previous 

molluscan investigations undertaken in the south of West Greenland, which have 

identified general changes in Holocene climate and water masses (e. g. Bennike et al., 

1994; Donner and Jungner, 1975; Feyling-Hanssen and Funder, 1990). 

Preliminary dating of the long piston cores confirmed that this strategy of site 

selection had allowed a combined sediment , record for the whole of the Holocene 

period to be available for analysis, and that sufficient material was available to 

examine to address the aim and objectives of the thesis. 

3.3 Piston coring 

Piston coring took place aboard the RN Dana on the 3rd-6`h August 2000. The coring 

equipment consisted of a 2-ton corer, 12 m in length with an inner liner diameter of 

9.8 cm. Using a cradle, together with 20 mm steel cable from the trawl winch, the 

corer was deployed 6 times (see Figure 3.5). Coring at the sampling station off 
Jakobshavns was attempted twice. The first attempt (DA00-01) was unsuccessful due 

to the very coarse IRD in the top section of the core, which destroyed the core catcher 

upon entry and, on retrieval of the core barrel, sediment failed to be trapped and was 
lost. 
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Figure 3.5: Deployment of piston corer from R/V Dana, August 2000. 

To remain on cruise schedule, the ship moved to the second coring location where two 

cores were taken in the outer part of the bay in the thick sediment infill of the deep 

troughs. Coring here was straightforward and the longest cores of the cruise, DAOO- 

02 and DAOO-03 were retrieved. With excellent weather and water conditions two 

further coring stations were engaged at the mouth and lower end of Kangersuneq 

fjord. With successful equipment deployment, two further cores were retrieved, 

DAOO-04 and DAOO-05. In order to complete the fieldwork aims, the Jakobshavns 

Isbrae location was re-visited and core DAOO-06 was successfully collected (Kuijpers 

et al., 2001). 
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3.4 Shallow seismic surveying 

Marine seismic reflection techniques use high-frequency sound sources to image the 

ocean floor, and allow the sediments and geology below to be mapped. Sub-bottom 

acoustic profilers emit low frequency acoustic energy that penetrates the seabed 

providing a cross-section of the underlying (geological) sediments. While some 

systems are limited by their image resolution, the development of the towed, digital, 

wideband, frequency-modulated (FM) sonar system called `Chirp' allows high 

resolution penetration of the ocean floor and its sediments, that is rapid and non- 
invasive (Quinn et al., 1997a; 1997b). The device can penetrate up to 50 m in soft 

silts and clays, providing high quality acoustic data that can be used to characterise 

sediment properties, often creating detailed images of palaeo-landscapes. This seismic 

surveying technique has been successfully used in similar circumstances in West 

Antarctica, where high-resolution seismic profiles and piston cores were collected 
from Maxwell Bay in the South Shetland Islands to investigate the complex 

glacimarine sedimentation processes and glacial history of the area (Yoon et al., 
1997). 

3.4.1 R/V Dana Chirp 

Chirp surveying was carried out in two phases. Aboard the R/V Dana, when moving 
between piston core locations during the RN Dana cruise, Chirp data was 

continuously taken to aid in choosing specific core sites at the various locations. The 

Chirp record revealed the characteristics of potential sites, and from examination of 

the traces, ideal sites showing smooth sea floor topography, with undisturbed 

sedimentation, and possible parallel bedding were identified. Figure 3.6 shows the 

seismic tracks, and coring, surface sampling and CTD cast sites for the 1999 and 2000 

cruises. 
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" Sample location, IVY Aasdd cruise 1999 
* Core station 1-6, IVY Dames cruise 2000 

01-06 CHIRP tracks (code numbers SNFO0 01-0i), IUV Dana cruise 2000 
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Figure 3.6: Combined sampling locations for core material, surface sample and seismic tracks during 
the R/V Porsild (1999) and RN Dana (2000) fieldwork cruises. Blue dots mark the sites used during 
1999 sampling and red dots mark the sites used during the 2000 fieldwork (from Kuijpers et al., 2001). 

3.4.2 R/V Porsild Chirp 

In collaboration with Dr Justin Dix, Southampton Oceanography Centre (SOC), a 

detailed program of shallow seismic surveying was also carried out on the R/V 

Porsild in 2000 to map the seabed topography and sediments in the vicinity of the 

Jakobshavns Isfjord mouth. The GEOChirp system consisted of a 

transducer/hydrophone tow-fish and a transceiver/processing system with a digital and 

analogue recording facility (Figure 3.7). This was lowered into the water using the 

automatic winch and the portside access gate and towed at a depth of between 4 and 8 

in below the sea surface at a maximum speed of five knots in survey lines. 
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A 10 km x 20 km survey grid at the front of Jakobshavns Isbrae was attempted 

(Figures 3.8 and 3.9). This Chirp system was not capable of surveying below 

approximately 340 m, and frequent changes in water depth meant that periodic halts 

and adjustments to the delay time had to be made, and in survey lines close in to the 

edge of the Isfjord care had to be taken to guard against mini-ice floes which 

threatened the security of the steel winch cable and the stability of the `fish' below. 

This survey was the first of its kind to be carried out in water depths of more than 

approximately 50 m and will allow an initial mapping of sediment architecture and 

facies types to be developed for a grid of approximately 200 km2 in front of 

Jakobshavns Isfjord (Dix, unpublished (lata). The survey grid covered the location of 

piston core DAOO-06 (shown in Figure 3.3), as well as the short cores POR20 and 

POR 21 taken in 1999 by Kuijpers and Lloyd (J Lloyd pers. comm. 2003) and 

correlations between sediment types and seismic reflections have been made (Dix, 

unpublished (lata) which allows fingerprinting of the seismic amplitudes. For 

example, core sediment loaded with IRD gives a much stronger signal than fine- 

grained sediment. No Chirp data can be presented in this thesis as analysis and 

processing of the information is currently being undertaken (J. Dix pers. comm. 

2003). 
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Figure 3.7: The GEOChirp transducer/hydrophone tow-fish in operation. 
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Figure 3.9: The Chirp survey grid in front of Jakobshavns Isbrae. Cores POR-20 and POR-21 are 
marked with a red dot and DAOO-06 is marked with a purple dot. At the relevant core site locations. 
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3.5 Sedimentological analysis 

Prior to opening, the cores were logged by technicians using the GEOTEK multi- 

sensor core-logger located at the Baltic Sea Research Institute (BSRI) in 

Warnemünde, Germany. Cores were split, and core descriptions were made. Using 

the GEOTEK instrument, core logs were produced for MS, GRAPE (gamma ray 

attenuation porosity evaluator) density, P-wave velocity and the RGB 

(Red/Green/Blue) digital colour scale (Kuijpers et al., 2001). The cores were then 

sub-sampled by colleagues in Germany for their mineralogical analyses; particle size, 
density, and magnetic susceptibility (Morros, unpublished data). 

3.6.1 X-radiography 

X-ray photography is an established tool in core assessment and analysis 
(Dowdeswell et al., 1998; Ö Cofaigh and Dowdeswell, 2001). Sediment structures 

and patterns of sediment architecture such as laminations that often cannot be derived 

from simple core logging often become apparent from the high resolution imagery. 

One of the most useful applications of X-ray analysis is the identification of ice rafted 
debris (IRD). 

3.6.2 X-radiographic analysis 

Archive sections of the cores DAOO-03 and DAOO-06 were shipped from GEUS 

Magasinet in Denmark to the Department of Archaeology at the University of 

Durham for X-raying. However due to the length of the cores, and that it was not 

possible to further cut the sections, alternative facilities were used at the Sheriff's 

Highway Veterinary Practice, Gateshead. The X-radiographs were taken using a 

Picker International ME20MC X-ray machine. It had a Kv (voltage) range of 30-125, 

and an MAS (milliamps per second) range of 0.5-50. The machine had a 100 cm film 

focussing distance. Test exposures were taken from the top, middle and bottom of 

each core, as adjustments had to be made to obtain the maximum photographic 

contrast between sediments of differing density. Final settings were 60 Kv at 0.15 

69 



MAS. Films were taken at 25 cm intervals on two sections of core at a time, with an 

overlap between each film of at least 1-2 cm together with lead markers to allow end 
matching for image reassembly. 

Upon visual examination of the cores after splitting them, Kuijpers (pers. comm., 
2001) documented that bioturbation was present in two of the three cores used; DAOO- 

03 and DAOO-05. However, my detailed examination of the X-rays suggested that 

bioturbation was not a significant problem, as no evidence of burrowing in the X-ray 

films which would indicate reworking of the sediment, and affect the stratigraphy. 
This was backed up by there being no evidence of date inversions in the established 

core chronology. In conjunction with the derived rapid sedimentation rates (see 

Chapter 4); the problems of altered chronology and diminished resolution associated 

with reworking are greatly reduced. 

Analysis of the X-ray films took place using a custom built light box and a cardboard 

viewer to eliminate exterior light pollution. IRD was measured and counted at 2 cm 
intervals down the core, and these counts were categorized in three sections; 2-5 mm, 

5-10 mm and >10 mm diameter. This would allow comparison of results in terms of 

total IRD (greater than 2 mm) with other authors (see discussion of IRD in Section 

3.6.3). From the different size categories, calving proximity may be revealed, with 

coarser IRD perhaps indicating closer proximity of Jakobshavns Isbrae, or increased 

meltwater/sediment flux phases. Once the IRD counts were completed, the films 

were developed to produce contact prints for later comparison with the 

palaeoenvironmental analyses (e. g. Figure 3.9). At the same time, the presence of any 

shells visible on the films was also noted for later use for dating material. 
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Figure 3.10: IRD detected in X-ray photograph taken from top part of the core DAOO-06 (at 
approximately 20-50cm depth). A: fine IRD < 2mm. B: Clast between 2 and 5mm. C: Clasts > 5mm. 
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3.6.3 Ice rafted debris 

Ice rafted debris contributions to sediment accumulation can be quantified through 

grain-size analyses, and counting the number of clasts and dropstones to a pre- 

determined fraction. IRD is generally associated with sediment in the sand-size range 

(>63µm) (Andrews et al., 1997), although this distinction is debated (Andrews and 

Matsch, 1983; Drewry, 1986; Syvitski et al., 1996). The second generally accepted 

particle size parameter is the number of clasts larger than 2 mm in 1 to 2 cm section 

sample of core length, usually determined from x-radiograph films of the undisturbed 

sections of cores (e. g. Lloyd, 1996). This topic was debated at the recent Geological 

Society meeting on `Glacier influenced sedimentation on high latitude continental 

margins' held in Bristol (2000). One of the leading researchers in the field recently 

raised the point in reference to the identification of Heinrich layers, mentioning that 

there was still no clear cut definition and widely accepted terms and quantifiable 

parameters of IRD Q. T. Andrews pers. comm., 2000). It has been suggested that 

technically all Quaternary sediment could be termed IRD in these environments, its 

origin being the entrainment of debris in ice, i. e. bergs, floating ice tongues, and 

loaded meltwater discharge. This is particularly relevant in the relatively ice- 

proximal investigative setting of Disko Bugt, as practically all sediment is at some 

point eroded or carried by ice. As the core sediment in this area has all come from ice 

transport mechanisms of one form or another, for the purposes of this thesis, the 

criteria for defining IRD, is the number of clasts greater than 2 mm counted visually 

from X-rays per core unit 2 cm2. When referring to other work and literature, the 

defining criteria for IRD will be clearly stated. 

3.7.1 Foraminiferal analysis and palaeoenvironmental research 

Foraminifera are well-established indicators of water mass characteristics. Much 

information relating to changes in oceanographic regimes, water mass differences and 

ice sheet movements, can be determined from contemporary and palaeo-faunal 

assemblages and from their associated oxygen isotope record. The study area of 

Disko Bugt comprises mainly shallow water environments, (and benthic species are 
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dominant at all core locations) in both modern and palaeoenvironmcnts (J. M. Lloyd 

pers. comm., 2000). 

Fossil assemblage data from the three piston core sites are used to characterise water 

mass differences and bottom water conditions in particular, changes in temperature 

and salinity associated with the West Greenland Current. Also, changes in 

productivity, perhaps relating to extended phases of seasonal pack ice are identified. 

The three core sites are characterised by quite different present day conditions and, 

therefore, can be used to address different aims (Chapter 1). All three core sites are 

representative of distinct environments, with DAOO-06 recording palaeo ice-proximal 

conditions, DAOO-05 representing a fjord environment under influence from both 

meltwater and possibly varying intensity of incoming water masses, and DAOO-03 

providing the connection between the bay and the more regional water masses of the 

Labrador Sea. 

Identifying present day distribution of species allows a comparison of contemporary 

faunal distributions with the assemblages recorded through the core sequences, if the 

modem analogues are represented in the fossil record. If there is disparity between a 

modem and fossil assemblage, the fossil benthic record will still be able to reveal 

information about changes in bottom waters, and productivity fluctuations, especially 

in shallow marine environments such as Disko Bugt, based on published studies. 

Modem assemblages for Disko Bugt are being determined as part of the wider NERC 

project (Lloyd, in prep. ) and can be used for comparison, together with contemporary 

data from similar environmental studies (e. g. Jennings and Helgadottir, 1994; 

Jennings and Weiner, 1996; Madsen and Knudsen, 1994; Osterman and Nelson, 

1989). 

Previous work on foraminifera in the region is limited, with only general taxonomic 

investigations by Feyling-Hanssen (1990a, 1990b), and most of the 

palaeoenvironmental studies being restricted to the fjords of eastern Greenland (e. g. 

Jennings and Helgadottir, 1994; Jennings and Weiner, 1996; Madsen and Knudsen, 

1994). However, Osterman and Nelson's (1989) work on the eastern Baff n Island 

continental shelf has comparative data regarding the influences of different water 

masses on dissolution, and ecological data. Further comparisons can also be made 
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with studies further a field in the Nordic Seas (e. g. Hald and Korsun, 1997; Hald and 
Steinsund, 1992), as similar conditions (water mass characteristics, environmental 

niches and depths) are likely to be found. 

3.7.2 Collection and preparation of samples 

The long piston cores were shipped to GEUS for storage, and split, with one half of 

each kept as an archive section, and the other as a working section for multiple 

analyses by project members (Mathias Morros (BSRI); sedimentological analyses, 

Karin Jensen (GEUS); diatom analysis) . Samples for foraminiferal analyses were 

taken from the working sections of cores DAOO-03 and DAOO-06 at an 8 cm interval 

and DAOO-05 at a 10 cm interval. As these were working sections, there was a 

constraint on the maximum sediment available for analysis. Prior processing of the 

1999 short gravity core samples provided a guide to the volume of sediment required, 

and it was seen that assuming sedimentation rate and associated foraminiferal 

abundance was relatively constant, a minimum of 5 cm3 of sediment would be 

required for a 300 test foraminiferal count. Where there was minimal sediment, such 

as at core breaks, or or where sediment had been removed by project partners for 

other proxy methods, a sample was taken from the closest available location. 

Sediment was removed using disposable syringes, stored in sealable plastic bags and 

refrigerated until being transported back to the UK for further processing. 

Samples were soaked over-night to disaggregate fine-grained sediment, and carefully 

wet-sieved through 500 gm and 63 gm sieves. Wet sieving was used due to general 

test fragility, particularly of the agglutinated specimens, which are not as robust as 

calcareous tests when dried. Material greater than 500 gm was discarded. Apart from 

samples from the upper metre of core DAOO-06 there were few samples that had 

significant sediment greater than 500 µm in size. There is considerable debate about 

the correct mesh size to use to concentrate foraminiferal tests from samples from late- 

glacial/Holocene settings (Knudsen and Austin, 1996 in: Andrews et al., 1996). At 

the 1995 workshop on Late Quaternary palaeoceanography of the North Atlantic 

Margins, most participants advocated the use of the 125 µm mesh size. The small test 

size, particularly of agglutinated species, in the Disko Bugt samples encouraged the 
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use of the 63 pm sieve size in this thesis. The workshop recommended that the 

benthic-deep water assemblages, particularly from the High Arctic should be assessed 

using the smaller mesh sizes, as using the 63 µm sieve reduced low count possibilities 

in the likelihood of fluctuating sediment accumulation rates and productivity. 

Samples were prepared in batches of 10 or 12 for analysis under the light microscope 

at a magnification between x 15 and x 50 and stored in sealed polyethylene vials. 

Samples were wet-picked from a tray with a fine haired brush, then using dilute 

adhesive, selected specimens were attached to a Chapman slide. This was to create 

type slides for species identification, as certain species were notorious for taxonomic 

similarities with others (e. g. Islandiella norcrossi). 

Initial sample identification was carried out every 24 cm to allow the production of 

skeleton information, which, in conjunction with radiocarbon chronology would lead 

to further refining of the sampling at convenient intervals (e. g. 12 cm, 8 cm 2 cm etc. ). 

With this information, especially in relation to the age-depth models that became 

available as material was processed, it became apparent that the initial strategy of an 8 

cm interval would be the most appropriate as this would yield a resolution of between 

10 and 20 years per sample. The initial skeleton information showed that more 

sediment would be required to be processed for viable taxonomic counts. 

Archive sections of the cores DAOO-03 and DAOO-06 were sub sampled after X-ray 

analysis at Durham before being returned to GEUS. Following the X-ray procedures, 

samples were taken from the cores using a sharp palette knife every 2 cm. Sample 

volume ranged typically between 5 ml and 15 ml, equivalent to a section c. 2 cm of 

core length. 
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3.7.3 Foraminiferal sample size 

Where possible, 300 specimens were counted from each sample according to standard 

practice (Patterson and Fishbein, 1989). This allowed a 95% confidence level that the 

possibility of finding a new species in the count would not affect the overall 

assemblage pattern. This was not possible in approximately half of the samples 

analysed. While sedimentation rates appeared constant according to the age-depth 

model, foraminifera concentrations vary. It is possible that this was due to 

preservation issues and foraminifera, productivity. Counts varied between <3 tests per 

ml to >45 tests per ml. Full lisst of species abundances are given in Appendices 2 and 

3 (core DAOO-06); 8 and 9 (DAOO-05); and 11 and 12 (DAOO-03). 

3.7.4 Assumptions and limitations of foraminiferal analysis 

As with all palaeoenvironmental investigative techniques there are limitations to be 

aware of. With foraminifera, as with other micro and macro fossil techniques, there 

are issues of post-depositional and post mortem changes, including bioturbation, 

selective preservation and dissolution. The effects of bioturbation are in this case 

negligible due to the high sedimentation rate, and the absence of evidence from the X- 

ray analysis. Preservation and dissolution of species are significant though, from 

dissolution of calcareous species due to changes in water temperature and chemistry, 

as well as possible destruction of both agglutinated and calcareous test as a result of 

high-energy depositional environments. It is clear that dissolution of calcareous 

foraminifera is important in some sections due to corrosive bottom waters as 

evidenced by the presence of test linings in samples. This issue is discussed in more 

detail in Chapter 5. 
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3.8.1 Oxygen isotope analysis 

Oxygen isotope analysis is a widely used palaeoenvironmental reconstruction method 

on a variety of spatial and temporal scales (Sen Gupta, 1999). Calcareous 

foraminifera are preserved in many ocean sediments, and the oxygen isotopic 

composition of their tests reflects the isotopic composition of the ocean at the time the 

carbonate was precipitated. Changes in the isotopic composition of seawater through 

time will be reflected by changes preserved in the foraminiferal test. Thus, changes to 

water mass characteristics may then be related to temperature/salinity of Disko Bugt 

water masses. While often employed to allow global correlation of ocean sediments 

(Patience and Kroon, 1991), oxygen isotopes are used here to identify changes in 

water mass (and subsequent temperature and salinity) and also possible meltwater flux 

within Disko Bugt. This enables local/regional palaeoceanographic reconstruction 

and correlation with Greenland ice core records (GISP2, GRIP). There are various 
factors that influence the oxygen isotope signal preserved in the tests of the 

foraminifera. These are outlined below; 

1) Ice volume effect 
The balance between low latitude evaporation and high latitude precipitation and 

continental based ice storage is responsible for significant variations in the oxygen 
isotope ratio of the oceans. During glacial periods mid latitude ice sheets store large 

quantities of water on land. Evaporation of this water from the oceans preferentially 

removes the lighter 160 isotope. The ratio of 5180/5160 in the oceans is therefore 

subject to significant fluctuations based on the growth and decay of mid latitude ice 

sheets. Berger (1979) estimated that the difference in oceanic oxygen isotopic ratio 

between a full glacial and an interglacial cycle to be 1.09,00. These variations are 

recorded in the tests of foraminifera, living at the time and preserved in the ocean 

sediment. 

2) Temperature effect 
The oxygen isotopic content of the foraminiferal tests is derived from the isotopic 

composition of the water from which the precipitation occurs, this precipitation is 

temperature dependent (Patience and Kroon, 1991). At low temperatures there is 

greater fractionation of the heavier isotope relative to the lighter one, and the test will 
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contain a greater amount of 180 than would be the case at a higher temperature. The 

temperature effect is a 0.2%° isotope change per 1°C temperature change. So for 

example if marine waters in which the foraminifera are living cools by 5°C, the 
isotopic composition of the foraminiferal calcite will be MOO heavier. In general 

planktic species are subject to significantly greater temperature fluctuations (Sen 

Gupta, 1999). Benthic specimens from the deep are often assumed not to be 

influenced by temperature because the bottom water are already close to freezing, so 
do not vary significantly (Murray, 1991). This is not the case in Disko Bugt, 

however, due to the WGC bringing warmer deep waters in to the bay. This water 
depth is relatively shallow, and so temperature does change significantly. 

3) Salinity 

Salinity effects are also influential factors in the oxygen isotope ratio of foraminifera. 

Tropical and temperate waters have higher &80/ 5160 ratios than polar waters. These 

difference are not only due to the temperature effect, but also are closely linked to the 

surface ocean water salinity distribution (e. g. Duplessy et al., 1992), where the higher 

the salinity the higher the 5180/ 5160 ratio, due to preferential removal of the lighter 
160 isotope during evaporation. Both salinity and the 8180/ 5160 ratio of surface 

waters are reduced when meltwater or precipitation depleted in H2180 enters the 

ocean, while increased evaporation concentrates the heavier H2180 and increases 

salinity. 

4) Species vital effects 
Large variations in oxygen isotope ratios can be found between species. This is due 

to physiological differences that influence the degree to which the individual species 

precipitate CaCO3 in isotopic equilibrium with the ambient seawater. Variations in 

isotope ratio are also attributed to the effects of the developmental stage of the 

foraminifera as the juvenile and adult stages display differences in the extent of 

oxygen isotope fractionation. Migration of some species during different stages of 

their life cycle within the water column is also found (Murray, 1991). A combination 

of these vital effects can give variations of up to 1.29166o. However, this may be 

countered by using homogenous test sizes in a sample, and comparing with species 
for which the vital effects have been established (Patience and Kroon, 1991; Sen 

Gupta, 1999). This has not yet been established for the species used in this research, 
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as, to date, no foraminiferal oxygen isotope analysis has been carried out in 

Greenland, or similar areas using the same species. It is therefore extremely difficult 

to minimise its impact (if any) within this thesis. 

3.8.2 Carbon isotope analysis 

Benthic foraminiferal reflect S13C in bottom waters and pore waters in the upper 

centimetres of marine sediment. Despite the fact that pore-water S13C gradients may 
be depleted by up to 1 %o per cm of sediment depth due to sedimentary organic 
decomposition (Rohling and Cooke, 1999), this limitation is not relevant in this study, 

as variations in isotope ratios are discussed only relatively, as there are no details 

available regarding modern water chemistry and present day ratios. Despite 

variations in isotope ratios arising from the complex disequilibria, microhabitat and 

vital effects (see Chapter 4) benthic carbon isotope ratios have the potential to reveal 
information about changes in water mass characteristics and productivity in Disko 

Bugt. 

Lowered 513C values in benthic foraminifera when higher ones are expected may 

relate to increases in surface productivity with the influx or increase in proportion of 

warmer more saline Atlantic waters. The effect of meltwater on the benthic 

foraminiferal ratios is to decrease the 813C composition of the waters by the addition 

of isotopically light terrestrial sourced organic material release during increased 

meltwater release or melting of pack ice, or increases in seasonal algae (e. g. diatom) 

blooms from within pack ice, this organic matter sinks to be re-oxidised at depth. The 

presence of increased amounts of fresher meltwater may also act as a lid, suppressing 

surface water ventilation, reducing the degree of thermal equilibrium with the 

atmosphere. 

Higher 813C values in benthic foraminiferal can indicate strengthening of circulation 

processes, for example, higher 813C values are produced during an interglacial period 

than during a glacial where circulation is sluggish during glacial periods (Lloyd et al., 
1996). 
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3.8.3 Oxygen isotope sampling 

In order to determine the palaeoceanographic changes in the study area, continuous 

records of 5180 ratios were required. Following the initial skeleton assemblage 

counts, an informed decision could be made regarding the relative abundance of 

specific calcareous species, which had the most continuous presence throughout a 

core. In the case of core DAOO-03 this proved straightforward, and the species 
Nonionellina labradorica was chosen to provide mono-specific oxygen isotope ratios. 
This species has a relatively large and robust test (Feyling-Hanssen 1990), and so 

even in cases of low test concentration, analyses were still viable. To meet the target 

weight of 100µg, the minimum number of tests per sample was 5. 

Core DAOO-06 was more complicated, as low foraminiferal abundance and sample 

preservation data from the skeleton counts showed that there was no single species 

continually present in an adequate state of preservation throughout the core. 
Therefore two primary species were chosen, Cassidulina reniforme and Islandiella 

norcrossi, with N. labradorica tests used where they were abundant. These species 

are all infaunal. C. reniforme is one of the smallest calcareous species present in this 

core (Feyling-Hansen, 1990), and obtaining adequate tests numbers was difficult due 

to low test numbers, especially in the upper part of the core and also that it seems to 

be particularly susceptible to dissolution. 1. norcrossi is known to have a large size 

range (Murray, 1991), and care had to be taken when picking this species, as 

taxonomic distinctions between it and other benthic species is often not clear. 

No epifaunal species such as Cibicides lobatulus or Cibicides wullerstorfi, which are 

preferentially used for benthic isotopic measurements, were available in sufficient 

quantities through the core for oxygen isotope analysis. It is likely therefore, that the 

three species used may reflect changes in isotopic pore water concentration as well as 

changes in the overlying water mass. Using three species, the offset in S 180 per mil 

could be monitored, and assuming the isotope record of each species showed a 

relative trend with each other, the record from these species could be spliced together 

to produce a more complete record. Overlapping sections could be used to check 

whether a relatively constant offset exists between the species. 
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Samples were wet-picked using a light microscope, and placed on a dry counting tray 

and allowed to nearly dry. Using an extremely fine brush, these individual specimens 

were counted and transferred to sample vials, labelled, and in batches sent to the 
department of Geology and Geophysics at the University of Edinburgh for analysis. 
A stable isotope record was not collected from DAOO- 05. This was due in part to 
financial and temporal constraints (extra samples were run for DAOO-06 than were 

anticipated due to the discontinuous nature of the species and poor preservation), as 
well as the initial apparent lack of calcareous species in DAOO-05 itself. 

3.9 Chronology 

A range of techniques was used in obtaining material for radiocarbon dating. 
Materials included plant and other organic fragments, intact shells, both gastropods 
and complete bivalves. Also, mixed species of benthic foraminifera were removed 
from the cores at various stages of other analyses. Radiocarbon dates were run at East 

Kilbride (NERC) radiocarbon laboratory. Samples were also run at Leibniz Labor für 

Altersbestimmung, Christian-Albrechts Universität, in Kiel, Germany, as well as at 
the AMS laboratory in the Institute of Physics and Astronomy, University of Aarhus, 

Denmark. 

Radiocarbon dates from foraminifera, were derived from handpicked mixed species of 
benthic tests. The procedure of picking test is the same as that for oxygen isotopes. 

The minimum weight of forams needed for AMS dating is 10 mg, and depending on 
the sizes of different species tests this meant each individual sample contained from 

500 to 1600 tests. Where the availability of tests was poor, the section of the core 

sample was extended, to a maximum of 6 cm. However, the degree to which this 

affected the dating resolution was limited, due to the very high sedimentation rates 

present in the cores. A full table of radiocarbon dates is provided in Chapter 4 

together with age depth models. All radiocarbon dates are presented in calibrated 

years BP (cal BP). The calibration program used is CALIB 4.3 (Stuiver and Reimer, 
1993; Stuiver et al., 1998) and all calibrated dates are cited with a 2-sigma age range. 
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3.10 Marine reservoir correction 

A standard marine reservoir correction was applied to all radiocarbon dates of marine 

origin. The large carbon reservoir of the oceans creates a difference between the 

radiocarbon ages of marine samples and terrestrial ones, with the variations in ocean 

circulation creating regional differences within the reservoir correction. The marine 

carbon reservoir effect occurs globally, and is the apparent older age of marine 

samples created by the mixing of normal 14C activity surface waters with low activity 
bottom waters. In the waters around Greenland, the mixing of Arctic and Atlantic 

sourced water creates the reservoir effect (Rassmussen and Rahbek, 1996). Water 

from the Arctic Ocean has a lower 14C activity as long-term ice cover prevents 

atmospheric-oceanic CO2 exchange. 

The reservoir effect is known to influence radiocarbon dating of marine materials (and 

occasionally terrestrial) such as mollusc shells, mammals, fish, or foraminifera, 

creating an ageing effect so that samples measured return ages several hundred years 

older. In order for comparison with terrestrially procured dates, a correction is 

required. The ubiquitous correction is 400 years (Rasmussen and Rahbek, 1996), and 

any further regional reservoir effect (the apparent age) is determined according to 

determination of the apparent age of a variety of marine organisms still alive at the 

time of sampling (pre-bomb) depending on material type and location. 

In West Greenland, eight coastal samples tested for an additional regional reservoir 

effect as part of the marine calibration dataset (Stuiver et al., 1998) yield an additional 

mean regional correction for West Greenland of -22 ±23 cal yrs (Stuiver et al., 1998). 

Throughout this thesis then, the apparent age of this regional reservoir effect is taken 

to be zero. This is in line with the findings of Rasmussen and Rahbek (1996), and 

other authors (Jensen et al., in press; Lloyd et al., in press; Long et al., 2003) working 
in the region. 
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3.11 Chapter summary 

This chapter outlines the methods used in data collection, production and analysis in 

this thesis. An overview of the preliminary 1999 RN Porsild fieldwork season has 

been given, and the rationale for the later piston core site selection has been discussed 

in relation to this. This chapter has considered the sampling strategy used within this 

thesis, in terms of the collection and preparation of samples for sedimentological, 

foraminiferal, and isotopic analyses, and the subsequent methods of data analysis. 
There has been an informative discussion highlighting the inherent problems 

associated with the topic of Ice Rafted Debris (IRD), as well as limitations relating to 

isotope analysis. This chapter also acknowledges the requirement for applying marine 

reservoir corrections to radiocarbon dating, and justifies the use of the standard (400 

yr) correction to 14C dates produced within this body of work. 
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Chapter 4: Results 

Chapter 4: Results 

4.1 Introduction 

This chapter presents the results of foraminiferal, oxygen isotope and IRD analysis 
from the three piston cores in Disko Bugt, West Greenland. Discussion of 
foraminiferal results is based upon species assemblage diagrams and strati graphically 

constrained cluster analysis produced using Tilia and Tiliagraph, (Grimm, 1986). 

Stable isotope ratio results are shown for three species from DAOO-06, and one 

species from DAOO-03. No oxygen isotope record is available for DA00-05. IRD 

results are given for DAOO-06, however, no IRD was detected in X-ray analysis for 

DAOO-03, and no X-rays are available for DAOO-05. Core chronology and the age 
depth models for Disko Bugt upon which interpretation in Chapters 5 and 6 are based 

are also presented. 

4.2.1 DAOO-06 foraminiferal analysis 

Core DAOO-06 is split into three foraminiferal assemblage Zones based on 

stratigraphically constrained cluster analysis shown in fig 4.1. 

Zone 1 (960-290 cm) is the largest zone in the core and is dominated by three 

calcareous species; Stainforthia feylingi (15-50%), Cassidulina reniforme and 

Elphidium excavatum (both 20-40%). Islandiella norcrossi is also present in low 

values, typically 5-10%, with the higher percentages at the base of the zone. Other 

calcareous species present in this zone have abundances less than 5% (Bolivina 

pseudopunctata, E. excavatum f clavata, Nonionellina labradorica and Stainforthia 

concava). There are few or no organic foraminiferal test linings in this zone, and the 

foraminiferal test count varies between 100 and 300 counts. From a radiocarbon date 

(AAR-6839) near to the core base (891 cm), the start of this zone can be dated to 7843 

±72 14C yrs BP (8154-8416 cal yr BP). 
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Zone 2 (290-115 cm) is dominated by E. excavatuin (25-40%). There is also a 
decrease in dominance of both C. reniforme (10-20%) and S. feylingi (5-20%) through 

the zone, which is accompanied by an increase in frequencies of I. norcrossi (5-20%). 

Other calcareous species are present, but in small amounts, the greatest being A 

pseudopunctata (up to 10%). The two most common agglutinated species arc A. 

gloanerata and S. biformis, although both have abundances of less than 10%. This 

zone shows a notable increase in the foraminiferal test linings counted (typically 

between 5-20 per sample). There is an even weaker presence of the planktic species 
N. pachyderma (s) in this zone. A radiocarbon date (AAR-6837) at 159 cm within the 

zone gives a date of 7350 ±68 14C yrs BP (7663-7937 cal yr BP). 

Zone 3 (115-0 cm) is characterised by an increase in frequencies of the calcareous 
taxa. I. norcrossi (20-60%) followed by the agglutinated Saccammina diJlugiformis 

(10-25%). Species diversity of the agglutinated taxa has increased. A. glomerata, 
Cribostomoides crassimargo, Cuneata arctica, S. biformis are all present (5-15% 

each) with lower amounts in the middle of the zone. Lower abundances (around 5%) 

of other agglutinates also occur e. g. Ammoscalaria pseudospiralis, Recurvoides 

turbinatus, Reophax fusiformis and Reophax gracilis. While there are somewhat 
lower and more variable foraminiferal test counts in this zone, counts of the organic 

walled test linings are at their highest in this zone. The top of the zone and end of the 

core contains a radiocarbon date (KIA-17925) at 5 cm of 1500 ±90 14C yrs BP (1278- 

1394 cal yr BP). There is no core top due to a loss of the top part of the sediment as a 

result of the coring process. 

4.2.2 DAOO-06 Foraminiferal species diversity 

Benthic foraminiferal species diversity varies throughout the core. Data are presented 
in Figure 4.2. The core average species diversity is 17 species per sample, averaging 

seven agglutinates and ten calcareous species. In general, total species diversity is 

relatively stable until a slight increase in the agglutinated species between 688 cm and 
400 cm. Diversity remains relatively constant for both groups until around 210 cm 

when there is an increase in diversity levels to approximately 25 per sample for total 

species diversity until the end of the core. 
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Figure 4.2: Benthic species diversity and species dominance for core DA00-06. A: Species diversity, 
B: % species dominance. Zones 1-3 (green dashed lines) are foraminiferal zone boundaries from 

Figure 4.1. Radiocarbon dates (in red) are given in cal yr BP. 
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Chapuer 4: Results 

Average species dominance is 34 %, and is relatively constant through the core. Peak 

percentage species dominance of between 40 and 50% occurs at c. 50 cm, c. 250 cm, 

c. 380 cm and c. 560 cm. 

Both of these records fluctuate to some degree through the core, and there is no 

substantive relationship between the two. In the upper metre of core sediment in zone 

3, both records show a decreasing trend to the core top. Figure 4.3 emphasises that 

the relationship between species dominance and species diversity is very weak 

throughout the core in all three zones. The R-squared value is lowest in zone 3 

(0.038), and strongest (relatively) in zone 2 (0.17). The relation ship between species 
diversity and total test concentration per ml of sediment (shown in Figure 4.4) is 

slightly stronger, with a maximum R-squared value of 0.37 in zone 3. Percentage 

species dominance does not appear to be affected by total test concentration; Figure 

4.5 shows the poor relationship between these two factors. 

4.2.3 DAOO-06 IRD record 

The record of ice rafted debris (IRD) for core DAOO-06 is presented in Figure 4.6. 

The records of the different clast categories are shown (2-5 mm, 5-10 mm and >10 

mm). All counts are expressed as number of clasts per 2 cm "slice" of core from the 

x-radiographs. 

