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The Polar Front is contained within the Antarctic Circumpolar Current which flows through the Drake Passage 
into the Scotia Sea before continuing eastwards around Antarctica. The Polar Front separates Antarctic waters to 
the south and Subantarctic water to the north and is also a boundary across which there are major changes in 
biological productivity and carbonate production and preservation. In the Scotia Sea the position of the Polar 
Front axis is controlled by submarine topography and therefore this area provides a means of studying the 
movement of this feature over the last glacial cycle. Mixed biogenic-terrigenous deposition occurs and cores 
contain a high-resolution late Quaternary record of the last glacial-interglacial transition. Glacial sediments are 
diatom-bearing clayey silts and Holocene interglacial sediments are foraminifera-bearing diatom muds in the 
south, muddy diatom-bearing foraminifera oozes in the north. The aim of this study is to analyse the benthic 
foraminiferal assemblage and stable isotope record of the north Scotia Sea and Falkland Trough thr ough the last 
glacial transition. 
Benthic and planktonic foraminifera were picked and counted to identify changes in assemblages and 
productivity. Palaeoproductivity increased considerably from the glacial to the interglacial stage. A small 
number of benthic foraminifera species dominate the assemblage and the abundance of these species increases 
during the deglaciation. At this point warmer water planktonic species appear in the cores. Foraminiferal 
abundance continues to increase during the interglacial with a mid-Holocene productivity maximum identified 
in a number of the cores between approximately 7.5 and 4 ka. This period is represented by an increase in the 
benthic species Eilohedra weddellensis and Epistominella exigua and may indicate a time of phytodetritus 
deposition in the Scotia Sea. Following the warm period, abundance decreases to the present day and may 
represent a time of cooling. Carbon and oxygen stable isotope analysis was carried out on the species 
Neogloboquadrina pachyderma and Oridorsalis tener and the results show higher '®0 and lower '^C during the 
glacial stage. The oxygen isotope data suggest that at the end of the last glacial stage warming may have started 
at approximately 14ka in the north and was marked by a meltwater event at around 11.Ska. This deglacial 
wanning was interrupted by a return to cooler conditions centred at 10.5ka for a period of about 1,000 years 
before resuming wanning. Changes in biogenic productivity are accompanied by water mass changes during 
this time. There was a decrease in the flux of North Atlantic Deep Water into the Scotia Sea during the glacial 
stage and the area was instead dominated by southern-source bottom water. Antarctic Bottom Water foimation 
did not stop during the glacial stage but was much reduced. These deglacial events have also been recorded 
from other sectors of the Southern Ocean at a similar time. The carbon isotope data record a maximum in 
productivity during the mid-Holocene as identified by the increase in foraminifera abundance, which may 
coiTespond to a climatic optimum identified in a number of other studies from Antarctica and the Southern 
Ocean. 
It can be suggested from this study that the distribution of both planktonic and benthic foraminiferal 
productivity is controlled by movements of the Polar Front in the Scotia Sea. It occupied a more northerly 
position during the last glacial stage, lying at least as far north as 52°S and possibly farther. This was also 
accompanied by a northward extension of the sea-ice edge and of carbonate under-saturated polar waters and 
hence productivity and preservation of carbonate were reduced at the core sites. At the end of the glacial stage 
when the climate began to warm the ice cover began to melt back, the Polar Front migrated south across the 
core sites, and productivity was enhanced. There is a general increase in productivity from south to north and an 
increase in dissolution from north to south in the Scotia Sea, and the Polar Front is a boundary across which 
there is a large change in these properties. 
The cores all seem to respond similarly at surface and deep water levels to environmental change during the last 
glacial transition and therefore it can be concluded that they were influenced by the same water mass and any 
small scale variations may be due to localised organic carbon flux to the sea floor. Comparing this study to other 
research from the Southern Ocean and Antarctica, the events identified here during the transition from glacial to 
interglacial stage seem to be at least circumpolar in extent. The connection with the northern hemisphere and 
therefore the global synchroneity of this transition is still not certain and would benefit from more study, 
particularly to the south of the Polar Front. The last glacial transition therefore seems to be a time of significant 
change in foraminiferal distribution and productivity in the surface and deep waters of the Scotia Sea. However, 
the Holocene period also shows evidence of some fluctuation in climate, perhaps on a more localised scale in 
the Southern Ocean. 
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Chapter One Introduction 

O w e 

INTRODUCTION 

1.1. Aim of the study 

The British Antarctic Survey High LATitude palaeoenvironments (HILATS) project (1995-

2000) includes investigation of the response of deep ocean sediments to Quaternary glacial-

interglacial cycles. Work is at present focused on the Scotia Sea and Falkland Trough, 

influenced by the Antarctic Circumpolar Current (ACC) during the last 30-40 Ma. Sediments 

deposited below the ACC contain a record of changing biogenic productivity, water 

chemistry, movement of water masses and oceanic fronts, terrigenous sediment sources, as 

well as the strength of current flow. 

Microfaunal and stable isotope data have been collected from the Scotia Sea (Fig. 1.1), 

Antarctica in order to study the palaeoceanography of the region through the last glacial-

interglacial cycle (isotope stages 2-1). A number of cores from north and south of the Polar 

Front (PF) have been collected by the British Antarctic Survey (BAS) and the results from 

seven of these cores will be presented in this study. 

The principal aims of the study are to identify the benthic foraminiferal assemblages present 

downcore and relate these to specific oceanographic conditions within the Scotia Sea, 

including any movements of the PF within the Late Quaternary period. Results from stable 

isotope studies using planktonic foraminifera will also be used to interpret the surface 
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Chapter One Introduction 

palaeoceanographic record. Benthic stable isotopes will be used to examine changes in the 

deep-water masses and circulation of the Scotia Sea. Diatoms will also be studied in two 

cores, one from north of the PF and the other from the south, and these data will be used in 

the study of the timing of the deglaciation within the Scotia Sea. AMS Radiocarbon dating 

will be carried out on samples from four of the cores in this study which should then provide 

a strati graphic framework, allowing the cores to be compared to other studies. 

1.2. The role of the Southern Ocean in global climate change 

The palaeoclimatic and palaeoceanographic records of the Southern Ocean around Antarctica 

are basic components for understanding the important role this continent plays in the world 

climate system. However despite increased interest in this subject over recent years, our 

knowledge of Antarctica's role in the global system still suffers from inconsistency and a lack 

of correlatable data. 

The Antarctic continent is fundamental in driving the global atmospheric regime due to its 

strong negative radiation budget (Drewry et al., 1993). The Southern Ocean plays two 

important roles in world climate, firstly the massive flow of water transported by the 

Antarctic Circumpolar Current provides the only deep-water linkage between the Atlantic, 

Pacific and Indian Oceans, allowing the efficient transport of heat, salt, nutrients and 

freshwater around the globe (Nowlin and Klinck, 1986). The southern Indian and Pacific 

Oceans export heat southwards whereas the South Atlantic carries heat northwards 

(Macdonald and Wunsch, 1996), with the Southern Ocean providing a link. It also plays an 

influential, but poorly understood role as a major sink for atmospheric carbon dioxide 

(Nowlin and Klink, 1986; Drewry et al., 1993; Whitworth et al., 1998). During the 

Quaternary period the climate of our planet has been subject to a succession of cold periods 

in which large parts of the northern hemisphere were covered in ice. The majority of 

scientists believe that these ice ages were driven by variations in the distribution of insolation 

(Hays et al., 1976; Imbrie et al., 1984), but insolation alone cannot explain the amplitude and 

hemispheric synchroneity of the temperature changes (Short et al., 1991). Other feedback 

mechanisms must therefore play a role, and evidence from ice-core studies has shown that at 
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Chapter One Introduction 

least part of the cooling was probably due to lower atmospheric CO; contents. The oceans are 

the largest active carbon reservoir and a key component as a sink and a transfer mechanism 

for the motion of carbon through the world system, and therefore the origin of the glacial CO; 

decrease must lie in the ocean. 

Secondly, the Southern Ocean is the major source of both intermediate and deep waters 

which ventilate the World Ocean. The formation and sinking of these water masses results in 

a significant exchange of heat, freshwater and gases such as CO; between low and high 

latitudes and is therefore an important component of the Earth's ocean-climate system. Water 

from the Southern Ocean is largely responsible for keeping the rest of the deep sea cold, and 

55-60% of the oceanic volume is cooled around Antarctica before being transported north 

(Gordon, 1988). It is this cold, dense bottom water formed in the seas around Antarctica, 

which is largely responsible for driving the global thermohaline circulation system, and this 

activity is believed to be the cause of fluctuations of Quaternary climate (Broecker et ah, 

1985,1990). 

An interesting recent discovery in palaeoclimate research is that abrupt climate changes have 

occurred repeatedly for the past several hundred thousand years or more, and therefore our 

stable climate of the last 10,000 years is more of an anomaly than normal. Current ideas link 

these abrupt changes in climate to reorganisation of the global patterns of oceanic and 

atmospheric circulation. If abrupt climate changes involve a reorganisation of circulation 

patterns in the ocean and atmosphere, it is important to study records from the Southern 

Ocean, both to understand changes in the process of deep-water formation that occur there, 

and to describe more fully the climate patterns that are transmitted globally by thermohaline 

circulation via the Antarctic Circumpolar Current (ACC) (Anderson, 1998a). 

1.3. The Study Region 

The Southern Ocean can be defined as the region to the south of the Subtropical Convergence 

or Subtropical Front (STF) and can be divided into two zones: the Subantarctic Zone, lying 

between the STF and the Polar Front (PF), and the Antarctic Zone to the south of the PF 

(Fig.2.2). Within the Atlantic sector of the Southern Ocean, the STF lies at approximately 

40°S and the PF at about 50°S (Anderson et al, 1998b). 
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Chapter One Introduction 

The Scotia Sea extends from the southernmost tip of South America at 56°S 65°W to the 

Antarctic Peninsula and lies within the Antarctic zone of the South Atlantic. It is bounded on 

three sides by the North Scotia Ridge at 54°S, the South Scotia Ridge at 60°S and to the east 

by the South Sandwich Island Arc at 27°W (Fig. 1.1). Both the North and South Scotia Ridges 

are discontinuous, reaching sea level only at Shag Rocks, South Georgia and the South 

Orkney Islands but there are deep gaps within the ridges that reach depths of approximately 

3000m. To the west is the narrow Drake Passage that connects the Scotia Basin to the Pacific 

Ocean. Generally depths within the Scotia Sea Basin reach an average of 3000-4500m 

(Tectonic Map, 1985). 

The Falkland Trough consists of an east-west bathymetric deep extending 1300km from the 

South American continental margin to the Malvinas Outer Basin in the western South 

Atlantic. It is bordered to the north by the Falkland Plateau and to the south by the North 

Scotia Ridge. The topographic relief of the North Scotia Ridge strongly influences the flow 

of Circumpolar Deep Water across the western Falkland Trough. Shallower components of 

the ACC flow directly across the North Scotia Ridge and Falkland Trough, with increased 

flow along the Antarctic Polar Front (PF). It is thought that the ACC flows directly across the 

western Falkland Trough as the Falkland (Malvinas) Current, and then continues northward 

into the western Argentine Basin (Peterson and Whitworth, 1989; Piola and Gordon, 1989; 

Peterson, 1992). 

1.4. Tectonic development / Isolation of Antarctica 

The Scotia Sea is an area of complex tectonic development. Its present configuration has 

evolved since about 40Ma, with the breakup of Gondwana and the resulting movement of 

South America relative to Antarctica. This led to the opening of Drake Passage, which 

formed a deep water sea-way between South America and the Antarctic Peninsula (Barker et 

aA, 1991). 

The earliest identified marine magnetic anomalies in the western Scotia Sea are dated at 

28.7Ma (Mid Oligocene) (Barker and Burrell, 1977; LaBrecque and Rabinowitz, 1977), and 

therefore this could suggest that coherent sea-floor spreading in Drake Passage began at about 

29Ma (Barker and Burrell, 1977). Some ocean floor had already formed by 29Ma, probably 

during initial disruption of the continuous continental connection between South America and 
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west Antarctica. Fragments of that original connection, such as South Georgia, Shag Rocks 

and the South Orkney blocks, now make up the north and south Scotia Ridge (Fig.l). 

However a complete barrier was still intact at the western end of Drake Passage in the form 

of two submarine ridges. These were shallow continental fragments that subsided slowly. 

Therefore although water at continental shelf depths could have passed between the Pacific 

and Atlantic Oceans across the Shackleton Fracture Zone as early as 28-29Ma, a deep gap 

was not in existence until the ridges cleared, estimated at about 23.5 ± 2.5 Ma 

(Oligocene/Miocene boundary) (Barker and Burrell, 1977). At this point the onset of the 

Antarctic Circumpolar Current occurred and is broadly confirmed by the widespread 

introduction of a siliceous biofacies in Southern Ocean sediments of early Miocene age. This 

facies today dominates sedimentation between the Polar Front and the Antarctic Divergence 

(Fig.2.4) (Barker and Burrell, 1982). The opening of the last gateways separating Antarctica 

from the other continental blocks resulted in the isolation of Antarctica in the south polar 

region for the remainder of the Cenozoic (Lawver et al, 1992). This makes the Southern 

Ocean unique among the world's oceans in having a continuous band of water flowing 

around the Antarctic Continent with circulation almost unlimited by landmasses. 

The Scotia Sea basin itself is the result of a series of back-arc and oceanic spreading episodes 

on the boundary between the South American Plate and the Antarctic Plate (Barker and Hill, 

1981), and the relative eastward migration of the evolving South Sandwich arc and trench 

(Barker ef a/., 1991). 
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Chapter Two Oceanographic Setting 

OCEANOGRAPHIC SETTING 

2.1. The Antarctic Circumpolar Current (ACC) 

The Antarctic Circumpolar Current or West Wind Drift is the only zonal current encircling 

the globe, constricted only at Drake Passage (Fig.2.2). The axis of the ACC is constrained in 

the Scotia Sea as it flows out of the Drake Passage, and hence this area is useful in the study 

of the palaeoflow of the ACC (Pudsey and Howe, 1998). The ACC flows east around 

Antarctica between 40° and 65°S, extending from the surface to about 4000m and contributes 

significant amounts of circumpolar water to all deep ocean basins (Corliss, 1983). The ACC 

is the world's strongest oceanic current system with a transport of 127 ±24 x lOWs"' (Fandry 

and Pillsbury, 1979). The transport of the ACC through Drake Passage and into the Scotia 

Sea has received much attention after the initiation of the International Southern Ocean 

Studies (ISOS) program in the early 1970s. Nowlin and Klinck (1986) reviewed the 

observational and theoretical progress from the first 10 years of the study and reported a 

mean transport of 134 Sv through Drake Passage (see also Whitworth and Peterson, 1985). In 

a model study of the same transport the predicted value is 96 Sv which shows reasonable 

agreement with that cited by Nowlin and Klinck (1986) (Johnson and Bryden, 1989). More 
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recent studies have estimated the transport through Drake Passage to be closer to 161 Sv (K. 

Heywood, ALBATROSS cruise; www.mth.uea.ac.uk/ocean/ALBATROSS) or 140 ±6 Sv 

throughout the whole water column (Ganachaud and Wunsch, 2000). On leaving the confines 

of Drake Passage and entering the Scotia Sea, the ACC is deflected north and west by the 

submerged ridge of the Scotia Arc, before it turns east again to flow around South Georgia 

and across the Atlantic sector of the Southern Ocean (Deacon, 1933, 1937; Gordon and 

Goldberg, 1970). The Scotia Sea is dominated by the eastward or north-eastward flow of the 

ACC and the main flow path is parallel to the PF and the SAP (Pudsey and Howe, 1998) 

(Fig.2.1). Although the ACC is primarily a wind-driven current, which is forced at the surface 

but with flow extending to the seabed, oceanographic measurements provide adequate 

evidence for significant ACC bottom flow (Howe et ah, 1997). Flow speed decreases with 

depth and near the seabed it is strongly modified by local topography (Gordon et al., 1978). 

Near surface velocities of 20-60cms"' were measured between Drake Passage and 0°W using 

current meters and drift buoys (Nowlin and Chfford, 1982; Hofinann, 1985; Grose et al., 

1995). There are few near bottom measurements of deep flow except in Drake Passage where 

Bryden and Pillsbury (1977) and Whitworth et al. (1982) recorded unsteady flow with speeds 

up to lOcm/s at a depth of 2700m. 

The northern extent of the ACC is marked by the Subantarctic Front (SAF) and the southern 

ACC boundary marks the change between the ACC and subpolar circulation (East Wind 

Drift) to the south. Flow within the ACC is therefore concentrated at three fronts - the 

Subantarctic Front, the Polar Front and to a lesser extent at the Southern ACC Front (Fig.2.1), 

and all have been described in detail in the literature (Deacon, 1933, 1937, 1982, 1984; 

Gordon, 1967; Gordon et al., 1977a,b; Nowlin et al., 1977; Nowlin and Clifford, 1982; 

Whitworth and Nowlin, 1987; Orsi et al., 1995). The fronts are permanent circumpolar bands 

of large horizontal density gradients, superimposed on the southward rise of isopycnals. All 

three ACC fronts appear as maxima in geostrophic volume transport relative to a deep 

common level (Orsi et al., 1995). Flow within the ACC is concentrated in narrow jets 

coinciding with the principal fronts, which are interspersed with broader zones of reduced or 

even reversed flow (Smith et al., 2000) creating large shear within the water column (Daly et 

al., 2001). From drift buoy data, Hofmann (1985) calculated the mean current flow within the 

PF and SAF was 40cms"' compared to mean speeds in non-fi-ont regions of 23-35cms"\ 
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Figure 2.1. Position of the Antarctic Circumpolar Current (ACC) and its associated fronts in the Scotia Sea. 
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The positions of the fronts are mainly determined by topographic (e.g. mid-ocean ridge 

system) steering of the ACC as a whole (Gordon et ah, 1978) in combination with the global 

spatial pattern of the wind fields, in particular the distribution of the curl of the wind stress 

(Nowlin and Klinck, 1986). 

A major study of the hydrography and currents of the Atlantic sector of the Southern Ocean 

was undertaken during the UK WOCE A23 cruise during the austral autumn of 1995 

(www.mth.uea.ac.uk/ocean/a23/welcome.html). The section roughly lies along 35°W, 

although the southern end was moved east due to heavy sea-ice cover. Relative to major 

oceanographic features, A23 sampled the water masses and ocean currents of the Weddell 

Gyre, the ACC and the southern half of the South Atlantic Subtropical Gyre. 

2.1.1. The Antarctic Polar Front (PF) 

The Polar Front or Antarctic Convergence is an important oceanic boundary that separates 

cold, nutrient-rich Antarctic Surface Water (AASW) to the south from warmer, less nutrient-

rich Subantarctic Surface Water (SASW) to the north. It is at the PF that AASW is 

overridden by the slightly less dense SASW (Gordon, 1971) (Fig.2.4). North of the PF 

surface waters have a winter temperature warmer than 2.0°C, whereas to the south, they are 

below 1.0°C and have a lower salinity than waters to the north of the PF (Orsi et al, 1995). 

The mean temperature change across the PF has been estimated by Moore et al. (1999) as 

1.44°C across an average width for the PF of 43km (see also Gille, 1994). 

The PF passes through the centre of Drake Passage and turns north at 50°W to pass through 

Shag Rocks Passage in the North Scotia Ridge (Pudsey and Howe, 1998) (Fig.1.1). This is 

the only gap in the North Scotia Ridge with depths greater than 2000m. The mean path of the 

PF through the Scotia Sea was determined by Moore et al. (1997) using satellite SST data 

over a two year period (1987-88). The estimated position of 58.7°S along 64°W agrees with 

the position of the subsurface expression measured during the International Southern Ocean 

Studies (ISOS) Drake 79 experiment, where it ranged between about 58.5° and 59.5°S 

(Hoffman and Whitworth, 1985). The s-shaped bend of the PF in the Scotia Sea seems likely 

to be due to the northern arm of the Scotia Ridge (Deacon, 1982). The PF is intensified 

(increased width and temperature change across it) at major bathymetric features such as 

Drake Passage, but the surface expression weakens over deep ocean basin areas (Moore et al., 

1999). 
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The surface expression of the PF is marked by a strong Sea Surface Temperature (SST) 

gradient (Deacon, 1933, 1937; Mackintosh, 1946) and by a steepening of the meridional 

gradients of temperature, silicate and other nutrients, by transitions in phytoplankton and 

zooplankton, and by a noticeable difference in climate. There is much eddying and mixing of 

cold and warm water (Gordon et al., 1977; Georgi, 1978; Joyce et al., 1978), but the 

sustained presence of a weak temperature minimum below the warmer water north of the 

front is a clear indication of continued sinking (Deacon, 1982). It is the surface expression of 

the front which is known to have moved latitudinally in response to climate change (Hays et 

al., 1976; Williams, 1976; Morley and Hays, 1979; Dow, 1978). The subsurface expression 

of the PF is located where Antarctic Surface Water descends rapidly, such as the point where 

the minimum potential temperature layer sinks below 200m depth (Deacon, 1933, 1937, 

1982; Orsi et ah, 1995), or where subsurface salinities at approximately 200m reach minimal 

values (34.0-34.1 PSU) (Gordon et al., 1978; Taylor et al., 1978). The mean paths of the 

surface and subsurface expressions of the PF are closely coupled over much of the Southern 

Ocean, and where they do split the surface expression usually lies to the south of the 

subsurface expression (Moore et al., 1999). The PF is thought to extend to the ocean floor 

(Gordon, 1967) as indicated by a nearly circumpolar zone of current ripples, manganese 

nodules and scour zones corresponding to the PF (Goodell, 1973). This is also supported by 

hydrographic data which indicate that the all of the ACC fronts are perceptible throughout the 

water column (Veth et al., 1997). 

Hydrographically the PF is the northern boundary to cold near-surface water formed by 

winter cooling. The northern extent of the 2.0°C isotherm in the AASW near 200m water 

depth is widely used as an indicator for the location of the PF, but it is probably not a distinct 

line (Botnikov, 1963; Peterson and Stramma, 1991). The PF is also thought to be the northern 

termination of the temperature minimum layer of the AASW (Gordon, 1967). Other 

indicators of the position of the PF in the Scotia Sea are given in Table 2.1. The PF shows 

highest variability in the northern Scotia Sea with considerable meandering and ring 

formation (Moore et al., 1997) which was also reported by Gordon et al. (1977). In fact the 

Polar Frontal jet crosses the Mid-Atlantic Ridge almost perpendicular, therefore there is no 

topographic steering and consequently instability and meandering are more likely (Veth et 

al., 1997). The wide variation in the position of the PF determined from repeated transects 

has long been known (Mackintosh, 1946). The maximum recorded displacement of the PF 
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being 70km to the north and 120km to the south of its mean position in the Drake Passage 

(Whitworth, 1980). The PF divides into two parts at 56°S, 140°W over the USARP Fracture 

Zone. The southern branch, the secondary polar front, extends eastward to at least 108°W 

where it then weakens (Gordon, 1967). 

k \ 

F i g u r e 2.2. C i r c u m p o l a r d is t r ibut ions of the Subanta rc t ic F ron t (SAP) , P o l a r F r o n t (PF) and the southern 
A C C f ront ; the Subt rop ica l Front (STF) and southern b o u n d a r y of the A C C (Bdy) are shown as 
dashed lines. The n u m b e r e d lines refer to vert ical sect ions (see Tab le 4 in Ors i et al., 1995) on 
which t ransports and proper ty dis t r ibut ions were e x a m i n e d , d e p t h s less than 3 0 0 0 m are shaded 
( f rom Orsi et al., 1995) . 
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2.1.2. The Polar Frontal Zone (PFZ) 

The PF forms the southern boundary of the Polar Frontal Zone but is probably not a distinct 

line, rather an eddy-populated region of transition between Antarctic and Subantarctic surface 

waters (Peterson and Stramma, 1991). The PFZ is bound to the north by the Subantarctic 

Front (SAF) which is more well defined than the PF to the south (Whitworth, 1980) (Fig.2.1). 

In water temperature the frontal zone is identified in two ways: (1) by a sharp north-south 

surface gradient and (2) by a sudden increase in the north slope of the Tmin layer from depths 

of between 200-300m to depths of 500-600m, where it mixes with the warmer south-flowing 

water. A number of records show a step like pattern of the surface temperature across the PFZ, 

making it difficult to determine which of the steps is the most likely fi-ontal position (Gordon, 

1967). The PFZ, like other frontal systems is a geographically meandering feature (Ikeda et 

al, 1989). Mackintosh (1946) wrote about the PFZ, "At the surface the junction of Antarctic 

and Sub-Antarctic water seldom lies in a straight line, probably because it is an unstable 

boundary. It forms twists and loops that may extend as much as 100 miles north or south, and 

it possibly even forms isolated rings." The PFZ can vary in width by 2-4° latitude and is 

entirely contained within the eastward flowing Antarctic Circumpolar Current (ACC) 

(Gordon, 1967). In the eastern part of the South Atlantic the PFZ is quite broad, stretching 

latitudinally between about 45°S and 53°S, whereas in the western part it is much narrower 

extending roughly between 49°S and 51°S (Lutjeharms, 1985). See Figure 2.3 for 

temperature, salinity and oxygen profiles within the PFZ. 

2.1.3. The Subantarctic Front (SAF) 

The Subantarctic Front separates Subtropical Surface Water (STSW) from Subantarctic 

Surface Water (SASW) and runs through the north side of Drake Passage. On leaving Drake 

Passage the SAF turns abruptly northward, passing just south-east of the Falkland Islands and 

forms the Falkland Current (Fig.2.1). Following the work of Whitworth and Nowlin (1987) 

the position of the SAF is indicated by the rapid northward sinking of the salinity minimum 

associated with the Antarctic Intermediate Water (AAIW), from near the surface in the PFZ 

(S<34 PSU) to depths greater than 400m in the Subantarctic zone (S<34.30 PSU). It is 

marked by a zone of closely spaced, nearly vertical isotherms (Sievers and Emery, 1978; 

Lutjeharms, 1985) (see Table 2.1). 
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Figure 2.3. Average vertical profiles for a) potential temperature (°C), b) salinity (PSU) and c) 
dissolved oxygen (ml 1"') computed at standard depths for stations shown in Figure 2.2. 
Averages are shown for each zone (no. of stations): SAZ (94), PFZ (111), AZ (113) and 
southern ACC zone (63); dotted envelopes indicate the 95% confidence intervals 
(from Orsi ef o/., 1995). 
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2.1.4. The Southern ACC Front (SACCF) 

The Southern ACC Front is a deep reaching current core, but is the only front within the 

ACC that does not separate distinct surface water masses. Instead, it is considered to be more 

of an interruption in the Antarctic Zone (Veth et al., 1997). It lies on the south side of Drake 

Passage and crosses the Scotia Sea at about 58°S (Locamini et ah, 1993), following a more 

zonal route along the northern edge of the South Scotia Ridge (Fig.2.1). 

SAF: S < 34.20 PSU at Z < 300m, farther south 
9 > 4-5°C at 400m, farther north 
O2 > 7ml r ' at Z < 200m, farther south 

PF: 9 < 2°C along the 9-min at Z < 200m, farther south 
9-min (if present) at Z > 200m, farther north 
9 > 2.2°C along the 9-max at Z > 800m, farther north 

southern: 9 > 1.8°C along 9-max at Z > 500m, farther north 
9 < 0°C along 9-min at Z < 150m, farther south 
S > 34.73 PSU along S-max at Z > 800m, farther north 
O2 < 4.2 ml r ' along Oj-min at Z > 500m, farther north 

Table 2.1. Property indicators of the three ACC fronts (from Orsi et al., 1995). 
(S = salinity, Z = depth, 6 = potential temperature). 

2.1.5. The Southern Boundary of the ACC 

The southern boundary of the ACC marks the poleward extent of the Upper Circumpolar 

Deep Water (UCDVV) signal and it is at this point that the core of UCDW is entrained into the 

mixed layer of the subpolar regime. It coincides with the boundary between the ACC and the 

Weddell Gyre and marks a change in geostrophic shear between the ACC and subpolar 

circulation (Orsi et al., 1995) (Fig.2.2). The large northward bend of the southern boundary 

of the ACC and the Southern ACC Front at 30°W represents the intrusion of Weddell Sea 

Deep Water (WSDW) into the southern Scotia Sea (Locamini et ah, 1993). 

The location of the principal fronts as described by Orsi et al. (1995) were confirmed during 

the AESOPS study (Antarctic Environment and Southern Ocean Process Study), September 

1996 - March 1998, which took place in the southwest Pacific sector of the Southern Ocean 
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Spanning the ACC at 170°W. Fronts in the ACC were found to extend to the bottom 

(>3000m) and the locations of the fronts were confirmed by the high-velocity jets evident in 

shipboard ADCP measurements (Earth et al., submitted). The increased meridional gradients 

in deep isopycnals were also observed which were thought to be indicators of the ACC fronts 

by Orsi et al. (1995) (Anderson, unpublished). 

This study also incorporated the JGOFS study (Joint Global Ocean Flux Study) which was 

designed to evaluate the magnitude of the organic matter flux from the ocean's surface to 

depth, and the controls on the processes that regulate this flux (see Smith et al., 2000 for 

more details of this study). 

2.2. Other Southern Ocean Fronts 

2.2.1. The East Wind Drift or Continental Counter Current 

The ACC is bound to the south by subpolar circulation in the form of a smaller wind-driven 

current flowing in the opposite direction to the ACC, known as the East Wind Drift. The 

signature of this current is a general downsloping of isotherms toward the continental slope 

(Whitworth et al., 1998). This current occurs close to the Antarctic continent south of about 

65°S, where winds from the east and south-east blow off the ice sheet, and produce a surface 

current which flows westward (Deacon, 1937). The East Wind Drift is classically supposed to 

start in the Bellingshausen Sea and circulate anti-clockwise around the continent into the 

Weddell Sea. The results of iceberg studies showed that the bergs began between the 

continent and the Antarctic Divergence, showing westward movement close to the coastline 

in the East Wind Drift; they then turned through a great semicircular bend or retroflection to 

end up north of the Divergence in the ACC (Tchemia, 1980). Three tracks of this type have 

been identified: from the Weddell Sea to Enderby Land, Enderby Land to Adelie land and in 

the Ross Sea region. This circulation may be important in transferring water from close to the 

continent to the ACC (Tchemia and Jeannin, 1984). 

The obstruction of the East Wind Drift by the Antarctic Peninsula and its permanent ice 

shelves cause it to broaden, forming a large and sluggish clockwise circulation within the 

Weddell Sea called the Weddell Gyre. Surface waters within the Weddell Sea and Scotia Sea 

therefore have differing origins and properties, the former having lower temperatures 
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(Deacon, 1982) and higher silicate concentrations (Michel, 1984). The cyclonic Weddell 

Gyre in the south extends to the seabed (Reid, 1989) and is separated from the anticyclonic 

Subtropical Gyre in the north by the ACC (Peterson and Whitworth, 1989). 

2.2.2. The Weddell-Scotia Confluence 

The boundary between the surface waters of the Weddell Sea and the ACC is known as the 

Weddell-Scotia Confluence (Gordon, 1967; Patterson and Sievers, 1980). It extends from a 

western limit near the northern tip of the Antarctic Peninsula (~55°W) to 20°W (Patterson 

and Sievers, 1980). In the south-eastern Scotia Sea, around 60°S, weak mid-depth potential 

temperature and salinity maxima reveal the Weddell-Scotia Confluence signal (Locamini et 

al, 1996). It is a semi-permanent frontal system, determined partly by bottom topography, 

whose position follows the curve of the Scotia Arc (Fig.2.1). It is best defined in the western 

Scotia Sea between the South Shetland Islands and the South Orkneys (Foster and Middleton, 

1984) where the Scotia Ridge tends to prevent outflow of Weddell water into the Scotia Sea 

(Carmack and Foster, 1975), and is indicated here by a strong temperature gradient. To the 

west of the South Orkneys, this front gradually loses its structure due to a progressive 

increase in mixing of the two water types and is characterised in the east by an extensive eddy 

system (Deacon and Moorey, 1975; Maslennikov and Solyankin, 1979; Patterson and 

Sievers, 1980; Foster and Middleton, 1984). 