The total IRD record shows that there are three different phases of IRD production in 

the core. The first phase is from the base of the core at 956 cm to 718 cm within zone 

1. Here, the IRD count is low but persistent, and shows a consistent number of clasts 

(2-5 clasts). The majority of the IRD grains counted fall into the 2-5 mm clast 

category with occasional clasts in the 5-10 mm band. There is no input to the IRD 

record from the >10 mm clast band apart from two occurrences of single large clasts 

at 726 cm and 762 cm. There is no further IRD in any of the three categories for the 

rest of zone 1. 
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Chapter 4: Results 

Zone 2 is characterised by the absence of IRD grains. At 144 cm, approximately 30 

cm before the start of zone 3, a major phase of IRD production is initiated with a 

gradual appearance of limited (1-2 grains) amounts of IRD Glasts in the 2-5 mm 

category. This continues until 92 cm, where there is a significant increase in total 

Glasts counted. By 76 cm the total Glast count begins to receive a small (2-5 Glasts) 

contribution from grains in the 5-10 mm category. By this point the total Glast 

number is 20-25, and this increases towards 62 cm where there is a further 

contribution to the record from Glast in the >10 mm category (1-4 Glasts). IRD counts 
from all categories increase to the top of the core, with total counts generally 40-50 

Glasts, with peaks >65 in the upper 20 cm. 

This uppermost phase of IRD production is of a magnitude ten times greater than the 
IRD record in zone 3 at (956-718 cm. The nature of the IRD Glasts in the top metre of 

sediment differs from the lower section, with the Glasts deposited very densely, with 
highly variable sizes. It is important to bear in mind that the X-radiograph from 

which the counts are made is only a 2-dimensional image of a 3-dimensional object. 
This, combined with overlapping and the somewhat chaotic nature of deposition, 

means it is likely that these IRD counts for this section could actually be higher, as 

some of the grains from the smaller Glast categories may be obscured by much larger 

pieces of material. There is also the possibility that the contrast between light and 
dark areas in the image was insufficient to discern all IRD material. 

4.2.4 DAOO-06 isotope ratios 

Oxygen and carbon isotope measurements were made on 3 different infaunal benthic 

species (Cassidulina reniforme, Islandiella norcrossi, and Nonionellina labradorica) 

from core DAOO-06. Using more than one species was necessary to account for any 

gaps that may have arisen due to poor foraminiferal preservation, or a discontinuous 

presence of one species through the core. 

Despite Corliss' (1985) assertion that infaunal species living buried in sediment are 

not in contact with bottom waters, instead being surrounded by interstitial water, it is 

well established that these species can be indicative of different environments and 
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Chapter 4: Results 

water mass conditions (e. g. Andrews et al., 1993; Hald and Korsun, 1997; Osterman 

and Nelson, 1989; Schafer and Cole, 1982). There were no other epifaunal calcareous 

species present in sufficiently high quantities, and using three species will identify 

whether this holds true for these particular examples. 

Using three species allows identification of offsets between species. The species 

generally used for isotopic measurements from benthic foraminifera is Cibicides 

wullerstorfi, but this tends to found only at much greater water depths. Cibicides 

lobatulus has also been used for surface sediment isotope measurements (Vilks and 
Deonarine, 1988), and another of the Islandiella species (I. helenae) has been used 
from a core on the northeastern Newfoundland Shelf (Scott et al., 1984 in: Vilks and 
Deonarine, 1988) but neither of these species is present here. As far as possible, 

measurements were made on samples for which foraminiferal counts were also being 

made. 

4.2.5 DAOO-06 oxygen isotope record 

The 5180 isotope records of the 3 species are plotted in Figure 4.7. Zonation is based 

upon the foraminiferal assemblages zones described in section 4.2.1. Overall the 

three curves show similar trends. I. norcrossi represents the longest 6180 record but 

has the poorest sample resolution in the lower part of the core. C. reniforme has the 

most continuous record in the lower half of the core, as it is present in most samples, 
but the record does not extend beyond 128 cm. N. labradorica has the poorest record 

of all 3 species in terms of sample resolution and sample coverage through the core. 

Zone 1A radiocarbon date from near to the base of the core at 891 cm gives a date of 

8154-8416 cal yr BP for the start of zone 1. The C. reniforme record is the most 

shows the least scatter in this zone, and shows an overall increase in the 6180 ratio 

with three progressively heavier sustained steps at 896-856 cm (3.12-3.18 9/0o), 800- 

774 cm (3.38-3.37 %o) and 736-680 cm (3.57-3.51 %o), with a decline at 396 cm and a 

steady increase to a peak at the start of zone 2 at 290 cm. In the lower part of this 

zone, there are no data available for N. labradorica and data for I. norcrossi is poor, 

with gaps in the record and likely outliers. 
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Figure 4.7: oxygen isotope ratios for DAOO-06.3 species used, I. norcrossi, C. reniJornte. N. 
labradorica. Outliers are highlighted with a red dashed circle, and a red dashed line indicates 

interpolation between confident data points. Zonations are show in green and are based on 
foraminiferal data assemblages determined using cluster analysis. Radiocarbon dates are shown in red 

and are given in cal yr BP. 
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Charter 4: Results 

It is likely that these individual light values in this section are outliers and should be 

discounted, the light ratios arising from low amounts of poor quality tests used in the 

isotope measurements (see Appendix 5 for full list of test numbers used). Discussion 

with Colin Chilcott at the University of Edinburgh (C. Chilcott, pers. comm. 2002) 

revealed that machine measurements made on samples comprising low test counts, or 

tests of poor quality were likely to yield exceptionally `light' seeming ratios. With no 

data points between 800 cm and 680 cm it is difficult to compare the I. norcrossi 

record with the C. reniforme record, however in general there is a recovery back to 

higher 5180 values, which is sustained towards the top of this section. These heavier 

ratios are broken by a light value at 672 cm in the I. norcrossi record, which can also 

be seen in the C. reniforme record at 664 cm but to a lesser extent. 

A depth of 632 cm in zone 1 sees the inception of the N. labradorica record. All three 

species broadly show the same trends. Heavy values for all species can be seen at the 

base of this section (up to 3.66 /oo for I. norcrossi, 3.26 %o for C. reniforn: e and 3.56 

%o for N. labradorica). This is followed by a shift to light(er) values for I. norcrossi 
(1.62-1.84 %o) and N. labradorica (1.41 /oo) between 560 cm and 528 cm. This light 

peak is not seen in the C. reniforme record, although there is a gradual lightening of 

values overall. In all three records, this is followed by a recovery back to heavier 

values at around 500 cm for I. norcrossi and at between 472 cm and 448 cm for the 

other two species (although again this is not as pronounced in the C. reniforme 

record). 

Light values are observed at around 385-390 for I. norcrossi and C. reniforme (there 

is a shift of 0.5 to 1.2 o) but there are fewer data points for N. labradorica at this 

stage in the zone, and the data are more scattered. Following these lighter values, the 

records are characterised by an increase to a peak in 5180 values; from approximately 
370 cm oxygen isotope values for all three species steadily increase to a heavy peak at 

the top of zone 1 and the start of zone 2 at 290 cm. This peak has the heaviest ratios 
for I. norcrossi and N. labradorica at 3.57 %o for both, however it is not the highest 

peak for C reniforme (2.90-3.29 . o). 
Zone 2 At the start of zone 2, following these heavier values, the record of all three 

species becomes lighter until around 150 cm, when the record for C. reniforme ends. 

96 



I. norcrossi and N. labradorica then show a stabilisation of 8180 values back to 

between 2.61 and 3.21 %o for L norcrossi and 2.89-3.20 %o for N. labradorica. A 

radiocarbon date near to this points at 157 cm gives a date for the end of the C 

reniforme record and stabilisation of the other two species of around 7663-7937 cal yr 

BP. 

Zone 3 There is no record for C. reniforme in this zone, and poor temporal coverage 

of data for N. labradorica. It is likely that the very light isotope value for N. 

labradorica at 56 cm is an outlier due to the very low test count the measurements 

were based upon (see Appendix 5), which as mentioned previously tends to show in 

the data as an excessively ̀ light' value. I. norcrossi and N. labradorica reach the end 

of their records at 32 and 40 cm respectively. A radiocarbon date from the top of this 

core gives a date for the end of this section at approximately 1278-1394 cal yr BP. 

4.2.6 DAOO-06 carbon isotope record 

Carbon isotope (&3C) measurements were made at the same time as the 8180 ratios. 

The carbon isotope records for all three species are show in Figure 4.8. The carbon 

isotope records have been divided into the same zones using the foraminiferal 

zonations in the same way as the oxygen isotope records. All three records show 

similar trends, with the overall pattern being increasingly heavy 813C ratios from the 

bottom of the core to the top. 

Zone 1 From 944 to 632 cm in zone 1, there is only a 6'3C record from I. norcrossi 

and C. reniforme. Both species start at the base of this section with values between - 
1.53 %o and 1.72 9, oo. A radiocarbon date from near to the base of the section 

approximates a date of 8154-8416 cal yr BP. Values for C. reniforme decrease 

between 920 cm and 824 cm to ratios around -2.5 %o. I. norcrossi only shows a brief 

excursion to these lighter values at 920cm then continues up the section until 848 cm 

with ratios around -1.6 %o. This is followed by a decrease in d, 3C ratios to -2.5 %o at 

800 cm. There is poor sample resolution for I. norcrossi record from here but the 

general trend is for increasingly heavier values between -1.25 %o and 1.65 %o. The C. 
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reniforme record also shows recovery after around 800 cm to heavier ratios between 

1.7%o and -1.4Woo 
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Figure 4.8: Carbon isotope ratios DA00-06.3 species used, I. norcrossi. ('. rei, i%nrmc', N. lahradorica. 
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confident data points. Zonations are show in green and are based on foraminiferal data assemblages 
determined using cluster analysis. Radiocarbon dates are shown in red and are given in cal yr BP. 

From 632 cm to the top of the zone at 290 cm, there is a carbon isotope record for all 

three species. There are 4 features characteristic of this part of the zone, and all three 
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species show the first 3 trends in a similar fashion. At 632 cm, there is a light 

excursion with values for C. reniforme and I. norcrossi around -2 %o and N. 

labradorica values as low as -3.92 %o. Following this, there is a move towards 

heavier values, resulting in a peak between 592 cm and 560 cm. Ratios here are 

around -1.5 %o for C. reniforme and between -1.6 %. o and -1 %. o for I. norcrossi, while 

N. labradorica record shows -2.56 o. From these heavier values, there is a decrease 

at 520 cm for all three species. From this point, I. norcrossi quickly recovers to stable 

values around -1.5 %o to -1.4 %o. C. reniforme also recovers and values increase, 

although they are more variable than I. norcrossi (around -2 .o to -1.7 %o). N. 

labradorica not only recovers to heavier d13C ratios at -1.7 %0, but is then followed 

by a light series of values peaking at -3.38 %o at 440 cm before recovery back to - 
2.15 /oo at around 400cm. From this point, to the top of the zone, there is a sustained 

increase in the 513C values towards heavier ratios. 

Zone 2 In zone 2, from 290 cm, the heavier ratios seem at the end of zone 1 continue, 

and this peaks for all three species at 184 cm with high values between -0.5 %o and - 

. 75 %o. A radiocarbon date at 157 cm gives this an age of around 7663-7937 cal yr 

BP. Following this, there is an overall decline towards lighter ratios for all three 

species. The C. reniforme the record ends at 128 cm, and the zone ends at 115 cm. 

Zone 3 There is no record for C. renfforme in zone 3, and as with the oxygen isotope 

record, there is poor temporal coverage of data for N. labradorica. Following the 

trend towards lighter values at the end of zone 2, I. norcrossi (and N. labradorica), at 

around 112 cm, show an increase in 813C ratios to significantly heavy values to the 

end of their records; -0.17 %o (32 cm) for I. norcrossi and -1.17 ' (40 cm) for N. 

labradorica. The radiocarbon date for the ends of these records at 5 cm is 

approximately 1278-1394 cal yr BP. 

4.3.1 DAOO-05 foraminiferal analysis 

Based on strati graphically constrained cluster analysis, core DAOO-05 can be split into 

two main zones. Zone 1 extends to 545 cm from the base of the core at 1030 cm, and 
is separated into 3 sub-zones. This again is based on strati graphically constrained 
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cluster analysis. It is characterised by the presence of calcareous species. Zone 2 is 

characterised by the absence of calcareous foraminifera and extends from this near 

mid-core point at 545 cm to the core top and is further divided into 4 sub-zones. The 

foraminiferal data and zonation are shown in Figure 4.9. 

Zone 1 

Zone la (1030-965 cm) is dominated by the calcareous species Islandiella norcrossi, 

and to a much lesser extent, by S. feylingi. I. norcrossi increases in abundance from 

values of 5% at the base of the zone to values >60% at the top. S. feylingi values at 

the base of the zone are more than 20%, but this reduces to less than 5% very quickly. 
E. excavatum species is also present but in quantities of less than 10%. Nonionellina 

labradorica and Stainforthia. concava are also consistently present in this zone, but 

only represent between 5 and 10% of benthic taxa. Agglutinated species account for 

<20% of the assemblage in this zone, and the value is typically nearer to 10%. Two 

species, Cribostomoides crassimargo and Reophax arctica are the most common. A 

radiocarbon date (AAR-6836) from near the base of the core at 1017 cm gives a date 

of 6253±73 14C yrs BP (6378-7035 cal yr BP) for the onset of this zone. 

Zone lb (965-655 cm) is defined by an increase in species diversity, mainly due to an 
increase in agglutinated species. The zone is dominated by I. norcrossi (20-40%) 

reaching peak values of 60%. E. excavatuni is also common (10-20%). Agglutinated 

species diversification is high, with the dominant taxa being C. crassimargo and R. 

gracilis (both generally 10-20%). Saccammina diflugiformis is intermittently present, 
but reaches values of 20%. Other calcareous taxa that are consistently present with 

values of around 10% are B. tenerrima, C. reniforme, G. inequalis, N. labradorica, 

and S. feylingi. Test linings increase from the previous sub-zone with counts of 
between 20 and 40. No radiocarbon date is available for the top of this zone but a 

mid-zone date at 812 cm (AAR-6840) gives an age of 4926±80 14C yrs BP (5558- 

5883 cal yr BP. ) 
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Zone lc (655-545 cm) sees a decrease in species diversity. As with the previous two 

sub-zones, I. norcrossi dominates (20-40%) followed by E. excavatuin (20%). with C. 

crassimargo, R. gracilis and N. labradorica also common (10% each). Agglutinated 

foraminifera typically account for between 15 and 50% of the benthic taxa. Test 

lining counts, and foraminiferal test counts are variable, and generally lower than 

zone lb. A radiocarbon date (AAR-6835) of 4189±53 14C yrs BP within this zone 

shows that the abrupt end of this sub-zone, and the end of zone 1 can be dated some 
time after 3966-4529 cal yr BP. 

Repeated fluctuations between agglutinated and calcareous species are a defining 

characteristic of zone 1. Total foraminifera counted are significantly lower where 

agglutinated species dominate. 

Zone 2 

There is a dramatic difference between the upper and lower sections of core DAOO-05, 

which is highlighted by the mid core zonation point at 545 cm. Zone 2 has an almost 

complete lack of calcareous foraminifera. However, foraminiferal test counts are 

typically between 200-300, and at their lowest is around 150, never reaching the 

lowest points of zone 1. In general, the counts of the organic test linings are higher, 

from 25-50%, and occasionally reaching amounts of 100. All of zone 2 is dominated 

by C. crassimargo and R. arctica, however this dominance varies in intensity through 

the sub-zones, with A. glomerata being particularly important towards the top. 

Neither of the two main zones show the presence of the planktic species 
Neoglobigerina pachyderma (s) at abundances of 5% or greater. 

Zone 2a (545-445 cm) is dominated by R. gracilis (20-50%) and C. crassimargo 
(40%). A. glonierata, and S. biformis are also present (5-10% each) along with 
Textularia torquata with small but consistent values of 5%. Foraminiferal test linings 

vary greatly from 10-100. There is no date available for this sub-zone. 

Zone 2b (445-330 cm) shows an increase in species diversity, and although C. 

crassimargo (20-30%) and R. gracilis( 20%) still dominate the assemblage, they arc 
joined by S. dfflugijormis (15-20%). A. glo nerata decreases through this sub-zone 
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Chapter 4: Results 

from 10% to 5%. There is no radiocarbon date for the onset of this sub-zone, but the 

top of it can be accurately dated at 327 cm (AAr-6838) to 3155±120 14C yrs 1W 

(3163-3716) cal yr BP. 

Zone 2c (330-165 cm) is characterised by a return to the co-dominance of C. 

crassimargo (20-40%) and R. gracilis (20-50%). The base of this zone is accurately 

dated to 3163-3716 cal yr BP, and although no date is available for the top of this 

zone, a date from the 262 cm (AAR-751 1-b) gives a date of 3200±60 14C yrs BP 

(2735-3327 cal yr BP). 

Zone 2d (165-0 cm) is dominated by three species. C. crasshnargo (10-40%), A. 

glomerata and R. gracilis (both 10-30%). S. bfformis values again lie in the 5-10% 

bracket, but C. arctica values have fallen to <5%. S. d /1ugfformis and T. torquata 

increase in abundance too with values between 5 and 20%. There is a radiocarbon 
data (AAR-7510-a) at 1.06 cm of 2004±36 14C yrs BP (1391-1727 cal yr BP). The 

top of this sub-zone and zone 2 as a whole can be dated at 5 cm (AAR-7509) to 

1705±3814C yrs BP (1109-1393 cal yr BP). 

4.3.2 DAOO-05 Species diversity 

Species diversity and species dominance are plotted with depth in Figure 4.10. 

Agglutinated species diversity in DAOO-05 is relatively constant throughout the length 

of the core. From 1030 cm at the base, agglutinated diversity values are 5-10 species 

per sample. This stable pattern is maintained until 695 cm where there is an increase 

to 10-15 species per sample. This trend lasts until the core top is reached. 

There is a significant difference in the calcareous species diversity record. From the 

base of the core, species diversity values vary from 2 to around 15 per sample. There 

are samples with no calcareous species, as well as samples with species diversity as 

high as 17. This lasts until 545 cm where there is a dramatic and sudden drop in 

species diversity. Apart from sample 440 cm, calcareous species diversity is 0-2 

species for the rest of the core. As the agglutinated species do not display this unusual 

trend, plots of the agglutinated and calcareous species are shown in Figure 4.11 to 
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Figure 4.10: Benthic species diversity in core DAOO-05. Number of agglutinated species are plotted 
first, then calcareous species. Total species are plotted on the far right. Zones 1-3 (green dashed lines) 
are foraminiferal zone boundaries based on the foraminiferal cluster analysis. Radiocarbon dates (in 

red) are given in cal yr BP. 
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Figure 4.11: Plots of the relationship between agglutinated and calcareous species (upper plots) and the 
relatio nship between number of agglutinated and calcareou s tests per sample (lower plots) present in 

core DAOO- 05 by zone. 

discern any relationship between the two groups. The upper plots show that in each 

zone, there is no relationship between the number of calcareous and agglutinated 

species. The R-squared values are extremely low, (0.0024 in zone 1 and 0.001 in 

zone 2). The lower plots show that neither is there any numerical relationship 

between the number of calcareous and agglutinated tests in either of the zones. This 

suggests that there is an external factor controlling the presence and distribution of the 

calcareous species. This may point to an issue of dissolution, and will be discussed in 

further in Chapter 5. 
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Chapter 4: Results 

It can be highlighted here that there is no isotope data available for core DAOO-05 to 

present. 

4.4.1 DAOO-03 foraminiferal analysis 

Foraminiferal assemblage data is presented in Figure 4.12. Based on stratigraphically 

constrained cluster analysis, core DAOO-03 can be split into 3 main zones. Zone 1 

extends from the base of the core at 1000 cm to 672 cm, and is separated into 3 sub- 

zones. Zone 2 extends from this point for over 250 cm to 448 cm. The third zone 

extends to the core top and is also further sub-divided into 3 sub-zones. 

Zone 1 

Zone la (1000-896 cm). The base of this sub-zone contains mainly calcareous 

species, with Nonionellina labradorica values of 20-35%, and Cassidulina reniforme, 
Cibicides lobatulus and Globulina inequalis having values of 10-20%. Within 30 cm 

this changes to dominance by 2 agglutinated species, Cuneata arctica and Reophax 

gracilis with values of 35% each. Cribostomoides crassimargo is present in amounts 

of 5% or less, with a single high percentage of 30% at 968 cm. Further up the sub- 

zone, dominance shifts again, from the agglutinated species to the calcareous ones, 

although Spiroplectammina biformis appears with values of up to 20%. C. reniforme 

and G. inequalis are present again with values of 15-20% and N. labradorica 

dominates with values up to 30%. Low amounts (5-10%) of other calcareous species 

are also present at the top of this sub-zone, the most notable of which are C. lobatulus, 

Elphidium excavatuni and Islandiella norcrossi, with the other species showing 

extremely low amounts (<5%). Counts of foraminiferal test linings are low 

throughout this sub-zone, usually less than 20. A radiocarbon date (AA-44949) taken 

from the core catcher sample below the core base at approximately 1020 cm gives a 
date of 3351±44 14C yrs BP (3075-3327) cal yr BP, and a date from near the core base 

(AAR-6834) at 982 cm using an articulated bivalve yields a date of 3245±49 14C yrs 
BP (2948-3218 cal yr BP). There is no date available for the top of this sub-zone. 
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Chanter 4: Results 

Zone lb (896-792 cm) shows a similar pattern to the start of zone la with an initially 

poor presence of agglutinated species, and a dominance of 4 calcareous species. C. 

crassimargo, C. arctica and R. gracilis have values of less than 5%. The dominant 

calcareous species are again C. reniforme, G. inequalis and N. labradorica. C. 

reniforme has values of 20% increasing to 35% at the top of the sub-zone (although 

its presence is more intermittent), and while G. Inc qua/is also shows values of 20%, 

this species declines to less than 5% towards the top of the sub-zone. N. labradorica 

has a high spike of almost 80% at the start and end of the sub-zone, but is generally 

around 20%. C. lobatulus and E. excavatum are also present with percentages of 
between 5 and 10%. 

To a certain extent, this zone is characterised by the presence of the calcareous 

species, Stainforthia feylingi which is present in amounts of between 15 and 50%. 

Other calcareous species are also present, but in extremely low numbers. Towards the 

end of the sub-zone all of the calcareous species decline, and there is a return to 

dominance by the agglutinated species. C. crassimargo, C. arctica and R. gracilis are 

present, along with Cribostomoides jeffreysi, S. biformis, Trochammina japonica, and 
Trochammina nana in amounts of 10-20%. Foraminiferal test linings are again low, 

usually less than 10. The planktic species Neoglobigerina Pachyderma (s) is 

consistently present in very low amounts (5%) although has a high of 10% at the mid 

point of the sub-zone. 

Zone lc (792-672 cm) is characterised by a dominance of agglutinated species, with 

an intermittent but strong presence of calcareous types. The agglutinated dominance 

is initially shown by R. gracilis, which has values of 20-50%, with the higher amounts 
being at the start and end of the sub-zone. This species is joined about a third of the 

way through the sub-zone (760 cm) by C. arctica. This species has fluctuating values 

usually between 15 and 40% but has a high of 80% at the start of its presence. The 

third dominant agglutinated species is C. crassimargo, which does not appear in the 

sub-zone until 736 cm. Its presence varies between 20 and 50%. S. biformis is 

present in the central part of the sub-zone, and values for this species increase from 

5% to 30%. The intermittent yet strong presence of calcareous species is shown by 

values of 20-40 % of the previously common C. reniforme, G. inequalis and N. 

labradorica. These are accompanied by a minor (5-10%) presence of C. lobatulus 
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and I. norcrossi. Foraminiferal test lining counts are low at the start of this sub-zone, 
but increase towards the top and are usually between 10 and 20, although there is one 
high point of over 40 counts. Foraminiferal counts are inconsistent and low in this 

zone (10-200), which accounts for the occasional, usually high, values of species such 

as T. japonica and T. nana. There is a radiocarbon date (AAR-6833) taken from a 
bivalve shell at 738 cm (around 50 cm from the base of the sub-zone), which gives a 
date of 2738±5014C yrs BP (2319-2663 cal yr BP). 

Zone 2 

Zone 2 (672-448 cm) sees a dramatic change in the foraminiferal assemblage. Apart 

from an "outlier" sample at 608 cm where the count is exceptionally low, this zone is 

almost completely represented by calcareous species. N. labradorica is the dominant 
foraminifer, with values between 30 and 50%. I. norcrossi is the next most dominant, 

with generally consistent values of 20-25%, although it can be as high as 40%. C. 

reniforme and G. inequalis are present with values of 15-20%, and there is also a 

small but consistent presence of E. excavatur at 5-10%. From the mid-point of this 

zone (575 cm), S. feylingi is present in the assemblage in amounts of 10-20%. Other 

calcareous species contribute in minor amounts (5% or less) in this section of the 

core. These are Bolivina pseudopunctata, C. lobatulus, Elphidium bartletti, 

Nonionella auricola and Stainforthia concava. Foraminiferal test lining counts vary 
between 10 and 30 in this zone, and the planktic species N. pachyderma (s) has 

consistent low values of les than 5%. A radiocarbon date (CAMS-82824) based upon 

an intact gastropod shell is available from near the base of this zone at 642 cm. This 

gives a date of 2445±40 14C yrs BP (1980-2173 cal yr BP). There is a further date 

(CAMS-86752) from within this zone at 500 cm, which was made on a sample of 

mixed benthic foraminifera. This point is dated at 20665±40 14C yrs BP (1528-1735 

cal yr BP). 

Zone 3 

Zone 3a (448-360 cm) is a relatively short sub-zone and sees a return to the mixed 
dominance between agglutinated and calcareous species. No new species have 
become part of the dominant assemblage. C. arctica is dominant at the start of the 

sub-zone with percentages of 40%, but this declines to 15% by the top. R. gracilis 
displays values of 10-25%, with a peak of 60% towards the end of the zone although 
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at this point the foraminiferal counts are very low. C. crassimargo is present with 

values of 25%, although it does not become established until halfway through the sub- 

zone at 408 cm. The calcareous species present in this section of the core are the ones 
that have been generally dominant throughout. N. labradorica is the most 

consistently abundant with values of 15-30%. G. inequalis fluctuates with 

percentages of 5-40%, and C. reniforme and E. excavatum have lower values of 

around 10%. Other calcareous species are not present in any significant amounts in 

this sub-zone. Foraminiferal test linings are relatively low, generally less than 15. 

The presence of N. pachyderma (s) is no longer significant in this sub-zone. A 

radiocarbon date (CAMS-91935) near to the bottom of the core at 404 cm based on an 

articulated bivalve yields a date of 1940±4014C yrs BP (1389-1570 cal yr BP). 

Zone 3b (360 cm-184 cm) sees a dominance of the assemblage by N. labradorica 

with values between 20 and 40%. The calcareous presence is evident through the 

presence of 2 main species; C. arctica and R. gracilis show values of 10-25%, 

although this does reach as high as 45% occasionally. C. crassimargo increases 

through the sub-zone from values of <5% at the bottom to 20% at the top. There are 
infrequent occurrences of agglutinated species where the test counts are low. For 

example, Adercotryma glomerata, Saccammina d flugiformis, Silicosigmoilina 

groenlandica and S. biformis all have singular or occasional occurrences of up to 20% 

in this section of the core. At the base of the sub-zone, S. feylingi has an unusually 
high presence with its highest values of the core (up to 80%) but this is short-lived, 

and is immediately absent for the rest of the sub-zone. C. reniforme, Cassidulina 

teretis, C. lobatulus, and E. excavatum are again present, but still in very minor 

amounts of around 5%. The planktic species N. pachyderma (s) is not present in 

significant amounts (<5%). A defining characteristic of this section of the core is the 

foraminiferal test lining count. This sub-zone has the highest test lining count at 20- 

50 with a high of 80. There are no radiocarbon dates near the top or bottom of this 

part of the core, but a date (AAR-7508) is available at 239 cm. Based upon a bivalve 

shell, this central part of the sub-zone yields a date of 1594±42 14C yrs BP (1052-1248 

cal yr BP). 

Zone 3c (184 cm-0 cm) has a similar species assemblage, but different dominances. 

As before, N. labradorica shows the greatest presence with percentage values of 
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between 20 and 50%. C. arctica and R. gracilis have high values of 35 and 40% 

respectively at the base of the sub-zone, but amounts decline to less than half of these 
in the middle part of the zone before recovery back to initial values towards the top of 
the core. Values for the species C. crassimargo are lower in this sub-zone. Amounts 

of 15-20% are evident at the bottom of the zone, but tests become sparse and 
intermittent on moving up through the sub-zone, with values only reaching a 

maximum of 5-10%. G. inequalis and I. norcrossi arre present here with values 

around 10%. C. lobatulus has a minor presence which reaches amounts of 10% in the 

top part of the sub-zone. In the middle part of the sub-zone there is a brief but 

significant occurrence of S. feylingi (percentages up to 50%). This is accompanied by 

very minor (around 5%) presence of other calcareous species such as B. 

pseudopunctata, Buccella frigida, C. reniforme and C. teretis. There is a notable 

absence of organic foraminiferal test linings, and the occurrences of N. pachyderma 
(s) have become less frequent and with poorer amounts. A radiocarbon date (CAMS- 

91944) made on a bivalve is available within this sub-zone at 128 cm, and gives a 
date of 1415±4014C yrs BP (898-1047 cal yr BP). 

4.4.2 DAOO-03 species diversity 

Species variations fluctuate considerably through this core., The numbers of benthic 

species per sample depth and % species dominance per sample are presented in figure 

4.13. In zone 1, the number of benthic species shows an overall decline from between 

15-20 per sample to between 2 and 5 per sample, although there are some excursions 

to over 15 in the top part of the zone. In zone 2, the number of species recovers to 

between 7 and 15. Zone 3 shows a high degree of scatter with no discernable trends; 

species numbers vary from 5 to over 15. 

% species dominance in the core is also considerably varied. In general in zone 1 the 

dominance is between 20 and 30%, with excursions to over 60% in the latter part of 

the core. In zone 2 these amount become slightly more varied with dominance 

ranging between 20 and 40%, but only 2 distinct excursions to values over 60%. In 

zone 3 this trend of zone 2 continues, until the inception of zone 3c (at 184 cm) where 
the % species dominance become less `widely' fluctuating between sample depths. 
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Chapter 4: Results 

There is a considerable and sustained decline from around 100 cm to 50, with 

dominance dropping from approximately 50% down to below 20%. 

The relationships between benthic species diversity, % species dominance and test 

concentration in the sample sediments are presented in figures 4.14,4.15 and 4.16. In 

zone 1 there is a very weak correlation (R-squared value of 0.21) between species 
diversity and % species dominance, this increases significantly in zone 2 to a stronger 

relationship (R-squared value of 0.69). The relationship weakens in the third zone to 

0.31. This suggests that in zone 2 the controlling factor on % species dominance is 

species diversity, i. e. that when numbers of benthic species increase, the % dominance 

of one of those species over the others is low. This is not the case in the firs and third 

zones, and there could be other factors controlling the strength of the presence of one 

species over another. 

In Figure 4.15, there appears to be poor correlation between the number of 
foraminiferal test per ml of sediment and species diversity in zones 1 and 2. In zone 3 

there is a degree of relationship (R-squared value of 0.43). This means that even 

when test concentration is low, the range of species found in the samples is not 

affected. This suggests that the lower concentration of tests may be a function of the 

speed of sedimentation operating in the zones. 

The poor relationship between the number of foraminiferal test per ml of sediment 

and % species dominance per sample is shown in Figure 4.16. R-squared values are 
low in all three zones (never greater than 0.07). This suggests that high % species 
dominance is not determined by either a low or a high test concentration amount, and 

must be controlled by other (likely environmental) factors rather than inter-species 

and faunal factors. 
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Figure 4.13: Benthic species diversity and dominance in core DAOO-03. Zones 1-3 (green dashed 
lines) are foraminiferal zone boundaries based on the foraminiferal cluster analysis. Radiocarbon dates 

(in red) are given in cal yr BP 
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4.4.3.1 DAOO-03 isotope ratios 

Oxygen and carbon isotope measurements were made using a single species of 
benthic foraminifera. Hand picked specimens of Nonionellina labradorica were used 
in this core to give a consistent isotopic record. No other species was required as N. 
labradorica was present in sufficient quantities throughout DAOO-03. As its test is 

characteristically large and robust, fewer specimens were needed which was useful in 

core sections where the test count was low, or the tests were degraded. Figure 4.16 

shows the oxygen and carbon isotope records for DAOO-03. The average 8180 ratio is 
2.98 %o and the average 813C ratio is -2.82 16o. The isotope records are described in 

relation to the zonations used for the foraminiferal data, based on cluster analysis. 

4.4.3.2 DAOO-03 oxygen isotope record 

Zone 1 The start of the zone shows an increase in oxygen isotope values from 2.6 to 

around 3.3 %o. . The heaviest value of 3.34 9,6o is at 864 cm and the lightest is of 2.22 
%o is at 960 cm. The isotope ratio becomes slightly lighter from 820 cm, decreasing 
from 3.2 %o, to 2.4 %o at 770 cm. 8180 ratios increase slightly to the top of the zone to 
3 %o, but with only two further data points in this zone. 

Zone 2 The most characteristic feature of this section is the steady lightening of 

values from the start of the zone at 672 cm to a core low of 1.13 %o at 608 cm. This 
dramatic light spike is followed by a gradual recovery to heavier ratios of between 3 

and 3.6 %o at 584 cm. While the number of foraminiferal tests from this depth and 
616 cm immediately beside it were comparatively low (8 tests, see appendix 5), the 

tests were robust and intact. This fact, combined with the preceding gradual decrease, 

and following recovery of values suggests that these values are not outliers. Despite 
fluctuating values, an initial value of 3.27 %o, at 584 cm, followed by a heavier value 
of 3.69 %o is a precursor to a gradual but steady decline in isotope ratios to the end of 
the zone at 448 cm (3.3 %o). 
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Figure 4.17 Isotope ratios for core DAOO-03. Measurements made on single species foraminifera N. 
labradorica. A: Oxygen isotope ratios. B: Carbon isotope ratios. Zones 1-3 (green dashed lines) are 
foraminiferal zone boundaries based on the foraminiferal cluster analysis. Radiocarbon dates (in red) 

are given in cal yr BP. 
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Zone 3 The start of the zone sees the continuation of the previous gradual trend in 

lightening of the record. A minor recovery is followed by another lighter value of 

2.52 %o at 344 cm. Following this, the record shows no real trend with scattered 

values until 232 cm. At this point there is a further decline in the isotope record, with 

ratios decreasing to 2.22 %o. This light value is followed by a recovery of the ratios to 

reach a peak at 80 cm of 3.01 W. o. A slight fall in values is followed by the most 

chaotic part of the whole core isotope record. Values fluctuate between 1.59 and 3.26 

%o, with the lightest ratios appearing at the top of the core section. Figure 4.18 shows 

the relationship between the numbers of N. labradorica tests used for the isotope ratio 

measurements versus the oxygen isotope measure. There is a small degree of 

correlation with low test numbers yielding lighter values, but the R-squared value of 

this is only 0.156 which I take to be not significant. 
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4.4.3.3 DAOO-03 carbon isotope record 

t 

4.00 

Zone 1 is characterised by an initial heavy peak in the 613 C ratio. Values increase 

from the base of the core from -3.18 to -0.86 9,6o at 944 cm. This heavy spike is 

followed by a decrease in 613C values to a low of -4.29 %o at 930 cm. From this poit 
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there is a staggered increase in the ratio to a peak in heavy values at 840 cm of -1.1 
9. o. Following this heavy spike the ratios become more widely scatter, with poorer 

sample resolution, but there is an overall decline in ratios to -4.2 %w at 748 cm. From 

here there is a large jump to a heavier value of around -1 % at the end of the zone. 

Zone 2 The inception of this zone starts with a light spike in the carbon isotope 

record at 640-610 cm. Following this there is a significant increase to heavier, 

sustained values of over -1.5 %o until 540 cm. From this stage in the zone there is a 

staggered and rapid decline in isotope ratios to a significant core low at 432 cm of - 
5.5 %o. There is a recovery to heavier values at the end of the zone at 448 cm. 

Zone 3 The record in this zone starts with an increase in heavier isotope ratios at 

around 370 cm. Following this there is a sharp decline in values to a light signal of - 
4.9 %w. From this point until 186 cm the carbon isotopes fluctuate considerably, with 

a wide range of scatter in values. The degree of scatter continues, although there is a 

pronounced peak in heavier values that is sustained between 144 to 106 cm. (values 

between -2.48 and -1.75 %o). There is a sharp decline to lighter values between 80 to 

40 cm (-5.61 to -4.60 %o) which is followed by a brief recovery to a point of average 

value, and a further decline to the core top, where values remain well below the 

average. 

4.5.1 Core Chronology 

Eighteen radiocarbon dates have been obtained using a range of materials from all 

three piston cores. These provide a tight chronological framework with which to 

address this thesis' research questions. The three cores cover three different time 

periods within the. Holocene, with varying sedimentation rates. Three different 

institutions, Aarhus University, Denmark, Kiel University, Germany, and the NERC 

facility at East Kilbride UK have processed the radiocarbon samples. The NERC 

dates were prepared to graphite in the UK and then sent to the Center for Accelerator 

Mass Spectrometry, Lawrence Livermore National Laboratory, University of 

California for 14C analysis The radiocarbon calibration program CALIB 4.3 (Stuiver 

and Reimer, 1993 and 1998) was used to calibrate all of the core dates to years BP 
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(relative to 1950 AD). The dates have been corrected for the `Marine Reservoir 

Effect' (see chapter 3) and are expressed at the E2 Q level. The age models show that 

the piston core retrieval procedures have meant the loss of a top section of all the 

cores to some degree from 20 to 200 cm. Confidence in all three age models 

produced is high, with high R-squared values, well-spaced dating intervals, low error 

ranges and no date inversions. 

4.5.2 Core DAOO-06: Chronology 

The radiocarbon dating results for core DAOO-06 are shown in Figure 4.19, giving 
details of the uncalibrated dates and error values. Difficulties were encountered with 
obtaining an adequate core chronology with core DAOO-06 due to a paucity of 

suitable dateable material. The condition of the tests of the calcareous forams within 
the core was both poor, and not available for the most part in high enough 

concentrations for AMS radiocarbon dating. This has meant that a true bottom core 
date (960 cm) was unavailable. However, an intact bivalve shell was used to obtain a 
date as near as possible at 891 cm. X-radiograph analysis of the core showed a 
distinct change in the sediment composition in the top metre at 98 cm. Dating this 

change in sediment structure was important to understand the timing of apparent 

changes in the deposition environment and mechanisms operating. With no dateable 

foram tests, another intact bivalve derived date was obtained as near as possible at a 
depth of 159 cm. These shells were extracted from the sediment well away from the 

core liner edge, meaning the shells were deposited in situ, with limited risk of them 
having been displaced during coring. 

The dates for these two depths of 8321 cal yr BP for 891 cm and 7791 cal yr BP for 

159 cm revealed an extremely high sedimentation rate of 1.38 cm yr ' and with a 
foraminiferal sampling interval of 8 cm, further dating points would be better 

employed elsewhere. Dating the core top was imperative in order to determine 

whether core retrieval had meant the loss of vast amounts of sediment, or that there 
had been hiatuses of sedimentation, or that a significant change in sedimentation rate 
had taken place in the upper section of the core. Standard AMS dating of foram tests 
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was not possible as a minimum weight of 10 mg is needed for this procedure, and 
calcareous forams in a suitable state of preservation were sparse in the sediment 
available. In order to pick enough tests, the dated interval would have been spread 
too wide, and chronological resolution would have been lost. An increased volume of 

sediment from the very top part of the core was taken from the archive section of the 

core, and enough mixed foram tests were picked for a different dating procedure. 
This was carried out at Kiel University, and was a direct result of the 

multidisciplinary nature of the investigative partners involved in the research project 

as a whole. This procedure needs a much smaller amount of material, which was 
ideal for this situation. The smaller amount of material needed is due to the fact that 
the radiation emitted from the sample is measure for a much longer time. A date of 
1047 cal yr BP was obtained at 5 cm. This means that for the top 159 cm of the core 
there is staggering decline (of nearly 100-fold) in sedimentation rate to 2.23 cm per 
100 years. 

Despite there being only 3 dates available for this core, two distinct and differing 

periods of sedimentation are clearly defined in the age model illustrated in Figure 
4.20. The intercept on the age axis (0 cm depth) gives a core top age of 940 yrs cal 
BP. The foraminiferal sample depths have been converted to ages and can be seen in 

Column 2 in Appendices 4,10 and 11. 

DAOO-06 Material 
Depth 
m 

C 
age 14C age (yrs) Age 2 sigma range 

Lab Code (yrs) mar. res. cor. (cal yrBP) 
KIA-17925 Forams 0.05 1500 1100 1047 943 1160 
AAR-6837 Shell 1.57 7350 6950 7791 7663 7937 
AAR-6839 Shell 8.91 7843 7443 8321 8154 8416 

Figure 4.19: Table of radiocarbon dating results for core DAOO-06. Depths are given in metres. 
Uncalibrated dates (corrected and uncorrected for marine reservoir correction) are given in radiocarbon 
years. Dates have been calibrated using the radiocarbon calibration program CALII 4.3 (Stuiver and 

Reimer, 1993 and 1998) and are given in calibrated years UP. 
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Figure 4.20 Age model for core DAOO-06. Upper graph shows marine reservoir corrected, 
calibrated radiocarbon dates from 3 depths, based on data shown in Figure 4.19. The trendline 
shows a poor fit between the 3 dates. Lower graph shows the age model interpretation of the 

dates, with trendlines fitted between the upper and lower sections of the core in response to the 
likely differing sedimentation rates. 
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4.5.3 Core DAOO-05: Chronology 

7 radiocarbon dates based on marine plant macrofossil remains have been obtained for 

this core. The samples upon which these dates are based were all processed at Aarhus 

University, and the excellent availability of material resulted in regularly spaced 

dating intervals and a well-balanced age model. Details of the radiocarbon results are 

shown in Figure 4.21. The bottom of the core at 10.27 m is dated as near as possible 

with a date taken from 10.17m. The bottom core date is 6738 cal yr 1W, with a top 

date (at 0.5 m) of 1263 cal yr BP. If the age model is averaged over all 7 dates, the R- 

squared value is extremely high at 0.982 (Figure 4.22 upper graph). The intercept on 

the age axis (0 cm depth) gives a core top age of 1200 yrs cal BP. Assuming constant 

sedimentation, this implies a loss of approximately 2.20 m. Using this trend line 

gives an average core sedimentation rate of 5.66 cm yr t. 

However, although the trend line fits will with the lower 3 dates at 10.17 m, 8.12 m, 

and 5.92 m, the line is not as successful at intercepting with the remaining 4 dates. In 

order to counter this, the age model has been revised by averaging between the upper 

and lower date sets. Figure 4.22 (lower graph) shows this revised model, and it shows 

that the trend line fits well with the group of upper core dates. 

DAOO-05 Material 
Depth 

(m) "C age 14C age (yrs) Age 2 si ma range 
Lab Code (yrs) mar. res. cor. (cal r BP) 

AAR-7509 Plant 0.5 1705 1305 1263 1109 1393 
AAR-7510- 
b Plant 1.06 2004 1604 1550 1391 1727 
AAR-7511- 
b Plant 2.62 3200 2800 2985 2735 3327 
AAR-6838 Plant 3.27 3155 3555 3438 3163 3716 
AAR-6835 Plant 5.92 4189 3789 4263 3966 4529 
AAR-6840 Plant 8.12 4926 5326 5668 5558 5883 
AAR-6836 Plant 10.17 6253 5853 6704 6378 7035 

Figure 4.21: Table of radiocarbon dating results for core DAOO-05. Depths are given in metres. 
Uncalibrated dates (corrected and uncorrected for marine reservoir correction) are given in radiocarbon 

years. The dating material is marine in origin. Dates have been calibrated using the 
radiocarbon calibration program CALM 4.3 (Stuiver and Reimer, 1993 and 1998) and are 

given in calibrated years BP. 
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Figure 4.22 Age model for core DAOO-05. Upper graph shows marine reservoir corrected, 
calibrated radiocarbon dates from 7 depths, based on data shown in Figure 4.21. The trendline 

applied implies the loss of substantial amounts of core material (. 2m). Lower graph shows the age 
model interpretation of the dates, with trendlines fitted between the upper, mid and lower sections of 

the core in response to the likely differing sedimentation rates in this fjord environment. 

The R-squared value of the lower dates is only marginally decreased to 0.9816, but 

the value of the upper 4 dates is increased to 0.9944. This means that the new 
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intercept and core top date can be interpreted to be 750 yrs cal BP, with a loss less 

than 1m due to coring processes. The revised sedimentation rate for the lower part of 
the core is (from 10.17 m to 3.27 m) is almost a centimetre per year lower at 4.78 cm 

yr 1. The upper section of the core (3.27 m to 0.5 m) has a sedimentation rate 1.5 

times greater at 7.85 cm yr'. The foraminiferal sample depths have been converted to 

ages and can be seen in Appendices 8,9,10. 

4.5.4 Core DAOO-03: Chronology 

Core DAOO-03 has the greatest coverage of radiocarbon dates, with 8 dates based on a 

range of material, including foraminifera (mixed species sample), and shells, both 

fragments and intact specimens. The full range of dates, raw, and calibrated and 

sample depths and materials are given in Figure 4.23, and the calibrated radiocarbon 
dates and the interpreted age model for the core are shown in figure 4.24. The bottom 

of the core is dated from a sample taken from the core catcher at a depth of 1020 cm, 

at 3208 cal yrs BP. The nearest date to the top of the core is taken at 128 cm and 

yields a date of 947 cal yr BP. Assuming a linear rate of sedimentation of 0.39cm yr' 

the top of the core can be dated at 500 yr cal BP (when the trend line intercepts with 

the x-axis at 0 cm depth) with a loss of 2m of top core sediment. 

DAOO-03 Material 
Depth 

(m) 14C age 14C age (yrs) Age 
2 sigma 
range 

Lab Code s mar. res. cor. (cal yr BP 
CAMS-91944 Bivalve 1.28 1415 1015 947 898 1045 
AAR-7508 shell 2.39 1594 1194 1162 1052 1248 
CAMS-91935 Bivalve 4.04 1940 1540 1501 1389 1570 
CAMS-86752 Forams 5 2065 1665 1623 1528 1725 
CAMS-82824 Gastropod 6.42 2445 2045 2090 1980 2173 
AAR-6833 Shell 7.38 2738 2338 2425 2319 2663 
AAR-6834 Shell 9.82 3245 2845 3062 2918 3205, 
AA-44949 Forams 10.2 3351 2951 3208 3075 3327 

Figure 4.23: Table of radiocarbon dating results for core DAOO-03. Depths are given in metres. 
Uncalibrated dates (corrected and uncorrected for marine reservoir correction) are given in radiocarbon 
years. Foraminiferal dates are measured on mixed benthic species. Dates have been calibrated using 

the radiocarbon calibration program CALIB 4.3 (Stuiver and Reimer, 1993 and 1998) and are 
given in calibrated years BP. 
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Figure 4.24 Age model for core DAOO-03. Upper graph shows marine reservoir corrected, 
calibrated radiocarbon dates from 8 depths, based on data shown in Figure 4.23. The trendline 

applied implies the loss of substantial amounts of core material (. 2m). Lower graph shows the age 
model interpretation of the dates, with trendlines fitted between the upper , and lower sections of the 

core in response to the likely differing sedimentation rates in this ice distal environment. 

The R-squared value of the calibrated radiocarbon dates shows a high degree of 

correlation (0.99). However, the fit is much poorer through the dates at 404 cm, 500 

DAOO-03 calibrated radiocarbon dates 
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cm and 642 cm. There appears to be a steepening of the dates in the upper section of 

the core from the date at 642 cm, and this is also around the same time as a distinctive 

light spike in the oxygen isotope record and there is a noticeable change in the 

foraminiferal assemblage data; with a decline in agglutinated species present. In order 

to counter this, the age model has been revised by averaging between the upper and 

lower date sets. Figure 4.24 (lower graph) shows this revised model, and it shows that 

the trend line fits well with the group of upper core dates. This improves the fit of the 

trend line, and a core top date of 700 yrs cal BP is established. The poorer fit may 

also be related to the larger error range in operation for the radiocarbon dates in the 

lower part of the core. The sedimentation rate for the lower part of the core becomes 

slightly slower, at 0.34 cm yr 1 and the upper core sedimentation rate increases to 0.45 

cmyrl. 

4.5.5 Disko Bugt age model 

The radiocarbon chronology for the three piston cores from Disko Bugt, West 

Greenland can be combined to establish an age model for the region. The core 

coverage spans the majority of the Holocene period, from approximately 8.4 ka cal 

BP to 0.5 ka cal BP. Figure 4.25 shows the combine age model for the region. The 

most distinctive feature of the age model is the differing sedimentation rates, with the 

fastest rates in the upper part of core DAOO-06 (the most ice-proximal location), and 

the slowest rates are in core DAOO-03 (the most ice-distal location). 

4.6 Chapter summary 

This chapter has presented the foraminiferal, sedimentological (IRD), isotopic and 

radiocarbon findings of this thesis. In core DAOO-06, foraminiferal assemblages show 

distinct variations in species related either ice proximal or ice distal environments, and 

three differing zones of assemblages through the core. The most distinctive change in 

foraminiferal data in this core see a dramatic shift from ice proximal species to more 

ice-distal or tolerant species. 
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Chanter 4: Results 

This coincides with dramatic changes in the record of ice-rafted debris, which shows 

that at the same time (around 100 cm depth in the core) there is a massive influx of 

IRD, of mixed sizes. The isotope record around this point in the core is poor, with 

either poor quality tests upon which to base measurements, or the change in species 

assemblage means the severe reduction in the species used in the earlier part of the 

core. 

In core DAOO-05, foraminiferal assemblages are markedly different in the fjord mouth 

setting. The main finding in the assemblages was the disappearance of calcareous 

species at a midway point through the core at 545 cm. This has been shown through 

relationship diversity plots not to be related to a `take-over' by the agglutinated 

species, but instead points to some external environmental factor, possibly controlling 

some post-depositional dissolution. Warmer-loving and more tolerant or 

cosmopolitan species are dominant in this core. There are no isotopic data for this 

core, nor was there any record of IRD. 

Core DAOO-03 reveals an environment that was dominated by one species, N. 

labradorica, and also recorded the presence of cosmopolitan agglutinated species. 

There was no record of IRD from this core. A continuous single species record of 

oxygen and carbon isotopes was established, which showed a distinct light spike 

around 640-620 cm in the core. 
A new marine-based radiocarbon chronology has been established for Disko Bugt, 

West Greenland based on eighteen radiocarbon dates. The cores cover a period 
during the Holocene from approximately 8.4 to 0.5 ka cal BP, and shows that different 

sedimentation rates were operating at different points both spatially and temporally in 

the region. 
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Chapter 5: Palaeoenvironmental interpretation in Disko Bugt 

5.1 Introduction 

This chapter discusses the palaeoenvironmental interpretations of cores DAOO-06, 

DAOO-05 and DAOO-03. Core site locations are shown in Figure 5.1, and sample site 
locations used for modem comparative assemblage data are shown in Figure 5.2. A 
detailed consideration of the environmental requirements of key species present in 

West Greenland sediments is developed primarily with reference to the longest core 

record, DAOO-06. Key species are determined by significant presence in the core, and 

whether there is substantial indication of their diagnostic ability (from published 
sources and contemporary data). Interpretation is based upon classification of 
foraminifera into Arctic/Atlantic indicator species. 

The basis for inference of water mass characteristics relating to specific taxa is 

derived from Chapter 2 which discusses the regional oceanography, in particular the 

two constituent water masses of the West Greenland Current (WGC) and the Arctic 

water mass. Species are found to be diagnostic of either the cold, less saline Arctic 

water, East Greenland Current (EGC) component, or cold, low salinity meltwater, or 
the warmer, more saline Atlantic sourced water derived from the Irminger Current 

(IC). Figure 5.3 summarises the diagnostic environments for the indicator taxa. These 

inferences, based upon published data from numerous studies in high latitudes, are 
then applied to the subsequent cores, as the key indicator species are present in all 
three cores. 

15 indicator species are used, although more species than this are identified in the core 

assemblages. From examination of the relevant literature, the remaining species are 
found to be cosmopolitan in their distribution, and cannot be ascribed to specific 

environmental characteristics. Discussion of faunal preservation issues arising in 

cores DAOO-06 and DAOO-05 is developed towards the end of the chapter. 
Assemblage interpretation is aided by reference to ongoing parallel research as part of 
the wider ARCICE project. 
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Figure 5.1: The location of the three piston cores in Disko Bugt used within this thesis. 
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Kuijpers and Lloyd for modern comparative assemblages. Sites are marked with a cross: the dashed 
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Species Distribution Arctic/Atlantic Other T and S References 

factors Indicator? information 

Adercotryma Found in relatively Atlantic I laid and 

gloanerata shallow waters Korsun, (1997) 

Bolivina Somewhat Atlantic Corliss, (1991) 

pseudopunctata opportunistic, a Corliss and 
deep infaunal Chen, (1988) 

species shows Gustafsson and 
tolerance of poor Norberg, (2001) 

oxygen pore water Rasmussen et 

concentrations, al., (2002) 

affinity for Thomas et al., 

sediments high in (1995) 

organic matter 

Buccella Generally Atlantic Typically Knudsen, (1988) 

tenerrima associated with associated with Madsen and 

open water post- deeper Atlantic Knudsen, (1994) 

glacial conditions, water, indicative Polyak and 

extremely of higher Solheim, 

sensitive to food salinities (1994) 

supply 

Cassidulina Found in Arctic (more precisely Hald and 

reniforme Quaternary glacial distal Korsun, (1997) 

marine sediments glaciomarine Hansen and 
(often with conditions)/low Knudsen, (1995) 

Elphidium temperature and Lloyd, (1996) 

excavatum) salinity Osterman and 

Nelson, (1989) 

Vilks, (1989) 

Figure 5.3: Summary table of diagnostic conditions of foraminifera associated with differing water 
mass components in Disko Bugt and the West Greenland Current (WGC) 
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Cassidulina Widely Atlantic But related to Mackensen and 

teretis distributed deeper Atlantic Bald, (1988) 

throughout both sourced water Wollenberg 

Arctic and and 
Boreal seas. Low Mackensen, 

levels in Disko (1998a) 

Bugt may be due 

to relatively 

shallow water 
depths, or it is 

out-competed in 

the area by other 

species 

Cribostomoides Difficulty in Atlantic Warmer Hald and 

crassitnargo relating this conditions Korsun, (1997) 

species to Jennings and 

particular Helgadottir, 

environmental (1994) 

controlling Lloyd, (in 

factors, but prep. ) 

common in 

Disko Bugt 

modem 

assemblages 
Arctic Related to Jennings et al., 

Cuneata Cold loving 
colder, less (2001) 

arctica 
fauna (found in 

saline or Arctic Madsen and 
close association 

sourced waters Knudsen, 
with 

produced from (1994) 
Spiroplectamntin 

enhanced Silts, (1993) 
a biforntis) 

seasonal 
melting, 

transitional/mix 

ed water 

Figure 5.3 (continued): Summary table of diagnostic conditions of foraminifera associated with 
differing water mass components in Disko Bugt and the West Greenland Current (WGC) 
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Elphidium Indicator of Arctic Low I laid and 

excavaturn proximal temperature and Korsun, (1997) 

glaciomarine salinity Landvik et al., 

and/or meltwater (1995) 

postglacial Nagy, (1984) 

conditions Osterman, 

dominated by (1984) 

sediment-loaded Osterman and 

cold meltwater Nelson, (1989) 
(often found in Vilks et al., 

association with (1989) 

Cassidulina 

reniforme) 

Islandiella May reflect Atlantic Representative Duplessy et al., 

norcrossi lengthened ice- of water masses (2001) 

free of relatively Bald and 
season/retreat of higher salinity Korsun, (1997) 

sea-ice margin and temperature Mudie et al., 

(1984) 
Vilks, (1980) 

, Xfelonis Frequently found Atlantic Related to Osterman, 

zaandan: ae on Labrador warm and (1984) 

Shelf, and East saline water, Osterman and 
Greenland, usually much Nelson, (1989) 

related to deeper than Silis, (1993) 

increased found in Disko Vilks and 

productivity Bugt Deonarine, 

(1988) 

Figure 5.3: (continued): Summary table of diagnostic conditions of foraminifera associated with 
differing water mass components in Disko Bugt and the West Greenland Current (WGC) 
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Nonionellina Relatively well Atlantic Indicative of Ilald and 
labradorica mixed open deeper, stable Korsun, 

water conditions Atlantic (1997) 

(deeper and sourced water Ilansen and 

outer parts of masses (e. g. Knudsen, 

fjords). found in East (1995) 

Associated with Greenland and Jennings et 
higher primary Arctic Canada), al., (2001) 

productivity, and Mudie et a!., 

sensitive to food (1984) 

supply Polyak and 
Mikhailov, 

(1996) 

Reophax Cosmopolitan Is not Hald and 

gracilis 
Relatively 

associated with Korsun, 
common in 

a specific water (1997) 
Disko Bugt 

mass, found in Ilald and 
waters, seems to 

range of waters Steinsund, 
be tolerant of a in high latitudes (1992) 
range of Hansen and 
environmental Knudsen, 
conditions (1995) 

Osterman 

and Nelson, 

(1989) 

Saccantmina Common in Atlantic Bilodeau et 
difluglformis modern Disko al., (1994) 

Bugt 11ald and 

assemblages, and Korsun, 

related to more (1997) 

Boreal Jennings and 

conditions lielgadottir, 
(1994) 

Vilks, (1980) 

Figure 5.3: (continued): Summary table of diagnostic conditions of foraminifera associated with 
differing water mass components in Disko Bugt and the West Greenland Current (WGC) 
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Spiroplectammina Species Arctic Jennings and 

biformis adaptive to Ilelgadottir, 

shallow, (1994) 

nearshore Korsun and 

waters IIald, (2000) 
Madsen and 
Knudsen, 

(1994) 
Schafer and 
Cole, (1986) 

Vilks, (1969) 

Stainforthia Opportunistic, Arctic Low salinity Alve, (1994) 

feylingi thriving in meltwater Bernhard and 

areas of very Alve, (1996) 

harsh, limiting Jennings et 
ecological al., (1998) 

conditions Jennings et 

typified by al., (2001) 

episodic/poor Knudsen and 

food supply Seidenkrantz, 

and anoxic (1994) 

conditions Rasmussen et 
A. (2002) 

Silis, (1993) 

Figure 5.3: (continued): Summary table of diagnostic conditions of foraminifera associated with 
differing water mass components in Disko Bugt and the West Greenland Current (WGC) 

5.2.1 DAOO-06 Introduction 

The proximity of core DAOO-06 to the mouth of Jakobshavns Isfjord (Figure 5.1) 

makes it ideal for establishing the interactive history of terrestrial, glacial and marine 

events since the LGM. Interpretation in this section is based upon the foraminiferal 
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assemblages, isotope stratigraphies and ice rafted debris records described in Chapter 

5, and draws upon concurrent sedimentological data produced by Morros 

(unpublished data and Lloyd et al., submitted), and information relating to present day 

foraminiferal assemblages in Disko Bugt (Lloyd, in prep.; Lloyd ct al., submitted). 
Reference is made to both the initial foraminiferai assemblage diagrams described in 

Chapter 4, as well as figures of key indicator species. 

5.2.2 Interpretation of DAOO-06 Zone 1 

Zone 1 from the base of the core shows that from c. 8.3 ka cal BP the area was 

strongly influenced by Arctic sourced waters (Figure 5.4 and Figure 5.5). The faunal 

assemblage is dominated by three calcareous species, all indicative of distinct 

environmental circumstances. Elphidium excavatum is well established as an 
indicator of proximal glaciomarine marine conditions (Hald and Korsun, 1997; 

Osterman, 1984; Osterman and Nelson, 1989; Vilks, 1989), and Elphidiuni excavation 
dominated assemblages have been used to indicate postglacial conditions dominated 

by sediment-loaded cold meltwater (e. g. Landvik et al., 1995; Nagy, 1984). 

Cassidulina reniforme is also representative of cold polar waters, but is more 

precisely indicative of distal glaciomarine conditions (Osterman and Nelson, 1989). 

Their co-dominance in Quaternary glacial marine sediments has benn well 

documented in eastern Arctic Canada, and Svalbard, as well as parts of Northwest 

Europe (Hald and Korsun, 1997; Hansen and Knudsen, 1995; Lloyd, 1996; Osterman 

and Nelson, 1989; Vilks, 1989). 

The third dominant species is Stainforthia feylingi, frequently identified 

taxonomically as Fursenkoina f: usiforinis (Jennings et al., 2001), and previously 

recorded as Stainforthia schreibersiana (Knudsen and Seindenkrantz, 1994). This 

species is opportunistic, thriving in areas of extremely harsh, limiting ecological 

conditions typified by episodic/poor food supply and anoxic conditions (Alve, 1994; 

Bernhard and Alve, 1996; Knudsen and Seidenkrantz, 1994; Rassmussen et al., 2002). 
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Chapter 5: Palaeoenvironrnenta/ interpretation in Disko Bug 

Arctic vieter indicators Atlantic vveter indicators 

0JV 

Figure 5.5: Summary of water mass changes reflected by indicator species representative of 
Arctic/Atlantic water masses. Data shown is sum of percentage of each indicator species. Arctic 

species: S. feylingi. C. renifbrme, E. excavatum, S. biformis, ( B. pseudopunctata). Atlantic species: 
1. norcrossi, S. di/flugifornnis, C. crassiniargo, N. labradorica, B. tenerimu, C. teretis. M.: uandumae. 

Radiocarbon dates shown in red and given in cal yrs BP. Foraminiferal zones marked in green. 
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Silis (1993) however, documented the presence of S. feylingi (in association with 

Nonionellina labradorica) in Hudson Strait, and interpreted this to be indicative of 

relatively well mixed open water conditions. 

While these types of conditions are represented in Disko Bugt by N. labradorica (see 

sections 5.2.4.2 and 5.4.2.3), S. feylingi is more truly indicative here of less 

favourable conditions such as limited food supply relating to the delivery of low 

salinity meltwater and/or Arctic sourced water masses. It may be that in -the Hudson 

Strait area, the presence of S. feylingi is related to a strengthened Labrador Current 

carrying cold Arctic sourced water southwards and perhaps gaining access to the 

eastern end of the Strait following rapid deglaciation of the last glacial expansion of 

the Labrador Dome onto south-eastern Baffin Island (the Noble Inlet advance) 8.9-8.4 

ka cal BP (Jennings et al. 1998). 

The minor presence of another somewhat opportunistic species Bolivina 

pseudopunctata is also noted in DAOO-06 (Figure 5.4), and continues through to the 

end of Zone 2. B. pseudopunctata is a deep infaunal species (Rassmussen et al., 

2002), whose ecological adaptations include tolerance of poor oxygen pore water 

concentrations (Gustafsson and Nordberg, 2001), and an affinity for sediments 

supplied with high levels of organic matter (Corliss, 1991; Corliss and Chen, 1988). 

This species can be diagnostic of areas with high organic production, and bathyal 

environments receiving continuous or sustained supply of organic matter, such as 

areas of upwelling (Thomas et al., 1995), however its very minor presence in this 

zone suggests that these circumstances are not the prevailing environmental 

conditions in this part of the core. 

Spiroplectammina biformis is the most common agglutinated species in Zone 1 and is 

also associated with water masses derived from Arctic sources (Jennings and 

Helgadottir, 1994; Korsun and Hald, 2000; Madsen and Knudsen, 1994; Schafer and 

Cole, 1986). Vilks (1964) reported that S. biformis was the most adaptive species to 

conditions in shallow nearshore waters dominated by Arctic sourced water in the 

Canadian Arctic. Minor amounts of N. labradorica and Islandiella norcrossi (Hald 

and Korsun, 1997) indicated that the supply of Atlantic sourced water to the area was 

limited. Both N. labradorica and I. norcrossi are generally associated with water 
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masses of Atlantic water origin (Hald and Korsun, 1997; Mudie et al., 1984; Vilks, 

1980) (but see further discussion of their occurrences in sections 5.2.4.2; 5.2.4.3 and 

5.4.2.3 below). The low frequencies of I. norcrossi do fluctuate in Zone 1, with two 

maximum peaks at 944-850 cm and 525-425 cm, suggesting that the weak influence 

of Atlantic water has small episodes of intensification, or that meltwater flux from 

Jakobshavns Isbrae was not constant, allowing weak West Greenland Current 

incursion. 

In summary therefore, the Zone 1 assemblage is almost wholly dominated by ice 

proximal and cold/Arctic water loving fauna (Figure 5.4 and 5.5), as well as an 

opportunistic coloniser S. feylingi, which thrives in harsh limiting conditions, 

typically with low primary productivity levels. This assemblage indicates that from c. 

8.3 ka cal BP, the area was under the influence of an Arctic sourced water mass, with 

a greatly reduced warm WGC component. 

5.2.3.1 Interpretation of DAOO-06 Zone 2 

The faunal assemblage in Zone 2 suggests that the water masses in front of 

Jakobshavns Isbrae were undergoing a transitional period. There is clear evidence of 

amelioration in conditions, with marginal strengthening of the relatively warm West 

Greenland Current. While the fauna are still dominated by cold Arctic water species 

and show glaciomarine species (S. biformis, C. reniforme and E. excavatum), there is 

a noticeable decrease in C. renfforme (the cold meltwater/Arctic water species) and 

the opportunistic S. feylingi. At the same time there is an increase in the Atlantic 

indicator species I. norcrossi, and the agglutinated Adercotryma glomerata (not 

shown in Figure 5.4 but can be seen in Figure 4.1 in chapter 4), a species commonly 

associated with Atlantic sourced waters (Hald and Korsun, 1997), and commonly 

found in the modern day assemblages . Figure 5.6 (Lloyd et al., submitted) shows 

these modern assemblages, taken from sample sites in Disko Bugt, the locations are 

marked in Figure 5.2. 
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At the same time there is an increase in the organic walled test linings, indicating poor 

preservation and dissolution of the calcareous tests. Evidence of this was observed 

during foraminiferal counting and specimen picking for oxygen isotope 

measurements, where tests of species (particularly C. reniforme and I. norcrossi) were 

often soft and/or had damaged tests. 

Despite this increase in typical Atlantic Water indicators, Elphidiun: excavatum is still 

the dominant species. Although this species is associated with Arctic water, in this 

zone it may also be connected to an increase in seasonal meltwater production, 

resulting in a corresponding seasonal decrease in temperature and salinity, as it is an 

indicator of extreme glaciomarine proximal conditions. Dating the onset of these 

slightly ameliorated conditions is difficult, as there is no radiocarbon date available 

for the bottom of Zone 2, although it must have been prior to 7.7 ka cal BP. 

5.2.4 Links with current sedimentological data 

From the radiocarbon dates at 891 cm (8416-8154 cal yr BP) and 159 cm (7937-7663 

cal BP) it can be seen that Zone 1 and likely most of Zone 2 are typified by extremely 

high sedimentation rates. Between 891 cm and 159 cm the sedimentation rate is 1.38 

cm yr 1. It is likely that sub-glacial discharge is causing a rapid accumulation of fine- 

grained sediments. In Scoresby Sund, East Greenland, b' Cofaigh et nl., (2001) 

found that in the present-day proximal glaciomarine setting, an abundance of fine- 

grained muds represented significant meltwater and sedimentation flux, proximal to 

the fast-flowing outlet glaciers. The core contains very little IRD here, suggesting 

little iceberg melting, perhaps due to very large quantities of cold meltwater in these 

zones, or that the iceberg melting zone and IRD and coarse-grained sediment 

deposition is located further to the west of Jakobshavns Isbrae at this time. 

In Scoresby Sund, which is characterised by high calving rates and fast-flowing 

glacier termini, these fine-grained sediments are progressively replaced by IRD 

derived sediments with increasing distance from the glacier termini (Ö' Cofaigh et al., 

2001). Sedimentological data produced by Morros (Lloyd et al. submitted) (Figure 

5.7) show that Zone 2 is dominated by fine-grained sediments, with generally less 
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Figure 5.7: Sedimentological analyses from core DAOO-06, produced from data from Morros (in Lloyd 
et at., submitted). A: Particle size data for sediment fraction >63 microns, 13: particle size data for 

sediment fraction >150 microns, C: Sediment density data in grams per cubic cm. Gaps in density data 
are due to no data being recorded at these depths, and no interpolation between points. Radiocarbon 

dates are shown in red and are given in cal yrs BP. Foraminiferal zones are shown in green. 

than 5% sand fraction in the lower part of the zone, reducing further to <1% above 

650 cm (Lloyd et a!. submitted). This is also shown from a lack of clasts >2 mm in 

the IRD record (see Chapter 4). The sedimentological data (Lloyd et a!. submitted) 
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shows an increase in sediment density in the lower part of this zone, from the core 

base to 675 cm, with a maximum peak at 775 cm, indicating a slightly higher energy 

environment. Both particle size and sediment density remains extremely low and 

stable for the remainder of Zone 1 and all of Zone 2. 

The lack of IRD, and low particle size values in the sand fraction indicate that iceberg 

melting was repressed, perhaps due to the absence of the warm WGC waters 

throughout Zone 1, and only a very weak influence of Atlantic sourced waters in Zone 

2. Alternatively, the very high sedimentation rates from fine-grained sub-glacial 

meltout may dilute any IRD input from icebergs. The most likely scenario is a 

combination of the two; rapid fine-grained sediment diluting the low IRD input from 

icebergs, and the large volumes of cold Arctic-sourced water inhibiting melting of 

icebergs, which in turn prevents release of IRD in this ice proximal location. 

In summary, Zone 2 marks a transitional phase between the cold low salinity 

meltwater/Arctic water dominated assemblage of Zone 1, and the onset of fully 
1 

ameliorated conditions that can be seen in Zone 3 (see below). This transitional phase 

is marked by the decline of Arctic water loving C. reniforme and the opportunistic S. 

feylingi, as well as an increase in the abundance of Atlantic water indicators I. 

norcrossi and A. glomerata. 

5.2.5 Interpretation of DAOO-06 Zone 3 

Zone 3 shows a marked shift in the faunal assemblage indicating differing conditions 

from the previous two zones. There is a substantive decrease in the glaciomarine (ice- 

proximal and ice distal) species, (E. excavatum, E. excavatum f. clavata and C. 

reniforme) as well as almost complete disappearance of the opportunistic S. feylingi. 

At the same time, there is a large increase in the species representative of Atlantic- 

sourced waters; I. norcrossi (the most dominant species in this zone), N. labradorica 

and A. glomerata. With nearly total decline of cold-water taxa, this allows the 

establishment of other species of Atlantic origin and warmer water mass conditions, 

such as Cribostomoides crassimargo, Saccammina diflugiformis, Bucella tenerrima, 

Cassidulina teretis, and Melonis zaandamae. The following sections relating to Zone 
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3 in this core discuss detailed environmental parameters relating to specific indicator 

species. 

5.2.4.2 Nonionellina labradorica 

N. labradorica has been interpreted as being indicative of a range of environments 

and water masses by different authors (e. g. Hald and Korsun, 1997; Jennings et al., 

2001; Jennings and Helgadottir, 1994; Schafer and Cole, 1982; Scott et al., 1984; 

Vilks and Deonarine, 1988). For this thesis I have assumed that N. labradorica is 

diagnostic of relatively warm and stable Atlantic sourced water masses (i. e. the West 

Greenland Current), supported by the interpretive work of Hald and Korsun (1997), 

Hansen and Knudsen (1995), Jennings et al., (2001) and Vilks and Deonarine (1988), 

and its present day distribution in the Disko Bugt area (Lloyd, in prep. ), in which 

Atlantic sourced water masses associated with the WGC are dominant. Further 

discussion relating to the range of associated environmental parameters and water 

mass associations is developed more fully in section 5.5 as this is the most dominant 

species in core DAOO-03. 