2.2.3. The Subtropical Front (STF) 

The Subtropical Front to the north of the ACC (Fig.2.2) separates waters of the Southern 

Ocean from the warmer and saltier waters of the subtropical circulations. It occurs between 

33° and 42°S with the mean position located at about 37.55°S in the Southern Indian Ocean 

(Morley, 1989). It marks the southern boundary of the subtropical gyres of the southern 

hemisphere and is distinguished by large meridional surface gradients in temperature and 

salinity (Stramma and Peterson, 1990). Deacon (1937) called this hydrographic boundary the 

Subtropical Convergence, but this was later replaced by the term Subtropical Front (Clifford, 

1983; Hofrnann, 1985). Deacon (1937) noted that surface temperature changes as large as 4-

5°C mark the location of the STF. Its approximate position is now thought to he within a 

band across which temperatures increase northward from 10°C to 12°C, and salinities from 

34.6 PSU to 35.0 PSU at 100m (Deacon, 1982). Northward from the STF, temperature and 
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salinity both continue to increase rapidly (Peterson and Whitworth, 1989). The STF is the 

northern limit of Subantarctic Surface Water (SASW) and probably the southern limit of 

many warm-water faunal species (Deacon, 1982). 

2.3. Hydrography 

Waters ixom the North Atlantic, the Antarctic Circumpolar Current and the Weddell Sea enter 

the South Atlantic and are caught up in a circulation system imposed by winds, thermohaline 

and geostrophic processes. The near-surface, wind-driven circulation in the southernmost 

Atlantic and the Weddell Sea is dominated by a system of gyres and the circumpolar current 

systems (Peterson and Stramma, 1991). 

Due to the prevailing climatic conditions in the Southern Ocean, an intense transfer of heat 

from the sea to the atmosphere takes place (Gordon and Taylor, 1975), and this heat loss from 

the ocean must be replaced by poleward ocean heat fluxes to the Southern Ocean. One 

mechanism which achieves this is abyssal western boundary currents (Stommel and Arons, 

1960a, b) which transport cold waters formed at high latitudes equatorward, resulting in an 

opposing poleward heat flux. See review by Warren (1981) of the spreading of bottom waters 

from their source regions to the rest of the world ocean basins. 

2.3.1. The Antarctic Divergence 

One of the most important oceanographic processes in the seas around Antarctica is the wind-

driven upwelling of deep-water which occurs at the Antarctic Divergence (average latitude 

65°S) (Fig.2.4). This process is fundamental to biology and allows deep-water contact with 

the surface layers and air-sea interactions to occur (Gordon, 1971). Clockwise winds develop 

around low-pressure areas which causes a westward flowing coastal current called the East 

Wind Drift, while to the north of the lows the winds are westerlies and the resultant eastward 

circulation is the West Wind Drift. Ekman transport in the southern hemisphere is to the left 

of the wind and therefore the East Wind Drift has southward transport and the West Wind 

Drift has northward transport. The Antarctic Divergence is found between them; it allows 

southward upwelling of Circumpolar Deep Water (CDW) in response to the northward and 

downward flow of Antarctic Surface Water (AASW). At the zone of upwelling, an oxygen 

minimum and temperature maximum occur, accompanied by a high nutrient concentration 
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Figure 2.4. Schematic representation of the water masses in the Antarctic and sub-Antarctic 
(after Gordon and Goldberg, 1970). The reality of an organised meridional circulation 
pattern (ie. north-south transport) has been questioned, and the meridional components 
are now best visualised as intermittent transports associated with eddy and ring type 
structures (Bryden, 1983; Nowlin and Klinck, 1986). 
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(Gordon and Molinelli, 1982). There are sometimes lower ice concentrations observed at the 

Antarctic Divergence in winter due to the warmer water that is reaching the surface from 

below, which may be a mechanism for the formation of polynas like in the Weddell Sea 

(Wadhams, 2000). The upwelling also necessitates a southward flow of deep water (Gordon, 

1971). The polar waters represent a net heat source for the atmosphere and therefore in the 

Southern Ocean this heat loss is partly compensated for by the poleward motion and 

upwelling of warm deep water (Foldvik and Gammelsrod, 1988). 

2.3.2. Circulation and Water Masses in the Scotia Sea 

The environments of the waters of the Scotia Sea are particularly complex. Waters of the 

ACC, the Weddell Gyre and the East Wind Drift intermingle within an area of complex 

topography, to produce complicated mixtures of water masses (Stein and Heywood, 1994). 

The general character of the water circulation is fairly well known (Fig.2.4). It is a three-layer 

system in which water that is cooled and diluted in high latitudes spreads outwards at the 

surface and bottom of the ocean, while warm water which replenishes the salt as well as the 

heat moves inward in the intervening deep layer (Deacon, 1977). The surface and bottom 

water masses are Antarctic in origin, in that their characteristics are attained south of the PF. 

Their northward and downward component motion is compensated by a southward and 

upward flowing deep-water mass. The result of this important meridional exchange is that 

heat and nutrients are supplied to the surface of Antarctic waters from lower latitudes, and the 

oxygen content of the deep water of the world is replenished. Such a process allows a steady 

heat flux from ocean to atmosphere and a high biological productivity rate in the photic zone. 

This helps to maintain the proper environment for life in the deep water and the low 

temperatures of the deep ocean (Gordon, 1971). 

® Surface Water Masses 

Antarctic Surface Water (AASW) 

Antarctic Surface Water extends from the Polar Front to the continental margins of Antarctica 

(Fig.2.4) where shelf waters are at near freezing temperatures (Table 2.2). The most 

conspicuous feature of this water mass is its very low temperature, presumably the result of 

winter cooling (Gordon, 1967). The low salinity of AASW is maintained by the melting of 
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icebergs and ice shelves and by the excess of precipitation over evaporation in the Southern 

Ocean (Wadhams, 2000). The surface waters therefore form a relatively thin layer of cold, 

low salinity, highly oxygenated water reaching only to about 250m, and extend north to the 

PF where it sinks below the slightly less dense Subantarctic Surface Water to form the bulk 

of Antarctic Intermediate Water. Antarctic Surface Water is subdivided into the surface water 

of the Weddell Sea and that of the Scotia Sea by the Weddell-Scotia Confluence. The surface 

water of the Weddell Sea is colder and spans a greater salinity range than the Scotia Sea 

surface water (Gordon, 1971). 

Subantarctic Surface Water (SASIVJ 

Subantarctic Surface Water extends north with increasing thickness from the Polar Front to 

the Subtropical Front (Sievers and Nowlin, 1984). It is marked by a higher temperature and 

salinity than AASW (Table 2.2). 

® Intermediate Water Masses 

Antarctic Intermediate Water (AAIW) 

This water mass is nutrient-poor, oxygen-rich and has a low salinity (Table 2.2) with a 

characteristic subsurface salinity minimum, which appears immediately north of the PF 

(Sievers and Nowlin, 1984). Because AAIW properties are similar to surface waters near the 

PF, the traditional mechanism of formation proposed involved a significant component of 

AASW sinking below SASW at the PF (Deacon, 1933, 1937; Wiist, 1935) (Fig.2.4). More 

recently, mixing across the PF by small-scale processes in the Scotia Sea and Drake Passage 

are proposed (Gordon et al., 1977; Joyce at al., 1978). Molinelh (1978, 1981) proposed that 

AAIW in the ACC results from the mixing along an isopycnal (density) surface of cool, fresh 

AASW and warm, salty water from the North Indian Ocean. Antarctic Intermediate Water 

then spreads north above Circumpolar Deep Water and influences most of the oceans of the 

southern hemisphere (Gordon, 1971). It forms a layer of low salinity below the thermocline 

in all three southern hemisphere oceans reaching depths of 1000m in the subtropical gyres 

(Piola and Gordon, 1989). It follows a predominantly anticyclonic flow in the South Atlantic 

consistent with recent chlorofluorocarbon data (Warner and Weiss, 1992; Gordon et al.. 
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1992), but there is also some weak equatorward transport along the western boundary in the 

South Atlantic (Wiist, 1935). 

Water Mass Potential Temperature (6) Salinity 
(°C) (PSU) 

AASW <&5 34.40 

(Orsi et al., 1995) 

SASW summer > 7 <34J 

(Sievers and Nowlin, 1984) 

AAIW 3.8-4.8 342 

(Piola and Gordon, 1989) 

CDW 0.0-1.0 34.7 - 34.73 

(Sievers and Nowlin, 1984) 

NADW 2.0 >34^ 

(Labeyrie et al, 1987) 

AABW -&4 34.66 

(Foster and Carmack, 1976) 

WSDW -0.7 - 0.0 < 34.67 

(Locamini et al., 1993) 

WSBW <-0.7 > 34.65 

(Carmack and Foster, 1975a) 

Table 2.2. Properties of the water masses within the Southern Ocean. 

» Deep Water Masses 

The deep South Atlantic is ideal to study changes in the depth distribution of deep water 

properties because it reveals the mixing zone between North Atlantic Deep water (NADW) 

and southern-source deep water masses (e.g. Reid, 1996). The present day circulation in the 

deep western South Atlantic, is dominated by interactions between NADW flowing towards 

the south and Weddell Sea Deep Water (WSDW) and Circumpolar Deep Water (CDW) 

flowing to the north. 
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Circumpolar Deep Water (CDW) 

This southward flowing water mass is warm, salty, low in oxygen but high in nutrients and 

occupies most of the deep layers (Table 2.2). Circumpolar Deep Water is the most 

voluminous water mass within the ACC and is a mixture of waters formed in the Antarctic 

region and warm deep water flowing from the North Atlantic, Pacific and Indian Oceans. 

This water is converted into AASW at the Antarctic Divergence sea-air interface (Fig.2.4). 

CDW moves east as part of the ACC and re-circulates around Antarctica. As it does it loses 

water to the surface and bottom waters and is re-supplied around the entire continent 

including an important contribution of highly saline, warm, oxygen-rich NADW (Gordon, 

1971). Whitworth and Nowlin (1987) showed that waters from the Weddell Gyre are also 

incorporated into CDW as it flows east through the South Atlantic, resulting in ventilation of 

the ACC. This mixing in the Scotia Sea establishes a connection between changes in WSDW 

production in the Weddell Sea and the abyssal water characteristics of the World Ocean, via 

the ACC (Locamini et al., 1993). 

Circumpolar Deep Water flowing below -2000m is confined within the northern Scotia Sea 

by the North Scotia Ridge but can pass through a deeper gap (-3000m) at Shag Rocks 

Passage further to the east along the ridge. Most CDW flows through this gap and continues 

to flow east along the southern edge of the eastern Falkland Plateau (Howe et al., 1997). 

North Atlantic Deep Water (NADW) 

Beneath the surface waters, the warm, saline, highly-oxygenated but nutrient-poor NADW 

enters the Southern Ocean from the north and extends southward into the circumpolar water, 

where it separates the CDW into an upper and lower layer, and then turns eastward as part of 

the ACC (Reid, 1989). The influence of NADW to CDW is circumpolar and it provides the 

maximum in salinity and minima in nitrate and phosphate of Lower Circumpolar Deep 

Water. The maximum in oxygen and minimum in silica of NADW are overwhelmed by 

stronger sources fi-om the south and are not distinguishable in CDW east of the Greenwich 

Meridian (Whitworth and Nowlin, 1987). The major components of NADW come from the 

mixing of cold Norwegian Sea bottom water with warm, saline North Atlantic intermediate 

water while overflowing through the Denmark and Faeroe sills to the North Atlantic basins 

(Labeyrie et al., 1987). 
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Upper and Lower Circumpolar Deep Water (UCDW and LCDW) 

North of about 55°S CDW encounters NADW in intermediate depths and is divided into an 

upper and lower water mass (Gordon, 1967) (Fig.2.4). These two distinct layers can be 

distinguished using certain criteria (Whitworth and Nowlin, 1987): Upper Circumpolar Deep 

Water (UCDW) which is indicated by a temperature maximum, oxygen minimum and 

nutrient maximum (about 400m deep, Meredith et al, 2000); Lower Circumpolar Deep 

Water (LCDW) which is indicated by a salinity maximum and nutrient minimum (about 

1200m deep, Meredith et al., 2000). At the southern boundary of the ACC and hence the 

boundary with the Weddell Gyre, UCDW shoals to the level of the AASW where it is 

entrained in the surface layer and is not present in the Weddell Gyre (Orsi et al., 1995). 

Lower Circumpolar Deep Water is dense enough to penetrate south of the ACC into the 

subpolar regime underneath AASW. Its poleward spread often reaches the Antarctic 

continental shelves (Deacon, 1982), where it mixes with shelf waters to form denser water 

that sinks downslope (Foster and Carmack, 1976; Jacobs et al., 1970). The resulting mixture 

spreads northward into the ACC, cooling and freshening the CDW, and eventually fills most 

of the World Ocean abyssal layers through a series of deep western boundary currents that 

branch off the ACC (Mantyla and Reid, 1983). 

Modified Circumpolar Deep Water (MCDW) 

This water type lies between the two isopycnals that separate CDW from AASW above and 

from AABW below, and for a given density is colder and fresher than regional CDW. It may 

be formed by a number of processes: vertical mixing with overlying AASW (Winter Water) 

or underlying Shelf Water (Newsom et al., 1965; Foster and Carmack, 1976a), or by 

isopycnal mixing with Shelf Water (Carmack and Killworth, 1978; Jacobs et al., 1985; 

Whitworth et al., 1994). It is thought to be involved in the formation process of deep water 

within the Weddell Sea (section 2.3.3) (see review in Whitworth gf oA, 1998). 

Antarctic Bottom Water (AABW) 

There are two deep-water masses in the Scotia Sea, namely CDW in the north and AABW in 

the south (Locamini et al., 1993). Antarctic Bottom Water is formed in the Weddell Sea and 

originates from Weddell Sea Bottom Water (WSBW). As Weddell Sea Bottom Water spreads 

from its site of formation in the southern and south-western Weddell Sea it mixes with 

2^^ 



Chapter Two Oceanographic Setting 

warmer and more saline Weddell Sea Deep Water above to form AABW, which then 

cascades north into the southern Scotia Sea (Gordon, 1971). The water which has upwelled 

from the deep circumpolar current near the Antarctic coast is further cooled by heat exchange 

with the atmosphere and sea-ice and becomes more saline due to sea-ice formation, and hence 

sinks rapidly. Its residence time at the surface is so short that neither phytoplankton 

utilisation nor gas exchange with the atmosphere significantly reduces its CO; content (Weiss 

et ah, 1979), and as a result the newly formed AABW is strongly undersaturated with respect 

to carbonate (Duplessy et al, 1988). 

Weddell Sea Deep Water (WSDW) 

This is the deep-water mass south of the Weddell-Scotia Confluence. Weddell Sea Deep 

Water influences the thermohaline circulation of the world's oceans directly as a component 

of the deep western boundary current in the South Atlantic and indirectly by cooling and 

freshening of CDW (Mantyla and Reid, 1983). Wiist (1933) proposed what has historically 

been considered the main outflow route for WSDW from the Weddell Sea to the Argentine 

Basin. He thought that waters from the Weddell Sea passed through a gap in the mid-ocean 

ridge and flowed north as a deep boundary current against the eastern slope of the South 

Sandwich Arc. There may also be some return poleward flow of the coldest WSDW and 

Weddell Sea Bottom Water (WSBW) above the South Sandwich Abyssal Plain due to 

restriction by the ACC (Locamini et al., 1993). Weddell Sea Deep Water also leaves the 

Weddell Sea through deep narrow passageways in the South Scotia Ridge. The deepest gap is 

the narrow Orkney Passage (3500m) (LaBrecque et al., 1981), although there are shallower 

gaps through which some WSDW may flow (Gordon, 1966; Nowlin and Zenk, 1988). On 

entering the Scotia Sea WSDW flows in a westward abyssal current along the northern side 

of the South Scotia Ridge (Wiist, 1933; Nowlin and Zenk, 1988; Locamini et al., 1993). This 

current is then blocked by bathymetric features and turns cyclonically to follow the 

predominant eastward flow of the ACC, and hence distributes WSDW throughout the rest of 

the Scotia Sea (Locamini et al., 1993). It is also possible that WSDW may spill over the 

entire length of the South Scotia Ridge at shallower depths (Weiss and Bullister, 1984). 