5.2.4.3 Islandiella norcrossi 

I. norcrossi was found to be associated with "Transformed Atlantic Water" by Hald 

and Korsun (1997) in fjords of Svalbard, and is representative of water masses with 

relatively higher salinity and temperature (Mudie et al., 1984; Vilks, 1980). Further 

specific information concerning controlling environmental parameters is somewhat 

clouded by likely issues of taxonomic misidentification in other studies (Andrews et 

al., 1994). For example, Hunt and Corliss (1993) found large tests of I. norcrossi 

difficult to distinguish from I. helenae, and therefore did not separate the species, 

instead grouping them together under I. helenae. Unfortunately, Vilks and Deonarine 

(1988) identify L helenae as a cold and relatively low salinity shelf species, likely to 

be associated with the Arctic water component of the Labrador Current, and so care 

must be taken when referring to previously published assemblage interpretations. 
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In south-central Hudson Bay, the establishment of post-glacial conditions was 
inferred from a calcareous-dominated assemblage, with species including N. 

labradorica and I. norcrossi (Jennings et al., 2001; Silis, 1993), very similar to that 

seen in Zone 3 of this core from Disko Bugt. The presence of I. norcrossi/helenae in 

sediments relating to the Holocene thermal optimum in the Barents Sea by Duplessy 

et al. (2001) was thought to reflect a lengthened ice-free season, and a retreat of the 

sea-ice margin. 

5.2.4.3 Adercotryma glomerata and Spiroplectamina diflugiformis 

A. glomerata and also S. diflugiformis (referred to as Reophax atlantica by Jennings 

and Helgadottir, 1994 and Hald and Korsun, 1997), are interpreted in Disko Bugt to 

be indicative of Atlantic sourced waters, although in sub-Arctic locations in northwest 
Europe they can be interpreted as transitional species or related to chilled Atlantic 

waters with a sub-Arctic component (Alve and Nagy, 1986; Hansen and Knudsen, 

1994). These slightly contrasting environmental interpretations may well be related to 

preservation interpretations, or methods of processing sediment samples, as drying 

and dry picking samples often leads to arenaceous test destruction. 

However, in high latitudes, A. glomerata and S. diflugiformis are clearly associated 

with Atlantic sourced waters (Bilodeau et al. 1994; Hald and Korsun, 1997; Jennings 

and Helgadottir, 1994; Vilks, 1980), and these interpretations are relied upon here. 

This interpretation is also clearly supported by contemporary data from Disko Bugt 

(Lloyd, in prep. ), showing high concentrations of A. glomerata and S. d jugiformis in 

samples strongly influenced by the present day warm West Greenland Current (see 

Figure 5.4). 

5.2.4.5 Bucella species 

Bucella sp. in general, are associated with open water post-glacial conditions, 

although often in deeper water or slope sediments (Madsen and Knudsen, 1994). 

Knudsen (1988) found the presence of Buccella sp. to be indicative of higher salinities 
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and deeper, sub littoral environments. The presence of Bucella sp. have been 

interpreted by Polyak and Solheim (1996) to be indicative of periods of higher 

seasonal productivity in the Barents Sea, and, like N. labradorica, are known to be 

extremely sensitive to food supply (Polyak and Solheim, 1996), and is used in this 

thesis as being diagnostic of Atlantic sourced water. 

5.2.4.6 Cassidulina species 

Cassidulina sp. are widely distributed throughout both Arctic and sub-Arctic seas 

(Mackensen and Hald, 1988; Wollenburg and Mackensen, 1998a; 1998b). Vilks 

(1989) characterised C. teretis as being representative of Labrador Sea waters. C. 

teretis is also well established in deeper waters of Atlantic origin. Jennings and 

Weiner (1996) found that C. teretis occured in chilled Atlantic water at depths usually 

greater that 100m, but also as shallow as 20 m, and down to depths of 1100 m 

(Steinsund and Hald, 1994). Mackensen and Hald (1988) described it in their modern 

samples taken from the Norwegian continental slope under the influence of Atlantic 

water. It is also found in the Barents Sea at depth in troughs on the shelf (Polyak and 

Solheim, 1994). It has been found in similar in environments on the shelf and slope 

of Baffin Island (Osterman and Nelson, 1989; Vilks, 1989). 

The weak (or lack of) presence of this species in the Disko Bugt may then be a 

function of water depth. as opposed to specific water mass characteristics; or, it could 

just be that it was being out-competed in the area by other species. As discussed by 

Andrews et al., (1994) care must be taken with the interpretation of this species as it 

shows considerable taxonomic similarities with other species, such as Cassidulina 

laevigata, I. norcrossi and I. helenae, and these authors are convinced that there may 

be a significant degree of taxonomic mis-representation in similar studies. 

5.2.4.7 Melonis zaandamae 

M. zaandamae has previously been used to infer boreal or sub-Arctic conditions in 

Scandinavian palaeoenvironmental studies (Feyling-Hanssen, 1980). However, other 

149 



Chanter 5: Palaeoenvironmental interpretation in Disko Ragt 

work (Jansen et al., 1983; Mackensen et al., 1985; Sjerup et al., 1981) found that in 

the Norwegian Sea and surrounding areas, sediment type was a key controlling factor 

in its distribution. These studies showed that this species can also display a 

preference for rapid pelitic sedimentation associated with winnowing caused by an 

increase in bottom water current regimes, and that there is a significant correlation 

between the occurrence of M. zandanzae and fine-grained sediments with a high 

organic content. Osterman and Nelson (1989) however, found that this species could 

thrive in both this type of sediment, as well as being dominant in environments with a 

high sand content. 

Silis (1993) related the presence of M. zaandamae in Eastern Basin, Hudson Strait to 

the influx of warmer, more saline Labrador Sea waters with increased productivity 

typical of postglacial conditions. Vilks and Deonarine (1989) identify M. zaandamae 

as being restricted to the warmer and more saline offshore and slope water 

components of the Labrador Current. The widespread extent of M. zaandamae in 

eastern Canadian sedimentary environments (Osterman, 1984; Osterman and Nelson, 

1989) throughout ameliorated postglacial conditions is not seen in DAOO-06, or in the 

other cores (DAOO-03 and DAOO-05). This is somewhat surprising, as it could have 

been assumed that this species should have been a key indicator for the presence of 

the WGC in Disko Bugt. 

There are a number of possible reasons for this. Firstly, the lack of dominance of this 

species in the area is likely to be due in part to a function of water depth. Depths in 

the eastern part of Hudson strait are up to 900 m (Jennings et al., 1998). However, in 

surface foraminiferal assemblages taken in Disko Bugt in the same locality as DAOO- 

06 with water depths shallower than 350 m, M. zaandainae accounts for up to 20% of 

the assemblage (Lloyd, in prep. ). Secondly, it may well be that post-depositional 
dissolution of calcareous tests is limiting a truly representative picture of the past 

distribution of this (as well as other) calcareous species in the core. 
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5.2.4.8 Cuneata arctica 

Although not directly associated with the warmer more saline Atlantic sourced waters, 
Cuneata arctica also increases in Zone 3. In recent shelf sediments in Scoresby Sund 

in East Greenland, Madsen and Knudsen (1994) reported that C. arctica (called R. 

arctica) was recorded in association with S. biformis, and they linked C. arctica with 

the "Fjord water layer". This layer is characterised by considerable seasonal and 

annual fluctuations in temperature and salinity related to significant summer glacier 

meltwater input into Scoresby Sund. 

In Hudson Strait, present day assemblages are dominated by C. arctica (called R. 

arctica) and S. biformis, as well as S. feylingi and N. labradorica (Jennings et al., 
2001), relating to the relatively well mixed open water conditions existing at present, 

with little glaciomarine influence. C. arctica is also found in the contemporary 

samples analysed in Disko Bugt. However, N. labradorica is relatively rare (see 

Figure 5.6), (Lloyd, in prep. )). At first sight this might seem to be surprising given 

the dominance of the West Greenland Current as the basal water mass throughout 

Disko Bugt, but it is likely to be due to the relatively shallow sample locations of this 

study. 

It is interesting to note the very low abundances of species such as S. feylingi, C. 

reniforme, and E. excavatun: in the contemporary data (Figure 5.6). This is due to the 

limited influence of relatively cold Arctic sourced waters in Disko Bugt at the present 

day. The conditions in Hudson Strait and the eastern parts of the Canadian 

Archipelago are influenced by the southward flowing colder and less saline Arctic 

component of the Labrador Current. Lloyd et al. (submitted) categorised C. arclica as 

a cold loving fauna, relating it to Arctic sourced waters and found in close association 

with S. biformis in a short gravity core located further west from the DAOO-06 core 

site'(See Figures 5.1 and 5.2). 

In DAOO-06, C arctica displays a similar distribution to both A. glomerata, and S. 

biformis. However, it is not one of the most dominant species in the core (<15% at its 

greatest extent), and as with the East Greenland studies (Jennings and Helgadottir, 

1994; Madsen and Knudsen, 1994) C. arctica in this core is likely to be related to the 
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less saline and colder waters produced from enhanced seasonal melting which will in 

turn have been influenced by the re-instigation of an Atlantic water mass in the 

eastern part of Disko Bugt in front of Jakobshavns Isbrae. 

5.2.4.9 Links to the sedimentological data 

The shift from the core assemblage being dominated by primarily Arctic water 

indicator species to mainly Atlantic sourced species in Zone 3 is matched by dramatic 

changes in the sedimentological data (see Figure 5.7). The considerable increases in 

the three clast fractions in the IRD record previously described in Chapter 4, indicates 

warming and ameliorated conditions created by the strong presence of WGC waters 

allowing the rapid melting of sediment loaded icebergs in front of Jakobshavns 

Isfjord. In the particle size data also shown in Figure 5.6 (Morros, unpublished data) 

there is a corresponding increase in the >63 and >150 micron categories, and sediment 

density increases, reflecting perhaps a change in sediment type, or source. The onset 

of these changes is not precisely dated, but occurred some time after 7.7 ka cal BP. 

The top of the core and the faunal zone is dated at around 1 ka cal BP, indicating that 

these changes were accompanied by a tremendous decrease in sedimentation rate from 

approximately 14 mm/yr to 1 mm/yr. The other most notable change in this zone in 

the core is the considerable increase in the abundance of organic test linings, relating 

to increased dissolution. Within this zone it is interesting to note that there is an 

intensification of these ameliorated conditions around 50-80 cm (Figure 5.2). It can 

clearly be seen that at this point there is a degree of intensification of particularly 

calcareous species representative of Atlantic sourced waters, with a peak of B. 

tenerrima, C. teretis, I. norcrossi and M. zaandamae, which is accompanied by a 

distinct lack of organic walled foraminiferal test linings. 

This phase in the core can be approximately dated to 4.6-4.0 ka cal BP, prior to the 

onset of the Neoglacial, which is well documented in West Greenland (Kelly, 1985; 

Weidick et al., 1990). This represents a period of increased intensity in the West 

Greenland Current flow, or perhaps an increase in the warmer water Irminger Current 

component of the WGC. It may be linked to the Holocene optimum prior to the 
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Neoglacial period. After this short-lived phase, this zone returns to the conditions 

initiated at the beginning of the zone. 

5.2.5 Summary interpretation of DAOO-06 

By combining the main individual agglutinated and benthic species representative of 

the two contrasting water mass sources (Figure 5.3 and Figure 5.4), it can clearly be 

seen that during Zone 1, Arctic sourced waters are overwhelmingly dominant in 

DAOO-06, followed by a transitional period through Zone 2 which develops into an 

almost fully Atlantic sourced water mass dominated assemblage at some point after 

7.7 ka cal BP, indicating a strong WGC had been established by this point. 

Although this core is limited by the chronology available, using the age model 
developed for DAOO-06 in Chapter 4 gives an estimate for the onset of this zonal 

pattern of between 6.1 and 5.7 ka cal BP. This timing is in agreement with evidence 
from a range of sources in coastal West Greenland and Baffin Bay (e. g. mollusc, 
dinocyst and foraminferal studies) which provide information on the initiation of the 

WGC in this area (e. g. Bennike et al., 1994; Donner and Jungner, 1975; Kelly, 1979 

and 1985; Osterman and Nelson, 1989, Feyling-Hanssen and Funder, 1990; Funder 

and Weidick, 1991; Ingolfsson et al., 1990; Levac, 2001), although there has been 

evidence of a weak WGC in northern Baffin Bay as early as 9 ka cal BP (Osterman 

and Nelson, 1989). This will be discussed in Chapter 6. Further discussion relating to 

the WGC strength, initiation and relationship with the post-glacial history of West 

Greenland will also be developed within Chapter 6. 

5.3.1 DAOO-05 Introduction 

DAOO-05 is located in the southeast of Disko Bugt at the mouth of Kangersuneq Fjord 

(Figure 5.1). It is ideally located to investigate the oceanographic evolution of Disko 

Bugt away from the considerable influence of Jakobshavns Isbrae. The local 

signature of Jakobshavns Isbrae may dilute or drown out the regional oceanographic 

signal at DAOO-06. The duration of the core record (approximately 6.7 ka) allows a 
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detailed interpretation of changing water mass characteristics following the Holocene 

thermal optimum (- 9-6 ka) which has been well-documented from a range of studies 

throughout the high latitudes (e. g. de Vernal et al., 1993; Koc et al., 1993; Sarnthein 

et al., 1995; Veum et al., 1992). 

Interpretation is based upon zonal and sub-zonal faunal assemblage data presented in 

Chapter 4, and is discussed in relation to existing sedimentological and present day 

foraminiferal assemblage data (Morros, unpublished data in Lloyd et al., submitted 

and Lloyd in prep. ). Agglutinated faunal indicator species are plotted separately to 

remove the bias created by the dissolution effects seen in Zone 2 (Figure 5.8). No X- 

radiograph photographs or stable isotope measurements are available for this core. 

5.3.2 Interpretation of DAOO-05 Zone 1 

Zone 1 extends from the base of the core to 545 cm and is further sub-divided into 

three sub-zones (a, b and c). It is characterised by a mixed benthic foraminiferal 

assemblage, dominated by I. norcrossi and has relatively high species diversity and 

foraminiferal abundance indicating the presence of stable saline Atlantic sourced 

waters. Figure 5.9 shows that Atlantic water indicators mainly influence this zone, 

with a weak influence from colder Arctic sourced water. The most dominant 

agglutinated species is Reophax gracilis which, although has not been specifically 

related to either Arctic or Atlantic water mass characteristics, is present in other 

assemblages documented in high latitude studies (Hald and Korsun, 1997; Hald and 

Steinsund, 1992; Hansen and Knudsen, 1995; Osterman and Nelson, 1989), and more 

importantly is present in the modem foraminiferal assemblages of Disko Bugt (Figure 

5.6) (Lloyd in prep. ). 
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5.3.2.1 Interpretation of DAOO-05 Sub Zone la 

Sub Zone la extends from the base of the core to 965 cm and shows an increasing 

dominance (to >60%) of the Atlantic water loving I. norcrossi. The presence of A. 

glomerata at the top of this sub-zone is consistent with this. The presence of C. 

reniforme, E. excavatum and S. feylingi at the bottom of the sub-zone indicate that a 

weakened influence of a colder, less saline Arctic water mass, or more likely 

meltwater from Jakobshavns Isbrae, or the mixed Disko Bugt water mass is still 

influencing the foraminiferal assemblage after 6.7 ka cal BP. This trend at the bottom 

of the sub-zone corresponds to the transitional assemblage seen at the top of Zone 2, 

and moving into Zone 3 of DAOO-06, and it represents a shift from a combination of 

Arctic and Atlantic sourced waters to primarily warmer more saline Atlantic water 

that is characteristic of a strong West Greenland Current. Small amounts of the 

organic foraminiferal test linings are observed, indicating that there was a degree of 

dissolution taking place. 

5.3.2.2 Interpretation of DAOO-05 Sub Zone lb 

Sub Zone lb covers the period 6.5-4.6 ka cal BP, and is characterised by an increase 

in the number of agglutinated species and the continuing dominance of I. norcrossi. 

There are large amounts of R. gracilis, and, although difficult to relate to a specific 

water mass, its presence suggests that it is tolerant of a wide range of conditions as it 

is observed in the modern day assemblages analysed from the same location and at 

other points in Disko Bugt (Figure 5.6, Lloyd in prep). From Figure 5.9 it can be 

seen that this zone is characterised by distinct fluctuations between the Atlantic and 

Arctic indicators, which from the variation in test lining concentrations suggests a link 

to rapid short lived phases in calcareous dissolution. 

The seemingly cosmopolitan and tolerant species C. arctfca and R. gracilis are able to 

thrive at this point, and combined with the short episodes of calcareous dissolution, 

this is an indication of changing conditions at the fjord mouth. This may be related to 

stagnation of the water mass initiated by extended sea ice cover leading to stagnation, 

and/or a strong pycnocline (a depth in the water column where there is an abrupt 
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Figure 5.9: Summary of water mass changes reflected by indicator species representative of 
Arctic/Atlantic water masses in core DA00-05. Data shown is sum of percentage of each indicator 
species. Arctic species: S. fevlingi. C. reniforme, E. excavutum, S. biformis, S. coneati'u. Atlantic 

species: A. glonrerata, 1. norcrossi, S. di/lugiformis, C. crassirnargo. N. lahradorica. B. tt'nerima, C. 
teretis, M. zaandamae. Radiocarbon dates shown in red (cal yrs BP). Foraminiferal zones in green. 
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change in density, temperature, and salinity) preventing bottom water ventilation and 

CO2 exchange with the atmosphere. A shallowing lysocline (the depth in the water 

column below which the rate of dissolution of calcite increases) during these periods 

may also be responsible for altering the water chemistry to facilitate dissolution of the 

calcareous tests. 

5.3.2.3 Interpretation of DAOO-05 Sub Zone lc 

Sub Zone lc continues to show the dominance of I. norcrossi, which has occurred 

throughout Zone 1. However, foraminiferal test linings are typically higher than in 

the previous two sub-zones suggesting that the dissolution processes affecting less 

robust tests are intensifying. There is no significant overall increase in the presence of 

C. reniforme, S. biformis, S. feylingi, but their presence, and the presence of between 

15-20% of B. pseudopunctata and E. excavatum, indicates that Arctic sourced water is 

still present to some degree at this stage (around 4.6-4.1 ka cal BP). The presence of 

Arctic species has a sharp decline at 4.3 ka, with a corresponding increase in Atlantic 

species. Interestingly, at this stage in Zone 3 of DAOO-06 there appears to be an 

intensification of the Atlantic sourced water masses, and a decrease in calcareous 

dissolution due to the lack of test linings present, but this trend is not matched in this 

sub-zone of DAOO-05. This may relate to local effects operating in the shallow fjord 

water, which are not evident in the more open water in front of Jakobshavns Isbrae. 

Overall, Zone 1 represents a relatively strong influence of WGC, interpreted by the 

presence of key Atlantic water indicators, particularly I. norcrossi. Sedimentological 

data for this zone (Morros, unpublished data) (Figure 5.10) indicates relatively stable 

conditions. There is a minor overall decline in sediment density in this zone, and low 

amounts of the sand size fraction (<5%), although there is a phase of increased sand 

between 6.1 and 5.7 ka cal BP. This is matched in the foraminiferal data, which 

shows increases at the same time in the Atlantic water indicator species. 
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Figure 5.10: Sedimentological analyses from core DAOO-05, produced from data from Morros (in 

Lloyd er al., submitted). A: Particle size data for sediment fraction >63 microns (sand size fraction) 
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recorded at these depths, and no interpolation between points. Radiocarbon dates are shown 

in red and are given in cal yrs BP. Foraminiferal zones are shown in green. 
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5.3.3 Interpretation of DAOO-05 Zone 2 

Zone 2 extends from 545 cm to the top of the core and covers the time period 4.1-1.3 
ka cal BP. It is characterised by the almost complete lack of calcareous species 
present throughout all of the four sub-zones (a, b, c and d). The significant increase in 

organic walled foraminiferal test linings, and the continuing presence of agglutinated 
species found in Zone 1, indicates that a high degree of dissolution of the calcareous 
tests has occurred. The main foraminiferal diagram (Chapter 4 Figure 4.9) shows that 
the % abundance of agglutinated species increases significantly in this zone, but this 
is a somewhat exaggerated picture, as the relative percentages are skewed due to the 
dissolution of the calcareous tests. For this reason, the distribution of the indicator 

agglutinated species have been plotted separately (Figure 5.8), and this figure is 

referred to in the interpretation of Zone 2 sub-zones. 

The significance of this major change in preservation (dissolution event) is discussed 
in section S. S. The lack of calcareous foraminifera makes it very difficult to make 
palaeoenvironmental interpretations. This due in particular to the absence of the main 
cold water species E. excavatuni, C. reniforme, S. feylingi and the key Atlantic 
indicator species L norcrossi. However, fluctuations in the agglutinated species A. 

glomerata, S. df ugiformis, C. crassimargo and the colder water S. biformis do allow 

palaeoceanographic reconstruction. 

In general, Atlantic water indicators (A. glomerata, C. crassimargo and S. 

diflugiformis) are dominant, implying that the warm saline Irminger Current 

component of the West Greenland Current is still the dominant water mass during this 
time period. 

5.3.3.1 Interpretation of DAOO-05 Sub Zone 2a 

This sub-zone extends from 4.1-3.8 cal yr BP and is dominated by R. gracilis, and C. 

arctica. In the modern surface assemblages (Figure 5.6), the presence of R. gracilis 
is rare, (its presence is generally negatively correlated with A. glornerata) indicating 

that it is not directly related to a strong WGC influence (Lloyd, in prep). However, it 

160 



Chanter 5: Palaeoenvironmenta! interpretation in Disko ßugt 

is important to note that it is not taken to be representative of Arctic water mass 

conditions, but rather that it is quick to colonize areas where there is no clear 

dominance of a particular water mass. Indeed, Figure 5.8 shows that specific Arctic 

and Atlantic water mass indicators are not dominant in this sub-zone (10-15% each), 

although A. glomerata, indicative of warmer, more saline waters does increase 

towards the top of the sub-zone. 

C. arctica is present in the modem assemblages in Disko Bugt, as well as forming 

part of modem day assemblages in East Greenland (Madsen and Knudsen, 1994) and 
Hudson Strait (Jennings et al., 2001; Silis, 1993). In East Greenland this species is 

related to the "Fjord water layer" which reflects the significant variations in 

temperature and salinity created by seasonal meltwater influx. In East Canada, the 

presence of C. arctica is thought to be representative of the relatively well-mixed- 

open water conditions existing at present, with little glaciomarine influence. The 

presence of this species in these differing environmental conditions suggests that C. 

arctica is not sensitive to water mass changes, and Figure 5.8 shows that throughout 

Zone 1 and most of Zone 2 the occurrence of this species is relatively constant. 

5.3.3.2 Interpretation of DAOO-05 Sub Zone 2b 

This sub-zone is characterized by an increase in the Atlantic water mass indicators, C. 

crassimargo, S. diflugiformis and A. glomerata (the latter at the bottom only). Vilks 

and Deonarine (1989) identified C. crassimargo as being representative of the colder, 
less saline shelf waters. In Kangersuneq Fjord in southeast Disko Bugt however, 

based on modem assemblage data (Figure 5.6) the presence of C. crassimargo is more 

likely to be related to Atlantic sourced waters, and the occurrence of the species on 

the Labrador shelf may be more a function of water depth, as the cores were taken in 

much deeper water, around 580m. C. crassimargo has often been identified as 
Alveolophragmium crassimargo in previously published work (Hald and Korsun, 

1997). Jennings and Helgadottir (1994) did not find this species in any significant 

concentration or in tandem with any other species to establish preferential ecological 

requirements, whilst Hald and Korsun (1997) found similar difficulty in relating this 
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species in Svalbard fjords to any specific environmental parameter, as it had a patchy 

distribution in both inner and outer parts of fjords. 

Frequencies of C. arctica remain constant, but the salinity and temperature tolerant R. 

gracilis decreases significantly throughout this sub-zone, suggesting that it is 

displaced by the warmer-loving Atlantic indicators. This sub-zone corresponds to an 

approximate time between 3.8-3.4 cal BP. Unpublished data from Morros indicates 

significant changes in the sedimentological record, with an increase in sediment 
density, and a gain in the sand size fraction to 15-20%. The increase in foraminifera 

(agglutinated), which are associated with warmer more saline waters suggests a 

stronger WGC, but the sedimentological record indicates increased seasonal 

sediment/meltwater flux input, and higher amounts of meltwater/Arctic species may 

therefore be expected. 

High amounts of fine-grained sediment suspended in the fjord water are clearly 

visible during present day summer conditions at the mouth of the fjord, and the 

modem assemblages are dominated by agglutinated species, with a basal WGC water 

mass that has been identified in CTD casts (see Chapter 2 section 2.6.5). This 

indicates a degree of calcareous dissolution associated with prevailing conditions 

today. Foraminiferal evidence to determine whether the sediment input can be related 

to increases in colder, lower salinity meltwater in this zone (between 3.8 and 3.4 ka 

cal BP), is limited, as the key indicator species for this scenario would be the 

calcareous C. reniforme/E. excavatum, and the presence of these is unknown due to 

the likely dissolution processes occurring in Zone 2. 

It may be that localised changes in the fjord hydrological system have allowed 

relatively warm species indicators to thrive, relating to warmer terrestrial conditions. 

This would account for the increase in sediment as a result of increased meltwater, 

which becomes more mixed with the underlying WGC water. The increase in 

sediment itself may also be a determining factor in the presence of the agglutinated 

wann indicators. At the same time, the increased sediment could be derived from 

extended sea ice. If there were a decrease in local precipitation, and increased wind 

stress, sediment would be transported further down fjord. Seasonal melting of the sea 
ice would allow input of a higher amount of food supply. The Atlantic indicator 
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species response to this environmental determining factor may then outweigh a 

salinity or temperature signal. 

5.3.3.3 Interpretation of DAOO-05 Sub Zone 2c 

Zone 2c, between 3.4 and 2.0 ka cal BP, sees a return to the conditions of sub-zone 

2a, with a decline in agglutinated species associated with the warmer more saline 

Atlantic sourced water masses. Arctic water indicators remain stable (although there 

is only S. biformis to draw inferences from), and the sub-zone assemblage suggests 

that the Atlantic indicators are competing with the species that are more tolerant of 

large fluctuations in salinity and temperature (C. arctica and R. gracilis). The minor 

amount of C. crassimargo suggests that this species is more tolerant than A. 

glomerata and S. diflugiformis of fluctuating conditions. These conditions may 

suggest that there was a dilution of the effect of the warm WGC waters by the 

overlying colder, low salinity meltwater layer, to give a deeper, well mixed layer 

similar to the "Fjord water layer" observed by Hansen and Knudsen (1995) in 

Scoresby Sund in East Greenland. Sedimentological data show stable conditions and 

that fine-grained sediments were dominant, with low quantities of sand. 

5.3.3.4 Interpretation of DAOO-05 Sub Zone 2d 

This sub-zone extends from 2.0 ka cal BP to the core top which ends at 1.3 ka cal BP. 

Conditions during this time are likely to have been similar to those occurring in sub- 

zone 2b. , There are decreased amounts of C. arctica and R. gracilis, which is 

complemented by an increase in the species associated with a dominantly warm 

WGC, i. e. A. glomerata and S. diflugiformis. Unlike sub-zone 2b however there is a 

shallow water associated species Textularia torquata, which is observed in small 

amounts in the Kangerssuneq fjord mouth modern assemblages. The dominance of A. 

glomerata and C. crassimargo is also seen in the present day surface assemblages in 

this area suggesting conditions similar to a relatively strong WGC. 
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Sediment density shows a steady gradual decrease to the core top indicating an 

increase in the quantity of pore water in the sediment. There is no significant change 

in the particle size data, but magnetic susceptibility is at its highest in the entire core 

in this sub-zone, indicating an influx of material which may be related to variations in 

local atmospheric conditions, e. g. an intensification of seaward wind stress. Increased 

winds and air temperatures may alter localised vegetation cover, and influence routes 

of sediment input to the fjord. 

Throughout Zone 2 it appears that the assemblage is recording a fluctuation between 

species indicative of the warmer more saline Atlantic water mass associated with a 

warm and strong WGC, and species which are tolerant of large variations in salinity 

and temperature. The salinity and temperature fluctuations identified by variations in 

the foraminiferal fauna may be related to changes in meltwater and sediment supply 

from local fjord and terrestrial sources, as well as local atmospheric conditions arising 

from the proximal location of DAOO-05 to the terrestrial environment. Dissolution 

processes operating on the calcareous foraminifera in the upper half of the core 

through Zone 2 limits interpretation relating to the Arctic water indicators. However 

the fluctuations seen through Zone 2 may also be tentatively linked to changes in the 

warm signal of the WGC. Hypothetically, a displacement of the IC component of the 

WGC to the south and west would allow a strengthening of the EGC branch, allowing 

the influx of relatively colder, lower salinity waters to the area. 

5.3.4 Summary interpretation of DAOO-05 

In summary, core DAOO-05 displays a faunal assemblage typical of relatively warm, 

saline Atlantic dominated water. The presence of a fully developed WGC system by 

the timescale covered in this core (around 6.7 ka cal BP) is supported by molluscan 

colonization patterns (Donner and Jungner, 1975; Funder and Weidick, 1991) as well 

as reinforcing foraminiferal, dinocyst and terrestrial data from coastal locations in 

West Greenland and Baffin Bay (e. g. Kelly, 1979 and 1985; Osterman and Nelson, 

1989, Feyling-Hanssen and Funder, 1990; Ingolfsson et al., 1990; Bennike et al., 

1994; Levac, 2001). In Zone 1, a mixed agglutinated and calcareous assemblage 

records the presence of a strong warm WGC, accompanied by a weak Arctic water 
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signal, similar to conditions interpreted by modem day surface assemblages (Lloyd in 

prep). In zone 2, calcareous fauna are subject to intensive dissolution processes, 

which will be discussed further in section 5.5. The remaining agglutinated 
foraminiferal assemblage suggests periods of stable WGC circulation, which were 
interrupted by changes in relative salinity and temperature perhaps arising from 

variations in meltwater supply or the separate components of the WGC. 

5.4.1 Introduction to DAOO-03 

The core site and high sedimentation rates of DAOO-03 in the deep trough in the outer 

part of Disko Bugt (see Fig 5.1 core location map) is well placed in the path of the 

flow of the West Greenland Current coming into Disko Bugt. This makes it suitable 
for investigation of high resolution changes in the strength of the WGC and its 

constituent water masses, as well as the interaction between the oceanographic regime 
in coastal West Greenland and the wider oceanography of Baffin Bay and the 

Labrador Sea. 

The distal location of Jakobshavns Isbrae and its possible overwhelming meltwater 
influence, suggest that changes in species assemblage will be directly related to 

changes in the WGC entering Disko Bugt. These changes are likely to be linked to 

variations in the strength of the two component water currents of the WGC. The core 

depth, 900m, was significantly greater than at the other sites, and this accounts for the 

absence of the shallower water loving A. glomerata. Where species counts are very 
low, agglutinated fauna tend to be the dominant species. Interpretation is based 

primarily on foraminiferal assemblages outlined in Chapter 4, with reference to 

modem assemblage and sedimentological data (Morros, unpublished data; Lloyd, in 

prep. and Lloyd et al., submitted). Individual assemblage data for indicator species is 

given in Figure 5.11, and summary of water mass changes reflected by these 

indicators is shown in Figure 5.12. 
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5.4.2 Interpretation of DAOO-03 Zone 1 

The duration of this zone extends from 3.2 ka cal BP at the base of the core to 2.3 ka 

cal BP. It consists of 3 subzones (a, b and c), which are zoned according to variations 

in agglutinated and calcareous species fluctuations outlined in Chapter 4. There arc 

large fluctuations between Arctic and Atlantic indicator species through the zone, as 

well as significant amounts of the widely tolerant C. aretica and R. gracilis. The 

zone is also characterized by relatively lower amounts of organic walled test linings. 

Arctic species dominance is greater at the bottom of the zone, and Atlantic species at 

the top. 

5.4.2.1 Interpretation of DAOO-03 Sub Zone la 

This sub-zone extends from the base of the core at 3.2 to 2.9 ka cal BP (Figure 5.11). 

It is characterised by relatively high levels of the Atlantic water mass indicator N. 

labradorica. Also significant are low frequencies of I. norcrossi, an indicator of 

warmer water mass conditions, together with a short lived episode of dominance by 

the species C. arctica and R. gracilis which are known to be tolerant to wide 

variations in temperature and salinity. Foraminiferal abundance fluctuates as the 

frequency of these latter taxa varies; perhaps reflecting stressed environmental 

conditions not suited to these Atlantic indicator species, which show preference for 

relatively warm and saline stable bottom water conditions. 

5.4.2.2 Nonionellina labradorica 

N. labradorica (frequently identified as Nonion labra(loricum, Feyling-Hansen, 

1990a, 1990b) is indicative of deeper, stable Atlantic sourced water masses in both 

East Greenland and eastern Arctic Canada. Despite being lower than the abundance 

expected at individual sites in these locations, somewhat conflictingly, this species 

has been described as an Arctic species by Scott et al. (1984) from its occurrence on 

the Labrador and Nova Scotian shelves and by Schafer and Cole (1982) from its 

occurrence on the continental slope and rise to the east of Newfoundland. 
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Figure 5.12: Summary of water mass changes reflected by indicator species representative of 
Arctic/Atlantic water masses in core DAOO-03. Data shown is sum of percentage of each indicator 

species. Arctic species: S. fcei'lingi, C. reniforme, E. excavation, S. hi%rrnis, B p"$('udopunctutu. " 
Atlantic species: 1. norcrossi, C. crassimargo, N. labradorica. G. inuequalis (S. (1r/lugi%rmi. c & 

C. teretis data also included, although not shown in individual species figure). Radiocarbon 
dates shown in red (cal yrs BP). Foraminiferal zones in green. 
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Jennings and Helgadottir (1994) reported that N. labradorica is not common in east 
Greenland fjords, which tend to be dominated by Atlantic waters, and neither is it 

dominant in sediments from the deeper parts of the Arctic Ocean (Scott and Vilks, 

1991). 

The characterisation of N. labradorica as an Arctic species by Scott et al. (1984) and 
Schafer and Cole (1982) is misleading. Its occurrence at these locations off the 

eastern Canadian shelves is more likely related to water depth, as N. labradorica is 

not common in shallower waters (Jennings and Helgadottir, 1994). It is likely that 

Scott et al. (1984) have not made the distinction between the different water mass 

components of the Labrador Current identified by Vilks (1964,1969) and Vilks and 
Deonarine (1988). This is further emphasised by the work of Hald and Korsun (1997) 

who found that in fjords in Svalbard, N. labradorica was related to "Transformed 

Atlantic Water" which was characterised by being relatively warm and saline, and 

occupied the deeper and outer parts of the fjords. These parts of the fjords are less 

affected by seasonal variation in water mass characteristics. N. labradorica has also 
been found to be dominant in the present day, relatively warm and saline offshore and 

shelf slope waters of the Labrador Current by Vilks and Deonarine (1988), and related 

to the deeper and more saline waters of the Marginal Channel in the shelf sediments 

of north-eastern Canada by Mudie et al. (1984). 

Jennings et al. (2001) characterised N. labradorica as being representative of 

postglacial conditions with an increase in productivity, and could be related to an 
influx of denser saline Labrador Sea waters into Eastern Basin in Hudson Bay. This 

species is also known to be highly sensitive to food supply (Polyak and Mikhailov, 

1996). Duplessy et al. (2001) found that higher primary production leading to 

increased food supply allowed N. labradorica to flourish during the Holocene thermal 

optimum in the Barents Sea after 6 ka cal BP. Sedimentological data (5.13) shows 

very low concentrations of particles in the sand sized fraction, <2%, at the base of the 

core and sub-zone, decreasing further to <1%, indicating dominance of fine grained 

sediments which is likely to be due to the ice-distal location of DAOO-03 in relation to 

the suspended meltwater sediment from Jakobshavns Isfjord. Based on this 

information, N. labradorica is used as an indicator species for the relatively warm and 

saline WGC in this thesis. 
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Figure 5.13 Sedimentological analyses from core DAOO-03, produced from data from Morros (in Lloyd 
et at., submitted). A: Particle size data for sediment fraction >63 microns (sand size fraction) 

B: Magnetic Susceptibility (7�). Radiocarbon dates are shown 
in red and are given in cal yrs BP. Foraminiferal zones are shown in green. 
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5.4.2.3 Interpretation of DAOO-03 Sub Zone lb 

This subzone (2.9 to 2.6 ka cal BP) is typified by a significant rise in the opportunistic 

species S. feylingi and B. pseudopunctata. Also important is an increase in C. 

reniforme which is associated with lower salinity and colder water conditions, and a 

corresponding decrease in C. arctica and R. gracilis. These changes indicate that in 

this environment these species may be in competition under short-lived periods of 

colder, lower salinity, marginal conditions. The abundance of I. norcrossi remains 
low, and although individual occurrences of N. labradorica are high, the presence of 

this species and of another Atlantic indicator species (C. crassimargo), is seen to 

fluctuate. Foraminiferal test linings in this zone are low, as they are in the preceding 

sub-zone, indicating that dissolution is unlikely to be controlling the appearance off. 

norcrossi in the record. 

In total, Arctic species indicators dominate this sub-zone by up to 75% (Figure 5.12), 

but at the same time the abundance of Atlantic species shows a high degree of 

fluctuation, and occasionally reaching high levels of dominance of up to 75%. This 

may suggest that there are high frequency short-lived fluctuations between the 

"warm" and "cold" components of the West Greenland Current, or that when the 

Arctic associated species are dominant, there is a degree of weakening or dilution of 

the warm IC component of the WGC. 

Sedimentological data reflect the sub-zonal foraminiferal changes, with increases in 

both the magnetic susceptibility record and particle size data, although the wt %>63 

microns is still less than 5%. These changes in core sedimentology and foraminiferal 

assemblage could also be related to periods of particularly enhanced seasonal 

meltwater production from Jakobshavns Isbrae. An increase in the mixed, colder and 

more diluted, water mass created by summer melting and mixing with the bottom 

water masses would also account for changes in the faunal assemblages. However, 

the greater water depth at this core site, and the distance from Jakobshavns Isbrae 

makes this unlikely. The changes in the assemblages are more likely to be related to 

variations in the strengths of the components of the West Greenland Current. 
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5.4.2.4 Interpretation of DAOO-03 Sub Zone lc 

This sub-zone (2.6-2.3 ka cal BP) is characterised by a decline in the number of Arctic 

associated species, and an increase in the Atlantic associated C crassimargo. There 

is a dominance of C. arctica and R. gracilis, which, when considered with the very 
low levels of foraminifera, and increasing foraminiferal test linings towards the top of 

the zone, suggests that conditions were highly unstable, fluctuating considerably, and 

therefore favouring these more tolerant and/or opportunistic species. There is no 

significant change in the sedimentological record for this sub-zone and overall it 

appears that this sub-zone represents a period of intensification of the trends seen in 

sub-zone 1 a. 

In summary, Zone 1 spans a period of approximately 1000 years, during which 

species characteristic of Arctic and Atlantic water mass characteristics fluctuate. Low 

periods of foraminiferal abundance do not favour the presence of indicator species of 

either group, and there is a high degree of variance between periods of dominance of 

one group over another. There is also variation between these periods of dominance, 

and periods of low foraminiferal abundance. These may be related to one of the 

following: 

a) stable conditions with Atlantic sourced foraminifera representing strong WGC 

b) stable conditions with relatively more Arctic foraminifera showing the 

influence of the stronger EGC component of the WGC 

c) unstable, fluctuating conditions giving rise to opportunistic/widely tolerant 

species, common between periods of change between a) and b) 

The relatively high sedimentation rate may also account for the generally lower 

foraminiferal abundances in the core. 

5.4.3 Interpretation of DAOO-03 Zone 2 

Zone 2 (2.3-1.7 ka cal BP) is characterised by a significant dominance of calcareous 

species, and higher foraminiferal abundance compared to Zones I and 3. Arctic 
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indicator species are low, with only minor amounts of C reniforme and S. feylingi 

increasing towards the top. The calcareous species I. norcrossi and N. labradorica 

associated with the relatively warmer more saline Atlantic sourced waters dominate, 

with abundances between 20% and 60%. The amount of organic-walled test linings 

remains relatively constant, indicating that, despite a degree of dissolution, 

abundances are still high enough to record a water mass signal. Particle size data 

show low amounts of sand, and magnetic susceptibility gradually increasing towards 

the top of the zone. Overall, abundances of Atlantic-sourced water indicator species 

are high, but decrease towards the top of the zone. This suggests a generally stable 

period of around 1500 years where a strong WGC is influencing this outer location in 

Disko Bugt. 

5.4.4 Interpretation of DAOO-03 Zone 3 

Zone 3 sees a return to the fluctuating pattern between periods of high Atlantic and 

Arctic species. Amounts of the sand size fraction in the sediments remains relatively 

unchanged from previous zones, but magnetic susceptibility increases towards the 

core top. In general the assemblages are dominated by N. labradorica. This Zone is 

again broken down into sub-zones (a, b and c) due to variations in the species 

assemblage. 

5.4.4.1 Interpretation of DAOO-03 Sub Zone 3a 

Sub Zone 3a, (1.7-1.5 ka cal BP) is characterised by very low foraminiferal 

abundances and a subsequent dominance by the ecologically insensitive C. arctica 

and R. gracilis. The significant Atlantic indicators present are C. crassirnargo and N. 

labradorica with low amounts of I. norcrossi. This assemblage indicates the presence 

of a warm WGC, but the lowered overall abundances and relative abundance of C. 

arctica and R. gracilis suggests some instability in conditions with perhaps a dilution 

of the relatively warm more saline water. However, this is not enough to lead to an 

increase in Arctic fauna. 
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5.4.4.2 Interpretation of DAOO-03 Sub Zone 3b 

This sub-zone continues the above trend in a similar way from 1.5 to 1.0 ka cal BP. 

An increase in I. norcrossi and N. labradorica leads to an overall relative increase in 

total Atlantic indicator species. This suggests an increasing stability in the water 

masses reaching the area, and is supported by higher foraminiferal abundances and 
lower amounts of C. arctica and R. gracilis. Sedimentological data show little 

deviations from the patterns previously established. Interestingly, this sub-zone is 

also characterized by the highest levels of foraminiferal test linings seen in the core, 
but there appears to be no relationship between this and the degree of preservation 

seen in the calcareous tests counted, as specimens were extremely robust. A small 
bloom of S. feylingi (usually associated with colder low salinity water, or reduced 
food supply or higher anoxic bottom water conditions) can be seen at the bottom of 
the sub-zone at around 1.4 ka cal BP, and demonstrates that changes in environmental 

conditions in the water masses can operate on very short timescales. 

5.4.4.3 Interpretation of DAOO-03 Sub Zone 3c 

The final sub-zone in core DAOO-03 extends from 1.0 ka cal BP to the core top, which 
is estimated around 0.5 ka cal BP. Amounts of both Atlantic and Arctic indicator 

species fluctuate considerably. At the base of the sub-zone, the calcareous species 

associated with relatively warmer more saline Atlantic sourced water masses are 

absent, with only agglutinated species, typically C. arctica and R. gracilis present. It 

is important to emphasize here however, that at this point in the zone the species 

abundances are extremely low, less than 50 per sample, and that the overall trend in 

the zone is for higher abundances, with a considerable dominance of N. labradorica, 

which is associated with a warm stable WGC. 

The fluctuations seen in previous sub-zones are absent. The abundance of N. 

labradorica causes a reduction in all the other species, including I. Norcrossi, which 
decreases in this zone and is no longer present at all by the core top. A further small 
bloom of S. feylingi appears at around 0.7 ka cal BP. The sub-zone is further typified 
by the lack of test linings, and a weak presence of Arctic water associated species. 
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This stable period of N. labradorica dominance, and decline of Arctic species may be 

evidence for a weak Medieval Warm Period (MWP) between 1.0 and 0.7 ka cat BP, 

which is ended abruptly after 0.7 ka cal BP by the spike in S. feylingi. This may 

represent the onset of distinct Little Ice Age (LIA) conditions, and although Arctic 

species do not remain high after this, it can be seen that there is a gradual cooling as 

there is a decline in the warmer-loving Atlantic water associated fauna to the core top. 

At the same time there is an increase in the lower salinity and temperature tolerant C. 

arctica and R. gracilis, and a slight increase in the Arctic associated S. blformis. 

These possible scenarios will be discussed in Chapter 6. 

5.4.5 Summary interpretation of DAOO-03 

In summary, DAOO-03 presents detailed information about palaeoenvironmental 

conditions during the last 3ka of the Holocene in the outer part of Disko Bugt. A 

fluctuating assemblage through Zone 1 from 3.2 to 2.3 ka cal BP, indicates the 

presence of a warm West Greenland Current which is periodically either diluted by 

varying amounts of meltwater from Jakobshavns Isfjord, or due to changes in the 

relative dominance of the IC and EGC contributions to the WGC. There is no 

evidence for phases of specific Arctic water incursion, and this relates well to 

evidence for warm WGC at this time (Donner and Jungner, 1975; Funder and 

Weidick, 1990; Levac, 2001; Osterman and Nelson, 1989). 

Zone 2 (2.3-1.7 ka cal BP) indicates an increasing degree of stability of the water 

masses entering the outer Disko Bugt area, with a distinct lack of agglutinated 
foraminifera. 

Zone 3 (1.7 ka cal BP) sees a return to more variable conditions, with a possible 

perturbation of the warmth of the WGC by seasonal changes in the amount of well- 

mixed lower temperature and salinity water derived from meltwater input from the 
distal Jakobshavns Isfjord or increases in the EGC contribution to the WGC. There is 

some evidence that the high-resolution record from DAOO-03 is recording a 

palaeoceanographic signal of late Holocene events such as the Medieval Warm Period 

(MWP) and the Little Ice Age (LIA). 
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5.5. Faunal preservation and interpretation of dissolution processes 

Dissolution, resulting in poor preservation of calcareous tests is well documented in 

high latitude regions (Asku, 1983; Hald and Steinsund, 1992; Jennings and 

Helgadottir, 1994), and is often represented in palaeoenvironmcntal studies by the 

presence of, or increase in, the organic-walled test linings, and a reduction or even 

absence of calcareous fauna in an assemblage. Figure 5.14 illustrates the effect of 

dissolution on calcareous tests. 

1-igurc J. 14: lust ýIýhuSitiuuaI diss(IuUun of tier Cak: airuus lm aiuiuilrta I, ipiiI(Iiuitr ('. U(aval riu front 
DA00-06. 

Calcareous dissolution is usually associated with dense, cold, low salinity Arctic 

bottom waters. These water masses are enriched with CO-,, as lower temperatures 

increase the solubility of CO2 and create a depletion in the carbonate ion 

concentration. This means that the threshold of calcium carbonate is below that 

required by calcareous forms to precipitate their tests. At the same time, lower salinity 

environments have a decreased calcium ion concentration and carbonate alkalinity 

(Greiner, 1974). This means therefore, that the overlying water mass greatly 

influences the distribution of agglutinated and calcareous benthic species. Low values 

of calcium carbonate are often found corresponding to low ratios of 

calcareous/agglutinated foraminifera, planktic/benthic foraminifera, high ratios of 
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living/dead foraminifera, corroded calcareous foraminifera, and high numbers of 

exposed organic linings of foraminifera (Steinsund and Hald, 1994). 

This type of dissolution process is so well defined in fjords of East Greenland that it 

allowed Jennings and Weiner (1996) to construct a dissolution gradient for modem 

benthic assemblages which describes change from Polar (or Arctic) Waters at one end 

of the gradient with approx. 100% calcium carbonate dissolution, and at the other end 

of the gradient, Atlantic Intermediate Water with around 90% calcium carbonate 

preservation and a subsequent dominance of agglutinated species. They infer that 

Polar Water is indicative of naturally lower productivity. 

Early workers (Marlowe and Vilks, 1963; Phleger, 1952; Vilks, 1964) in the Canadian 

Archipelago drew attention to local variations in the abundance of benthic 

foraminifera. In the western area, agglutinated species are dominant, whilst 

calcareous forms dominate in the eastern Archipelago. These distinctions were 

attributed by Vilks (1964) to the presence of two distinct water masses. A surface 

layer descending to around 200 m composed of low salinity and low temperature 

water of Arctic origin overlay a water mass of warmer, more saline water of Atlantic 

origin. The agglutinated species dominated in water depths shallower than the 200 m 

interface, typically in environments with restricted water turbidity and circulation and 

phytoplankton activity (Vilks, 1969). At sites in the same area, Hunt and Corliss' 

(1993) data suggest that calcareous foraminiferal distribution is likely to be controlled 

to a large extent by the availability of Atlantic sourced water. 

Contrary to this well-established and relatively widespread phenomenon in the high 

latitudes, the dissolution trend in this study appears to be reversed. The dominance of 

Arctic sourced waters in the early part of core DAOO-06 in Zone 1 reveals high levels 

of calcareous preservation, and no organic test linings, a fundamental source of 

evidence for periods of calcium carbonate dissolution. Preservation is clearly at its 

poorest during periods dominated by warm WGC waters, derived from Atlantic 

sources i. e. the Irminger Current. Andrews et al., (1991) intriguingly reported that 

agglutinated foraminiferal dominated the stratigraphic record of the past 7-5 ka on the 

outer parts of the Baffin Shelf. Although the inner shelf areas would at this time have 

been overwhelmingly under the influence of the colder low salinity Labrador Current, 
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the outer parts of the shelf may have come into contact with the remnant WGC that 

would still be present on the eastern Canadian coastal area, and well"establislhed at 

this time on the West Greenland coast (Donner and Jungner, 1975; Funder and 

Weidick, 1991; Lloyd et al., submitted). 

Various authors have associated this agglutinated dominance with increased 

postglacial carbonate dissolution (e. g. Osterman and Nelson, 1989), likely due to the 

activity of the Labrador Current, but interpretations are somewhat vague. While de 

Vernal et al,. (1992) found evidence that Arctic derived bottom waters resulted in a 

degree of calcium carbonate dissolution in the Davis Strait; they also found evidence 

for dissolution in relation to Atlantic sourced water masses like the pattern found in 

Disko Bugt. These authors associate greater productivity to the Atlantic sourced 

water, which creates an increased carbon flux allowing organic matter to oxidise in 

sediments. The products of oxidation of organic material include C02, and increased 

dissolved CO2 would encourage calcium carbonate dissolution. 

This scenario of increased productivity relating to Atlantic water flux leading to 

oxidation of organic material fits well with the pattern found in Disko Bugt during 

times of enhanced or strong WGC flux to the area. During the periods when the bay 

was dominated by cold low salinity water and preservation of calcareous test was very 

high, large amounts of meltwater from Jakobshavns Isbrae (with a correspondingly 

low C02 content) may have been available in the form of meltwater. Arctic waters in 

comparison are poorly oxygenated, and have a much higher dissolved CO2 content. 

These scenarios may well explain the unusual reversed dissolution effect 

demonstrated in core DAOO-06. 

The dissolution scenario in DAOO-05 also deviates from the generally accepted 

pattern, and this is likely to be related to the shallow fjord mouth setting. Here the 

environment and oceanography seems to be conducive to calcareous dissolution 

taking place but for different reasons. The palaeo-setting of the core site at the mouth 

of a relatively shallow fjord, at a distal location from direct ice/meltwater input is very 

different from the ice proximal setting of DAOO-06. In the lower half of the core in 

Zone 1, the assemblages indicate the presence of relatively warm saline Atlantic 

sourced water. As in core DAOO-06, there is a degree of dissolution at this time, 
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which has been related to the WGC water, and is evidenced from the fluctuations in 

foraminiferal test linings, and the changes in agglutinated and calcareous abundances. 

However, it is suggested here that these changes and short lived dissolution events are 

related to changing hydrographic conditions in the fjord, rather than activity of the 

WGC, perhaps due to extended sea ice cover, allowing stratification of the water 

masses to take place. 

This stratification scenario increases intensely from the start of Zone 2, which 

coincides with the onset of Neoglacial conditions in this area (Weidick et al, 1990). 

The high degree of stratification creates the severe dissolution effect, perhaps by a 

shallowing of the lysocline. During these processes in this period from c. 4 ka cal BP 

onwards, evidence of fluctuations in the strength of the WGC, or changes in the 

meltwater flux to produce faunal changes in the agglutinated species can still be seen. 

5.6.1 Introduction to stable isotope interpretations 

Stable isotope measurements made on benthic foraminiferal tests have been obtained 

for cores DAOO-06 and DAOO-03. The 6180 and S13C records reveal information 

about prevailing palaeoceanographic conditions in addition to the foraminiferal 

assemblage interpretations. As a consequence of dissolution processes operating in 

DAOO-06 the record is not comprehensive of the entire core, and due to the greatly 

different sedimentation rates between Zones 1 and 2, and Zone 3, the sampling 

resolution is poor through Zone 3. However, inferences relating to bottom water 

conditions can be made and compared to the assemblage interpretations. Composite 

isotope values are used in DAOO-06, and in DAOO-03 the single isotope values from 

N. labradorica are discussed. 

5.6.2 Stable isotope interpretations DAOO-06 

The individual species records of oxygen and carbon isotope variations presented in 

Chapter 4 show generally good interspecies trend agreement. In this section, 

`stacked' records of isotope measurements made on the species C. renfforme, I. 
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norcrossi and N. labradorica are presented which provides composite values (Figure 
5.15). Composite values are given in Appendix 7. The stacking is based upon a 
simple arithmetic mean of data from the three species, which are shown in Chapter 4 
Figure 4.7 p95. This creates a smoother curve reducing possible errors arising from 

measurement processes, marginal test numbers or poor test preservation. 
Interpretations are based upon the stratigraphically-constrained foraminiferal zone 
boundaries that have been discussed previously. Due to the vastly changing 
sedimentation rate, the sampling resolution in Zone 3 is too poor to make any firm 
interpretations, and discussion is therefore limited to Zones 1 and 2, which covers the 
time period 8.4-7.8 ka cal BP. It is not possible to determine the degree of isotopic 

disequilibrium of any of the three species used as data regarding 5180 seawater 
variations is unavailable, and changes in isotope values are therefore discussed both 

relatively and qualitatively. The three species used are all infaunal, and it must be 

noted that changes in the 5180 values may also be affected by conditions in the 
interstitial pore water as well as being directly related to the overlying water masses. 

Significant variations can be seen in the both the 5180 record and 613C record of 
DAOO-06 (figure 5.15). In Zone 1 (8.4-7.9 ka cal BP), 5180 values are relatively light 

(around 1.75%o) at the start of the zone, indicating that there is significant meltwater 
input. This decline to lower values perhaps signifies a halt in meltwater production 
from Jakobshavns Isbrae. A similar but more muted trend can be seen in the carbon 

record at this point, c. 8.3 ka cal BP, there is a peak in both records. This is followed 

by heavier values in the oxygen record, signifying a vast reduction in meltwater 

production in Disko Bugt. This may be related to stagnation of the ice stream as it 

reaches a topographic pinning point, or a response to changes in precipitation or 

cooling of atmospheric temperature. Carbon values are also heavier, although the 
decrease is not as pronounced. Heavy values continue until c. 8.1 ka cal BP, when 
there is a large light spike in both the isotope records, although the carbon record 

seems to be recording a change in conditions prior to the oxygen spike. The 5 8O 

values fall as low as 1.5%o, and 513C values are typically around -3.0%o. 

Further amounts of meltwater flux from Jakobshavns Isbrae can be interpreted from 

the 5180 record following the extreme light peak, at the end of Zone 1 and moving 
into Zone 2. 
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Figure 5.15: `Stacked' isotope records (oxygen and carbon) for core DAOO-06. Values are based on a 
simple arithmetic mean from 3 species presented earlier in Chapter 4. Zone boundaries are based on 
cluster analysis performed on foraminiferal assemblages from the core. A smoothed curve has been 

used between the data points. 
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The 813C record also shows a relatively prolonged period of light values (around - 
2.0%o) during 8.10-7.95 ka cal BP. This can also be related to the input of terrestrially 
light carbon due to meltwater flux. 

Throughout Zone 2, from 7.95 ka cal BP, there is a significant decrease to heavy 

values in both isotope records, reaching the heaviest values of around 3.5%o for &80 

and -1.0%o for 513C at c. 7.9 ka cal BP. This may suggest that meltwater production 
has declined due to a significant decrease in atmospheric temperatures and stagnation 
of the ice front during a stabilisation period. It is more likely however, that the 

prolonged light period prior to this was reflecting the retreat of Jakobshavns Isbrae 

through massive calving and meltwater flux, which allowed destabilisation of the ice 

stream, and a rapid retreat to a more distal location behind the sill at the mouth of 
Jakobshavns Isfjord. The signal of heavier isotope value in both the 5180 and 813 C 

records indicate that the ice position is more distal, and the isotope ratios from the 
benthic foraminiferal are reflecting isotopic composition of the WGC as the reduction 
in meltwater allows penetration of the eastern part of the bay. 

Despite using a `stacked' isotope record from three benthic species, and the unknown 

consequences of species vital effects, which may have muted the resolution of the 

record, the isotopes clearly show changes in the isotopic composition of the 

foraminifera, which can be related to water mass changes. The periods of lighter 

values can be linked to meltwater production from Jakobshavns Isbrae, and periods of 
heavier values to times of stagnation, or post-retreat. The relationship of these 

changes in the 5180 record with core foraminiferal assemblages, and possible driving 

mechanisms for these changes are discussed in Chapter 6. 

5.6.3 Stable isotope interpretations DAOO-03 

The stable isotope records of variations in &80 and 6'3C from DAOO-03 spans the last 

3 ka, and provides a high-resolution record of changes in water mass conditions, and 

productivity in the western part of Disko Bugt. These records are shown in Figure 

5.16 together with the relative % abundance of N. labradorica which is often an 
indicator of productivity. This core site location is at a water depth of 750 m, and its 
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significant distance from Jakobshavns Isbrae increases the possibility that changes in 

the isotopic ratios of the foraminifera are likely to be recording oceanographic 

changes on a wider scale. Lighter 813C values in benthic foraminifera may relate to 

increases in surface productivity with the influx or increase in proportion of warmer 

more saline Atlantic waters. 

The 5180 record for DAOO-03 indicates relatively stable bottom water mass conditions 
for the duration of the core record. Values are typically around 3%o, which are similar 

to the values for DAOO-06 following the retreat of Jakobshavns Isbrae from 

Isfjeldsbanken. Zone 2 is characterised by an extremely light excursion from the 

record at 2.1 ka cal BP. This indicates either a distinctive increase in meltwater flux 

from Jakobshavns Isbrae, which creates a lighter signal when mixed with the WGC to 

give the Disko Bugt water mass, or suggests a greater component of EGC sourced 

water in the WGC. The latter scenario is more likely, as the core site water depth is 

too great, and location from the Jakobshavns meltwater source too distal for the mixed 

layer to descend. Ice core records (GISP2) indicate a peak of warmth at c. 2 ka, and 

this may be responsible for a rapid increase in meltwater flux from the Arctic, which 
is translated to a greater EGC component of colder, less saline water in the WGC. 

This would also account for the enhanced 6'3C depletion seen following the light 

spike and high abundances of N. labradorica, as this is indicative of enhanced 

nutrient concentrations and productivity which would arise from greater meltwater 

input of isotopically lighter carbon. 

It is important to note that as N. labradorica is also used as an Atlantic water/warmer 
WGC indicator, that a similar effect, in terms of increases in its abundance, may be 

seen with a greater proportion of Irminger Current sourced water in the WGC. This 

situation, where different factors contrive to produce a similar end effect is know as 

equifinality, and it is likely that in Disko Bugt, the location of the cores, water depth 

and post-depositional preservation factors may well impact upon the "response" that 

can be seen in the indicator species. In general, abundances of N. labradorica are well 

correlated with periods of enhanced 813C depletion. Disparity between the 8'3C 

record and the 8180 record may well be a function of differential depth or 

microhabitat effects of the foraminifera, as well as changing carbonate ion 
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concentration or vital effects, which are poorly known for benthic species, and natural 

conditions (Rohling and Cooke, 1999). 
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Figure 5.16: Core DAOO-03 isotope interpretations and foraminiferal productivity indicator species. N. 
labradorica relative %, abundances; Oxygen isotope record; carbon isotope record, all plotted with age 

(cal yr BP). Zone boundaries are based on cluster analysis performed on foraminiferal assemblages 
from the core. A smoothed curve has been used between the data points. 

In summary, the stable isotope records from DAOO-06 and DA00-03 show relative 

changes in bottom water mass conditions. In DAOO-06, the isotopic response is 
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directly related to the meltwater flux from Jakobshavns Isbrae, which influences the 

isotopic concentration of the Disko Bugt mixed water layer. In DAOO-03 the situation 
is less clear, with generally stable &80 ratios, and a more mixed carbon signal. A 

lighter peak in 6180 may well be correlated with a brief increase in warmth in global 

temperatures, following the most severe part of the Neoglacial. This will be examined 
further in Chapter 6. 

5.7 Chapter summary 

This chapter has discussed interpretations of proxy records of palaeoenvironmental 

change in three piston cores in Disko Bugt West Greenland. Comparisons have been 

made between the ice proximal core of DAOO-06 and contemporaneous research using 

a gravity core and sedimentological data. This has revealed that the foraminiferal and 
isotopic response to the likely meltwater flux indicating final retreat of Jakobshavns 

Isbrae, is a considerable increase in proximal glaciomarine indicators, and lighter 8180 

ratios, which was to be expected. 

DAOO-03 appears to be recording variations in the warmth and strength of the stable 

WGC in an outer bay location. Fluctuations in the species assemblages are likely to 

be related to the strengths of the different current components of the WGC rather than 

influence from Jakobshavns Isbrae due to the distal location and water depth. There is 

some evidence that the core assemblages are recording changes relating to late- 

Holocene climatic events such as the Medieval Warm Period (MWP) and descent to 

the Little Ice Age. 

DAOO-05 assemblages record Holocene oceanographic responses indicative of a 

shallow fjord setting, with likely variations in the mixed water layer. Considerable 

dissolution processes appear to be operating in both DAOO-05 and DA00-06, but the 

conditions creating these scenarios are likely to be very different and relate to water 
depth and core location. This again raises the possibility of equifinality: that different 

operating processes or driving mechanisms can lead to the same signal being present 
in a palaeoenvironmental proxy record. 
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Chapter 6: Late Quaternary palaeoceanography in West Greenland 

6.1 Introduction 

This chapter discusses the deglacial history of Disko Bugt in West Greenland, and 

evaluates the relationship between the retreat of Jakobshavns Isbrae from Disko Bugt 

and post-glacial water mass circulation. A high resolution record of mid to late- 

Holocene palaeoceanography is developed, and driving mechanisms for change in the 

palaeoceanographic history of Disko Bugt are evaluated in the context of existing 

palaeoenvironmental records on a range of temporal and spatial scales. 

6.2.1 Deglacial chronology of Jakobshavns Isbrae ice stream within Disko Bugt 

The deglaciation chronology of Disko Bugt is clearly represented in the 

palaeoeceanographic record of core DAOO-06. A short gravity (PORI8) core to the 

west of core site DAOO-06 is used to provide further evidence of the retreat of 

Jakobshavns Isbrae (Figure 6.1), as this core record has a longer timespan (Lloyd et 

al., submitted). Figure 6.2 shows the foraminiferal assemblage data from core 

POR 18. 
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Figure 6.1: Core location map showing piston cores DAOO-03 to DAOO-06 (blue dots), and the 
short gravity core POR18 (marked with a red dot) site located west of DAOO-06 in front of 

Jakobshavns Isbrae. 
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6.2.2 Comparisons between DAOO-06 and POR18 

Both DAOO-06 and POR18 show similar trends in faunal and sedimentological 

characteristics: 

"A lowermost zone dominated by cold Arctic foraminifera, rare at the 

present day in Disko Bugt with relatively low coarse sediment content; 

"a middle transitional zone with a mixture of arctic and sub- 

arctic/Atlantic water foraminifera still with relatively low content of 

coarse grained material; then 

" an upper zone dominated by sub-arctic/Atlantic water fauna with 

significant increase in sand fraction and large clasts up to several 

centimetres in diameter (IRD). This clearly relates to the deglaciation 

chronology of Disko Bugt and, more specifically, to the retreat of the 

Jakobshavns Isbrae ice stream and incursion of warmer WGC waters 
into Disko Bugt. 

As has been previously established, DAOO-06 contains a very high resolution record 

of Holocene palaeoeceanographic change. PORI 8 has slightly lower resolution, but a 

longer duration of record. Using these two cores, it is possible to track deglaciation 

and the influx of WGC across eastern Disko Bugt. 

The chronology for POR18 provides the first direct evidence from offshore, near 

central Disko Bugt for deglaciation of the main area of the bay giving a limiting date 

of 9.82 - 10.31 ka cal BP. PORI8 was recovered from the margins of one of the two 

deep water channels crossing Disko Bugt interpreted by Long and Roberts (2003), as 

the route-way for the ice stream. The basal date therefore provides a minimum date 

for the time of the retreat of the ice stream back towards Jakobshavns Isfjord. This 

date fits well with the minimum ages for deglaciation from terrestrial sites around the 

margins of Disko Bugt (Figure 6.3). 
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Figure 6.3: Minimum radiocarbon dates for terrestrial deglaciation (Long et a/., 2003) given in mean 
cal kyr BP. (Data are from Rasch, 1997 supplemented with data from Bennike, 2000; Long and 

Roberts 2002; Long et al., 1999,2003). 

Various hypotheses have been proposed for the nature of the deglaciation of Disko 

Bugt. Long and Roberts (2003), suggest initial deglaciation was relatively rapid, with 

no significant still stands until the shallower waters of the eastern bay were reached. 

This interpretation is based on dated organic accumulations in lake basins above the 

marine limit from the outer margins of Disko Bugt, and similar data from inner 

margins, as well as dates on marine molluscs from various locations. Several authors 

have suggested a more punctuated deglaciation. Weidick (1996) suggests the bedrock 

high between Aasiaat and Qeqertarsuaq acted as a pinning point during ice retreat, 

while Rasch (2000) suggests a still stand or readvance at approximately 11 ka cal BP 

based on changes in the marine limit near Aasiaat. The direct evidence from POR 18 

shows the Jakobshavns Isbrae ice stream had retreated at least to the east of the core 
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site by c. 10.2 ka cal BP, which does not rule out the Rasch still-stand prior to this. 

However, there is no evidence for a significant still stand or rcadvance within central 

or western Disko Bugt once initial deglaciation took place, supporting the Long and 
Roberts interpretation of rapid deglaciation, and the Rasch standstill is not ruled out 

either. 

After this initial rapid retreat the ice stream almost certainly paused for several 

thousand years between the POR18 core site and the Jakobshavns Isf)ord threshold 

(Isfjeldsbanken, a shallow ridge immediately south of Ilulissat blocking the fjord with 

a depth varying from 50 - 200m). From c. 10.2 - 9.2 ka cal BP the presence in 

POR18 of low numbers of I. norcrossi and R. turbinatus suggest some influence of 
WGC waters, however the fauna is dominated by cold glaciomarine species 

suggesting proximity to the calving/melting ice front. The initial deglaciation of 
Disko Bugt took place before a strong influx of WGC began. The high meltwater flux 

from the ice margin would have displaced the WGC westwards, in effect diluting its 

influence within Disko Bugt. The still-stand position of the ice stream until c. 9.2 ka 

cal BP may well be represented by a number of arcuate ridges which were identified 

during a high resolution `Chirp' seismic survey carried out in the 2000 Porsild 

fieldwork season at a location just west of DAOO-06 (Dix, unpublished data). 

After c. 9.2 ka cal BP (zone 2 in POR18) there is a gradual reduction of glaciomarine 

and cold water fauna (C. reniforme and E. excavatum f. clavata). The warmer 

indicating I. norcrossi is maintained and test linings become common reflecting an 
increase in the influence of the WGC in Disko Bugt. This warmer current influence is 

due, either to a strengthening of the WGC flow into Disko Bugt or to a reduction in 

the dilution effect of the meltwater flux from the Jakobshavns Isbrae ice stream due, 

in turn, to continued retreat of the calving margin. 

A third option is a combination of the two, a stronger WGC causing ice stream retreat. 
Present day conditions with a strong WGC influence were reached sometime after c. 
9.2 ka cal BP, early in zone 3. The data from POR18 show that the grounded ice 

stream had retreated to the east of the site by c. 10.2 ka cal BP, and remained 

relatively close until c. 9.2 ka cal BP, producing large quantities of meltwater and 

sediment to explain the Arctic water fauna and relatively high sedimentation rates. 
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After c. 9.2 ka cal BP the calving front retreated further eastwards and by at least c. 

8.3 ka cal BP was in a position to the east of DAOO-06, most likely grounded on 

Isfjeldsbanken at the mouth of Jakobshavns Isfjord. As DAOO-06 did not sample the 

full sedimentary sequence, the basal age is an underestimate of the date of retreat, 

indeed it seems likely that once the ice stream retreated from a position to the east of 

POR18 after c. 9.2 ka cal BP it retreated to Isfjeldsbanken very rapidly. This can be 

inferred from the slow sedimentation rate present in the lower two Zones of DAOO-06, 

implying that the ice was distal to this location. 

6.2.3 DAOO-06 summary of core changes 

A summary of the record of core changes in DAOO-06 is shown in Figure 6.5. Figure 

6.4 summarises the main features shown in zones 1 and 2 (defined by assemblage 

changes in Chapter 4). The ice stream must have been grounded close to DAOO-06 

during zone 1, from before c. 8.3 ka cal BP to approximately c. 7.9 ka cal BP. The 

calving ice stream must have been present to supply the large quantities of sediment 

(sedimentation rate of 13.8 mm/yr) and a significant meltwater flux to support the 

glaciomarine and Arctic water fauna during DAOO-06 Zone 1. The fauna from 

POR18 show the presence of the WGC in Disko Bugt at this time, so the ice stream 

meltwater must have been deflecting/diluting the influence of the WGC at the DAOO- 

06 core site. 

The low levels of IRD present during this period may relate to reduced melting of the 

calving icebergs due to the dominance of cold meltwater close to the calving front, 

periods of prolonged sea-ice cover, or due to dilution of the coarse IRD by the rapid 

fine grained sedimentation produced from the basal ice melt (13 mm/yr, over 20 times 

greater than the lower section of POR18). In DAOO-06, the overall decrease in 

Arctic/meltwater indicator species, and rise in Atlantic species related to the warm 

WGC, indicate the reduced influence of Jakobshavns Isbrae from c. 8.3 ka cal BP. 

Minor fluctuations in the amounts of Atlantic and Arctic water fauna from c. 8.3 to 

7.9 ka cal BP can be interpreted as a response to local meltwater flux from 

Jakobshavns Isbrae during this grounding period, and a possible response to the larger 

driving mechanism of changing global temperature. 
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Event (cal yr BP) Interpretation 

1 (8.25-8.10) 8.2 event. Heavy benthic 8"0 values suggesting cold 
conditions, with significantly reduced meltwater flux. The 
record shows a distinct double peak in heavy values, matched 
by peaks in Arctic species, and lowered amounts of Atlantic 
species. 

2 (8.08-8.04) Significant light meltwater spike in benthic 8`0 record. The 
meltwater spike is associated with a slight decrease in Arctic 

species and an increase in Atlantic species, indicating a degree 
of incursion by the WGC, possibly initiated by recovery of 
atmospheric temperature seen as a light spike in the GISP2 
record. 

3 (8.01-7.96) Lighter benthic 8"0 values indicate further significant 
meltwater flux. Low amounts of Atlantic species suggest 
volumes of meltwater have a considerable dilution effect or 
deflection of the warm WGC. Warming peaks in the ice core 
record suggest that increases in meltwater production are 
related to rising temperatures. 

4 (7.93-7.80) Heavier VO values indicate reduced meltwater flux and 
stable conditions. Rapic decline in Arctic species signal a 
rapid retreat of the ice stream from Isfjeldsbanken and 
increasing influence of a warm stable WGC. 

Figure 6.4: Summary table of palaeoenvironmental cnanges in UAUU-UO uurmg u1r 
deglaciation of Jakobshavns Isbrae. Numbered events relate to events depicted in Figure 6.4. 

6.2.4 Jakobshavns Isbrae: response to the "8.2" event 

The foraminiferal record from DAOO-06 indicates that the ice stream retreat halted for 

approximately 400 years, grounded on the Isfjeldbanken at the mouth of the Isfjord. 