Three possible routes have been proposed for WSDW to leave the Scotia Sea and contribute 

to the deep western boundary current of the Argentine Basin: Wittstock and Zenk (1983) 

report a small north-eastward flow of cold bottom water from the northern Scotia Sea through 
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Shag Rocks Passage; Nowhn and Zenk (1988) propose a westward flow (25% WSDW) into 

the southern Drake Passage through the Shackleton Fracture Zone; Locamini et al. (1993) 

suggest that a more likely route is through the Georgia Passage at 3200m depth (LaBreque, 

1986) into the Georgia Basin, with a resultant westward flow of WSDW along the Falkland 

Trough. 

Circumpolar Deep Water is ventilated by the cold and fresh WSDW of the Weddell Gyre 

immediately upstream of being modified by the salty NADW. This stresses the importance of 

the southwestern Atlantic Ocean in determining the characteristics of the most voluminous 

water mass in the Southern Ocean. 

Weddell Sea Deep Water is believed to be renewed via vertical mixing between Weddell Sea 

Bottom Water (WSBW) and CDW, and is therefore thought of as old, upwelled, re-circulated 

WSBW. In a recent study by Meredith et al. (2000), however, a CFC data set was used to 

present evidence of renewal of WSDW by direct contributions fi-om the Antarctic continental 

shelf (see paper for full review). 

Weddell Sea Bottom Water (WSBW) 

Weddell Sea Bottom Water is the coldest and densest of all the Southern Ocean deep waters 

(Table 1.2). It is derived from the mixing of CDW and shelf waters that then flow down 

slope. It is recognised by a lower potential temperature than other deep water masses and 

larger near-bottom temperature gradients, suggesting recent formation in the south-western 

and western Weddell Sea (Carmack, 1973). Under the action of the Coriolis force the cold 

bottom water follows the perimeter of the Weddell Sea in a clockwise direction as the 

Weddell Gyre (Gill, 1973; Killworth, 1973; Deacon, 1979). These dense waters are confined 

to the Weddell Sea Basin, both topographically by the Southern Ocean ridge system and 

dynamically by the ACC (Mantyla and Reid, 1983). 

Both AASW and AABW flow north compensating for southward flowing CDW (Fig.2.4). 

These northward flowing Antarctic water masses are eventually altered as they move from 

their source regions; their characteristics are changed through interaction with the overlying 

water column and with the bottom sediments. Silica in the bottom water is increased by 

dissolution of biogenic silica from the ocean floor (Edmond et al., 1979), and oxygen is 
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consumed by respiration (Mantyla and Reid, 1983). They enter the deep water and flow south 

to start the cycle over again which results in an overturning process. 

The temperatures and salinities of the main water masses contrast strongly and their cores are 

clearly revealed in TS profiles (Fig.2.5). In the Antarctic Zone the presence of AASW is 

indicated by low salinity and, in summer, by a temperature minimum within the top 200m. 

Below this layer temperatures and salinities increase within the CDW, whose upper and 

lower levels are indicated respectively by temperature and salinity maxima. Temperature 

decreases again towards the seabed, indicating the presence of AABW (Sievers and Nowlin, 

1984). 

All of the major water masses surrounding Antarctica reflect the nature of its source region 

and contains a "core" layer in which the original characteristics are strongest (Table 2.3). 

Core layers are identified by either maximum or minimum (extrema) values of salinity, 

temperature or oxygen. However not all extrema layers are true core layers in the sense that 

their characteristics are those attained at the source region. Extremes may be induced by local 

conditions or acquired in transit fi-om the source region. The water between the core layers is 

a mixture, blending the characteristics of the layers above and below (Gordon, 1967). 

Core Layer Water Mass 

Temperature minimum AASW 

Temperature maximum CDW (upper) 

Oxygen minimum CDW (upper) 

Salinity maximum CDW (lower) 

Deep potential temperature minimum AABW 

Deep oxygen maximum AABW 

Table 2.3. Extrema layers found in the Southern Ocean. 
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Figure 2.5. Profiles of a) potential temperature (°C) and b) salinity (PSU) along a transect across Drake 
Passage (from Sievers and Nowlin, 1984). 
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2,3.3. Formation of Bottom Water 

A study by Brennecke (1921) first showed that the very cold bottom water in the Atlantic 

could be traced back to the Weddell Sea. A number of years later observations from the 

Discovery Expeditions published by Deacon (1937) also clearly pointed to the Weddell Sea 

as the main source of deep water in the world ocean. Further studies of the Weddell Sea 

(Seabroke et al., 1971; Gill, 1973; Carmack and Foster, 1975; Foster and Carmack, 1976; 

Killworth, 1977; Carmack, 1977) have confirmed the dominant influence of Weddell Sea 

Bottom Water (WSBW) in the formation of classically defined Antarctic Bottom Water 

(AABW) (Table 1.2). The Weddell Sea probably accounts for approximately 80% of the 

total production today (Foldvik and Gammelsrod, 1988) with minor sources being the Ross 

Sea (Jacobs et al., 1970, 1985) and off the coast of Adelie Land (Gordon and Tchemia, 1972; 

Rintoul, 1998). 

The method of production of Antarctic Bottom Water is not fully understood, but it is 

generally accepted that the characteristics of the bottom water are attained by a mixture of 

surface water and deep water (Brennecke, 1921; Mosby, 1934; Defant, 1961). The surface 

water temperature must decrease to near freezing and the salinity must increase, creating a 

surface density high enough to initiate sinking (Gordon, 1971). These conditions are reached 

during periods of ice formation when brine is released and a large reservoir of cold, high 

salinity shelf water is produced (Brennecke, 1921; Mosby, 1934). 

The proposed methods for the formation of bottom water have been reviewed in Whitworth el 

al. (1998). The pioneering modem study of bottom water formation was carried out by Gill 

(1973). He explained it as a two stage process: first, water fi-om "above the salinity 

maximum" mixes with saline shelf water to produce the water seen at the bottom of the shelf 

edge; this water then sinks along the slope, entraining the warmer, saltier CDW to produce 

bottom water. Gill also refers to the water from above the salinity maximum as "downwelled 

water from above the pycnocline", which could refer to Whitworth's Modified CDW. 

A more widely cited review is Foster and Carmack (1976), which again proposes a two-stage 

process, first of which is the formation of Modified Warm Deep Water from a mixture of 

Winter Water and Warm Deep Water "over the deep ocean basin". The second stage is 

similar to Gill's first, the mixing of Modified Warm Deep Water with Western Shelf water at 

the shelf to produce WSBW. Modified Warm Deep Water is also within the domain of 

Whitworth's Modified CDW. However as explained by Whitworth et al. (1998), when 
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employing this mixing method it should be understood that "deep ocean" can only refer to 

depths of less than 1500m where Winter Water salinities of 34.5 PSU necessary for this 

process to occur, are possible. The process of a warm high-salinity water mass mixing with a 

cold low-salinity water mass to produce a third water mass which is more dense than either of 

its constituents was first noted by Fofonoff (1956) and is known as "cabelling" (Wadhams, 

2000). 

Foldvik et al. (1985b) theorise that Ice Shelf Water from the Filchner Ice Shelf in the south-

west Weddell Sea spills over the edge of the continental shelf and mixes directly with CDW 

offshore. Whitworth et al. (1998) summarise that the vertical mixing of CDW with Shelf 

Water can contribute to AABW but this type of mixing requires the simultaneous presence of 

Shelf Water and unmodified CDW at the shelf break, which is a situation that is probably not 

widespread around Antarctica. Therefore as Smith et al. (1984) concluded, although Ice Shelf 

Water has been proven to have a role in AABW formation near the Filchner Depression, it 

has only a marginal influence on large-scale oceanography. 

Whatever the method for the formation of bottom water may be, as Gill (1973) pointed out, 

the front near the upper continental slope and shelf is the primary site for these processes. 

Ainley and Jacobs (1981) described a similar front in the Ross Sea and named it the Antarctic 

Slope Front. Therefore on a large scale, there are just two places around Antarctica (the 

Weddell and Ross Seas) where CDW from the ACC approaches the continental margin. 

During glacial times WSDW and WSBW formation was probably reduced (see Fiitterer et 

a/., 1988; Grobe and Mackensen, 1992; Pudsey, 1992). Today, as described above, 

significant parts of WSBW originate from underneath the ice shelves and spills over the shelf 

edge as a supercooled plume, cascading down the slope to contribute to WSBW. During 

glacial times however, sea level was lowered and the grounding line of the west Antarctic ice 

cap coincided with the shelf break at most of the continental shelves, and the supply of warm 

and saline northern borne deep water into the Weddell Sea was greatly reduced (e.g. 

Anderson et al., 1980; Oppo et al., 1990; Grobe and Mackensen, 1992; Mackensen et al., 

1994). Therefore, because of the smaller ice shelves and the reduced amount of saline deep 

water, the amount of bottom water generated by supercooling beneath ice was reduced 

(Mackensen er a/., 1996). 
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2.4. Sea-Ice Distribution 

Sea-ice is a critical part of the climate system with respect to rapid climate change (Peltier, 

1993). Sea-ice influences climate by reflecting solar radiation, altering deep-oceanic 

convection in high latitudes, decreasing heat exchange between the ocean and atmosphere, 

cooling the adjacent continent, altering surface-ocean productivity by photosynthetic algae, 

and changing atmosphere-ocean carbon fluxes (Wadhams, 2000). 

The areal extent of sea-ice around Antarctica is roughly twice the size of the Antarctic Ice 

Sheet and experiences a five-fold increase annually during winter (Mullan and Hickman, 

1990). This seasonal variability in the sea-ice coverage is one of the most significant factors 

regulating the energy balance of the southern hemisphere atmosphere and ocean (Mullan and 

Hickman, 1990; Martinson and lannuzzi, 1998). The extent of sea-ice around Antarctica also 

regulates the penetration of light in surface waters and therefore primary productivity 

(Anderson, 1999). 

Antarctic sea-ice undergoes a vast change in area from roughly 2-4 x 10® km" in the austral 

spring to a maximum of 20 x 10® km^ (60% of the Southern Ocean) in the austral autumn. 

The maximum ice cover is circumpolar in extent. Most of the pack-ice is newly formed each 

year and therefore only reaches a thickness of l-2m (Foldvik and Gammelsrod, 1988), but 

some multi-year ice occurs in the Weddell Sea. Seasonal sea-ice in the south-west Atlantic 

sector varies between a winter maximum position north of South Georgia and a winter 

minimum position of 60°S (Gloersen et al., 1992) (Fig.2.1). South of the spring (mid-

January) sea-ice edge there is only 3 months of open water a year (Pudsey and Howe, 1998). 

This feature is coincident with the southern boundary of the circum-Antarctic diatom ooze 

belt (Burckle and Cirilli, 1987). The absence of boundaries to the north enhances the ice melt 

in summer and approximately 85% of the sea-ice melts each year (Mullan and Hickman, 

1990). Upwelling of relatively warm, saline CDW continually supplies heat to the base of the 

sea-ice, and therefore the sea-ice is linked to deep-water circulation. Observational and model 

studies suggest that the heat supplied by CDW, combined with spring solar radiation 

increases, is critical to the spring melt-back of the sea-ice (Gordon and Huber, 1990; 

Martinson, 1990). The region covered by the seasonal advance and retreat of sea-ice, while 

overlapping with the Antarctic Zone, is sometimes classified separately as the Seasonal Ice 

Zone (SIZ; Treguer and Jacques, 1992). This separation is made because the stabilisation 

effect of freshwater added by melting sea-ice often leads to phytoplankton blooms as well as 
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to distinct species assemblages (Smith and Nelson, 1985; Mitchell et al., 1991; Treguer and 

Jacques, 1992; Arrigo et al., 1999). This is similar to the term Marginal Ice Zone (MIZ) as 

described in Wadhams (2000) as the region of ice which lies close to an open ocean 

boundary. A true MIZ has its character permanently determined by abutting on to a rough 

ocean with a climate of long, high waves. The Antarctic circumpolar ice edge is one of only 

four MIZs in the world and is the longest and widest of these (Wadhams, 2000). Satellite 

observations show large fluctuations in the seasonal distribution of the Antarctic pack ice 

including larger polynas and leads. Floating ice shelves, several hundred metres thick cover 

more than 1 million km^ in the Southern Ocean (Foldvik and Gammelsrod, 1988). 

2.5. Nutrients 

The Southern Ocean and the ACC south of the Polar Front comprise about 10% of the 

world's ocean surface and contain significant concentrations of surface macronutrients (i.e. 

NO3, PO4, SiOj) (El Sayed. 1978). The surface layer is characterised by a ubiquitous 

abundance of these macronutrients with complete exhaustion of nutrient availability being 

seldom observed. The available nutrients are not removed by the primary producers and 

therefore the general scenario is of limited nutrient uptake and corresponding oligotrophy 

(Goeyens et al., 1998). 

In general the concentration of nutrients in surface waters south of the Polar Front are much 

higher than those found in other oceanic waters (Knox, 1970; El-Sayed, 1978). Nutrient rich 

water upwells at the Antarctic Divergence spreading out to ultimately downwell at the PF 

(Knox, 1994). The PF separates the Antarctic Zone to the south, where high winter Si 

concentrations result from upwelling of CDW, from the PFZ to the north, where Si-depleted 

AAIW sinks and begins its northward transit. Stratification varies seasonally and the 

biological response to summer stratification is evident in the reduction of nutrient 

concentrations (Smith et al., 2000). Concentrations of major inorganic nutrients are high in 

both the Antarctic and Subantarctic Zones, although the northward decrease in the 

concentration of dissolved silicate occurs more abruptly at the PF than is the case for nitrate 

and phosphate (Lutjeharms et al., 1985). In the Southern Ocean the concentration of nutrients 

is lowest in the surface waters and greatest in the Warm Deep Layer for nitrate and 

phosphate. Phosphate and nitrate remain fairly constant in the upper waters, whereas silicate 
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shows a near continuous increase with depth south of about 55°S. High surface silicate is 

presumed to result from remineralisation of diatoms (Nelson and Gordon, 1982; Edmond et 

al., 1979) and/or upward mixing of deep waters. Approximately 18-58% of silicate is re-

dissolved in the upper 100m (Nelson and Gordon, 1982). 

Results from the INAEX III cruise along a track between 11° to 53°E (3-6 March, 1984) in 

the Indian sector of the Southern Ocean showed that the concentration of NOj, PO4 and SiOj 

were 28.6, 2.04 and 61.9 pM, respectively near the Antarctic Divergence (68°S); 24.6, 1.71 

and 12.42 pM, respectively near the PF (53°S); 19.2, 1.36 and 2.8 )liM, respectively south of 

the STC (42°S); 1.1, 0.2 and 1.6 |liM, respectively north of the STC (38°S). This showed that 

that NO3 and PO4 remain high up to south of the STC, but Si concentration reduces rapidly 

north of the PF (Verlencar and Dhargalkar, 1992). Similarly, data from studies by Kuramoto 

and Koyama (1982) and Watanabe and Nakajima (1982) from a transect along 45°E 

longitude showed that silica concentration in the surface waters was relatively high 

(57|j,mol/kg) at 67°S and it decreased sharply to ISpm/kg at 60°S, then dropped to very low 

values (~ l|Lxmol/kg) just north of the PF, reflecting its assimilation by diatoms and 

silicoflagellates. Nitrate however, only decreased from 27ju,mol/kg at 60°S to 22p,mol/kg at 

the PF. 

Therefore the nutrient pool in the Southern Ocean exhibits a unique feature of the interaction 

with physical and biological processes. Although strong physical mixing actively replenishes 

the surface layers with nutrients, the high biological demand for these nutrients quickly 

removes these elements from the surface waters. Ultimately those elements with higher 

mineralisation capacity (N and P) retain their richness in the surface waters, whereas Si 

mineralises at a much slower rate and so is lost from the surface waters to the deeper layers 

and to the bottom sediments as biogenic material (Verlencar and Dhargalkar, 1992). 