The timing of this stagnation of retreat correlates with a spatially widespread cooling 

phenomenon. The high resolution nature of the palaeoeceanographic record from 

DAOO-06 allows a detailed examination of ice stream response to this early Holocene 

cold pulse, widely referred to as the "8.2 event", which is recorded in the oxygen 

isotope records from Greenland ice core proxies (Alley et al., 1997). This distinctive 

Holocene climatic event lasted approximately 200 years; between 8.3-8.1 ka cal BP 

(labelled on Figure 6.5) in the Greenland ice cores (Alley et al., 1997), and displayed 

half the amplitude of the Younger Dryas cold period (Fairbanks, 1990). 
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193 



Chapter 6: Late Quaternary palaeoccanography In I Vest Greenland 

It has been recorded at sites throughout the North Atlantic, North American and 

northwest European regions, as well as further afield in the mid-latitudes (e. g. Barber 

et al., 1999; Dean et al., 2002; Klitgaard-Kristensen et al., 1998; Ncsjc and Dahl, 

2001; Stager and Mayewski, 1997; von Grafenstein et al., 1998). This range of proxy 

records reveals a sudden, short-lived occurrence that variously recorded as a cold, dry 

or windy event. Central Greenland ice core temperature records reveal a sharp drop in 

temperature of between 4 and 8 °C, and there was synchronous decline at terrestrial 

and marine sites in the North Atlantic (Barber et al., 1999). 

The spatial similarities between the extent of this widespread cooling, and that of the 

Younger Dryas cold event, strongly suggest that perturbation of North Atlantic 

thermohaline circulation was a key factor in the abrupt transitions recorded. 

Disruption to the heat transfer mechanism from the warm Atlantic Ocean to the 

atmosphere is thought to have been caused by a large freshwater flux to the region 

following the final deglaciation of the Laurentide Ice Sheet (Andrews et al., 1999; 

Barber et al., 1999; von Grafenstein et al., 1998). It is further suggested that the 

freshwater source relates to a rapid discharge from glacial Lakes Agassiz and Ojibway, 

through Hudson Strait to the Labrador Sea, which had been dammed by a Laurentide 

ice sheet remnant (Barber et al., 1999). The effect of this catastrophic input was to 

cool and freshen surface waters, significantly altering ocean circulation, with wide 

reaching consequences. 

6.2.4.1 The pattern of Jakobshavns Isbrae's response 

The nature of the 8.2 event recorded in the GRIP core has previously been 

characterised by a 2-peak pattern (Alley et al., 1997), with 5 recognisable features (a- 

e). Nesje and Dahl (2001), also use these 5 recognisable features (but using GISP2) 

in their comparison of Norwegian lacustrine records. These features are well- 

reproduced in the foraminferal assemblage data, and the benthic 8180 record (Figure 

6.6). from Disko Bugt. 
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6.2.4.2 Part "a" in the 8.2 event 

At this point it is relatively warm in ice core, and a degree of meltwater flux is 

indicated by the benthic 5180 record. Although amounts of Atlantic species arc 

generally low, there is a marginal increase in their abundance at this point. Arctic/ice 

proximal species are relatively high, indicating the nearness of the calving front of the 

ice stream, however it can be seen that there is a minor decline in abundance. 

6.2.4.3 Part "b" in the 8.2 event 

The ice core record shows the first of a 2-peak reduction in 6180 values, indicating a 

significant cold period. Benthic S18O values are also consistent with a reduced 

meltwater flux, relating to a decline or stagnation of the rate of ice stream retreat. 

This indicates that Jakobshavns Isbrae, and the West Greenland Ice Sheet, is 

responding directly to a decline in atmospheric temperature. The extreme low of 

warm Atlantic indicator species, and high peak of Arctic species indicate that the 

West Greenland Current is either very weak, or it is not able to penetrate cast into the 

bay due to an increase in depth of the Disko Bugt mixed water layer. 

6.2.4.4 Part "c" in the 8.2 event 

A minor recovery can be seen in the GRIP record, and this temperature increase is 

likely to be the driving mechanism for an increase in meltwater flux from the ice 

stream, indicated by lighter 8180 values. Despite an obvious increase in mcltwater, 

the West Greenland Current signal is stronger, shown by a rise in Atlantic indicator 

species. This suggests that the WGC is vigorous enough to penetrate beneath the 

meltwater and mixed water layer. This could be due to an increase in the Irminger 

Current component of the WGC. On a larger scale, amounts of Arctic meltwater flux 

to the East Greenland Current would be generally decrease during this event, and this 

reduction in EGC component of the WGC could be responsible for the relative 

increase in warmth and salinity. 
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Figure 6.6: Diagram of the nature of the 8.2 event recorded in core DA00-06 in Disko Bugt. 5 
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6.2.4.5 Part "d" in the 8.2 event 

The second smaller peak in heavy 6180 values in the ice core record is again matched 
by heavier values in the benthic 5180 signal, with a corresponding increase in 

Arctic/meltwater indicator species, and decline in the Atlantic indicators. This 

suggests that the warmer and more saline Irminger Current component is weakened, 

allowing cold low salinity species to flourish. 

6.2.4.6 Part "e" in the 8.2 event 

A large meltwater flux is inferred from the benthic 3180 record, which was prompted 
by a significant rise in atmospheric temperatures. The foraminifcra also respond 
directly to this increase in warmth, with higher amounts of Atlantic species, and a 

significant decline in Arctic indicators. 

6.2.4.7 Interpretation of the 8.2 event in Disko Bugt 

From this comparison, it appears that during the 8.2 event, the meltwater flux of 

Jakobshavns Isbrae is responding to fluctuations in atmospheric temperature, with 

peak heavy 8180 values in the ice core being matched by peak heavy values in the 

benthic 8180 record. The foraminferal response is also directly correlated with 

changes in temperature derived from the GRIP ice core record. For features a-e, 
heavy 5180 values in the ice core create a warm signal in the foraminifcra. The 

abundance of Atlantic species increase and the Arctic fauna decline. This suggests 

that the WGC signal, and the meltwater flux from the ice stream, is responding 
directly to global atmospheric temperature changes. This relationship may seem 

surprising, as it could be expected that the proximity of the core site of DAOO-06 to 

the mouth of Jakobshavns Isfjord would be almost wholly dominated by 

Arctic/meltwater dominated species, which would drown out any signal of a warm 
WGC. 
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The benthic isotope signal and the foraminiferal assemblages continue to be closely 

correlated with the ice core record until c. 7.9 ka BP. By this time, rising global 

atmospheric temperatures have led to significant meltwater flux from Jakobshavns 

Isbrae. At 7.9 ka cal BP, temperatures reach a post-8.2 event maximum, and it is 

likely that this pattern was enough to destabilise the grounded ice stream from its 

position at Isfjeldsbanken, and initiate a rapid draw down of the Greenland Ice Sheet 

through the deep trough. 

Evidence for this comes from the dramatically reduced sedimentation rate and 

significant increase in sub-arctic/Atlantic water fauna over the transition from zone 2 

to zone 3 in DAOO-06 marking a major change in the oceanographic regime at the 

core site. The sedimentation rate is reduced by two orders of magnitude (13.8 mm/yr 
to 0.24 mm/yr), the large quantities of fine grained sediment produced by the basal 

meltwater are now trapped within the deep waters of Jakobshavns Isfjord east of 
Isfjeldsbanken. The retreat of the ice front would also reduce the influence of diluting 

meltwater leading to an increase in the influence of the WGC along the eastern 

margins of Disko Bugt identified in the foraminiferal fauna. 

6.2.5 Final retreat of Jakobshavns Isbrae 

The final retreat of the Jakobshavns Isbrae to the east of Isfjeldsbanken into the main 
Jakobshavns Isfjord took place soon after c. 7.9 ka cal BP. Supporting evidence for 

the timing of this final retreat into the main fjord comes from two sources, mollusc 
data from eastern Disko Bugt, and new lacustrine evidence from just south of 
Jakobshavns Isfjord. Donner and Jungner (1975) have dated the first appearance of 
boreal molluscs along the eastern and southern coastal margin of Disko Bugt. The 

oldest dates group around c. 7.5 ka cal BP (eg. Mytilus edulis 6790±160 14C BP, 

Macoma balthica 6680±160 14C BP, Mya truncata 7210±170 14C BP, Chlamys 

islandica 5930±130 14C BP, Zirphaca crispata 5040±140 14C BP). Once the ice 

stream had retreated inside the main fjord system the reduced meltwater flux allowed 

the WGC to penetrate the shallow waters and fjords of eastern Disko Bugt leading to 

colonisation of warmer water mollusc fauna. The second line of evidence comes from 
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Long et al. (in prep. ), through dating of the organic accumulation of lake sediments 

within the LGM limit of the Jakobshavns Isbrae ice stream just to the south of the 

main fjord. A date on organic accumulation of c. 7.9 ka cal BP dates the down draw 

of the icestream associated with its retreat into Jakobshavns Isfjord. 

6.2.6 ̀ Fjord Stade' moraine 

A prominent feature in the deglacial chronology of West Greenland is the `Fjord 

Stade' moraine. This is a series of moraines correlated over wide areas of West 

Greenland that are thought to represent a still stand/minor readvance at c. 9.3 ka cat 
BP related to either regional climate deterioration or a topographic control on ice 

sheet retreat (Ten Brink and Weidick, 1974; Warren and Hutton, 1990; Weidick, 

1968). Evidence for the `Fjord Stade' in Disko Bugt is limited to a moraine at 
Orpissooq in the southeast of the bay with an age estimated > c. 8.9 ka cal BP 

(Donner and Jungner, 1975; Weidick, 1972). Long and Roberts (2002) re-evaluated 

the age of the Orpissooq moraine to between c. 8.4 and 7.7 ka cal BP, about a 

thousand years younger than previously thought. 

The data from core DAOO-06, and POR18 suggests there was a still stand in the ice 

retreat across Disko Bugt in the shallower eastern margins of the bay. The dating 

resolution of DAOO-06 is not good enough to accurately date this event, but as 

previously discussed it is likely to have taken place between c. 10.2 and c. 9.2 ka cal 
BP (fauna from POR18 suggests close proximity of the grounded ice front). This 

evidence suggests the event described as the `Fjord Stade' further south in Greenland 

may correlate to a still stand in a position beyond the present day coastline. The 

moraine at Orpissooq may well represent a later event in the deglacial chronology of 
Disko Bugt. 
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6.3.1 The WGC in Disko Bugt during deglaciation 

There is evidence from a range of sources (eg. mollusc, dinocyst and foraminifera 

data) from coastal locations in West Greenland and Baffin Bay providing information 

on the initiation and strength of the relatively warm WGC after the last glacial 
(Donner and Jungner, 1975; Kelly, 1979 and 1985; Osterman and Nelson, 1989; 

Feyling-Hanssen and Funder, 1990; Ingolfsson et al., 1990; Fundcr and Wcidick, 

1991; Bennike et al., 1994; Levac, 2001). The earliest age for initiation of the WGC 

is 9.73 - 10.58 ka cal BP (Feyling-Hanssen and Funder, 1990), based on mollusc data 

from the Thule area of NW Greenland. This early initiation is supported by the influx 

of relatively warm water dinocysts indicating conditions similar to present in the 

North Water Polynya (northern Baffin Bay) by c. 9.8 ka cal BP (Levac et al. 2001). 

Evidence for this early initiation is rather limited further south, though there is a weak 

signal of WGC influence in Disko Bugt at this time (zone 1 in POR18). A stronger 
EGC component of the WGC displacing the IC component westwards might explain 

the limited evidence of warmer conditions in central West Greenland at this time. 

Funder and Weidick (1991) document a slightly later date based on the occurrence of 

a boreal assemblage of molluscs from a number of sites in central West Greenland 

(65°30'N to 68°30'N) indicating the presence of the WGC and oceanic conditions I- 

3°C warmer than present during the period 9.2 - 5.64 ka cal BP. This agrees with 

foraminiferal data from the Baffin Island continental shelf identifying influx of 

Atlantic waters from c. 9 ka cal BP (Osterman and Nelson, 1989) likely relating to a 

stronger WGC strengthening the anti-clockwise gyres in Davis Strait and Baffin Bay. 

This is supported by the evidence from POR18 suggesting an increase in the influence 

of the WGC in Disko Bugt at this time, and perhaps even encouraging retreat of the 

Jakobshavns Isbrae ice stream through increased basal melting. 

There was clearly a delay in the influx of WGC into eastern part of Disko Bugt after 
its initiation along the west coast of Greenland from c. 9.2 ka cat BP. As previously 
discussed the colonisation of a large number of boreal molluscs dated to c. 7.5 ka cal 
BP by Donner and Jungner (1975) suggests the delay was due to the meltwater flux 

produced by the Jakobshavns Isbrae ice stream. It was only once the ice stream had 
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retreated inside the present day fjord that the WGC could reach the present coastal 

areas and fjords of eastern Disko Bugt, and the atmospheric temperature variations 

during the 8.2 event could be recorded in the foraminiferal assemblages. The date for 

this retreat from DAOO-06, c. 7.8 ka cal BP, is close to the date for colonisation of 

boreal molluscs of c. 7.5 ka cal BP. 

6.3.2 Larger scale links to the inception of WGC 

At a larger regional scale, Rahman and de Vernal (1994) reported that the 

northeastern Labrador Sea remained cold until 840014C BP corresponding to c. 9.4 ka 

cal BP. They suggest establishment of a stronger WGC immediately after this time, 

which is in support of the observations reported from Baffin Bay (Osterman and 
Nelson, 1989). The Labrador Sea paleoceanographic scenario thus provides further 

evidence for cold conditions favouring a relatively stable Jakobshavns Isbrx ice 

stream position close to the POR18 position until c. 9.2 ka cal BP. After a phase of 

retreat, the ice stream grounded close to DAOO-06, where it stayed from before c. 8.3 

ka cal BP to approximately 7.8 ka cal BP. This stage can be correlated with marked 

cooling and lowered surface water salinity on the continental margin off Nova Scotia 

(Keigwin and Jones 1995), which is further evidence that Disko Bugt hydrographic 

changes and Jakobshavns Isbrae ice stream movements can be linked to large-scale 

oceanographic changes in the Labrador Sea region. 

6.4 Summary of deglaciation of Jakobshavns Isbrae and early WGC activity 

Core DAOO-06, was collected from the former trough of the Jakobshavns Isbrae ice 

stream in Disko Bugt, and used to constrain the deglacial chronology and 

palaeoceanography of Disko Bugt during the early Holocene. From PORI8 (Lloyd et 

al., submitted), it can be seen that the main part of Disko Bugt was deglaciated by c. 
10.2 ka cal BP. By this time the Jakobshavns Isbrae ice stream had retreated rapidly 
to a position near the eastern margins of the bay. This initial deglaciation took place 
before a strong influence of the WGC can be identified in the area. An increase in the 

strength of the WGC after c. 9.2 ka cal BP was accompanied by a retreat of the 
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Jakobshavns Isbrae ice stream further eastwards, most likely to lsrjcldsbanken 

immediately west of Jakobshavns Isfjord. The large volumes of meltwater produced 
by the melting ice stream, diluted/deflected the warmer waters of the WGC away 
from the eastern coastal areas of Disko Bugt, until c. 7.9 ka cal BP when the ice 

stream finally retreated inside the present day fjord system. Despite this dilution 

effect, variations have still been recorded in the strength of the WGC during the 

marked widespread Holocene cooling episode known as the 8.2 event. The final 

retreat into the fjord system allowed the warmer WGC to fully penetrate to the eastern 

margins of Disko Bugt supporting the boreal mollusc and foraminifcral faunas 

associated with its Atlantic sourced waters. 

6.5.1.1 Mid to late-Holocene modes of palaeoceanographic change and driving 

mechanisms in West Greenland: Scenarios for change 

Ocean circulation responds to driving mechanisms on a range of temporal and spatial 

scales. Comparisons between the ice core records of Northern Hemisphere 

atmospheric temperatures and the West Greenland Current signal recorded in the 

foraminifera are made. This reveals that following the rapid retreat of Jakobshavns 

Isbrae, and increasing distance of the proximal calving front, the WGC signal can be 

"in-phase" and "out of phase" with changes in ice core temperature. This suggests 

that the response of the warm, saline WGC is more complicated than the direct 

relationship with atmospheric temperature seen during the 8.2 event. It also suggests 

that the presence or strength of the WGC may be affected by other local and region 

components of the ocean-atmosphere climate system. Three scenarios have therefore 

been developed to explain the variations in the modes of the Iiolocenc 

palaeoceanographic record in Disko Bugt, West Greenland. 
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6.5.1.2 Scenario 1: Atmospheric warming is associated with a 

warmer/strong WGC signal 
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Figure 6.7: Cartoon representation of Scenario I 

Lighter 6180 values recorded in the ice core record (GISP2) indicate global 

atmospheric warming. Increased heating at mid latitudes drives a stronger Gulf 

Stream leading to greater warming in the North Atlantic. A resulting warmer and 

stronger Irminger Current (branch of the Gulf Stream) will become a proportionally 

more significant component in the West Greenland Current (WGC). The increased 

warmth and salinity of the WGC allows the development of warmer loving 

Atlantic/Boreal foraminfera to dominate in Disko Bugt. (In the reverse scenario, 

atmospheric cooling would lead to a weaker IC component of the WGC, resulting in a 

decrease in the Atlantic fauna). 
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6.5.1.3 Scenario 2: Atmospheric cooling is associated with a warmer strong W6C 

signal 
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Figure 6.8: Cartoon of representation of Scenario 2 

Heavy &80 values recorded in the ice core record (GISP2) indicate global 

atmospheric cooling. During colder periods, there is a decreased Arctic meltwater 

input into the Nordic Seas, which leads to a reduced flux of cooler low salinity East 

Greenland Current (EGC) water. This allows an increased proportion of' Irminger 

Current (IC) water in the West Greenland Current (WGC). The result is an increase 

in the proportion of warmer, more saline waters entering Disko Bugt, which is 

recorded in the foraminiferal assemblage as an increase in Atlantic water associated 

species. 
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6.5.1.4 Scenario 3: Atmospheric warming is associated with a cooler/weakened 

WGC signal 
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Figure 6.9: Cartoon representation of Scenario 3. E3 marked above links to figure 6.10; the 
"pinching out" effect in Disko Bugt. 

Lighter 8'80 values recorded in the ice core record (GISP2) indicate global 

atmospheric warming. During warmer periods, there is an increased flux of Arctic 

meltwater into the Nordic Seas, which increases the strength of' EGC leading to a 

more dominant EGC component of the WGC. At the same time, localised increases 

in meltwater flux from outlets of the West Greenland Ice Sheet (WGIS) increase the 

depth of the cooler lower salinity mixed water layer in Disko Bugt. This leads to a 

cooling effect of the WGC and an increase in Arctic fauna. In relatively shallow 

settings this may also lead to a "pinching out" effect (Figure 6.10) of the warmer more 

saline WGC water mass, allowing more Arctic foraminifera fauna, or species with a 

greater tolerance to temperature and salinity variations to he represented. 
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Figure 6.10: cartoon of the possible "pinching out effect" in Disko Bugt. When there are low amounts 
of local meltwater flux into the bay, the WGC is able to incept into the bay. When there is an increase 

in meltwater, the mixed layer deepens, and squeezes out the warmer more saline WGC. 

6.5.2.1 Holocene palaeoceanographic change; links to other records. Introduction 

The tight chronological control in both DAOO-05 and DAOO-03 allows a detailed 

examination of palaeoceanographic change in West Greenland, and enables close 

comparison to other proxy records, such as the GISP2 derived temperature record. 

Timings of change in the West Greenland records are compared to other marine 

evidence from East Greenland, the waters of North Iceland and the Labrador Sea area. 

Although dating control is poorer in DAOO-06, inferences can still be made about the 

strength of the WGC following deglaciation. 

6.5.2.2 Palaeoceanographic change in DAOO-06, and links to other records 

In core DAOO-06 in front of Jakobshavns Isfjord, warmer saline loving fauna arc 

present since the incursion of the WGC following final deglaciation around 7.9 ka cal 

BP. Sampling resolution becomes much weaker following the end of zone 2, and 
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inferences about high resolution changes at this site are more difficult to make. 

However, it can clearly be seen from the foraminiferal diagram presented in (Chapter 

4, section 4.2.1) that there is a period of maximum warmth between c. 7.5 and 5.7 ka 

cal BP, represented by M. zaandamae, and N. labradorica, with the highest amounts 

of test linings. This period is likely to represent the maximum Holocene climatic 

optimum, and strongest WGC circulation in West Greenland, its inception having 

started well before this (see the discussion in Chapter 6 section 6.2.5). The ice core 

records show that the Holocene climatic optimum lasted from approximately 8 to 4 ka 

cal BP (Dansgaard et al., 1994, Johnsen et al., 2001)), but from foraminiferal data in 

this thesis, and other marine records in West Greenland, and eastern Arctic Canadian, 

as well as comparisons to East Greenland and the North Iceland shelf (see below), its 

duration appears to have been shorter in West Greenland. Following the maximum 

warmth in DAOO-06, there appears to be a period of minimum warmth, between c. 5.7 

and 3.3 ka cal BP. The resolution of the core is poorer here, but the record of DAOO- 

05 in Kangersuneq also records this cooling phase in the WGC, on a much higher 

resolution. 

Funder and Weidick (1991) document warm loving boreal molluscs in coastal sites in 

central West Greenland until c. 5.6 ka cal BP, with a cluster of Zirphea crispata beds 

in a sheltered inner coastal site in Disko Bugt data 5.2-4.9 ka cal BP, and suggest that 

this is the maximum Holocene thermal optimum. It is likely that localised 

atmospheric warming in sheltered waters at the site in Disko Bugt explains the 

abundance of these warmer loving molluscs. Further evidence of terrestrial warming 

during the Holocene comes from lacustrine palynological investigations in Disko 

Bugt (Fredskild, 1988). The taxa show that thermal optimum conditions were reached 

by 7.5 ka cal BP. Combined with crustacean assemblage data, the lake records show 

that by 7.5 ka cal BP, high Arctic crustacean species were extinct, and were replaced 

by more thermophilous species. These warmer conditions are estimated to have lasted 

until c. 4.2 ka cal BP. On the eastern Baffin continental shelf, the warming event 

identified by Osterman and Nelson (1989) at c. 8.5 ka cal BP by the presence of in. 

zaandamae and N. labradorica, was over by c. 6 ka cal BP. 
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Along the North Iceland margin, Andrews et al., (2003) found evidence for the 

thermal maximum c. 8-6 ka cal BP from increases in coarse sediments, and lower 
benthic 8180. They relate this to changes in variations in deep convection in the 

Greenland and Iceland Seas. Timing for the end of the Holocene thermal optimum in 

the marine records therefore appears to be earlier than terrestrial, (ice core and 

lacustrine) records. 

6.5.2.3 Palaeoceaongraphic change in DAOO-05, and links to other records 

Core DAOO-05 extends from c. 6.7 ka cal BP. Figure 6.11 highlights significant 

changes in the foraminiferal assemblages, which are summarised below in Figure 6.12. 

Event (ka cal yr BP) Palaeoceano ra hic conditions 
Atlantic foraminifera, decline, high amounts 

1(6.4-6.0) of species indicative of fluctuating or poorer 
conditions 

Further decline in Atlantic fauna, high 
amounts of species tolerant to changing 

2 (5.6-5.2) conditions, low amounts of Arctic specific 
fauna. Indicates increasing cooling trend 
Distinct colder ice core temperatures and 

very low Atlantic foraminifera. The much 
colder period is represented by a rise in the 

3 (4.74.4) Arctic water indicator, and relatively high 
amounts of species tolerant to poorer 
conditions with lowered or fluctuating 

temperature and salinity 
Despite a recovery in ice core record, fauna 
continue to show declining conditions, with 

4 (4.4-3.9) continuing lows of Atlantic species, and 
increases in the tolerant fauna 

Faunal assemblages show prolonged period 
of cool/weak WGC, with very low levels 

5(3.4-2.2) (<10%) of Atlantic species, and up to 60% of 
species relating to faunal tolerant of poorer 

conditions 
A significant rise in Atlantic species indicates 
amelioration of water mass conditions. It is 
accompanied by a relative rise in ice core 

temperatures. A decline in the arctic 
6 (2.0-1.4) indicator is accompanied by a decline in the 

species that are related to poorer or cooler 
conditions. 

Figure 6.12: Summary of distinct changes in palaeoceanographic conditions in Disko Bugt from DAOO- 
05. Numbered events relate to events marked with a black line in Figure 6.11, and are referred to in the 

text. 
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Figure 6.11: Summary of palaeoceanographic change represented by foraminiferal faunal 
changes in agglutinated Atlantic species (A. gloinerata. S. di/lugi%nrmis, C. crassinnurgo) for 

core DAOO-05. Points of correlation between temperature minima in the GISP2 ice core 
records and low amounts of Atlantic water mass indicator species are marked with a dashed 

link. Black bars 1-6 mark periods of distinct palaeoenvironmental conditions that are 
summarised in Figure 6.10. and referred to in the section text. 
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Event 1) A trough in Atlantic indicator species corresponds with 2 minor troughs in 

ice core temperature. There is no corresponding rise in Arctic indicators, but species 

with wider ranges of tolerance thrive, indicating that conditions are not favourable, 

but not severe enough for Arctic species to dominate. This suggests a weakening or 

cooling of the IC component of the WGC, rather than a specific increase in the EGC 

component, and may be related to a general decline in climatic conditions following 

the Holocene climatic optimum. 

Event 2) A further low dip in Atlantic fauna is correlated with an episode of lowered 

atmospheric temperature. Arctic fauna are still low, but there is a significant 

abundance of species tolerant of poorer conditions, or those which show affinity for 

water with variable salinity of temperature. This is similar to the previous event (1). 

Event 3) Atlantic fauna decrease again, as core temperatures indicate a further cold 

episode. In the GISP2 record, this is the most significant decline in temperature from 

6.7 ka cal BP to c. 1.5 ka cal BP. The decline in Atlantic fauna is this time 

accompanied with an increase in Arctic species, and less amounts of the water mass 

"indifferent" species. This indicates that the more severe temperature decline during 

this time is enough to allow a greater proportion of EGC into the WGC, or more 

likely to inhibit general warmth in the North Atlantic region, and reduced the heat 

transfer provided by the Irminger Current component. 

Event 4) After a brief increase in atmospheric temperature again, the ice core record 

can be linked to a further decrease in Atlantic species to the lowest levels observed in 

this core. There is a slight increase in Arctic species; however the main change is 

related to the rise in species tolerant to fluctuating conditions. During this period, at 

4.1 ka cal BP, the onset of pronounced dissolution takes place. 

Event 5) This period is a prolonged of cooling in the WGC signal, with very low 

amounts of Atlantic indicator species. These poorer conditions see a rise in the 

tolerant fauna, but no corresponding rise in the Arctic associated indicators. There are 

generally fluctuating temperatures derived from the ice core record at this time, so 

there is no direct correlation for this peak. This period may relate to a decrease in the 
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warmth of the IC component of the WGC, as a result of the general decline in warmth 
during the neoglacial. 

Event 6) This period is significantly different from the previously established pattern 

of decreased warmth of the WGC, with intervals of more ameliorated conditions. The 

Atlantic indicators show a distinctive rise in abundance, and both Arctic species, and 

fauna indicative of poorer conditions, decline. The ice core record indicates a brief 

but significant decline in temperature, followed by a recovery. This brief decline is 

not distinctive in the faunal assemblages however, and may point to local factors such 

as local sea ice cover, or local atmospheric conditions such as changes in wind stress 

drowning out a more regional signal. 

6.5.2.4 Overview of palaeoceanographic cooling trends in DAOO-05 

The foraminiferal assemblages in DAOO-05 show fluctuations in the warmth and 

strength of the WGC from c. 6.4 ka cal BP, moving generally to a cooler signal of the 

WGC. This is earlier than in DAOO-06. However, this is likely to be a combination 

of poorer dating control in the top 150 cm of DAOO-06, and lower sample resolution. 

Cooler phases of the WGC in DAOO-05 (c. 6.4 to 6.0,5.6 to 5.2,4.7 to 4.4,4.4 to 3.9 

and 3.4 to 2.2 cal yr BP), identified by decreases in the Atlantic species, and rises in 

the species tolerant of fluctuating or poorer conditions, intersperse with the warm 

Atlantic water WGC signal. The assemblages are not replaced by Arctic species, 

although this is somewhat difficult to gauge, given the alteration to fjord hydrological 

circumstances, which led to the dissolution conditions. (The major species such as s. 

feylingi, B. pseudopunctata, and C reniforme that would be representative of 

increasingly cooler or fluctuating unstable conditions are not present in the record, 

due to the post depositional dissolution). Despite this, the agglutinated record is still 

able to suggest that the foraminiferal fauna are sensitive responders to minor 

fluctuations in the strength of the WGC. 
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6.5.2.5 Palaeoceanographic trends 9-6 ka cal BP 

Reconstructed conditions on the North Icelandic shelf indicate higher than present day 

temperatures between 9 and 6 ka cal BP, representing a Holocene climatic optimum. 

Eiriksson et al. (2000b) attribute these to a relative strengthening of the palaco- 

Irminger Current, which fits well with the record of changing palacoccanographic 

circulation of the WGC in Disko Bugt. In the northwest Atlantic and Denmark Strait 

(Balsam, 1981; Kellogg, 1984), the Iceland Sea (Koc Karpuz and Schrader, 1990), 

and the North Icelandic shelf (Eiriksson et al. 2000b), a general decrease in sea 

surface temperatures is documented from benthic and planktic foraminiferal faunal 

changes temperature following the Holocene climatic optimum (9-6 ka cal BP ) in 

these regions. On the East Greenland shelf, Jennings et al. (2002) report a shift to 

colder, lower salinity `polar' conditions around 5 ka cal BP, with several oscillations, 

similar to the pattern seen in the Disko Bugt record from DAOO-05. 

In the Kangerdlugssuaq Trough, on the southeast Greenland shelf, Williams et al. 

(1995a) use sedimentological proxies to infer general cooling from c. 6 ka cal BP. 

These studies suggest changes in the East Greenland Current are linked to severe 

increases in sea ice over the East Greenland shelf. The onset of cooling in the North 

Icelandic shelf is also related to this increased influence of the East Greenland Current 

(Eiriksson et al., 2000). These conditions translate well to the inferred changes in the 

foraminiferal fauna in Disko Bugt through its connectivity to the WGC. 

6.5.2.6 Palaeoceanographic trends 6-4.7 ka cal BP 

Jennings et al., (2002) find evidence for Neoglacial cooling in East Greenland waters 

around 4.7 ka cal BP, and on Baffin Island, nearshore molluscan assemblages have 

been identified which indicate cooling begins around 5 ka cal BP. In the terrestrial 

record from Baffin Island, records show a delay of climatic deterioration until as late 

as 3 ka cal yr BP (Osterman and Nelson, 1989), and this pattern of an early 

oceanographic signal, followed by a later terrestrial signal is also duplicated in west 

Greenland, as Fredskild (1984) found evidence of terrestrial warming in lakes until c. 

4.2 ka cal BP, which declined and culminated in an inland ice margin advance. 
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6.5.2.7 Palaeoceanographic trends from 4.7-2.2ka cal BP 

The core record from DAOO-05 suggests an intensification of cooling or weakening in 

the WGC between c. 4.7 and 2.2 ka cal BP. This increased phase of cooling may well 

have initiated changes in local fjord hydrology in Kangersuneq, and by c. 4.1 ka cal 

BP, conditions had declined enough to significantly alter post-depositional 

preservation processes, until the present day. 

At c. 3.8 ka cal BP in the DAOO-05 record, there is no record of the further c. 3.8/3.7 

ka cal BP cold peak which is seen in the East Greenland sites. In fact there is a slight 

increase in Atlantic indicator species, around 450 cm, which includes a significant 

amount of calcareous fauna (1. norcrossi, in particular), which can be seen in the 

foraminiferal assemblage diagram for DAOO-05 presented in Chapter 4 (section 4.3.1). 

Although the calcareous species appear only once, the agglutinated indicators suggest 

this slight warmth lasted until 3.4 ka cal BP. This does not seem to be linked to 

records from the East Greenland (Jiang et al., 2002), where diatom assemblage 

changes suggest cold points (temporal) in sea surface temperatures at 4.1 and 3.7 ka 

cal BP, and further cooling from 3.6 to 3.2 ka cal BP. 

6.5.3 Palaeoceanography and controlling factors for dissolution in DAOO-05 

McGowan et al., (2003) found an enhanced phase of effective precipitation until 4.7 

ka cal BP from a limnological study in southwest Greenland. Reducing seasonal fjord 

meltwater due to declining summer insolation at 60°N (Berger and Loutre, 1991), and 

reduced atmospheric moisture, may have initially allowed the slight rise in Atlantic 

species recorded at around 4.3 ka cal BP in DAOO-05, allowing a brief stable incursive 

period of WGC water. 

Less mixing of water masses in the fjord due to reduced seasonal melting, combined 

with likely prolonged seasonal pack ice cover due to lower temperatures and general 

cooling may have been conducive to creating the following dissolution scenario: 

Intensification of stratification processes through the increasing seasonal ice cover 

that would be expected at this time, may lead to the development of cold dense saline 
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bottom waters for most of the year. The sea ice diatom record from Kangcrsuncq at 

this time also indicates a short cold spell (K. G. Jensen, unpublished (lata). 

The absence of calcareous foraminiferal taxa due to post-depostional dissolution is 

likely to be related to the development of these colder heavier bottom waters. The 

stratification process may lead to the development of a strong pycnocline. This would 

prevent bottom water ventilation, leading to lowered dissolved oxygen levels and 

higher C02 concentrations from organic decay of the sediments. Atmospheric CO2 

exchange would be inhibited by stratification, and the fjord bottom water conditions 

would become very corrosive to calcareous foraminifera. 

Osterman and Nelson (1989) found evidence of an interglacial dissolution event from 

6-0 ka cal BP, following the Holocene climatic optimum on the eastern Baffin 

continental shelf, with an increased transfer in Arctic Water through the Queen 

Elizabeth Islands in the eastern Canadian Arctic, leading to the re-establishment of the 

Baffin Current (cold dense and saline). Asku (1983) has identified a similar 

dissolution scenario from 8 ka cal BP in central Baffin Bay. These dissolution events 

are related to the CO2 concentration of the waters, which are controlled by 

temperature and the age of the water mass. Older water (Baffin Bay Deep Water) has 

a higher amount of dissolved C02, which favours dissolution of calcareous tests. In 

Disko Bugt, WGC water is older than cold shallow water from meltwater, and is 

likely to have higher levels of CO2. This would also contribute to the changing 

hydrological conditions in the fjord. 

A significant peak in carbonate flux at c. 4.2 ka cal BP heralds the mid-Holocene shift 

in Arctic sea ice on the East Greenland shelf, which is contemporaneous with the 

change in preservation conditions in Kangersuneq, Disko Bugt. Jennings et n1. (2002) 

suggest that this event is linked to sea surface cooling associated with the flux of polar 

water and sea ice to the East Greenland Current. It marks the distinctive onset of 

Neoglacial conditions in the East Greenland shelf, and provides an excellent link to 

the decline seen in the warm signal of the WGC in Disko Bugt at this time. Further 

peaks are observed in their record at 3.8 and 2.4 ka cal BP, which arc not seen in the 

Kangersuneq record. Similarly, Jiang et al. (2002) record a short-lived cooling in sea 

surface temperatures inferred from diatoms at 4.1 ka cal BP, and again at 3.7 ka cal 
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BP. This line of evidence is backed by the ice core record from DYE-3, which 
documents decreasing atmospheric temperature (Dahl-Jensen et al., 1998). Contrary 

to the DYE-3 ice core, the GISP2 ice core record indicates slightly increased 

atmospheric temperatures from 4 ka cal BP (Figure 6.10 and Alley el al., 1999). 

6.5.4 Link between atmospheric conditions and cold phase in Disko Bugt 

The disparity between the ice core records and the palaeoceanographic records from 

Disko Bugt may stem from their location and localised atmospheric conditions at ice 

core sites. The higher altitude and central location of the GISP2 ice core in relation to 

DYE-3 is affected by both the Iceland Low to the southeast, and Davis Strait/Baffin 

Bay storms from the Baffin Bay Trough to the southwest and west (Barlow cl al., 
1997). The North Atlantic Oscillation influences the GISP2 isotopic signal through 

the "seesaw" in winter temperatures between West Greenland and northern Europe. 

The Baffin Bay Trough is a westward extension of the Iceland Low, and during 

enhanced positive phases of NAO, when the Icelandic Low is centred high, a 

westward displacement of the Baffin Bay Trough gives rise to colder, dryer 

conditions over West Greenland (Barlow et al., 1997; Dawson et al., 2003). During 

enhanced NAO phases or extremes of the seesaw, inferred temperature excursions 
from the deuterium ice core record correspond to a similar shift in the West Greenland 

side of the seesaw (Barlow et al., 1997). This change in atmospheric conditions may 

explain the significant cold phase in Disko Bugt, and be the driving mechanism for 

changing fjord conditions in Kangersuneq. Both Dawson et al. (2003) and Jones et al. 
(1997) demonstrate the GISP2 ice core record shows good correlation to synoptic 

scale climatology. 