During the INAEX I cruise (18 Jan - 8 Feb, 1982) along the same track, chlorophyll and 

primary productivity were measured to distinguish the biologically active regions. A 

maximum chlorophyll value of 0.7 mgm'^ was recorded at 58°S, and other locations in the 

region between 69° to 30°S showed chlorophyll and primary productivity of <0.32 mgm'^ and 

<0.43 mgC m'̂ h'% respectively in the surface water. Water column values of chlorophyll and 

primary productivity showed elevated values at 58°S and another peak of primary 

productivity at 68°S, while the rest of the values were low (Verlencar and Dhargalkar, 1992). 
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During the European leg of the JGOFS (AESOPS) cruise (Oct/Nov. 1992) to the South 

Atlantic sector of the Southern Ocean large phytoplankton blooms were recorded in the PFZ 

(0.7 to >4 mgChlam'^) but not in either of the retreating ice-cover area (0.3 mgChlam'^) or 

within the Weddell Gyre (southern section of the ACC). They concluded that frontal regions 

are therefore major production sites in the Southern Ocean and that the input of meltwater 

and its associated algae from the retreating ice-edge is by itself an insufficient condition to 

promote phytoplankton blooms. The reason for the development of the bloom may be a 

combination of shallow mixed layers, high iron concentrations and low grazing pressure. 

They also noted a clear drawdown of €0% in the PFZ (Bathmarm et al, 1997; Peeken, 1997; 

Veth et al, 1997; Smetacek a/., 1997). 

In the southwest Pacific sector of the Southern Ocean at 170°W as part of the JGOFS cruise 

(Sept-March, 1998), Smith et al. (2000) measured average concentrations of chlorophyll 

within the mixed layer to the north and south of the PF spanning the ACC. To the north of the 

PF (5650.4'S) the concentration was 0.19 figl'' during December whereas to the south 

(64°9'S) they were an order of magnitude greater with a mean value of 2.90 p-gl ' during the 

same time period. By late February chlorophyll levels at this same location had decreased to 

0.44 fxgl"'. Early signs of a developing bloom were first observed at the PF in this sector 

during November 1997 (Landry et al., submitted). Peak bloom conditions at the PF in 

December were subsequently recorded by an array of bio-optical moorings (Abbott et al., 

2000), by remote sensing (Moore et ah, 1999), and by ship-based observations. It is thought 

that stratification created by interleaving water masses, together with local upwelling induced 

by meanders in the PF, contributed to favourable growing conditions early in the season 

(SnudiefaA,2000X 

Therefore due to high nitrate levels and low but stable chlorophyll concentrations on average 

measured throughout the year (Banse, 1996), the PFZ is part of the high-nitrate, low-

chlorophyll (HNLC) region of the Southern Ocean that may be iron limited (Martin et al., 

1990; DeBaar et al., 1995; Banse, 1996). 

Surface pCOj (partial pressure of COJ and TCO; (total carbonate) were measured in a 

transect heading south from New Zealand along 170°W, and was found to increase gradually 

across the Polar Frontal Zone and then increase sharply on reaching the pack ice (Purkerson 

and Millero, 1996). 
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Chapter Three Review 

REVIEW OF SEDIMENTS AND MICROPALAEONTOLOGICAL 

STUDIES OF THE SCOTIA SEA 

3.1. Sediments 

Changing oceanography as a consequence of changing climate produces temporal variability 

in the sediment record, especially over the last glacial-interglacial cycle. In the Scotia Sea and 

other parts of the Southern Ocean there are extensive areas of Quaternary deposition 

consisting mainly of hemipelagic and muddy contourite facies. These have been mapped and 

described by Pudsey et al. (1988), Pudsey (1992), Howe et al. (1997) and Pudsey and Howe 

(1998). Much of the Scotia Sea floor is isolated from major continental-margin sources of 

sediment with only the southern tip of South America and the west coast of the Antarctic 

Peninsula having near-continuous downslope pathways to the Scotia Sea. Sediment supply, 

both terrigenous and biogenic, is controlled by oceanic circulation in the form of the 

Antarctic Circumpolar Current and to a lesser extent the Weddell Gyre (Pudsey and Howe, 

1998). 

Antarctic surface waters of the present time are recorded in the sediment as a broad 

biosiliceous facies that extends north to the position of the Polar Frontal Zone, reflecting the 

3-1 



Chapter Three Review 

high productivity of the surface waters between the Antarctic Divergence and the Polar Front 

(Fig.2.4). Within this facies diatom ooze and muddy diatom ooze are the most common 

surface sediment (Demaster, 1981; Defelice and Wise, 1981; Wefer and Fischer, 1991). The 

low carbonate content of these sediments is due to the corrosive nature of the bottom water 

(AABW/WSDW) in the southern Scotia Sea (Harloff and Mackensen, 1997). North of this 

zone, calcareous biogenic sediment dominates at water depths above the Carbonate 

Compensation Depth (CCD), and red clay is found below it (Lisitsyn, 1972; Goodell, 1973). 

In ocean depths the south-to-north transition from mainly siliceous ooze to calcareous ooze 

occurs at the Polar Front, and the interbedding of these two sediment types is used to study 

changes in palaeoclimate (Deacon, 1982). One of the main characteristics of the PFZ 

therefore, is that it is a zone of high surface water biosiliceous production which is reflected 

by the predominantly biosiliceous composition of the sediments deposited beneath it 

(Goodell, 1973). Burckle and Cirilli (1987) recognised this phenomenon and used it to define 

the diatom ooze sediment belt in the Southern Ocean in terms of the position of the PFZ. 

They related poorly-preserved diatom assemblages north of the PF to reduced phytoplankton 

activity in warmer surface waters, and poor preservation to the south of the belt to the effects 

of winter and spring sea-ice on primary production. The presence of sand-sized ice-rafted 

debris (IRD) may also help to determine the position of the PFZ as it is in this region that the 

sediment-laden icebergs melt on contact with warmer SASW. Therefore biosiliceous 

sediments at the northern edge of the PFZ may be diluted by high concentrations of IRD 

(Westall and Fenner, 1991). South of the biosiliceous belt near the Antarctic continent is an 

area of terrigenous sediment deposition composed predominantly of silty diatom clay with 

terrigenous component derived from the continent. Variations in the terrigenous sediment-

biogenic silica belts near Antarctica have been related to fluctuations in sea-ice cover 

(Lazarus and Caulet, 1993), and the boundary between terrigenous sediments and siliceous 

ooze at 60°S is equal approximately to the mean position of Antarctic sea ice (Hays et al., 

1976; Cooke and Hays, 1982). 

North of the South Orkney Islands sedimentation rates are slow in the centre of the Scotia Sea 

and increase towards the north and the south (Echols, 1971). Bottom water flow controls 

sedimentation: in the Weddell Sea flow is relatively slow and sedimentation is continuous 

(Pudsey et al., 1988). In the northern Scotia Sea however, towards the axis of the ACC, deep 
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flow is much faster and hiatuses in sedimentation are common (Ledbetter and Ciesielski, 

1986). 

The cores from the Western Falkland Trough (KC099, KC097 and GC062) are taken from 

across a sediment drift and contain three different lithofacies. Foraminiferal sands at the core 

tops contain 60% biogenic material and 40% from a terrigenous source, and are sandy 

contourites. All three of these cores from deeper water areas on the western trough contain 

diatom muds below the sandy unit at the core top. Poor sorting, fine grain size and high 

biogenic diatom content suggest deposition within a low energy, hemipelagic environment 

with weak current flow. At the base of cores KC097 and GC062 there is a sandy mud unit 

showing more input of fine terrigenous sand. From magnetic susceptibility records it can be 

seen that GC062 is more condensed with expanded sections as you move west (Howe et al., 

1997). Core TC036 is found to the east in the Falkland Trough, also located on a sediment 

drift and shows a similar lithology to the other Falkland Trough cores. Within this core 

however there are thin horizons of foraminifera-bearing muddy diatom ooze found at various 

depths within the core down to the base. 

The cores from the northern Scotia Sea (KC064, TC077 and TC078) show a biogenic-

terrigenous cyclicity, with biogenic sediment at the seabed passing down into a more 

terrigenous unit and eventually into another biogenic unit. The upper biogenic unit is between 

0.5-2m thick and consists of dark greyish-brown foraminifera-bearing diatom mud, overlying 

olive grey to greenish-grey diatom mud or muddy diatom ooze. The terrigenous unit attains a 

maximum thickness of 2m in KC064, and consists of diatom-bearing mud (Fig.4.1). The 

contact with the upper biogenic unit is gradational. The lower biogenic unit is not seen in this 

study (Pudsey and Howe, 1998). 

3.1.1. Holocene Sediments 

In Holocene surface sediments (Fig.3.1) biogenic carbonate is present only at sites in the 

northern Scotia Sea and to the north in the Falkland Trough. In KC097 to the north of the PF, 

carbonate content is as high as 70% in the top samples. KC064 to the south of the PF 

however, contains only approximately 6% carbonate' in the upper part, preservation is poor 

and most carbonate is in the fine fraction. The dominance of the silt-sand size fraction is due 

' CaCO] was measured by acid dissolution method (weigh dry sample, dissolve in dilute HCl,rinse,dry, re-
weigh), diatom % measured by point counting (Pudsey, 1993) - data provided by C.J.Pudsey. 
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to an increased flux of planktonic foraminifera {Neogloboquadrina pachyderma) (Mackensen 

et al., 1993a). Modem sediments of the Subantarctic Zone are similar to those found in the 

oligotrophic subtropical gyres and reflect the predominance of carbonate-secreting plankton 

(80% carbonate, 15% terrigenous, 5% biogenic silica, Charles et al., 1991). Recent sediments 

within and south of the PF are siliceous oozes (75% biogenic silica, 20% terrigenous, 5% 

carbonate, Charles et al., 1991) reflecting the prominence of diatoms in Antarctic waters 

(Anderson et al., 1998a). Biogenic silica, composed of diatoms and some radiolarians and 

silicoflagellates, dominate the sediments in the central and southern Scotia Sea although 

preservation becomes poor south of 61°S. Terrigenous material forms up to half of the 

sediment in the northern Scotia Sea and is the main constituent of the cores near the South 

Scotia Ridge, but in the deeper, more central parts of the Scotia Sea it is still not as important 

as biogenic silica. The texture of Holocene sediments at the core-top show a general fining 

trend from NW to SE, seen as a decrease in sand and silt content and an increase in clay. The 

sand is mainly of terrigenous origin and most of the carbonate is in the fine fraction (Pudsey 

and Howe, 1998). 

3.1.2. Last Glacial Maximum (LGM) Sediments 

Sediments from the Last Glacial Maximum (Fig.3.1) contain much less biogenic and more 

terrigenous material with no biogenic carbonate and a uniform content of about 20-25% 

biogenic silica over most of the Scotia Sea. Diatom preservation is good in the north, but 

poor in the southern Scotia Sea. Over the entire area of the Scotia Sea, terrigenous supply 

predominated over biogenic input at the LGM, in contrast to the Holocene (Pudsey and 

Howe, 1998). As the percentage of carbonate decreases downcore the amount of biogenic 

silica increases in KC097 from 17% at the top to 25% at 60cm depth. Terrigenous material 

predominates and is as high as 60% in KC097 and 80% in KC064 in glacial sediments. There 

is no carbonate present due to lower surface productivity and higher carbonate dissolution 

(Howe et al., 1997). In the Subantarctic Zone, to the north of the PF biogenic silica 

accumulation rates increased several-fold during glacials (Mortlock et al., 1991; Charles et 

al., 1991) whereas carbonate accumulation rates declined sharply (Howard and Prell, 1994; 

Kumar, 1994). Carbonate is virtually absent from glacial sediments south of the PF in the 

Antarctic Zone, and this is accompanied by a decline in biogenic silica (Mortlock et al., 

1991) and excess barium accumulation rates (Shimmield et al., 1994; Frank, 1995). This is 
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interpreted to reflect lower productivity south of the PF during glacial periods (Anderson et 

al., 1998). The increasing influence of sea-ice cover during the last glacial period restricted 

productivity in the surface waters of the southern Scotia Sea and hence the underlying 

sediments were not supplied with carbonate from the surface. In the northern Scotia Sea the 

increased terrigenous input and lower biogenic carbonate levels at the LGM may be 

accounted for by an increased supply of suspended sediment from the Antarctic Peninsula, to 

the benthic nepheloid layer. The LGM sediments all contain less sand grade sediment than in 

the Holocene and almost all the sand is terrigenous. This is accompanied by increased 

amounts of clay compared to the Holocene samples (Pudsey and Howe, 1998). 

3.1.3, Dating the Sediments 

The cores used in this study have been dated using a number of different methods. The 

relative abundance of the diatom Cycladophora davisiana has been used, which was first 

described by Hays et al. (1976). They recognised that in the Southern Ocean it is present in 

low numbers (1-2 %) at core tops and early interglacial stage, but abundant (10-25 %) in the 

glacial stage. Therefore the first downcore abundance peak can be used to indicate the LGM 

at 18ka. Late Quaternary C. davisiana abundance stratigraphy has also been correlated to 

oxygen isotope stratigraphy in the subantarctic (Hays et al., 1976) and in the North Atlantic 

(Morley and Hays, 1979). 

The abundance of the trace element barium was first thought to be significant as an indicator 

of palaeoproductivity by Dymond et al. (1992). They suggested that barite precipitation takes 

place on sinking biogenic particles and is associated with organic matter decomposition. 

Once deposited in the deep-sea sediments it is insoluble as long as sulphate is present within 

pore waters (Shimmield, 1992). It is thought to be a more stable tracer of palaeoproductivity 

than organic carbon, biogenic carbonate or biogenic silica particularly where bottom waters 

are corrosive. The use of biogenic barium as a palaeoproductivity indicator has now been 

demonstrated in several areas of the Southern Ocean (Shimmield et al., 1994; Bonn, 1995; 

Niimberg et al., 1997). Shimmield et al. (1994) and Bonn (1995) found that in the Scotia and 

Weddell Seas barium was high in the warm isotope stages, therefore high at core tops and 

showed a downcore decrease. The highest Ba/Al ratio is found at the core top in all the cores 

from the Falkland Trough and Scotia Sea indicating high palaeoproductivity corresponding to 

the carbonate-bearing interval (Dymond et al., 1992). Therefore following Shimmield et al. 
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(1994) the downward decrease in the biogenic barium signal can be used to indicate the base 

of the Holocene, which marks the stage 1/2 boundary at about 12ka (SPECMAP age). The 

influence of any lithogenic barium probably from the East Scotia Sea spreading centre at 

30°W, was subtracted from the total using a Ba/Al ratio (see text in Pudsey and Howe, 1998). 

Where available AMS radiocarbon dates from this and other studies have also been used to 

date the sediments. 

3.2. Productivity 

Variation in surface ocean productivity is considered to be an important factor controlling 

changes in atmospheric CO; and studies of deep-sea sediments have revealed large changes in 

productivity over the last glacial-interglacial cycle (Miiller and Suess, 1979; Berger, 1989; 

Mix, 1989; Herguera and Berger, 1991, 1994). During the process of photosynthesis in 

surface waters, dissolved CO; is converted to organic carbon. Part of this organic carbon is 

transferred to the deep ocean where it is decomposed and oxidised back to CO;. This is called 

the "biological pump" and it continually transfers CO; from the atmosphere to the deep-sea at 

a rate of approximately 5x10® gyf ' (Martin et al., 1987). The storage and transportation of 

CO; in the ocean plays an important role in the climate system (e.g. Broecker, 1982; Knox 

and McElroy, 1984; Wenk and Siegenthaler, 1985; Boyle, 1988; Keir, 1988, 1990; Mix, 

1989). 

Global ocean productivity is 26.9 GtCm'^y"' and 13% of this total occurs in the Southern 

Ocean around Antarctica (south of 50°S) (Berger et al., 1988). Ocean surface productivity is 

generally enhanced along oceanographic fronts (Yoder et al., 1994) such as the SAP and PF 

within the ACC (Wefer and Fischer, 1991; Laubscher et ah, 1993; De Baar et al., 1995), and 

the STF further to the north (Laubscher et al., 1993). Surface productivity then decreases 

north-eastwards to the centre of the subtropical gyre (Berger, 1989). Areas closer to the 

Antarctic continent which are covered by winter sea ice are characterised by seasonal 

productivity with strong organic matter pulses associated with the spring sea ice melt 

(Goeyens et al., 1991; Comiso et al., 1993). 

High productivity in the Scotia Sea occurs in a belt just south of the PF and north of the 

average winter sea-ice limit. This is where high accumulation rates of biogenic silica occur 

(DeMaster, 1981; Defelice and Wise, 1981; DeMaster et al., 1991; Mortlock et al., 1991; 
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Wefer and Fischer, 1991). Recently there have been a number of studies into the silica cycle 

and productivity in the Southern Ocean (Honjo et al, 2000; Pondaven et al., 2000; 

Ragueneau et al., 2000), which have all shown that the PFZ is an area of significant silica and 

carbon primary production compared to the Marginal Ice Zone (MIZ) and the Permanently 

Open Ocean Zone (POOZ) (Queguiner et al., 1997). The fluxes and accumulation rates of 

biogenic material in the PFZ and Antarctic Zone are also higher than previously estimated. 

Organic carbon fluxes at 1km depth within these zones at 170°W in the Western Pacific 

sector of the Southern Ocean were relatively uniform (1.7-2.3 gm'^yf'), and about twice the 

estimated ocean-wide average (ca. 1 gm'̂ yr '). The large biogenic silica flux in this area (57 

gm'^yr') helps to explain the high silica accumulation found south of the PF. However unlike 

the biogenic material, lithogenic particles were among the lowest measured in the open-ocean 

reflecting a low input of dust (Honjo et al., 2000b). During the AESOPS cruise maximum 

export fluxes along 170°W were collected by a sediment trap at 63°S (221 mgm'^d"' at 1031m; 

Honjo et al., 2000a). Fluxes were lower at 57°S (92 mgm'^d ' at 982m), and intermediate 

fluxes were collected at the PF (60°S, 156 mgm'^d"' at 1003m). In a global context, the annual 

opal flux at 63°S is the largest ever measured (Smith et al., 2000) and greater than that 

measured in the highly productive Arabian Sea upwelling system (48 mgm'^d"' at 828m; 

Honjo et al., 1999). Therefore despite its reputation as a region of low annual productivity, 

the Southern Ocean clearly generates a substantial annual flux of biogenic material which is 

exported to the deep sea (Smith et al., 2000). Much of this high productivity is fuelled by the 

upwelled supply of nutrients associated with CDW (Shimmield et al., 1994). 

Forty percent of organic carbon exported from the photic zone of the Southern Ocean into the 

deep sea is synthesised in coastal zones and on continental shelves and in the PFZ, even 

though these zones occupy only 10% of the surface ocean area. Annual primary productivity 

in the PFZ is 83gCm"^ compared to an average annual primary productivity in the Southern 

Ocean of about 26gCm'^ (Wefer and Fischer, 1991). In the Antarctic and Polar Frontal Zones 

values of up to 0.8% Total Organic Carbon (TOC) content of surface sediments are measured 

below 2km water depth. North of the SAF down to depths of 4km TOC values vary around 

0.2% but exceed 0.5% on the abyssal floor. The flux of organic carbon to the seabed exerts a 

strong influence on the community structure and taxonomic composition of the deep-sea 

benthos (Thiel, 1983; Caralp, 1984; Altenbach and Samthein, 1989; Loubere, 1994). The 
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seasonality of that flux will also influence the benthic community (Gooday, 1988; Gooday 

and Lambshead, 1989; Thurston et al, 1994), which may show a rapid response to the 

increased supply of organic matter (Linke et al., 1995). In recent years primary productivity 

and the resulting flux rates of organic carbon to the seabed have been used as a quantitative 

measure of food supply to benthic foraminifera (Altenbach, 1988; Altenbach and Samthein, 

1988; Loubere, 1996; Schmiedl et al., 1997). 

The annual downward carbon flux at 100m water depth, a measure for the amount of carbon 

reaching the sediment surface may be about one sixth of the primary production in the study 

area (Mackensen et al., 1993a). Different mathematical equations have been used to quantify 

these flux rates, each derived from different concepts. These empirical equations can stress 

either flux rates themselves (Suess, 1980; Samthein et al., 1992) or the decrease of the fluxes 

with increasing water depth (Betzer et al., 1984; Berger et al., 1988). The equations are based 

on primary production, export rate, and flux rate data from sediment traps (Altenbach et al., 

1999). Berger et al. (1988) have summarised an equation for estimating this downward 

carbon flux by converting primary production to export production, in simple form after 

Suess (1980), for the top 1000m of the water column: 

J(z) = 0.2 PP/Z 

where: Z = depth in units of 100m 

PP = primary production 

At depths greater than 1000m a term representing more slowly decomposing organic matter 

is needed: 

J(z) = 0.17PP/Z + r*PP 

where: r = near 1% 

In all locations, the flux of material reaching the seabed at depths greater than 1000m is only 

a few percent of the euphotic zone production, indicating that efficient recycling of 

production occurs in the upper few hundred meters of the water column (Loubere and 

Fariduddin, 1999). In some areas, like the northwest Indian Ocean and the northeast Atlantic, 

surface-ocean biological productivity is highly seasonal and organic matter reaches the 

seabed in pulses, sometimes as fresh phytodetritus (e.g. Smith et al., 1996). The accumulation 
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of phytodetritus has been loosely related to major flux events as a result of spring/summer 

phytoplankton blooms. In a recent study by Mackensen et al. (1995) of core top samples in 

the South Atlantic, they recognise the presence of a "phytodetritus assemblage" to the north 

of the PF as indicated by the opportunist benthic foraminifera Epistominella exigua. 

Berger et al. (1988) suggest that the coastal and subpolar regions account for one half of the 

total production and for more than 80% of the flux to the seafloor. Another important factor 

is the seasonality of the carbon flux that will be important in areas such as the Southern 

Ocean, which are ice-covered for long periods of the year. Lampitt and Antia (1997) 

calculated that the deep water flux and seasonal variability of organic carbon flux, with data 

normalised to 2000m, in polar regions is between 0.01 - 5.9 g/mVy. 

Recent studies from the Southern Ocean have shown that during glacial stages, 

palaeoproductivity was lower south of the PF than during interglacial times (Mackensen et 

al., 1989; Grobe et al., 1990; Mortlock et al., 1991; Charles et al., 1991; Francois et al., 

1992; Kumar et al., 1993; Shimmield et al., 1994). Francois et al. (1992) suggest that the 

Southern Ocean polar water did not suffer major nitrate uptake during glacial times and 

therefore productivity was not a major influence on lowering glacial atmospheric CO;. 

Glacial productivity was weaker and displaced to the north. The extent of glacial sea ice is 

thought to be of high importance in determining the productivity of the surface waters, and 

therefore the supply of biogenic detritus to Southern Ocean sediments (Shimmeild et al., 

1994). There is also some evidence for a decrease in productivity during a cooling event 

between approximately 12,000-11,000 years BP (Labracherie et al., 1989; Shimmield et al., 

1994). 

3.3. Benthic Foraminifera 

The earliest account of recent benthic foraminifera from the Antarctic region was by Brady 

(1884) on material from the H.M.S. Challenger Expedition during 1873-1876, but this was 

mainly a taxonomic study (reviewed by Jones, 1994). 

Much of the pioneering work was done by Eariand (1933, 1934, 1936) and Heron-Allen and 

Eariand (1932) on material from the Scottish National Antarctic Expedition and the 

Discovery Expedition, and also by Heron-Allen and Eariand (1922) on the Terra Nova 

Expedition of 1910. Foraminifera collected by the British Antarctic Expedition were studied 
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by Chapman (1916a, b) and from the Australasian Antarctic Expedition by Chapman and Parr 

(1937). Another important expedition for the collection of foraminifera was the BANZ 

Antarctic Research Expedition studied by Parr (1950). 

The next stage of research focused more on quantitative faunal studies of Antarctic benthic 

foraminiferal assemblages in relation to the water depth and reviewed the early taxonomic 

work. These studies include, among others Uchio (1960), Saidova (1961), McKnight (1962), 

Bandy and Echols (1964), Pflum (1966), Echols (1971), Herb (1971), Douglas and Woodruff 

(1981). Echols (1971) and Herb (1971) both discussed foraminiferal ecology regarding 

species and assemblages in the Scotia Sea and Drake Passage respectively. They both 

established faunal provinces (biofacies) and bathymetric zonations, recognising the 

importance of the PF as a division between faunas and bathymetric zones. Echols 

distinguished five foraminiferal biofacies associated with water depth and sediment 

composition. Both studies found calcareous assemblages present only at relatively shallow 

depths, <1600m in the southern Scotia Sea and 3500m in the Drake Passage south of the PF, 

as opposed to 4200m north of the PF. 

During the 1970s it was recognised that the distribution of benthic faunas was not controlled 

by depth alone, but by hydrographic parameters which are generally correlated with depth. 

Numerous studies have described foraminiferal assemblages from Antarctic surface 

sediments and have linked their distribution to environmental parameters such as the 

Carbonate Compensation Depth (CCD) (Kennett, 1968; Milam and Anderson, 1981; Ward et 

al., 1987), bottom-water masses (Lohmann, 1978; Corliss, 1979a,c, 1983b; Mead, 1985; 

Mead and Kennett, 1987; Jones and Pudsey, 1994; Ishman and Domack, 1994; Schmiedl et 

al., 1997), substrate-type, productivity, oxygen content and food supply (Osterman and 

Kellogg, 1979; Asioli, 1995) or to a combination of these parameters (Mackensen et al., 

1990, 1993a, 1995; Schnitker,1994; Violanti, 1996; Harloff and Mackensen, 1997). A 

synthesis by Murray (1991) provided ecological information about foraminifera in 

environments from nearshore to the deep sea within the Southern Ocean. 

However the majority of benthic foraminiferal studies from the Southern Ocean have focused 

on the spatial distribution of foraminifera and their relation to the present day environmental 

conditions using surface sediment samples, rather than examining down-core trends over a 

given time period. There are only a handful of studies describing the change in foraminiferal 

assemblage in the Southern Ocean over the last glacial-interglacial cycle, and these include 
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by region from the South Atlantic sector (Mackensen et al, 1994; Schmiedl and Mackensen, 

1997), the Weddell Sea (Mackensen and Douglas, 1989), the Southeast Indian Ocean sector 

(Corliss, 1979b, 1983; Corliss et al., 1986; Wells et al., 1994), the Ross Sea (Pflum, 1966; 

Fillon, 1974; Kellogg et al., 1979). 

Mackensen et al. (1994) studied the glacial-interglacial contrasts in foraminifera and stable 

isotopes at 69°S in the Atlantic sector of the Southern Ocean. They found that glacial stages 

were indicative of low biogenic silica accumulation, moderate carbonate accumulation, a 

benthic fauna representing low productivity, different benthic and planktonic 5'^C values 

consistent with reduced primary productivity and stratification of the water column and 

therefore suppressed water generation. Schmeidl and Mackensen (1997) studied cores from 

the northern Cape Basin in the south-east Atlantic using 5'^C to show that NADW flow into 

the Southern Ocean was restricted to interglacial periods. 

3.4. Distribution of Foraminifera in the Scotia Sea 

Benthic foraminifera are found in abundance in deep-sea sediments and the assemblages 

present are generally associated with the overall circulation pattern of the area. However, in 

areas of high productivity where high fluxes of organic matter occur, the faunal composition 

may be changed. Consequently the recorded signal represents a combination of both the 

bottom water mass signal and the local surface ocean productivity signal (Mackensen and 

Douglas, 1989; Mackensen et al., 1990). In the Atlantic sector of the Southern Ocean the 

distribution pattern of benthic foraminiferal assemblages is generally related to bottom water 

mass properties (e.g., Schnitker, 1974; Lohmann, 1978; Corliss, 1979; Douglas and 

Woodruff, 1981), and the flux of organic matter from the surface ocean (e.g., Lutze and 

Coulboum, 1984; Mackensen et al., 1985; Gooday, 1988; Corliss and Chen, 1988; Loubere, 

1991). Studies of foraminiferal distribution by Pederson et al. (1988), Altenbach and 

Samthein (1989), Herguera and Berger (1991), Altenbach (1992) concluded that food supply 

is a primary control on the overall abundance of benthic foraminifera at the sea floor. The 

organic matter flux to the sediments, and therefore the food supply to the benthos, is driven 

by surface ocean productivity. Therefore the adaptation of certain foraminifera to different 

rates of food supply may be correlated to surface ocean productivity (Loubere, 1991). In the 

deep sea the benthos is entirely dependent on imported organic carbon from the surface for 
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their energy requirements. However the flux of material reaching the seabed at depths greater 

than 1000m is only a few percent of the euphotic zone productivity indicating efficient 

recycling of production occurs in the upper few hundred metres (Loubere and Fariduddin, 

1999). A review of the relationship between non-calcareous taxa and organic carbon flux is 

given in Gooday et al. (1997), and of agglutinated and calcareous taxa in Gooday (1994). 

The distribution of foraminifera is also influenced by other factors including temperature, 

oxygen, substrate and importantly the rate of solution of calcium carbonate (CaCOJ 

(Fig.3.2). In general, calcareous foraminifera are found in sediments above the Carbonate 

Compensation Depth (CCD) where water is saturated with CaCOj. Agglutinated foraminifera 

are found in greater abundance in sediments below the CCD where water is under saturated 

with CaCOj. 

The solution of calcareous tests, shown by severely corroded specimens, occurs throughout 

the study area, but the rate of solution of CaCOj is apparently much higher in areas of non-

calcareous assemblages in the southern and eastern Scotia Sea, than in areas of calcareous 

assemblages to the north. The distribution of calcareous tests and of evidence of solution of 

calcareous tests may be explained by the CCD rising southward from greater than 4000m on 

the northern Scotia Ridge to less than 500m on the southern and eastern Scotia Ridge 

(Echols, 1971). In the South Atlantic preservation will also correlate with changing water 

masses (AABW/NADW) (Loubere and Fariduddin, 1999). South of the PF organic carbon 

contents of greater than 0.5% at a depth of less than 4000m occur in sediments with high 

biogenic silica content and rapid deposition rates. Due to the decay of organic matter and 

carbon dioxide formation at the sediment surface, most foraminifera become dissolved 

forcing the lysocline up to only a few hundred metres (Mackensen et al., 1993a). Therefore 

on the North Scotia Ridge typically 60-99% of foraminifera are calcareous at depths of 360-

3400m, while on the South and East Scotia Ridges only 0-53% are calcareous at similar 

depths. This means that there is a concentration of planktonic and calcareous benthic 

foraminifera to the north and a concentration of agglutinants to the south and east (Echols, 

1971). 
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The PF therefore serves as a hmit between spatial and depth distributions of associations 

north and south of it. Some associations seem to be restricted to regions north of the PF while 

others occur in much shallower depths south of the front than north of it (Harloff and 

Mackensen, 1997). 
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Figure 3.2. Common variables in the physical environment affecting benthic foraminifera 
distributions. Arrows indicate interrelationships of variables. 
After Van der Zwaan (1982). 

3.5. Other Micropalaeontological Studies 

Planktonic foraminifera from core top sediments from north and south of the PF in Drake 

Passage and the South Pacific sector of the Southern Ocean have been studied by Blair 

(1965). Chen (1966) studied live planktonic foraminifera from water samples in the Scotia 

Sea and Drake Passage in relation to ocean currents at various depths. Other planktonic 

foraminifera studies from cores in the south-east Indian Ocean (Williams, 1976) and east of 

New Zealand (Weaver et al., 1997) refer to Quaternary fluctuations of the PF. The results of 

these studies will be discussed in Chapter 6.0. 

Jordan and Pudsey (1992) carried out a study of the diatoms in the Scotia Sea and their record 

through the Quaternary. They found that the diatom content increased towards the north and 

that diatom-rich and diatom-poor sediments alternated downcore. The local stratigraphy was 
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based on the relative abundance of 6 prominent species that were assigned as environmental 

indicators. The changes in species composition were found to be related to the N-S 

movement of the winter ice edge and PF. 

A recent study by Harland et al. (1998) reviewed the dinoflagellate cysts in a transect of core 

tops from the Falkland Trough to the Weddell Sea. They found a clear latitudinal trend in 

cyst distribution that could be divided into two domains. First, to the south of 60°S, there are 

low numbers of cysts and low diversity and second, to the north of 60°S, there are richer 

assemblages and higher species diversity. Each domain is also characterised by specific 

dinoflagellate species. The division between the two domains is thought to coincide with the 

northern limit of sea-ice. 