From other lines of proxy evidence from Kangersuneq fjord, there is a marked 
increase in coarser grained sediment at this time (Morros, unpublished (lata), and a 
decline in sea-ice diatoms (K. G. Jensen, pers. comm., 2003). This suggests that there 

may be some short-lived local response of the flora and fauna in the Kangersuncq 

fjord. This may be explained by a change of source of sediment input, or localised 

atmospheric conditions such as increased wind stresses. These may have been enough 
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to ameliorate conditions in the water masses in the fjord to allow a brief period of 

mixing; enough to disturb the stratified conditions, altering the lysoclinc depth and 

leading to a brief re-oxygenation of the bottom waters. This effect however, may well 

be a local response to a regional forcing, for example a reduction in the positive NAO 

phase seen earlier in the record. A weakly positive or enhanced negative NAO phase 

in West Greenland would see increased moisture supply to West Greenland and 

"warmer" winters (Jones et al., 1997). 

The prolonged cool period in DAOO-05 (3.4-2.2 ka cal BP) is analogous with several 

other proxy records for palaeoenvironmental change. Extreme phases of winter 

aridity have been recorded in terrestrial sites around Kangcrlussuaq in West 

Greenland, prior to 3.5 ka cal BP, and around 3.25 and 2.8 ka cal BP (Willemse et al., 

2003). These can be attributed to shifts in the air masses over the Greenland Ice Sheet 

and West Greenland, as a result of increased phases of enhanced NAO. West 

Greenland pollen assemblages indicate a decline in frequencies of exotic North 

American taxa transported by southwesterly winds, indicating a shift to colder, dryer 

northerly winds dominating over the region (Fredskild, 1984), and similar pollen 

evidence'comes from east-central Baffin Island (Short et al., 1985). A reduction in 

marine aerosols in the Devon Ice Cap in the eastern Canadian Arctic after 3.5 ka 

suggests prolonged sea ice cover in the region, reducing seasonally open water 

conditions (Levac et al., 2001). Eiriksson et al. (2000) find evidence of increased ice 

rafting and a marked cooling of surface water around 3 ka cal BP, and Bond et al. 

(1997) document a North Atlantic IRD event linked to decreased solar insolation 

around 2.8 ka cal BP (van Geel et al., 1999). 

A reduction in solar insolation beyond a critical threshold has been held responsible 

for the onset of Neoglacial conditions in East Greenland, the eastern Canadian Arctic, 

and the Nordic Seas (e. g. Andrews el al., 1997; Koc and Jansen, 1994; Williams cl al., 

1995b). This reduction together with enhanced NAO conditions may have led to a 

southward displacement of the Arctic Fronts and southerly advance of the Arctic drift 

ice limits along East Greenland (Jennings et al., 2002). A similar scenario has already 

been suggested for the Nordic Seas area (Koc et al., 1993; Koc and Jansen, 1994). 

The effects of enhanced positive NAO may also account for the glacial activity in 

Iceland during this time. Gudmundsson, (1997) describes generally increasing glacier 
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expansion in North Iceland c. 6-5 ka cal BP, and Kirkbride and Dugmorc (2001) 

further constrain the timing of the most significant glacier expanses to between 4.7 

and4.2kacalBP. 

6.5.5 Palaeoceanographic trends from 2.2 ka cal BP onwards 

From c. 2.2 ka cal BP to 1.4 ka cal BP there is a distinctive warming trend seen in the 

agglutinated Atlantic indicator species. This is not matched by particular warming in 

the ice core record, which shows only a peak and then swift decline c. 2 ka cal BP. 

However, Andrews and Giraudeau (2003) find evidence for warming around 2 ka cal 

BP from coccolith evidence on the inner North Iceland shelf, and surface warming in 

the Norwegian Seas from foraminiferal evidence (Risebrobakken et al., 2003). This is 

attributed to both reduced discharge from the Russian High Arctic rivers, and 

increasing strength of the Irminger Current supplying Atlantic water to the area. A 

true picture of the WGC signal in relation to atmospheric temperatures may well be 

being obscured by the stratification scenario during the most severe cooling of the 

Neoglacial. 

Conditions in Kangersuneq Fjord seem to relate to the general onset of cooler climatic 

conditions related to the Neoglacial. The intensity of these inferred cooler-phases of 

the WGC increases through the core, towards the timing of the onset of widespread 

Neoglacial cooling (c. 4 ka cal BP). These cooler/fluctuating conditions imply that 

the strength and warmth of the WGC is not constant during the end of the Holocene 

climatic optimum, and indeed may support evidence for an early palacoccanographic 
descent to Neoglacial conditions, prior to declining terrestrial atmospheric conditions. 

6.6.1 DAOO-03: late-Holocene palaeoceanography 

The outer bay location of DAOO-03 has the shortest duration of record. However, 

resolution is extremely high, and distinctive trends (1-6) can be seen in Figure 6.13. 

A description of the inferred palaeoceanographic conditions is given in Figure 6.13 It 

is proposed that these relate to strengthening and weakening of the warm WGC signal. 
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Figure 6.13: Summary of palaeoceanographic change represented by foraminiferal faunal changes in 
Atlantic species (/. norcrossi, C. erassimargo, N. labradorica, G. inaequali. s. S. di/lugiformi. c & C. 

teretis) for core DAOO-03, plotted with bidecadal oxygen isotope record from GISP2 ice core. Points 
of correlation between temperature minima in the GISP2 ice core records and low amounts of Atlantic 
water mass indicator species are marked with a dashed link. Black bars 1-6 mark periods of distinct 

palaeoenvironmental conditions that are summarised in Figure 6.14, and referred to in the section text 
Classical events are labelled along the time axis: LIA= Little Ice Age; MWP - Mediaeval Warm Period. 
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Event (ka cal BP) Palaeoceanographie conditions 

1 3.2-2.4 Lower presence of Atlantic species, peak 

of Arctic indicators, indicates 

cooling/weaker WGC 

2 2.2-2.1 A distinct warm peak then a sharp trough 

indicating distinct cooling/freshening. 
However, low Arctic indicators. 

3 2.1-1.7 Large amounts of Atlantic species which 
declines to the end of the phase. Low 

amounts of indicators representative of 
cooler WGC signal. A distinctive light 

spike in the benthic d180 record 
4 1.6-1.4 A colder phase, typified by a peak of 

Arctic fauna, and less Atlantic indicators. 

5 1.3-0.7 Probably the WGC response to the MWP. 

Very low Arctic indicators, higher 

amounts of Atlantic foraminiera. 

6 0.7-0.5 Likely descent to LIA, decreasing 

Atlantic species, small peak of 
Arctic/cooler water mass indicators. 

Figure 6.14: Description of events 1-6 highlighted in Figure 6.13, supplemented with interpretative 
summaries based on assemblages discussed in Chapter 5. Event numbers link to Figure 6.13, and to the 

section text. 

6.6.2 Palaeoceanographic change 3.2-2.4 ka cal BP 

Low amounts of Atlantic indicators and a peak of Arctic indicators between 3.2 and 
2.4 ka cal BP is strongly indicative of a cooler WGC signal during the most 
distinctive cooling of the Neoglacial period. O'Brien et al. (1995) document 

increased sea salt and terrestrial dust in the Summit ice core 3.2-2.4 ka cat BP, and 
during the LIA. They attribute these increases to either an intensification of the 

meridonal air flow, or expansion of the north polar vortex. Weidick et aA. (1990; 1994, 

and Kelly, (1980) advocate readvance of glaciers on the West Greenland Ice Margin 

beginning around 3.5 ka cal BP which brought them to their current positions. This 

concurs with the most intense cooling seen in the WGC signal in DAOO-05 and in 
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DAOO-03. The cooling signal in the WGC seen at this point in DAOO-03 may well be 

related to both decreasing temperature and salinity from enhanced meltwater flux 

from the distal Jakobshavns Isbrae, and to a freshening and intensification of the EGC 

component of the WGC. Jennings et al. (2002) document a freshening of the EGC 

which became more pronounced after 2 ka cal BP, and link it with a widespread 

increase in sea ice conditions in the (East) Greenland region. In south Greenland, 

between 3 and 2 ka cal BP, Kaplan et al., (2002) used lake sediment records to infer 

the most widespread effects of Neoglacial cooling that were likely to have had far-felt 

effects throughout the Labrador sea and Greenland area, including Baffin Bay. 

A positive NAO index encourages strong winds which increase ice export through the 

Fram and Denmark Straits (Jennings et al., 2002), which is translated into a cooling 

and freshening of the EGC. The effect of an EGC component increase and 

dilution/deflection of the IC component finds two recent modern analogue situations. 

Observed sea surface salinities (SSS) in the Labrador Sea (55W-40W, 45N-55N) 

surface salinities during the last 50 years show a distinct freshening, particularly in the 

coastal waters (Hakkinen, 2002). Values in the highest salinity range, typically 

generated by the influence of the North Atlantic Current (a branch of which is the 

Irminger Current) indicate weakened transport of warmer more saline Atlantic water. 

This can be interpreted as weakened transport of saline waters to the area. 

The well-documented Great Salinity Anomaly (GSA) of the 1970's, was widespread 

through the North Atlantic region (Dickson et al., 1988) and is generally thought to be 

related to a significant increase in sea ice flux. However, it occurred during NAO 

negative years. This points towards the issue of equifinality, whereby different 

forcing mechanisms can produce the same signals in proxy records. Indeed in general, 

the correlation between ice flux and NAO negative phases is much poorer (Kwok and 

Rothrock, 1999). 

6.6.3 Palaeoceanographic change 2.2-1.4 ka cal BP 

The slight differences between the Kangersuneq record and the outer Disko Bugt core 

record between c. 2.2 and 1.5 ka cal BP may be explained by localised atmospheric 
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conditions, where relatively lower air temperatures in the coastal fjord setting may 
have inhibited meltwater flux, giving rise to an apparent peak in the agglutinated 
Atlantic indicators. In the deeper water depth setting of DAOO-03, bottom water 

conditions of the WGC will not have been as distinctly affected by this. Instead the 

DAOO-03 core record shows good agreement with the East Greenland record of peak 

warmth at c. 2 ka cal BP, followed by cooling and freshening of the EGC. Reduced 

solar activity (O'Brien et al., 1995), as well as the increased winter storminess 

relating to enhanced NAO conditions recorded in the GISP2 ice core (Dawson et al., 
2003), may have been a possible forcing or amplifying mechanism of this cooling. 
This could have enabled increased build up of sea ice, and delayed retreat of the 

seasonal pack ice on the East Greenland margin. Migration of the Arctic atmospheric 

and oceanic Fronts will lead to increased extent and duration of sea ice in East 

Greenland and the Greenland Sea. This leads to a southward displacement of the 

EGC, which deflects the IC component of the WGC, which is represented by an 
increase in colder lower salinity loving (Arctic) foraminifera in Disko Bugt during 

phases of increased positive NAO. 

A contrasting signal is seen during this period (at 2.2-1.7 ka cal BP). Increased sea 

surface temperatures have been inferred from sea ice diatom studies (K. G. Jensen, 

unpublished data) during the period c. 2.1 to 1.5 ka cal BP, and further evidence of 

sea surface warming in South Greenland is inferred from foraminiferal fjord 

assemblages (Lassen et al., in press). The forcing mechanism ascribed by these 

researchers is thought to be related to enhanced mixing of the water column, rather 

than a weakening of the EGC component of the WGC (K. G. Jensen, unpublished 
data). This is difficult to confirm. Disparity between the sea ice diatoms showing 
increasing SST's, while bottom water conditions at the same site (DAOO-03) are 

implying freshening and cooling are difficult to explain. Localised increases in 

atmospheric heating of the surface seasonal meltwater layer in Disko Bugt may 

account for the apparent lack of connectivity between the palaeoceanographic signals 
here. 

A cooling in the record from DAOO-03 between 1.6 and 1.4 ka cal BP is also recorded 
on the northern Icelandic shelf by Eiriksson et al. (2000a). A shift in the Polar front 

across the area is thought to explain changes in benthic foraminfera faunal abundance 
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and increased IRD. Colder conditions are also indicated in the diatom record from the 

same area by Jiang et al, (2002). 

6.6.4 Palaeoceanographic change 1.3-0.7 ka cal BP 

The distinct rise in abundances of the Atlantic indicator species from c. 1.3 to 0.7 ka 

cal BP is almost certainly related to the climatic amelioration known throughout the 

North Atlantic as the Medieval Warm Period (MWP). Increased SST's in the north 
Icelandic region are observed at the same time (Jiang et al., 2002). Poraminiferal and 

lithofacies evidence from fjord settings in eastern Greenland indicate much warmer 

and stable climatic conditions, with Atlantic Intermediate Water at the sea bed, and 
decreased sea ice incidence during the summer (Jennings and Weiner, 1996). Recent 

evidence from marine cores from fjords in South Greenland implies that wind stresses 

over South Greenland may have been increasing during the MWP (Lassen et al., 

1999). This culminated at the transition to the Little Ice Age (LIA) at the time when 

the Western Settlement of the Norse at Godthaab District is thought to have failed 

(Buckland et al., 1996). 

6.6.5 Palaeoceanographic change post 0.7 ka cal BP 

The Little Ice Age cooling is not well represented in the core record from DAOO-03, 

due to the loss of core sediment through piston coring processes. However, it can 

clearly be seen that there is a distinct decline in Atlantic indicator species, and a rise 
in Arctic indicator species. The rise in Arctic indicators as opposed to a general lack 

thereof implies that this cooling is significantly more intense than at other points 
during the core record following the maximum cooling during the Ncoglacial. There 

is evidence relating to the advance of Jakobshavns Isbrae's margin during this time 

(Ingolfsson, 1990; Kelly, 1985; Weidick, 1990). However it is unclear from the core 

record whether the cooling seen in the foraminiferal fauna is related to increased flux 

of meltwater from the east, or related to an intensification of the EGC component of 

the WGC. This is because there is likely to be a 'signal trapping' of the expected IRD 

flux from Jakobshavns Isbrae behind the bedrock sill at the mouth of Isrjcldsbankcn, 
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(the sediment produced by IRD is deposited in-situ behind the sill) and from the X-ray 

analysis, no IRD flux can be seen. Glacier advances and cooling in Iceland and 

Europe during the latter part of the LIA are shown to coincide with a solar activity 

minimum (Beer et al., 2000), which may be a possible driving mechanism. 

6.7.1 Chapter summary: Driving mechanisms 

Possible driving mechanisms for changes in the components of the West Greenland 

Current have been addressed. From analysis of foraminiferal and isotope data from 

DAOO-06, changes in the West Greenland Current from c. 8.4 to 7.9 ka cal BP are 

related directly to global atmospheric temperatures. A decline in ice core temperature 
is reflected in the decline of warmer more saline Atlantic foraminifera, related to a 

weakening of the Irminger Current component of the WGC. With a temperature 

increase, there is a corresponding rise in the warm current indicator species. The rise 
in temperature initiates an increase in meltwater flux from Jakobshavns Isbrae during 

its standstill position on the Isfjeldsbanken. Despite the large volumes of meltwater 

and sediment produced, the warm water signal is still evident. This suggests that at 

this time and place on the west coast of Greenland, a situation similar to that outlined 
in Scenario 1 is operating. 

In DA00-05, linkage with the ice core record is more loosely correlated. It appears 
for the most part, a similar situation to that outlined in Scenario I is in force, where 

changes in atmospheric temperatures are mirrored in the strength/warmth of the WGC 

signal inferred from the foraminiferal assemblages. However, cooling in the WGC 

current appears to take place earlier in the ocean than in the ice core records, and there 

are a number of possible reasons for this. The cooling signal in the atmospheric 

temperatures may actually be being forced by oceanographic changes taking place 
first. The WGC signals interpreted from the core may be misleading given the total 

calcareous dissolution following c. 4 ka cal BP. The disparity may also be explained 
by processes similar to that outlined in Scenario 3, whereby atmospheric warming 
increases meltwater and sea ice flux from the Arctic through the Fram and Denmark 

Straits to the EGC. Decreased salinity and cooler water mass temperatures would be 
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translated to a cooler/weaker WGC signal, which although may not be enough to 

directly encourage increases in specific Arctic water foraminifcral indicators, may 

well explain the relatively high instability of oceanographic conditions inferred from 

the species tolerant to large fluctuations in salinity and temperature. 

6.7.2 Chapter summary: West Greenland climate and links to the NAO 

The variability/oscillatory nature of the NAO is likely to be a long term feature of the 

North Atlantic climate system (Cook et al., 1998; Cronin et al., 2003; Nesje ct aL, 
2000). Moreover, instrumental temperature records over the last century show 

significant correlation of coastal temperature anomalies during autumn and winter at 

western and coastal sites with the NAO (Box, 2002). There appears to be an 
increasing trend in palaeoclimatic studies to ascribe NAO forcing mechanisms 
(enhanced negative or positive phases) to account for changes in proxy records on a 

range of temporal and spatial scales. It is of course likely that NAO variations affect 

atmospheric and oceanographic circulation in the North Atlantic regions due to 

displacement of the Arctic front. Enhanced positive phases are well known for 

creating anomalously atmospheric high temperatures in Europe, as far northeast as 
Siberia, and much lower temperatures in West Greenland (Nesje et al., 2000; Rogers, 

1997; White, et al., 1997). 

Greenland is influenced by both the Icelandic Low to the southeast and Davis 

Strait/Baffin Bay storms to the southwest and west, and the NAO creates a "seesaw" 

in winter temperatures between West Greenland and Northern Europe (Barlow et al., 
1997; Dawson et al., 2003). Enhanced positive phases of NAO intensifies the seesaw 
in terms of atmospheric temperature, but may also influence sea surface temperatures 

(SSTs), geostrophic wind strength, and sea ice cover extending beyond the winter 

season (Andrews and Giraudeau, 2003; Barlow et a!., 1993; Jiang et a!., 2002; Schulz 

and Paul, 2002). Correlation in excursion directions of temperature records derived 

from GISP2, and East Greenland and Iceland temperature records may be associated 

with different positions of the Baffin trough in winter (Dahl"Jenscn et a!., 1998; 

Dawson et al., 2003) sea surface temperatures (SSTs), atmospheric pressures, 
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geostrophic wind strength, and sea ice extents beyond the winter season (Barlow et al., 

1993). 

6.7.3 Chapter summary: Dominant operating Scenario 

In terms of scenarios, or explanations regarding forcing mechanisms for controlling 

the strength of the WGC signal, evidence from the three piston cores, in particular 
DAOO-05 and DAOO-03 suggest that during the mid to late Holocene, Scenario I is 

operating. Colder ice core temperatures tend to be related to decreased incidences of 

Atlantic indicator species. Stratification processes relating to Neoglacial cooling and 

alteration of the fjord hydrographic conditions is likely to explain the severe 
dissolution scenario from 4.1 ka cal BP. During the Neoglacial, changes in the 

foraminiferal assemblages appear to be responding directly to increases in intensity of 

the East Greenland Current component of the West Greenland Current. There is good 

evidence that the Disko Bugt record has recorded the Medieval Warm Period, and the 

descent to the Little Ice Age. This implies that the `dampening effect' of the seesaw 

mechanism thought to exist in the GISP2 ice core (Dawson et a1., 2003), is not 

apparent in the palaeoceanographic record. 
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Chapter 7: Conclusions 

7.1 Introduction 

This chapter discusses the thesis results in relation to the original thesis aims, and 

assesses the limitations to this work. Future avenues of research arising from the 

original findings in this thesis are then discussed. This thesis has focussed on the 

nature of the relationship between the deglacial history and water mass changes of 

Disko Bugt in West Greenland, and has increased the spatial and temporal resolution 

of marine multi-proxy data in the region. With the material available, the research has 

been able to address the oceanographic component of the Durham University based 

ARCICE project by identifying rapid instabilities in the record of final deglaciation of 
Jakobshavns Isbrae, and producing high resolution records of mid-to late-Holocene 

palaeoceanographic circulation. The importance of Jakobshavns Isbrae as a sediment 

and meltwater flux source from the Greenland Ice Sheet during post-glacial times has 

been assessed, and a tight radiocarbon chronology for marine palacocnvironmental 

change has been developed for West Greenland, which has not previously been 

attempted. Direct comparisons to Greenland ice core records have been made (GISP2 

and GRIP), and these show that despite limitations in sample material, the 

paleoceanographic response of the WGC can be directly related to changes in 

atmospheric temperature, as well as more regional atmospheric forcings. 

7.2 Thesis aims and results 

The overall aim of this research was: 

To develop a high resolution record of Holocene modes of palacoccanography, 
focussing on the dynamics of deglaciation; Holocene rapid instabilities and the role of 
Jakobshavns Isbrae using foraminiferal, sedimentological and oxygen isotope data 

from three piston core locations in Disko Bugt. 
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7.2.1 Objective 1 

To determine the deglacial history of Disko Bugt, West Greenland, and water mass 

interaction relating to the West Greenland Current (WVGC), using marine records 

from three piston cores. 

The longest piston core record from Disko Bugt used during this research extends 

only for the past c. 8.4 ka, and so knowledge relating to the timing of ice retreat from 

the western margins of Disko Bugt is limited. Information from contemporaneous 

work suggests that ice in Disko Bugt had retreated from the western part of the bay by 

c. 10.2 ka cal BP. The foraminiferal and isotope evidence in this thesis, derived from 

marine sediments in front of Jakobshavns Isbrae, suggest that once the main part of 

Disko Bugt was deglaciated, c. 10.2 ka cal BP, the ice stream reached a still stand 

position at Isfjeldsbanken. Large volumes of meltwater during this time prevented the 

incursion of warm, saline West Greenland Current waters into the eastern part of the 

bay. 

The timing of this retreat and then halt, coincides with the widespread "8.2" event and 

it appears that this short cold phase may be responsible for prolonging the still stand 

episode. The record from DAOO-06 reveals that from this still stand position, 

Jakobshavns Isbrae responded to increased atmospheric temperature by producing 

large volumes of meltwater. During colder episodes in the 8.2 event, meltwater flux 

was reduced significantly enough to allow a weak incursion at depth of the WGC. 

This reduced amount of meltwater decreases the depth of the colder, fresher "mixed 

layer" in Disko Bugt. 

Following rapid temperature increase, a final, longer meltwater release occurred until 

c. 7.9 ka cal BP, which marked the final retreat of Jakobshavns Isbrae through a deep 

trough behind the Isfjeldsbanken in a draw down effect. This is recorded in the 

foraminiferal record by rapidly increasing amounts of Atlantic water indicator species, 

as the WGC was able to reach the eastern parts of the bay, and is likely to have been 

linked to intensification of the Irminger Current branch of the West Greenland 

Current. 
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During the 8.2 event, evidence from the benthic oxygen isotope record reveals that the 

meltwater flux from Jakobshavns Isbrae is responding directly to fluctuations in 

global atmospheric temperature, with significant increases in meltwater recorded at 

the front of Jakobshavns Isfjord in Disko Bugt corresponding to warmer peaks during 

this rapid event in the ice core record. It was expected that large meltwater fluxes to 

the area may have drowned out or diluted the warm WGC signal, and this is true to a 

certain extent. However, despite a weaker signal that may be seen at a site further 

west of the core location (POR18), foraminiferal assemblages are clearly recording 

changes in the strength of the West Greenland Current. 

From comparisons to the ice core records, the WGC during this time seems to be 

responding directly to changes in atmospheric temperature, with decreases in fauna 

indicative of warmer, more saline, Atlantic-sourced water, declining during cold 

episodes in the ice core record. This strongly suggests that the strength of the West 

Greenland Current is affected by changes in the strength of the Irminger Current 

component of the WGC. It is proposed that Scenario 1, discussed in Chapter 6, is the 

operating mechanism for driving palaeoceanographic circulation change. The 

weakening in the Irminger Current/Atlantic-sourced water is likely to be related to the 

perturbation of the thermohaline circulation by the massive influx of meltwater 

through Hudson Strait to the Labrador Sea, which marked the final deglaciation of the 

Laurentide Ice Sheet following the 8.2 event. 

7.2.2 Objective 2 

To test the hypothesis that Jakobshavns Isbrae has experienced a punctuated 
discharge history during the Holocene. 

The coring locations of DA00-06, DAOO-05 and DAOO-03 were chosen to evaluate the 

nature of Jakobshavns Isbrae's role in providing sediment and meltwater flux to Disko 

Bugt and coastal West Greenland. From isotopic and foraminifcral evidence, 

punctuated discharge of the ice stream was evident during the `8.2 event'. The 

stability provided to the ice stream by grounding at Isfjeldsbanken allowed a 

meltwater flux response to changes in atmospheric temperature. Increased discharge 
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was evident during relatively higher temperatures, and was significantly reduccd 

during the two `cold peaks'. Further information regarding testing the hypothesis that 

discharge was punctuated during the Holocene is limited. This is because once the ice 

stream had retreated behind the bedrock sill, into the deep trough; the majority of 

sediment discharge would have been trapped, as it is during the present day. The 

distal location of DAOO-03 and deeper water depths make it unlikely that changes in 

indicator species record fluctuations in meltwater, rather they are responding to 

variations in the intensity of the EGC. 

7.2.3 Objective 3 

To establish a high resolution record of Holocene water mass changes within Disko 

Bugt from faunal and isotopic records. 

A high resolution record of Holocene water mass circulation has been produced from 

Disko Bugt. Comparisons to ice core records and evidence from other sites in the 

North Atlantic region suggest that palaeoceanographic circulation in Disko Bugt has 

responded to both local and regional forcing mechanisms, such as atmospheric 

perturbations by enhanced (positive or negative) phases of NAO-like conditions, 

global atmospheric temperatures, and local climatic conditions (especially in the 

shallow and sheltered fjord setting of Kangersuneq). 

It is clear that foraminiferal benthic assemblages can be related to the warmth and 

strength of the WGC. The results suggest that there is a distinct connectivity between 

water masses in Disko Bugt, and changes in the palaeoceographic strength of the 

WGC component currents, in particular the East Greenland Current. This is 

predominantly seen in the record from core DAOO-03, where changes in the EGC 

relating to sea ice incidence, and Arctic meltwater flux during the late-Holocene are 

transposed to the WGC signal. There is good evidence of the intensive cooling seen 
during the latter part of the Neoglacial in both DA00-05, and DAOO-03, and the record 
from DAOO-05 suggests that the oceanographic response to the end of the Holocene 

thermal optimum pre-empted terrestrial cooling. 
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7.2.4 Objective 4 

To develop a tight chronology for these palaeoettviro, tmcntal records through 

radiocarbon dating to give reliable age-depth models. 

Good dating control has been achieved in cores DAOO-05 and DAOO-3 from a range 

of material. The lack of date inversions give confidence in the age-depth model 

developed for the Holocene in Disko Bugt. Continuously high sedimentation rates are 
inferred from both these cores. Preservation issues and lack of dateable material has 

somewhat limited the radiocarbon chronology from DAOO-06, which is precisely 

where accurate dating was required to constrain timings of deglacial activity of 

Jakobshavns Isbrae. Despite the poorer dating control, proxy evidence from 

foraminiferal assemblages, sedimentological data and comparisons to the terrestrial 

record of deglaciation suggests that the age-model developed for this core is 

consistent with the current understanding of palaeoenvironmental change in the region. 

7.2.5 Objective 5 

To compare these results to established global climate records such as GRIP, and 

GISP2, as well as to previous work from the North Atlantic region. 

Comparisions of the foraminiferal and isotopic records with the ice core records 
indicate that in general, warmer ice core temperatures create a warm WGC signal and 

vice versa (Scenario 1). In DAOO-06 this is particularly seen during the still stand 

position of Jakobshavns Isbrae at Isfjeldsbanken, where meltwater flux can be related 

directly to changes in temperature during the ̀ 8.2 event'. In core DAOO-05, this trend 

is not as clear; this is thought to be an effect of the stratification processes operating 

through the Neoglacial period. There is good correlation between the high resolution 
late-Holocene record of DAOO-03 in the outer part of the bay, and changes in the EGC 

seen on the north Icelandic shelf and the East Greenland margin. Variations in the 

strength of the WGC seen in DAOO-05 and the upper section of DAOO-06 fit well with 

the marine records from West Greenland (molluscan data) as well as foraminiferal 

evidence from the Labrador Sea and Baffin Bay area. During the late-Holocene, it is 

230 



Cünptc' 7: Conclusion, 

more difficult to draw regional comparisons to these sites, as there is limited 

published data from records spanning this time. 

7.3.1 Limitations to research 

This research has limitations to the findings. Limiting factors can be related to: 

9 processes operating in Disko Bugt itself - (dissolution and the dominance of 
Jakobshavns Isbrae, signal trapping and equifinality), 

" methodological aspects (core sample location, lack of integration of seismic 

modelling, and isotope sample limitations), as well as 

" more regional issues (relatively poor comparative data available from Baffin 

Bay and West Greenland sites during the late-Holocene). 

7.3.2 Limitations in Disko Bugt: Dissolution 

The dissolution processes operating in Disko Bugt, relating to the warm WGC current 
inferred from DAOO-06 have hampered detailed interpretation about specific species 

associations with the WGC, and reconstructions of fjord processes from DA00-05. In 

eastern Disko Bugt, preservation is clearly at its poorest during periods dominated by 

warm WGC waters, associated with greater productivity of the Atlantic-sourced water. 
This study has argued that an enhanced WGC creates an increased carbon flux 

allowing organic matter to oxidise in sediments. The products of oxidation of organic 

material include C02, and increased dissolved C02 would encourage calcium 

carbonate dissolution. 

Inferred stratification processes operating in the fjord mouth of Kangersuncq have 

limited the interpretation of water mass changes, as there arc only continuous 

agglutinated foraminiferal assemblages able to record fluctuations in the strength of 

the WGC during the widespread Ncoglacial period. It is suggested that these 

stratification processes were developed through the increasing seasonal ice cover prior 
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to the widespread onset of Neoglacial times, which led to the development of cold 

dense saline bottom waters for most of the year. The subsequent development of 

strong pycnocline prevented bottom water ventilation, leading to lowered dissolved 

oxygen levels and higher CO2 concentrations from organic decay of the sediments. 

Atmospheric CO2 exchange may well have been inhibited by stratification, and 

extended pack ice cover. The resulting fjord bottom water conditions became very 

corrosive to calcareous foraminifera. 

7.3.3 Limitations in Disko Bugt: Chronology 

The development of age depth models in Disko Bugt has generally been very 

successful, and good inferences have been made regarding the timing of fluctuations 

in the strength of the WGC, which are compared to other established proxy records. 

However, dating control is weaker when addressing questions about the timing of the 

re-instigation of the WGC circulation following the deglaciation of Disko Bugt, and 

also regarding the timing and duration of the final retreat of Jakobshavns Isbrac. Only 

three radiocarbon dates have been generated from DAOO-06. This is mainly a 

function of low test counts, and poor preservation of calcareous faunal in the top part 

of the core. There is no date spanning the inferred "8.2 event" which occurs 

throughout zones 1 and 2 in the core, and dating the phase of intense IRD deposition 

was not achieved. 

7.3.4 Limitations in Disko Bugt: Core locations and sedimentology 

The core sample locations have been ideal for generating a palacoccanographic record 

of mid to late-Holocene changes in the WGC, however, none of the piston cores 

penetrated the full sequence, and chronology is therefore based on minimum ages. 

This research was designed to capture rapid instabilities and records of high resolution 

records of change through coring in areas with high sedimentation rates. It appears 

that this aim was almost too successful, with extremely high sedimentation rates 

apparent; the much shorter duration of the core records was not anticipated, and the 

influence of Jakobshavns Isbrae in delivering fine-grained sediment to the bay is over 
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whelming. The expected presence of IRD (clasts greater than 2 mm) in the cores is 

absent. Initially it had been hoped that the presence of IRD could be related to 

episodes of punctuated discharge of Jakobshavns Isbrae. It seems likely that the lack 

of IRD in other cores (DAOO-03 in particular) is due to the sediment signal trapping at 

Isfjeldsbanken. The shallow sill traps icebergs in the Isf ford, which appear to rain out 

most of their debris behind the sill until they have melted and are shallow enough to 

pass over the bedrock obstacle. 

These high sedimentation rates, and lack of distinction in the sediment architecture, 

have been one of the limiting factors in the successful development of a seismic 

model. There are indications however, that the tentative identification of arcuate 

ridges in front of Jakobshavns Isbrae may be evidence of a punctuated retreat prior to 

the ice stream halt at Isfjeldsbanken around 8.3 ka cal BP. Ongoing research may be 

able to develop an initial model of sediment architecture for stages of ice retreat 

through the bay through the use of palaeomagnetic proxies (J. Dix, pers. comm., 

2002). This process allows the recognition (and correlation) of different sediment 

signals from different types of sediment measured throughout the cores, to the high 

resolution seismic data produced during the surveying in Disko Bugt. The varying 

sediment layers recorded in the seismic data can be correlated to the differing signals 

given off by the sediments in the cores. 

7.3.5 Limitations in Disko Bugt: Isotopes 

Despite evidence from the oxygen isotope records that Jakobshavns Isbrac is likely to 

have responded directly to changes in atmospheric temperature in varying its amounts 

of meltwater flux, overall results from the isotopes have been disappointing. The 

discontinuous nature of the calcareous fauna due to dissolution and low test 

abundance in DAOO-06, and lack of isotope data for DAOO-05, has not allowed firm 

conclusions to be drawn about changes in bottom water conditions during the 

Holocene climatic optimum, and Neoglacial periods. The likely infaunal effects and 

quantitative unknowns regarding species variations and vital effects of the taxa used 

in this thesis have limited interpretation regarding past records of productivity and 

changing isotopic signals of variations in the strength of the WGC. 
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However, this is the first attempt to produce a benthic isotope record from this region, 

and from species that have never before been used. The degree of correlation bctwccn 

the high resolution oxygen isotope record and the ice core data during the "8.2" event 
is the first to show a correlation between oceanographic activity on the west coast of 

Greenland with atmospheric changes (from ice core data). 

This compilation of a `stacked' isotope signal from Disko Bugt West Greenland is the 

first proxy to corroborate the (low resolution) macrofaunal evidence for meltwater 

fluxes, fluctuations of the West Greenland Current, and ultimately to show that there 

is a distinct and discernable relationship between terrestrial processes and records, and 

oceanographic patterns in Disko Bugt West Greenland. 

7.3.6 Limitations in Disko Bugt: Equifinality 

Concerns have been raised in this thesis about the possibility of cquifinality operating 
in the apparent signals in the palaeoenvironmental records developed for Disko IIugt. 

This theory concerns the process by which different operating mechanisms can give 

rise to the same observed pattern. For example, dissolution processes active in 

Kangersuneq fjord during the Neoglacial have virtually eliminated any evidence of 

calcareous species, which are representative of cooler conditions, or a much 

weaker/diluted WGC signal. Without comparisons to other proxy records, the DAOO- 

05 data may well be interpreted as displaying a relatively strong WGC signal through 

the relative increased abundances of the agglutinated foraminifera, and very minor 

amounts of species present that are specifically associated with cooler conditions. 
The scenarios presented in Chapter 6 also highlight the possibility that warmer 

atmospheric temperatures could equally give rise to a "cold" WGC signal, as well as a 

warm signal. This is because on a larger scale, increases in atmospheric temperature 

are likely to increase Arctic melting, and intensify the East Greenland Current 

component of the West Greenland component, diluting the Irminger Current part. 
Using all the lines of available evidence from this study, this scenario seems less 

likely, as atmospheric temperature rises can be correlated to intensification of the 
Irminger Current branch, and subsequent warming of the WGC. 
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7.4 Regional issues 

There is a considerable amount of proxy evidence available from the Baffin Bay 

region, Labrador Sea and eastern Arctic Canada relating to palacoccanography and 

glaciomarine interactions during the Last Glacial Maximum and transition to the 

present interglacial (e. g. Andrews et al., 1991,1994,1995; Hillaire-Marccl ct al., 

1993; Hiscott et al., 2001; Jennings et al., 2001; Silis, 1993; Vilks, 1980,1981). 