Radiolaria from the Scotia Sea have been reviewed by T. Crawshaw (2000) in her thesis, also 

supported by BAS. 

3.6. Stable Isotopes 

Prior to a study by Grobe et al. (1990) in the eastern Weddell Sea, sediments from south of 

the present day PF were not included in the reconstruction of Quaternary stable isotope 

stratigraphy due to the paucity of biogenic carbonate (Hays et al., 1976; Shackleton, 1977; 

Imbrie et al., 1984; Pisias et al., 1984; Prell et al., 1986; Martinson et al., 1987; Williams et 

al., 1988). All interpretations of southern high latitude glacial and interglacial 

palaeoenvironments before this study have therefore suffered from a lack of detailed 

worldwide correlatable stratigraphic data. In recent years however, there has been increased 

interest in stable isotope records from north and south of the PF in the Southern Ocean for 

benthic and planktonic foraminifera, especially through the last glacial-interglacial cycle 

(Mackensen et al., 1989, 1993b, 1994; Charles and Fairbanks, 1990; Mackensen and Bickert, 

1999; Niebler et al., 1999). 

Grobe et al. (1990) found evidence for a meltwater spike at the beginning of interglacials 

within the oxygen isotope record, and a synchronous planktonic and benthic 5'^C signal 

indicated continuous bottom water formation during glacials. Primary productivity was also 

restricted during glacials due to continuous ice coverage. Mackensen et al. (1989) have also 

presented a stable isotope stratigraphy for both planktonic and benthic foraminifera from 

69°S in the Weddell Sea which has been correlated with the global isotope stratigraphy. The 
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benthic and planktonic 5'®0 records are thought to reflect global continental ice volume 

changes and the influence of a meltwater lid respectively. Peak values of planktonic and 

benthic 5"C in warm periods suggest increased surface productivity during interglacials 

within the Southern Ocean. 

Only a few isotope records from Sub antarctic and South Atlantic cores have been published 

(Hays et al., 1976; Curry and Lohmann, 1982; Labeyrie and Duplessy, 1985; Labeyrie et al, 

1987; Oppo and Fairbanks, 1987; Curry et al, 1988; Mulitza et al., 1999). 

3.6.1. Background to Stable Isotopes 

Oxygen ('^0/'®0) and carbon ('^C/'^C) are included in probably the most important family of 

palaeoclimatic tools used to reconstruct past climates. The ratio of two isotopes of a 

particular element is expressed using the following convention, taking carbon as an example: 

sample - standard x 1000 

(̂ ^C/'̂ C) standard 

The principal rationale behind stable isotopes as proxies is that the ratio of heavy to light 

isotopes of an element in any material is a function of many variables, including climate-

related variables such as sea surface temperature (SST), salinity, ice volume, atmospheric 

temperature and moisture source (Cronin, 1999). 

All modem calcareous foraminifera are calcific with the exception of the suborder 

Robertinina. Biogenic calcite should be secreted in isotopic equilibrium with the ambient 

seawater, however often this does not happen and disequilibrium is caused. The observed 

offsets must be due to fractionation processes during the uptake of carbon into calcite, the so-

called vital effects (Grossman, 1987; Ravelo and Fairbanks, 1995). These include; 

1. Uptake of metabolic CO; during calcification, 

2. Growth or calcification rate, 

3. Physiological changes with ontogeny, 

4. Kinetic isotope effects in the transport of carbonate ions to the site of calcification, 

5. Photosynthetic utilization of light carbon by symbionts which increases the available '^C 

for calcification. 
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Vital effects may lead to carbonates being depleted in relative to equilibrium (Williams et 

al., 1981; Grossman, 1987). Other influences on the isotopic composition of '®0 include 

changes in ambient water temperature, changes in the evaporation/precipitation at the site of 

formation of the water mass under study, differential dissolution, sediment transport, 

bioturbation and strati graphic disturbance (Imbrie et al., 1984). 

Variations in the proportions of '̂ C and in biogenic carbonates are caused by (Murray, 

1991): 

1. Global and regional changes in surface-water productivity, 

2. Different water masses and circulation patterns, 

3. Vital effects, 

4. Microhabitat effects, 

5. Postdepositional dissolution. 

3.6.2. Oxygen Isotopes 

Ice sheets lock up huge amounts of freshwater and prevent normal recirculation of this water 

back into the oceans. Freshwater is enriched in and increased growth of ice caps draws 

more water from the oceans, leading to a drop in sea level and relatively higher 

concentrations of '®0 (the heavier isotope) in the remaining seawater. When Emiliani 

pioneered the use of oxygen isotopes for studies of deep-sea cores in the 1950s, he recognised 

the isotopic signal is due to two main factors: growth temperature and isotopic composition 

of seawater. It is now accepted that the dominant signal is due to change in seawater 

composition, and oxygen isotopic ratios are now used as a "continental global ice-volume" 

signal, with temperature playing a secondary role (Shackleton and Opdyke, 1973). Lighter 

values of the oxygen isotope indicate periods with less continental ice and conversely during 

glacial periods, ice preferentially stores the light isotope ('®0) and seawater is enriched in '®0 

(Kennett, 1982). The "glacial effect" (Olausson, 1965; Shackleton, 1967) is beheved to 

dominate the isotopic signal in foraminifera in regions with relatively small temperature and 

salinity variability or deep-sea abyssal environments. 

Each distinct isotopic event over the last 1 million years has been assigned a stage number by 

Emiliani (1955; 1966) and Shackleton and Opdyke (1973). These isotopic stages represent 

alternating interglacial and glacial episodes, with the present interglacial stage being referred 

to as isotope stage 1 and the last glacial as stage 2. 
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3.6.3. Carbon Isotopes 

Shackleton (1977) showed the use of 5'^C and its potential significance in studying water 

mass movement and palaeoproductivity, and suggested a connection between climatically 

induced changes in the terrestrial biosphere with observed carbonate dissolution cycles and 

the flux of dissolved CO; in the oceans. Biological and chemical processes that fractionate 

carbon isotopes in the ocean provide one of the most useful tracers for reconstructing past 

distributions of water masses and their properties. The present distribution of 5"C of ZCO; 

delineates the general distribution of water masses in the oceans, and the gradients in 6"C 

between locations record the net flow direction between ocean basins (Curry et al, 1988). 

The distribution of 5"C in the ocean is controlled principally by photosynthesis and 

remineralisation of organic carbon, and by the mixing between water masses of different 

isotopic composition. Photosynthesis in surface water preferentially extracts '̂ C from 

seawater, causing the enrichment of the surface water ZCOg in '^C (Curry et al., 1988). The 

value of 5'^C in seawater, after primary producers have removed all nutrients, is controlled by 

the mean 5"C and the mean nutrient concentration of the ocean (Broecker, 1982; Broecker 

and Peng, 1982). Deep waters of the oceans typically exhibit higher concentrations of 

nutrients and CO; compared with surface waters as a result of organic processes involving 

photosynthesis, sinking of organic debris, and respiration by bottom dwelling organisms. As 

deep water remains near the ocean floor for longer periods, nutrients and CO; continue to 

accumulate and Oj content decreases. Because of the close relationship between 

accumulation of 5'^C and CO;, the 5"C can represent a valuable tracer of nutrient flow 

through the World Ocean. The 5"C of deep-water CO; is lower than in surface water due to 

accumulation of metabolic carbon. Therefore any major change in the cycling of nutrients 

and CO; in the deep ocean is reflected in 5'^C and thus recorded in microfossils (Kennett, 

1982). 

In most oceans a linear correlation is seen between S^C^coz values and nutrient contents of 

deep and bottom water masses because the distribution of both are controlled by the 

interaction of biologic uptake at the sea surface and decomposition in deeper water masses, 

with the general circulation of the ocean (Kroopnick, 1980; Kroopnick, 1985). This 5'^C 

signal of the water masses is recorded in the shells of benthic foraminifera and is therefore 

used as a nutrient proxy to explain deep water palaeocirculation (see Duplessy et al., 1984; 
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Curry gf a/., 1988; Oppo a/., 1990; Raymo er aA, 1990; Boyle, 1992; Samthein er a/., 

1994). 
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MATERIALS AND METHODS 

4.1. Core Sites 

A series of kasten, gravity and trigger cores were collected by BAS from the Scotia Sea 

during the RRS James Clark Ross cruises JCR04 (1993) and JCR09 (1995) and the RRS 

Discovery cruise D172 (1987-88). The seven cores studied here were chosen based on their 

position relative to the modem-day Antarctic Polar Front and foim a transect across the Polar 

Front (PF) from north-west to south-east in the northern Scotia Sea (Fig. 1.1) The cores 

contain a relatively high proportion of carbonate material throughout the top section or at 

least in the core top. Core locations and water depths are given in Table 4.1 and complete 

core logs and magnetic susceptibility curves can be seen in Figures 4.1, 4.2 and 4.3. 

The kasten cores were opened and subsampled on board ship before being stored horizontally 

at +4°C, first on board ship and subsequently at BAS. Piston cores were split and described, 

then sampled for micropalaeonto logical, geochemical and grain size analysis. Each half of a 

split core was encased in (i) cling film; (ii) layflat tubing, and stored horizontally in a cold 

room maintained at +3°C to +6°C. Radiolarian species counts were made on sand-fraction 
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slides prepared by a random-settling method. Major and trace element geochemistry was 

determined by x-ray fluorescence on powdered bulk sediment samples. All these procedures 

were carried out by BAS. 

Core Depth Latitude Longitude Core length 
(m) (°S) (°W) (cm) 

KC097 3058 53°21.0' 54=41.0' 282 
KC099 2727 53°30.0' 57°02.8' 300 
GC062 3000 52=55.5' 53°41.0' 323 
KCO(% 4304 53°52.1' 48°20.3' 305 
TC077 3774 53°55.0' 45°28.0' 70 
TC078 3840 55°33.0' 45°00.9' 95 
TC036 3552 52°36.2' 46°52.7' 134 

Table 4.1. Core details. 

The distance of each core from the PF was determined as the PF is a sinuous frontal feature 

and therefore longitude and latitude may not be a realistic x-axis for plots of geographical 

variation. The cores were measured perpendicular to the PF and the distance was converted to 

nautical miles and kilometres using the map in Text-Fig. 2 in Harland et al. (1998). 

Core Distance from 
Polar Front (km) 

KC099 444rJ 
KC097 296}J 
GC062 222 
KC064 88 S 
TC036 185 S 
TC077 267 S 
TC078 282 S 

Table 4.2. Distance of core sites from the present day position of the Polar Front. 
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4.2. Sampling 

Samples were taken from the working half of each core initially at 5cm intervals in the top 

Im and then every 20cm from Im downcore to the base. This strategy was used as there 

appeared to be a change in sediment character from more foraminiferal-rich sand and mud to 

purely diatom mud with few foraminifera, through the cores (Fig.4.1). In cores TC077 and 

TC078 only core top samples were picked as there was no carbonate observed below about 

20cm. For cores GC062 and TC036 samples were taken at more irregular intervals in some 

sections and this was dependent on the raw material that had been available at BAS to 

sample. 

After initial results had been obtained, some sections of the cores were re-sampled at closer 

intervals where greater fluctuations in foraminiferal abundance were observed. This was 

either a sample taken between the 5cm gaps or as in KC064 and KC097, samples were then 

taken every 1cm in some sections. 

4.3. Processing 

4.3,1. Foraminifera 

Approximately Icm^ of sediment was taken form the core and dried overnight in an oven at 

no greater than 60°C to remove excess water. The sample was then allowed to cool and 

weighed to provide the dry weight. For foraminiferal analysis the sample was then left for 24 

hours to soak in warm water containing 5% Calgon (sodium hexametaphosphate) until it had 

disaggregated. Each sample was washed gently through a 63 mesh sieve and dried, the 

greater than 63)um fraction was then weighed when dry. The fine fraction (<63|im) was 

collected on filter paper for possible coccolith study. A 63pm mesh sieve was used in order to 

retain any small benthic foraminifera which may be important constituents of the assemblage. 

Other benthic foraminifera studies from the area have used either a 63pm or 125)Lim mesh 

sieve and it can be noted that the larger sieve size did not retain some of the foraminifera 

found in high abundance in this study. 

For benthic foraminiferal counts a split was made and the weight recorded to enable the 

number of foraminifera per gram of sediment to be calculated. Approximately 250 
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individuals were counted, picked and identified (full taxonomic list in section 11.0); 

planktonic foraminifera were also counted for absolute abundance and Planktonic/Benthic 

foraminifera ratios, from the same > 6 3 s i z e fraction sample and the different species 

present were noted. The identification of the species Eilohedra weddellensis follows that of 

Echols (1971) from a study of benthic foraminifera in the Scotia Sea. Classification of 

planktonic foraminiferal distributional zones is based on Blair (1965) and Be (1969, 1977). In 

some samples fewer than 250 benthic foraminifera were counted, as the abundance was 

lower. Duplicate counts of planktonic foraminifera were also carried out on certain samples 

in one of the cores to test the accuracy of the counting method. This reproducibility data can 

be seen in Appendix 1. 

4.3.2. Diatoms 

A smear slide was made of each sample using standard preparation techniques and these were 

used to look at the general faunal and lithological composition and for identifying any 

diatoms present. The slides were examined using an Olympus BH-2 light microscope under 

normal illumination for the presence of the diatoms Nitzschia curta and Nitzschia cylindrus 

(sea-ice indicator species), Thalassiothrix antarctica (Antarctic open ocean species) and 

Eucampia antarctica (glacial ice indicator species). Their abundance was estimated by 

indicating whether they were absent, rare, common or abundant in the sample. Diatom results 

from cores KC064 and KC097 only will be presented here in Appendix 18 and discussed in 

Chapter 6.0. 

4.3.3. Stable Isotopes 

Stable isotopes are analysed by mass spectrometric determination of the mass ratios of carbon 

dioxide (CO;) obtained from the sample, with reference to a standard CO; of known 

composition. The CO; is produced by reaction of the carbonate with 100% orthophosphoric 

acid at 70°C. During each run a reference carbonate (HI) of known composition is analysed 

as a standard for each carousel run. Each sample is analysed sequentially using the individual 

acid dosing or 'drip' method, in which a small amount of acid is allowed to drip onto the 

sample, the product being frozen out (S. Cooke pers. comm., 1999). Such a method is 

employed by the Europa Scientific Geo 20-20 Stable Isotope Ratio Mass Spectrometer 

(IRMS) based at the Southampton Oceanography Centre operated by Steve Cooke, and is a 
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fully automated, memory free, preparation device for determining 5"C and 5'®0 in carbonate 

samples. 

Isotope data are reported in conventional per mil (%o) deviations from the Vienna Pee Dee 

Belemnite (PDB) standard, which is a Cretaceous belemnite from the Pee Dee formation of 

South Carolina, PDB having 5'®0 = 0 and 5'^C = 0 by definition (Epstein et al., 1953). 

However, the PDB standard is now unavailable and instead two additional standards with 

known 5 values relative to the PDB standard are used to calibrate this method to the Vienna 

PDB scale. These are NBS-18 (carbonatite) and NBS-19 (limestone). The composition of the 

HI standard was calculated using NBS-19, and checked periodically against NBS-18. 

All results are given in the standard 6 notation and have an analytical precision of better than 

+/- 0.02%o for 8"C and +/- 0.04%o for S'^O. More positive values indicate enrichment of the 

heavy isotope relative to the standard. These 5 values are for the sample gas and not for the 

carbonate. A fractionation effect occurs during the reaction due to the temperature at which 

this is taking place, resulting in an offset from the isotopic composition of the carbonate. The 

offset or fractionation factor for oxygen for the Geo 20-20 is a = ( / (6'^0)co2 = 

1.00844. The 5'®0 is corrected for the a-fractionation factor and both 5'®0 and 5'^C are 

normalised to the HI standard and so to the PDB scale. 