However, higher resolution records spanning the Holocene with which to compare the 

results of this thesis are somewhat limited. Marine evidence of palacoccanographic 

change from sites in West Greenland is also limited, particularly by the dating control, 

resolution and material used (e. g. Bennike et al., 1994; Donner and Jungner, 1975; 

Feyling-Hanssen and Funder, 1990; Funder and Weidick, 1991). 

There is also a significant amount of contemporary observational data available 

regarding the warmth and strength of the WGC in recent times (e. g. Buch, 1993,2000; 

Buch and Nielsen, 2001; Buch and Stein, 1987,1989; Stein, 1991,1993; Stein and 

Buch, 1985; Stein and Wegner, 1990). Despite this, it is difficult to validate the three 

hypothesis controlling palaeoceanographic regimes during the Holocene which have 

been proposed in this thesis, without corroboration of these observational data with 

published knowledge of contemporary floral and faunal assemblages and distributions. 

Ideally these contemporary observational data could be used to create a regional 

model of operating mechanisms (such as enhanced phases of positive or negative 

NAO) for controlling changes in the WGC, and this atmosphere-ocean "transfer 

function" could be applied to palaeoceanographic records such as these produced 
from Disko Bugt. 

7.5.1 Future research 

The original work produced in this thesis shows that there is considerable scope for 

the pursuit of further research in this location. No coring outside of Disko Bugt has 

been attempted in West Greenland. It is likely that to remove the overwhelming 
influence and "noise" from Jakobshavns Isbrae in terms of sediment delivery, an 
increased westward coring location would be required. An ideal location for the 
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procurement of longer core records, (but still with relatively high sedimentation rates 

to allow high resolution data to be produced) could be the large offshore sediment fan 

at the mouth of Disko Bugt on the shelf margin. A coring site such as this would 

enable longer core records of palaeoceanographic circulation to be developed and it is 

suggested that the deeper water depth at a shelf location would also enable a proxy 

record of changes in sea surface temperatures to be made from planktic foraminifcra. 

7.5.2 Future research: Coring locations 

It is likely that an alternative coring location such as this would allow further 

determination of palaeoceanographic modes of circulation, and controlling operating 

mechanisms of the glacial and deglacial history of West Greenland. Questions can 

then be addressed about the extent of the West Greenland Ice Sheet during the Last 

Glacial Maximum, and subsequent timing of the destabilisation and retreat of the 

marine based portion of the West Greenland Ice Sheet, which this thesis cannot 

answer. Timing of the break up of the West Greenland Ice Sheet has only been 

tentatively estimated by Funder and Hansen, (1996) and requires further constraining 

in order to develop and extend the palaeoenvironmental history of West Greenland. 

7.5.3 Future research: Alternate proxy methods 

Due to the controlling mechanisms on dissolution relating to the warm West 

Greenland current, an alternative proxy method is proposed for this further research. 

The recent use of biomarker alkenones in marine sediments from the Nordic Seas has 

allowed identification of changes in temperature and salinity in the East Greenland 

Current (J. Bendle, pers. comm., 2003). The recent application of this technique 

involves the use of C37 alkenones as biomarkcrs for some types of algae. The 

sedimentary abundance of these alkenones have been related in the Nordic seas to two 

types of water masses, Arctic and Atlantic, and present day observations of these 

organic compounds have been used as a modem analogue to reconstruct variations in 

the position of the Arctic Front (Rosell-Mole et al., 1998). The biomarkcr technique 

has also been successfully employed to determine how the Indian Ocean has 
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responded to a freshwater flux in the surface waters of the North Atlantic, in terms of 

changes in oxygen concentration of bottom waters (Shulte et al., 1999). This 

relatively new technique has been used to infer climatic changes in terms of sea 

surface temperatures and changes in the atmospheric North East Trade Winds system, 

in the upwelling region off Cap Blanc, northwest Africa, over the last 70 ka (Sicre ct 

al., 2001). Application of this proxy method, in combination with further 

foraminiferal analyses (planktic and benthic), to sediments retrieved from the West 

Greenland Shelf, would be invaluable for determining high resolution changes in sea 

surface temperature, water mass variations and ocean-atmospheric interaction since 

the Late Glacial Maximum. 

Intrinsically linked to the benthic record of water mass changes (in terms of 
information about productivity, seasonal pack ice duration and stratification 

processes), proxy records from sea ice diatoms will prove invaluable for 

reconstructing models of palaeoceanographic changes through the water column. It is 

anticipated that the data from this thesis will be used in conjunction with 

contemporaneous parallel research relating to palaco-pack ice records currently being 

developed (K. G. Jensen, pers. comm., 2003). 

7.5.4 Future research: Localised hydrographics and sampling resolution 

The development of an in-depth hydrographic study of annual CTD profiles fron 

Disko Bugt would allow quantitative replication of seasonal changes in the WGC. 

This could create a transferable model which could then be applied to palaco-core 

records from the marine environment. At the same time, in order for the potential for 

benthic isotopic ratio records to be fully exploited in this region, data needs to be 

generated relating to contemporary isotopic equilibrium values of infaunal species 

which dominate in Disko Bugt. 

This study has highlighted the differing rates of sedimentation that are operating 

within the three different environmental settings of ice-proximal, ice-distal, and a 
fjord setting. This was not known prior to the instigation of the sampling strategy of 

the three piston cores. With this in mind, it can be seen that by increasing the 
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resolution of sampling, especially in the upper section of care DA00-06, it would be 

possible to increase the confidence in comparison of benthic foraminifcral and 

isotopic records with ice core data, and produce an even greater high-resolution data 

set for palaeoceanographic changes during the Holocene in West Greenland. 

Future research directions such as these would be ideal next steps in developing the 

findings of this thesis. These proposals may produce a more spatially and temporally 

comprehensive record of palaeoceanographic change, and ice margin instabilities in 

West Greenland since the Late Glacial Maximum. 

7.6 Thesis conclusions 

This research is an original contribution to the growing body of knowledge about 

palaeoenvironmental change in West Greenland. This thesis has furthered the 

understanding of modes of Holocene palaeoceanograpliic circulation in Disko ßugt 

and West Greenland, and linked them to likely operating mechanisms of change. 

Information about past variations in the strength of the dominant water current in 

West Greenland (the West Greenland Current), has been successfully reconstructed 

through the application of foraminiferal analysis and isotope techniques. New data 

relating to the timing of final retreat of Jakobshavns Isbrae, the most important ice 

stream draining the West Greenland Ice Sheet, has been determined through evidence 

of meltwater and sediment fluxes from the calving margin. The high resolution 

records produced in this thesis clearly document the rapid instability and subsequent 

retreat of the ice stream to be related to the rapid atmospheric warming following the 

well-documented "8.2 event". 

Mid-Holocene climatic changes are recorded in a fjord mouth setting of Kangersuneq. 

Despite considerable dissolution processes operating in the fjord (which arc in fact a 

product of climatic change themselves), a high resolution record of variable and 
declining warmth of the WGC is recorded from c. 6.3 ka cal BP, prior to the onset of 
full Neoglacial conditions around 4.1 ka cal BP. The maximum cooling during the 

Neoglacial period is clearly seen from c. 3.2 to 2.2 ka cal BP in DAOO-05 and DAOO- 

03. A distinct warming of the WGC takes place around 2.2 ka cal BP, which can be 
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linked to an increased component of Irminger Current water, which is also seen in the 

records from East Greenland as well as the Nordic Seas. The foranminifcral 

assemblages from DAOO-03 show evidence of a distinct climatic amelioration which 
is associated with the Medieval Warm Period. There is some evidence towards the 

top of DAOO-03 for a deterioration of oceanographic conditions which is linked to the 

onset of the Little Ice Age. 
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Appcndix I 
Spccics list and rcfcrcncc codcs 

Species Varcode 

Adercotryma gloinerata (Brady, 1878) aderglonn 
Ammpdiscus gullmarensis (Höglund, 1947) antogull 
Ammoscalaria pseudospiralis (Williamson, 1858) amopseuclo 
Astrononion gallowayi (Loeblich and Tappan, 1953) astrogal 
Bolivina pseudopunctata (Hoglund, 1947) bolpseudo 

Buccellafrigida (Cushman, 1922) bucfrige 
Buccella tenerrima (Bandy, 1950) buctener 

Cassidulina laevigata (d'Orbigny, 1826) caslacvi 
Cassidulina reniforme (Norvang, 1945) casrenif 
Cassidulina teretis (Tappan, 1951) casterit 
Chilostomellina fimbriata (Cushman, 1926) chilfint 
Cibicides lobatulus (Walker and Jacob, 1798) ciblobat 
Cribostomoides crassimargo (Norman, 1892) cribcras 
Cribostomoidesjeffreysi (Williamson, 1858) cribjef 
Cuneata arctica (Brady, 1881) cunart 
Dentalina advena (Cushman, 1923) dentadve 

Dentalina baggi (Galloway & Whistler, 1927) dentbagi 

Dentalinafrobisherensis (Loeblich & Tappan, 1953) clentfrob 
Eggerella advena (Cushman, 1922) eggadv 
Elphidium asklundi (Brotzen, 1943) elphask 
Elphidium bartletti (Cushman, 1933) clphbart 
Elphidium excavatum (Terquem, 1987) c/phex 
Elphidium excavatum f. clavata (Cushman, 1930) clphcxfc 
Elphidium incertum (Williamson, 1858) clph 
Glonia inaequalis (Reuss, 1930) globina 
Haynesina orbiculare (Brady, 1881) hanesobi 
Islandiella islandica (Norvang, 1945) islanisl 
Islandiella norcrossi (Cushman, 1933) islanorc 
Lagena mollis (Cushman, 1944) lagmoll 
Melonis zaandantee (Williamson, 1858) mclobar 
Neoglobigerina pachydernta (Ehrenberg, 1861) npachys 
Nonion auricula (Heron-Allen & Earland, 1930) nonauric 
Nonion labradoricum/Nonionellina labradorica nonilabr 



Appcndix I 
Spccics list and rcfcrcncc codes 

(Dawson for the latter, 1860) 

Nonion orbiculare (Brady, 1881) nonaturic 
Pyrgo williansoni (Sylvestri, 1923) pyrgowil 
Quinqueloculina stalker! (Loeblich & Tappan, 1953) quinstak 
Recurvoides turbinatus (Brady, 1881) rccturb 
Reophax fusiformis (Williamson, 1858) reofusi 
Reophax gracilis (Kiar) rcograci 
Reophax guttifer (Brady, 1881) rcogutt 
Reophax nana (Rhumbler, 1913) reonana 
Reophax pilulifer (Brady, 1884) rcopilu 
Reophax scorpiurus (Montfort, 1808) reoscorp 
Reophax sp. reosp 
Saccammina diflugiformis (Brady, 1879) sacrlgf i 

Saccammina subfiisiformis (Earland, 1933) sacsuhfu 
Silicosigmoilina groenlandica (Cushman, 1933) silicosi 
Spiroplectammina biforntis (Parker & Jones, 1865) spirobif 
Stainforthia concava (Höglund, 1947) staincon 
Stainforthiafeylingi (Knudsen & Seidenkrantz, 1994) stainfey 
Textularia earlandi (Parker, 1952) texcar 
Textularia sagittula (Murray, 1971) tcrsagi 
Textularia torquata (Parker, 1952) tcxtorq 
Trifarina f wens (Todd, 1947) tr? ucn 
Trochammina japonica (Ishiwada, 1950) trocl jap 
Trochammina nana (Brady, 1881) trochnana 

Z 
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Calcareous foruminifcrat counts 
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Appcndix 2: Corc DA00.06 
Calcarcous fornminifcral counts 
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Appendix 2: Core DA00.06 
Calcareous foraminiferal counts 
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Calcareous foraminiferal counts 
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Appendix 2: Core DAOO-OG 
Calcareous foraminiferal counts 
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Appendix 2: Core DAOO-06 
Calcareous foraminifcral counts 
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Appcndix 3: Corc DAOO-06 
Agglutinated foraminifcral counts 
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Appendix 3: Core DAOO-06 
Agglutinated foraminiferal counts 
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Agglutinated foraminiferal counts 
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Appendix 3: Core DAOO-O6 
Agglutinated foraminiferal counts 
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Appendix 3: Core DAOO-06 
Agglutinated foraminiferal counts 
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Appendix 4: Core DAOO-06 
Core foraminifcral analysis data 
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Appendix 4: Core DAOO-O6 
Core foraminiferal analysis data 
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Appendix 4: Core DA00-06 
Core fornminiferal analysis data 
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Appendix 4: Core DAOO-06 
Core foraminiferal analysis data 
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Appendix 4: Corc DAOO-OG 
Corc foraminiferal analysis data 
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Appendix 5: Core DAOO-06 
Individual species test counts for isotope analysis 

DA/06 Sample No. no of N. lab tests no of C. ren. tests no of 1,. nor. tests 
2 
8 
16 
24 
32 45 
40 8 40 
48 30 
56 4 45 
64 19 100 
72 20 
78 25 
80 11 
88 6 28 
96 
104 5 20 
112 22 55 
120 6 20 
128 10 50 23 
136 40 10 
144 32 
152 7 45 18 
160 40 20 
168 29 
176 5 60 22 
184 6 50 45 
192 22 7 
200 9 26 43 
208 9 17 33 
216 27 17 
224 2 16 22 
232 5 22 30 
240 35 13 
248 45 25 
256 11 14 
264 
272 
280 75 11 
288 12 
296 70 21 
304 90 7 
312 35 6 
320 6 80 9 
328 4 60 9 

336 35 8 
344 5 38 II 
352 60 8 
360 
368 5 40 7 
376 40 6 
384 20 
392 5 35 
400 10 45 14 
408 25 6 
416 50 9 

424 6 40 12 
432 15 
440 3 50 23 
448 6 45 25 
456 
464 8 47 17 
472 4 37 21 
480 
488 8 30 30 
496 45 36 
504 10 17 
512 11 55 23 
520 7 50 12 
528 7 6 

536 45 19 
544 22 14 



Appendix 5: Core DAOO-06 
Individual species test counts for isotope analysis 

552 9 
560 5 70 16 
568 45 18 
576 30 12 
584 4 70 19 
592 60 22 
600 15 Snot used 
608 7 80 12 
616 12 90 
624 15 11 
632 5 90 18 
640 80 10 
648 16 
656 80 13 
664 75 13 
672 40 11 
680 60 6 
688 80 
696 30 
704 70 
712 65 
720 35 
728 60 
736 70 
744 
752 32 
760 55 
768 18 
776 50 
784 65 
792 15 
800 70 7 
808 50 
816 7 
824 40 
832 60 12 
840 
848 30 10 
856 130 27 
864 2 (not used) Snot used) 
872 110 34 
880 30 32 
888 9 IS 
896 90 36 
904 70 20 
912 4 not used) Snot used 
920 40 9 

928 30 45 
936 20 (934 s. n 
944 22 



Depth 
(cm) 

Converted 
Age 

(cal yr BP 

8C 
PDB 

N. lab 

813C 
PDB 

C. ren 

613C 
PDB 
1. nor 

32 2229.4 -0.17 
40 2579.7 -1.17 -0.16 
48 2930.1 
56 3280.4 -2.23 -0.20 
64 3630.7 -0.76 -0.32 
72 3981.1 
88 4681.7 -1.45 -0.56 
104 5382.4 -2.15 -0.86 
112 5732.7 -1.53 -0.65 
120 6083.1 
128 6433.4 -1.63 -1.62 -0.88 
136 6783.8 TS -1.21 
144 7134.1 
152 7484.4 -1.85 -1.15 -0.61 
160 7791.7 TS -0.65 
168 7797.5 -0.64 
176 7803.3 -1.23 -0.66 -0.48 
184 7809.1 -1.13 -0.50 
192 7814.9 -1.45 
200 7820.7 -1.38 -1.37 -0.58 
208 7826.4 -1.15 -0.55 
216 7832.2 TS 
224 7838.0 -1.97 -1.33 -0.72 
232 7843.8 -1.38 -0.74 
248 7855.4 -1.35 -0.81 
240 7849.6 
256 7861.2 -1.19 -0.75 
272 7872.8 IS -0.97 
280 7878.6 -1.36 LOST 
288 7884.4 
296 7890.2 -1.46 -1.08 
304 7896.0 -1.58 -1.31 
312 7901.7 
320 7907.5 -2.10 -1.51 -0.95 
328 7913.3 -1.70 -1.46 -1.36 
336 7919.1 
344 7924.9 -1.46 "1.74 -1.26 
352 7930.7 -1.75 -1.31 
368 7942.3 TS -2.06 -1.69 
376 7948.1 -1.71 -1.93 
384 7953.9 
392 7959.7 -2.29 -2.19 
400 7965.5 -2.15 -1.72 -1.11 
408 7971.2 
416 7977.0 -1.71 -1.52 
424 7982.8 -2.16 -1.46 -1.45 
432 7988.6 
440 7994.4 -3.38 -1.94 -1.45 
448 8000.2 -2.79 -1.96 -1.24 
464 8011.8 -2.15 -2.02 -1.49 
472 8017.6 -1.70 -1.67 -1.15 
480 8023.4 
488 8029.2 -2.46 -2.15 -1.31 
496 8035.0 -2.04 -1.58 
504 8040.8 
512 8046.5 -2.56 -1.99 . 1.63 
520 8052.3 -3.21 -2.68 -2.22 
528 8058.1 
536 8063.9 -1.66 -1.39 
544 8069.7 TS -1.69 
552 8081.3 
560 8087.1 -3.40 -1.59 -1.21 

Appendix 6: DAOO-06 
Individual species isotope data 

Depth 
(cm) 

Converted 
Age 

(cal r Br 

bO 
run N. 

lab 

b W(-) 
P1)0 C. 

ren 

-a W(-) 
LUD I. 

nor 
32 2229.4 2.81 
40 2579.7 2.89 2.96 
48 2930.1 2.61 
56 3280.4 -0.87 3.20 
64 3630.7 3.20 3.21 
72 3981.1 2.89 
88 4681.7 3.08 3.31 
104 5392.4 3.23 2,91 
112 5732.7 3.61 3.42 
120 0083.1 L(X) 
128 6433.4 3.35 2.26 299 
136 6783.8 T'S 3.18) 
144 7134.1 2.98 
152 7484.4 2.79 2.89 6.51) 
160 7791.7 TS 3.24 
168 7797.5 1.15 
176 7803.3 3.29 3.01 3.57 
184 780). 1 3.47 3.29 3.54 
192 7814.9 1.13 2.62 
200 7820.7 3.57 2. (X) 3.57 
208 7826.4 3.70 3.06 3.77 
216 7832.2 -0.05 3. ( X) 
224 7838.0 TS 2.54 3.49 
232 7843.8 3.36 3.07 3.32 
248 7855.4 3.26 3.51 
240 7849.6 1.74 2.87 
256 7861.2 3.08 3.45 
272 7872.8 TS 3.23 
280 7878.6 3.39 LOST 
269 7994.4 -0.41 
296 78x). 2 3.33 3.51 
304 78%. 0 3.43 3.32 
312 7901.7 1.52 2.75 
320 7907.5 2.85 3.11 3.43 
328 7913.3 2.71 3.15 3.11 
336 7919.1 1.80 2.86 
344 7924.9 2.21 2.84 3.08 
352 7930.7 2.91 2.56 
368 7942.3 TS 2.57 2.43 
376 7948.1 2.73 2.14 
384 7953.9 1.34 
392 7959.7 2.71 2.34 
4(X) 7965.5 3.30 3.04 3.35 
408 7971.2 1.54 2.92 
416 7977.0 2.97 0.48 
424 7982.8 2.41 3.11 3.13 
432 7988.6 0,95 
440 7994.4 1.09 2.84 3.22 
448 RI 8X). 2 2.61 2.81 3.20 
404 8011.8 3.07 2.65 3.02 
472 8017.6 3.15 3.26 3.40 
480 8023.4 -0.21) 2. ()o 
488 9029.2 2.96 2.51 3.36 
496 8035.0 2.81 3.36 
504 9040.9 3.21 

512 8046.5 2.41 2.70 3,111 
520 8052.3 2.20 1.99 2.21 

528 8058.1 I. 84 
536 8063A 2.87 3.10 
544 8069.7 TS 2.57 
552 9081.3 1.62 
56() 8087.1 1.41 3.25 3.48 



Depth 
(cm) 

Converted 
Age 

(cal yr BP 

813C 
PDB 

N. lab 

SC 
PDB 

C. ren 

813C 
PDB 
1. nor 

568 8087.1 -1.52 -1.00 
576 8092.9 
584 8098.7 -2.56 -1.59 -1.31 
592 8104.5 -2.04 -1.65 
600 8110.3 
608 8116.0 -3.66 -1.90 -2.12 
616 8121.8 -3.98 -2.26 
624 8127.6 
632 8133.4 -3.76 -1.94 -1.25 
640 8139.2 -2.04 -1.55 
648 8145.0 
656 8150.8 -1.68 -1.65 
664 8156.6 -1.91 -1.60 
672 8162.4 
680 8168.2 -1.60 -1.35 
688 8174.0 -1.49 
696 8179.8 
704 8185.6 -1.42 
712 8191.3 -1.51 
720 8197.1 
728 8202.9 -1.49 
736 8208.7 -1.37 
752 8220.3 -1.70 
760 8226.1 -1.79 
768 8231.9 
774 8236.2 -1.55 
784 8243.5 -1.87 
782 8249.3 
800 8255.1 -1.75 -2.50 
808 8260.8 -1.41 
816 8266.6 
824 8272.4 -2.50 
832 8278.2 -2.18 -2.24 
848 8289.8 -2.78 -1.61 
856 8259.6 -1.76 -1.64 
872 9307.2 -2.20 -1.66 
880 8313.0 -2.67 -1.53 
888 8318.8 
896 8324.6 -2.05 -1.77 
904 8330.4 -2.43 -1.99 
920 8341.9 -2.65 -3.33 
928 8347.7 -1.93 -1.53 
934 8352.1 
944 8359.3 -1.72 

Appendix 6: DAOO-06 
Individual species isotope data 

Depth 
(cm) 

Converted 
Age 

cal r HP 

8O 
PDII N. 

lab 

6110 
Pi111 C. 

ren 

6110 
P1)111. 

nor 
568 8087.1 3.26 3.61 
576 8092.9 1.40 2.98 
584 8098,7 3.24 3.24 3,66 
592 8104.5 2.96 3.50 
6(X) $110.3 -0.53 
608 8116.0 3.49 3.32 3.24 
616 8121.8 3.54 3.20 
624 8127.6 1.31 3.07 
632 8133.4 

- 
3.01 3.26 3.42 

640 W 139.2 3.21 3.16 
648 9145.0 1.22 
656 8150.9 3.16 3.08 
66x1 8156.6 2.92 2.99 
672 8162.4 2.20 1.76 
690 9168.2 3.51 2.81) 
688 9174.0 3,52 
696 8179.8 4). 26 
704 8195.6 3.54 
712 8191.3 3.55 
720 9197.1 2.48 
728 8202.9 3.53 
736 8209.7 3.57 
752 8220.3 3.14 
760 8226.1 3.26 
769 9231.9 1.86 
774 8236.2 3.37 
784 $243.5 3.39 
792 8249.3 1.10 
800 8255.1 3.38 1.93 
808 8260.9 2.59 
816 8266.6 -1.78 
924 9272.4 2.49 
832 8279.2 2.98 2.72 
848 8289.8 2.27 0.58 
856 9259.6 3.18 3.37 
872 9307.2 3.14 3.30 
880 8313.0 2.56 3.46 
888 8318.9 40.70 2.74 
896 8324.6 3.12 3.13 
904 8330.4 2.64 2.52 
920 8341.9 1.91 1.58 
928 8347.7 2.21 3.58 
934 9352.1 1.12 
944 8359.3 1.91 

2 



Appcndix 7: Corc DAOO-06 
Composite isotope data 

Depth cm Converted Age (cal yr BP Composite d13C ratio 
32 2229.4 40,17 
40 2579.7 -41.67 
56 3280.4 -1.21 64 3630.7 . 0.54 
88 4681.7 . 1. (N) 
104 5382.4 50 . 1,5(1 
112 5832.7 . 1, 
218 6433.4 -1,39 
136 6782.8 "1.21 
152 7685.5 -1,43 
160 7791.7 . 0,65 
176 7803.3 -0,59 184 7809.1 . 0,98 
200 7820.7 -1.16 
208 7826.4 -1.10 
232 7843.8 -1.56 
248 7855.4 . 1.08 
256 7861.2 41,97 
272 7872.8 4), 48 4% 
280 7878.6 -136 296 7890.2 -1.27 
304 7895.9 -1.45 
320 7907.5 -1.52 
328 7913.3 -1.51 
344 7924.9 -1.49 
352 7930.7 -1.53 
368 7942.3 -1.87 376 7948.4 -1.82 392 7959.7 -2.24 
400 7965.5 -1.06 
416 7977.0 -1.62 
424 7982.8 -1.69 
440 7994.4 -2.26 
448 8000.2 -2,00 
464 8011.8 -1.89 
472 8017.6 -1.80 
488 8029.2 -1.97 
496 8035.0 -1.91 
512 8046.5 -2.00 
520 8052.3 -2.70 
536 8063.9 -1.53 
544 8069.7 -1.69 
560 8081.3 -2.06 
568 8087.1 -1.26 
584 8098.7 -1.82 
592 8104.5 -1.84 
608 8116.0 -2.56 
616 8121.8 -3.12 
632 8133.4 -2.32 
640 8139.2 -1.80 
656 8150.8 . 1.67 
664 8156.6 . 1.75 
680 8168.2 -1.47 
688 8174.0 -1.49 
704 8185.5 -1.42 
712 8191.3 -1.51 
728 8202.9 -1.49 
736 8208.7 -1.37 
752 8220.3 -1.70 
760 8226.1 -1.79 
774 8237.7 -1.55 
784 8243.5 -1.87 
800 8255.1 -2.12 
808 8260.8 -1.41 
824 8272.4 -2.50 
832 8278.2 -2.21 
848 8789.8 -2.19 
856 8295.6 -1.71) 
872 8307.2 -1.93 3 
880 8313.0 -2.1 
896 8324.6 -1.91 
904 8330.3 -2.21 
920 8341.9 -2.99 
928 8347.7 -1.73 
944 8359,3 -1.72 



Appcndix 7: Corc DAOO-06 
Compositc isotopc data 

Depth (cm) Converted Ape cal 'r IiP Com oýife (1180 ratio 
32 2229.4 2.91 
40 2579.7 2, Q) 

48 2930.1 2.61 
56 56 3280.4 1.17 

3630.7 '. 21 
72 3981.1 2. xx 
89 4681.7 1.211 

104 5392.4 .1 . 07 
112 5732,7 J. 52 
120 64)83.1 1. 'r) 

128 6433.4 2.96 
136 67x3.8 3.19º 
144 71 4.1 2. vx 
152 7494.4 J. 06 
160 7791.7 314 
168 7797.5 3.15 5 
176 7)(13.3 . x. 20 
184 7809.1 tA3 
192 192 78149 232 

200 7820.7 3-15 

208 7826.4 3-11 
216 7832.2 3.4 N) 
224 7839.1) 3.11) 

232 7843.8 . 25 
240 7949,6 

3 2.8x 

248 7855.4 2.97 
256 7961.2 3.27 
272 7972.9 3.13 

290 7979.6 3.310 
296 78,1). 2 3.42 
304 7995! 9 3-17 

312 791)1.7 2.75 
320 74X)7-', 1. I .V 
328 7913,3 2! r) 
336 791 Q). l 22.7(1 
344 79249 2.71 

352 352 7930.7 2.74 

. 109 7942.3 2. 

376 7949.1 
43 

3 2 
392 7959.7 :5 43 
400 7%5�5 3.23 

408 7971.2 2. x2 

416 7977,0 2.4)7 
424 7t)82. K 2.88 

440 7994.4 2.38 

449 XI N X). 2 2. X7 
404 8011.8 1 2.91 1 

472 8017.6 27 
480 8023.4 2 
488 81)29.2 

94 
2 

496 8035.0 
98 

3. 

504 x1)31). 7 3.21 21 

512 80463 2.71 
520 8052,3 2.10 

528 8058.1 I. 98 
536 80039 2')K 

544 9(1(, 0.7 2.57 

552 8075.5 l j, 2 

. t, (A) KI)K I3 2.71 

'09 81)87,1 3.44 
576 4 8092.9 . 44 `)K 

59 81x)8.7 3 3.39 
592 x 1(4.5 j. 2 

.v 
602 91100 3-1.1% 
616 x 121.8 1�17 
624 8127.6 3.07 

632 32 6 8133.4 11 
8139.2 3.12) 

656 56 x 1511.8 3.12 
6 x 150.6 2! )i 

ýL 



Appendix 7: Core DAOO-06 
Composite isotope data 

680 8168.2 3.20 
688 8174.0 3.52 
704 8185.5 3.54 
712 8191.3 3.55 
728 8202.9 3.53 
736 8208.7 3.57 
752 8220.3 3.14 
760 8226.1 3.26 
774 8231.9 3,37 
784 8237.7 3,39 6 
800 8243.5 2. 2.65 
808 8260.8 2.59 
824 8272.4 2.48 
832 8278.2 2.85 
856 8295.6 3.27 
872 8307.2 3.22 0 
880 8313.0 3. 1 
888 8318.8 2.74 
896 8324.6 3.12 
904 8330.3 2.58 
920 8341.9 1119 
928 8347.7 2.89 
944 8359.3 1.91 
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Appendix 8: Core DAOO-05 
Calcareous foraminifcral counts 
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Appendix 8: Core DAOO-05 
Calcareous foraminiferal counts 
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Appendix 8: Core DAOO-05 
Calcareous foraminiferal counts 
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Appendix 8: Core DAOO-05 
Calcareous foraminiferal counts 
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Appendix 9: Core DAOO-05 
Agglutinated foraminiferal counts 

w 
i N M 0 0 0 0 0 N M N M n a 0 cc a 0 0 0 N 0 O 

w 
ýO O O O O O O O O .+ 0 O 0 N O O N O M O d h 

s ON Ol 'O 2 00 00 of �O� M N 2 N rN� 
^ d N f NO M N 

w 
Y N 7 O O O O b O O ^ O O 0 O 0 0 0 O 0 O 0 O 

ýr. 

1 

' 
ýO 00 M O O O 0 M ^ N N d' 2 

00 N V% N M N 

'E fN wl 0 2 00 00 N 00 M� f N O O M 0 0 f N 

w M 

'a 

G 

O O ^ O M O V N M -f m O M N d 0 O C 0 O M 0 

ü 

1 - 
N 

M N d O N ^ N 2 P O O N OO by 

ý"Q ýO f O N O N O O O N O N O O O O N O O O N N 

O O O N 0 O O �N, O N O O O O O O O O O O N O 

w n C4 
M. L- 

. 
ý. 

. 
d. N 

. 
N. 

N "? "ý" N 
t 

M 
V% 
M 

elf 
4 N 

7 

N M O O O M f O Of Mf Of M N N Of N M M N 00 P 
C 
Y 

7 

O O O O O O O O M O O O O N O O M M O O O O 

E 
0 
pp 
ü 

eý 
M1 N . 

ýi N 
. 
Mi N 

tO11 
ý.. 

'+1 
N 

.. 
N N 

^ f 2 p N �Tn ýI 

Y 
S0 

7m V e0 N a 
Q 

00 l a0 ery d 
ON 

O 
00 

f 
co 

"! 
00 

Of 
fV 

.O 
M 

Oýp 0 Of Of 
4 

'D opp .º 
f`) 

In 
M 

1 

:2 pý 
Cy N N 

°'Y' q o 0 N 0 M Vf N 
Q 
ýD OOO 

p S ^ M e Q 4 - fp l 
(ý 
N 

' 
O 

- fV 
Hy 



Appendix 9: Core DAOO-05 
Agglutinated foraminiferal counts 
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Appendix 9: Core DAOO-05 
Agglutinated foraminiferal counts 
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Core foraminiferal data analysis 
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Core foraminifcral data analysis 
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Appendix 14: DAOO-03 
Single spccics isotope data 

Depth (cm) Converted Age 
(cal yr IIP 

No of N. labradorica 
te%tq uned 

8C Poll b t) rUH 

8 522.2 4 -5.28 28 1.59 
16 543.4 6 -5. 2.71 
34 591.1 30 "2.89 3,26 
40 607.0 3 "4. (, 1) 1. x11 
48 628.2 17 -5.38 3.21 
56 649.4 28 -5.18 (16 
72 691.8 15 -4.78 2.14 2 84 
80 713.0 15 "5.61 1,1º 
106 781.9 12 "2.49 . 
112 797.8 4 . 2.14 3.001 
120 819.0 17 "2.93 1,05 
128 840.2 33 -1.75 2.76 
144 882.6 15 . 1.9%) 2.6u 
152 903.8 18 -4.16 2.22 
184 988.6 10 -5.28 2.94) 
192 1009.8 16 "1.56 2.29 
232 1115.8 14 -4.24 2.21 23 
240 1137.0 21 "1.57 2.9ý, 
264 1200.6 9 -3.69 0 3. 
272 1221.8 10 -3. 2 3.110 2 
280 1243.0 9 -2.11 1.96 

3 9 
86 

288 1267.2 30 -1.16 . 300 1296.0 12 -3.70 1. 0 3 
304 1306.6 15 -2.45 3.29 
312 1327.8 30 -1.89 5 . 
328 1370.2 12 -3.63 3.29 
344 1412.6 8 -2.81 21.5(. 
352 1433.8 15 -3.95 3.26 
360 1455.0 10 -3.67 2.91 
368 1476.2 25 -3.82 3.11 1 
376 1497.4 7 -1.99 2.99 

1 
4 

400 1561.0 19 -2 
81 

3. 
424 1624.6 10 -3.72 %. 18 1 
440 1667.0 14 -1.19 31 
448 1688.2 21 -3.31 3. 8 
456 1709.4 30 . 2.62 3.1 2 
464 1730.6 20 -2.70 3111) 
472 1751.8 35 -3.15 
480 1773.0 30 -4.91 1 ýü 
488 1794.2 16 -3.27 3.18 
496 1815.4 12 -1.71 3. -1: 2 
500 1826.0 12 . 3.19 3.48 

4 

504 1836.6 13 "1.117 )7 : 
512 1857.8 38 -1.1 354 
520 1879.0 31 -1.76 . 3x 338 
528 192X). 2 30 4.0,74 1.111 
536 1921.4 30 1.7 44 2 
546 1947.9 20 

. 58 01 3-44) 
560 1985.0 6 -. 41 3.1 
568 200.2 20 41.55 __ 
576 20207.4 30 "0,75 323 3 
584 2048.6 10 "1.11 3,16 
592 2069.8 26 . 11.72 .2 600 2091.0 30 . 1.62 109 
608 2112.2 8 -2.45 1.13 
616 2133.4 6 -2.72 1.17 
640 2197.0 24 -3.32 1. lä1 
648 2218.2 28 4). y7 I ýýY 
656 2239.4 11 -2.87 1.11; .0 604 22. 22 -1.49 ) 3.23 
672 2281.8 8 30 . 1). 4x 3 2 
696 2345.4 26 41.19 2. x % 
720 2409.0 8 -1.82 2.41 
744 744 2472.6 30 -3.38 2.91 
768 2536.2 25 . 1.94 3.28 

2 

816 264,3.4 30 -2.01 2 
. 87 . 87 

824 2684.6 9 - . 77 1.24 
2 

840 2727.0 3 -2.87 
848 2748.2 24 -2.51 %, o2 



Appcndix 14: DA00-03 
Single spccics isotopc data 

Depth (cm) Converted Age 
(cal yr BP) 

No of N. labradorlca 
te%ti used 

6'C PDß 6150 run 

856 2769.4 29 -3.69 3.28 
864 2790.6 37 -3.59 3.34 
872 2811.8 27 -3.63 2.92 
880 2833.0 to -3.81 1119 
888 2854.2 15 -3.14 3.04 
896 2875.4 10 -3.41 2,91 
904 2896.6 35 -4.21) 3.13 
912 2917.8 14 -3.72 3.12 
920 2939.0 8 -4,78 2.72 
928 2960.2 7 -3.37 3.40) 
936 2981.4 15 -1.55 2.81 
944 3002.6 10 -0.86 Z! )5 
960 3045.0 4 -2.01 2.22 
976 3087.4 4 -2.21 2,76 
984 3108.6 23 -3.9O 3.19 
992 3129.8 10 -3.47 2.63 
1000 3151.0 35 -3.18 3.10 

a 

; 1ý 