Samples from five of the cores studied were submitted for carbon and oxygen stable isotope 

analysis. Measurements were made on planktonic foraminifera from cores KC064, KC097, 

KC099 and GC062. Results were also available from TC036 (pers. comm. C.J.Pudsey, 

measurements made by Caroline Bertram at BAS and the University of Cambridge). The 

planktonic foraminifer Neogloboquadrina pachyderma sinistral was used, and samples for 

analysis contained on average 15 specimens picked from the 150-250jJ.m size fraction. This 

required dry sieving the processed sediment at 125pm to remove any small material. Where 

possible, foraminifera without signs of partial dissolution were selected for isotope analysis. 

Measurements were carried out on benthic foraminifera in samples from cores KC064, 

KC097 and TC036. The benthic species Oridorsalis tener was used as it was found to occur 

persistently throughout the core, although in very low numbers at certain depths. On average 

15 specimens were picked from the 125 - 250(j,m size fraction for each sample. In a study by 

Graham et al. (1981), O.tener was found to have a deviation from '®0 equilibrium of about -
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0.4%o {Uvigerina spp. and Pyrgo murrhina also have similar values). Woodruff et al. (1980) 

carried out a study on a number of different benthic foraminifera species from the East 

Pacific Ocean and found that they all probably deposited calcite out of equilibrium with the 

growth environment. The 5'^C value of dissolved HCO3" in deep Pacific equatorial waters is 

quite uniform at +0.13 ±0.5%o (Kroopnick, 1974) and therefore using the fractionation factor 

of Emrich et al. (1970), the CaCOj in equilibrium with that HCO3" at 1.5°C has a value of 

+1.19%o. All of the foraminifera were found to be depleted in "C relative to the equilibrium 

value and Woodruff et al. (1980) calculated that Oridorsalis umbonatus had a deviation from 

equilibrium of between -1 and -1.5%o. Disequilibrium values between species are often 

not constant and this has important consequences for downcore isotope curves (B danger et 

al., 1981), and it is therefore useful to use a single species rather than a mix of different 

species. 

4.3.4. Radiocarbon Dates 

Accelerator Mass Spectrometry (AMS) '''C dating was carried out on 16 samples from cores 

KC064, KC097, KC099 and GC062 and consisted of foraminiferal carbonate and bulk 

organic carbon samples. The aim of the radiocarbon age analysis was to determine whether a 

glacial meltwater event identified from the stable isotope records in two of the cores was 

synchronous through all 4 cores from the northern Scotia Sea. Also, to date the core top 

samples in order to determine the completeness of the stratigraphic record and the reservoir 

effect. A sample list and the reason for each analysis is shown in Appendix 2. 

Two dates for the core top were requested for KC097 and KC064, one on foraminiferal 

carbonate and one on bulk organic carbon. The request was made in light of interesting 

results obtained under allocation 650/0596 for Scotia Sea material (see Howe and Pudsey, 

1999). That study included two such pairs of dates, one for a core top and one for a sediment 

trap at the same site. The results showed that there was a bigger offset at the core top than in 

the trap (about 1000 years difference), which may indicate that in the long term there is more 

reworking of "old" fine-grained organic carbon than foraminifera tests. The results from the 

radiocarbon dating in this study may help to support this idea, although there are no other 

sediment traps available for analysis at this time. 

The samples for radiocarbon dating were chosen based on the oxygen and carbon stable 

isotope records and the foraminiferal abundance curves from all four cores. Dates were 
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already available from BAS for core 063^ - PC063 and TC063, which is located close to 

KC064 in the North Scotia Sea. Using magnetic susceptibility curves for KC064 and core 

063 it was possible to correlate between them and estimate some dates at points in KC064. 

These dates could then be correlated to KC097, KC099 and GC062, again using magnetic 

susceptibility to estimate dates for all the samples being submitted for analysis. In all these 

cores magnetic susceptibility is generally variable downcore even though the sediment 

appears homogenous, and this provides a powerful tool for correlation. Susceptibility 

depends on the concentration and grain size of ferri-magnetic minerals (review in Robinson, 

1990), which are related to the terrigenous source composition and dilution by biogenic 

material. In the Scotia Sea susceptibility generally decreases from NW to SE (Pudsey and 

Howe, 1998). 

The foraminiferal carbonate samples consisted of specimens of Neogloboquadrina 

pachyderma (s) picked from the greater than 125p,m size fraction. For most samples at least 

15mg was submitted, but the samples from KC064 to the south of the PF contained fewer 

foraminifera so smaller samples were picked (at least 2mg). For the core top bulk organic 

carbon samples, more than 1 gram of sediment was supplied for analysis. All samples were 

sent to the NERC Radiocarbon Laboratory in East Kilbride for preparation to graphite. The 

larger samples were then sent to the University of Arizona National Science Foundation-

AMS facility, and the smaller samples to the Centre for Accelerator Mass Spectrometry, 

Lawrence Livermore National Laboratory, University of California, for "C analysis. 

The bulk organic carbon samples required pre-treatment to remove any carbonate inclusions. 

The sediment was digested in 2M HCl (80°C, 10 hours) washed free of mineral acid with 

distilled water then dried and homogenised. The total carbon in a known weight of the pre-

treated sample was recovered by combusting to CO; by heating with CuO in a sealed quartz 

tube. The gas was then converted to graphite by Fe/Zn reduction. The foraminiferal carbonate 

samples did not require any pre-treatment. The samples were hydrolysed to CO; using 85% 

orthophosphoric acid at 25°C. The gas was converted to graphite by Fe/Zn reduction. 

In keeping with international practice the results are reported as conventional radiocarbon 

years BP (relative to AD 1950) and % modem '"'C, both expressed at the +/- l a level for 

overall analytical confidence. The dates have not been converted to calendar years for 

discussion in this study (see Bard et al, 1990). 

• Core 063: latitude - 53°56.00'S, longitude - 48°02.60'W, depth - 3956m. 
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4.3.5. Scanning Electron Microscope (SEM) 

Benthic and planktonic foraminifera were picked and mounted on SEM stubs and viewed 

using the Cambridge Instruments S360 SEM at BAS. These plates can be seen in section 

11.0. 

4.4. Statistical Methods 

4.4.1. Absolute and Relative Abundance 

Absolute abundance refers to the number of individuals in a certain volume of sediment. This 

was calculated for planktonic and benthic foraminifera by: 

N = no. foraminifera counted x > 63|Ltm fraction wt. (g) 
wt. foraminifera counted (g) sample wt. (g) 

where N = number of foraminifera in 1 gram of dry sediment. 

Relative abundance is the proportion of a species of the entire assemblage, e.g. percentage: 

(N/NTOTAL)X100 

where N = number of individuals in a certain species. 

N TOTAL = total number of individuals in a sample. 

All species with a relative abundance of greater than 5% were considered as significant, as 

this was considered to be the point at which the species became statistically important. At 

abundances lower than 5% the error bar may be greater than the occurrence of the species in 

certain samples. 
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4.4.2. Planktonic : Benthic Ratio 

To record the planktonic : benthic ratio the proportions of each need to be determined: 

CP/P+B)xlOO 

where P = number of planktonic foraminifera in dry weight. 

B = number of benthic foraminifera in dry weight. 

There are a number of generally accepted indexes of dissolution in deep-sea sediments 

including planktonic/benthic foraminiferal ratio, percentage of calcium carbonate and 

percentage of fragmentation of tests (Berger, 1973; Gardner, 1975; Thunnell, 1976). In this 

study the planktonic/benthic ratio and the percentage of carbonate will be used to indicate the 

occurrence of dissolution, and the general state of preservation of the foraminiferal test will 

also be noted. 

The planktonic/benthic ratio (P;B) is commonly used as a generalised palaeobathymetric 

indicator. Phleger (1964) noted that planktonic foraminifera are found in greater densities in 

open ocean environments than benthic foraminifera, which show higher productivity in 

neritic environments than in the deeper ocean. Therefore as the depth of water and distance 

from shore increases in an open ocean, the P:B ratio should also increase (Gibson, 1989). 

However in this study the P:B ratio is more useful as an indicator of dissolution down core 

through the last glacial-interglacial cycle. 

4.4.3. Sediment Accumulation Rate 

The mass accumulation rate for sediments (Prell et al., 1982) and benthic foraminifera 

(Herguera and Berger, 1991; Herguera, 1992) have been determined as follows: 

Sediment Accumulation Rate (SAR) = Sedimentation Rate x Dry Bulk Density (DBD) 

Benthic Foraminiferal Accumulation = SAR x no. foraminifera per gram dry sediment 
Rate (BFAR) (BF/ cmVkyrs) 
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Dry bulk density had not been previously measured for all cores and so was calculated as 

follows, using a water content of 40% as an example: 

water density = 1.00 x 0.4 = 0.4 

quartz density = 2.65 x 0.6 = 1.59 

wet density =1.99 g/cc 

When the same sample is dry: 

air density = zero (nearly) x 0.4 = 0 

quartz density = 2.65 x 0.6 = 1.59 

DBD = 1.59 g/cc 

The number of foraminifera produced per unit area per unit time depends on the supply of 

organic matter to the sea floor, and this is a reflection of the productivity within the photic 

zone (Herguera, 1992). This assumption appears to be reasonable in light of earlier studies of 

foraminifera (see full list of studies in Herguera, 1994). However, one factor which may 

affect the reliability of this calculation is the constancy of the sedimentation rate throughout 

the core (Herguera, 1992). 

Therefore the BFAR may be used to estimate the palaeoflux of organic matter to the seabed 

and in turn surface water palaeoproductivity (Herguera, 1992; Berger and Herguera, 1992). It 

is important to quantify the export of organic carbon from the uppermost water layer as this 

export affects the partial pressure of the CO; in the surface waters and hence the partial 

pressure of CO; within the atmosphere (Herguera, 1992). 

4.4.4. Species Diversity 

It is known that the diversity of foraminiferal assemblages depends on macroenvironmental 

factors such as the latitude and depth in which the assemblage is found. Therefore this is the 

basis for using the diversity of fossil foraminiferal assemblages as palaeoenvironmental 

indicators (Pielou, 1979). 

In simple terms, the diversity of a community is a measure of the number of species and the 

evenness with which the individuals are apportioned among them (Pielou, 1975). There are a 

number of available indices for calculating diversity (Peet, 1974) but only two of the more 

commonly used methods are discussed here. 
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(i) The Information Function 

The Shannon-Weaver formulation based on the information theory (H) is often used as an 

index of heterogeneity (see Pielou, 1974 for a full overview). It is valuable as it takes into 

account the number of species and the distribution of individuals between the species. The 

role of evenness in the abundance of species was termed 'equitablility' by Peet (1974). 

s 
H(S) - - Z 

i=i 

where s = number of species. 

p j ~ the proportion of the rth species (p = percent divided by 100). 

A low value of H(S) indicates that most individuals of an assemblage are concentrated in a 

few species, whereas a higher number indicates that they are more equally distributed among 

a larger number of species (Echols, 1971).When all species have equal abundances the 

maximum value of H is attained: 

H(S)max=klS. 

There are problems with using the information fimction, which should be taken into 

consideration. The function strongly depends on the sample size and is usually an 

underestimate for a given sample. This is due to the problem of inadequate sample size and 

the need to recognise every species present. Also microenvironmental factors influence 

diversity as well, making it impossible to determine the properties of the macroenvironment 

from the diversities of only one or a few sample assemblages (Pielou, 1979). 

(ii) Fisher Alpha Index ( a ) 

The most frequently used measure of species richness is the a index first described by Fisher 

et al. (1943). The index assumes that the number of individuals of each species follow a 

logarithmic series and it also takes the rarer species into account. 

a = 
X 
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where x = conjtaiit of value <1. 

n' = N(Il-x), where N = number of individuals. 

An advantage of this Lndex is that values can be read directly from a base graph by plotting 

the number of species against the number of individuals in a sample. Ideally it should be 

applied only to samples where the number of foraminifera exceeds 100 as this is the lowest 

acceptable value (MiLrray, 1973). A high value for a indicates increased foraminiferal 

diversity within the assemblage. The index is a useful method for comparing samples of 

different sizes and to see whether the difference between samples is due to the size or some 

ecological factor. 

4.4.5. PRIMER V5.0 and 5.1 (Plymouth Routines In Multivariate Ecological Research) 

Three types of analyses have been used and are described from Clarke and Warwick (1994). 

(i) Cluster Analyses 

This uses a similarity matrix based on the Bray-Curtis Coefficient, which results from a 

terrestrial application (Bray and Curtis, 1957), and measures the similarity of species 

abundance/biomass between samples. A view in which most emphasis is on the pattern of 

occurrence of the rare s]3ecies may be different from one which the emphasis is wholly on the 

handful of species that aiumerically dominate most of the samples. Therefore the answer may 

be to restrict the analysis to a single similarity coefficient (i.e. Bray-Curtis Coefficient) but 

allow a choice of transformation of the data. There is a transformation continuum which 

ranges through none, square root, fourth root, logarithmic to recording only the presence or 

absence for each specie^s. At the former end of the spectrum all attention will be focused on 

the dominant counts, at the latter end the rarer species. The data have been used either with 

no transformation or a 4"* root transformation. The 4"' root transformation of the data has a 

fairly severe effect in Iowa-weighting the importance of the very abundant species, so that 

the less dominant and even the rare species play some role in determining the similarity of 

two samples. 
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In this analysis a hierarchical clustering method is used where the samples are grouped and 

the groups themselves form clusters at lower levels of similarity. The aim is to find ((natural 

groupings)) of samples. All samples with fewer than 60 benthic foraminifera have been 

excluded from the analysis to allow interpretable clustering. 

(ii) MDS ( non-metric Multi Dimensional Scaling) 

The starting point for this analysis is the similarity matrix from the cluster analysis. MDS 

constructs a "map" or configuration of the samples, in a specified number of dimensions, 

which attempts to satisfy all the conditions imposed by the rank similarity matrix. Each 

configuration may show some "stress" between the similarity rankings and the corresponding 

distance rankings in the ordination plot. Therefore the principle of the MDS algorithm is to 

chose a configuration of points which minimises this degree of stress. Stress will increase 

with reducing dimensionality of the ordination but also with increasing quantity of data, and a 

rough guide to the interpretation of the level of stress is shown below: 

< 0.05 = an excellent representation with no prospect of misinterpretation. 

<0 .1= good ordination with no real prospect of a misleading interpretation. 

< 0.2 = still potentially useful 2-D picture, though not too much reliance should be placed on 

the detail of the plot, and a cross-check should be made using an alternative technique. 

> 0.3 = indicates the points are close to being arbitrarily placed in the 2-D ordination space. 

(iii) Principal Components Analysis (PCA) 

A primary problem in studies of relative frequency data is the need to reduce a large data-set 

by using a multivariate statistical technique into a few, palaeontologically meaningful 

variables (principal components), which contain the essential information about the complex 

interrelations among the species. These variables are often interpretable in terms of the 

underlying environmental causes to which associated species may have responded in a 

similar manner (Malmgren and Haq, 1982). There are two types of principal components 

analysis, Q-mode and R-mode, and this study uses Q-mode PCA to highlight assemblage 

changes down-core. In Q-mode PCA (Imbrie and Purdy, 1962; Imbrie and Kipp, 1971) the 
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objective is essentially the assessment of relations among the samples where the coordinate 

axes are represented by N samples (Malmgren and Haq, 1982). R-mode techniques (Blanc et 

al., 1972; Malmgren and Kennett, 1976b; Thunell et al, 1977) aim to examine interrelations 

among taxa and operate in the so-called "taxon space". This is a multivariate space with p 

orthogonal axes {p is the number of taxa or groups of taxa), and each sample represents a 

point in this space; its location is a function of the percentage values of each of the p taxa. 

The starting point of a PCA is the original data matrix. The data array is thought of as 

defining the positions of samples in relation to axes representing the full set of species, one 

axis for each species. Typically, there are many species (maximum 50) so the samples are 

points in a very high-dimensional space. 

Principal Components Analysis attempts to portray/resolve the similarities or differences 

between entities (samples, species, etc) in terms of placement in a multidimensional space. 

The dimensions of this new space are determined by converting the original or transformed 

data into some measurement of similarity between entities, and factoring the matrix of 

similarities into eigenvectors (mutually perpendicular axes defining the coordinate system of 

the new space) and eigenvalues (a measure of how "important" each new axis is to the data) 

(Parker and Arnold, 1999). 

It may be necessary to reduce the size of the data set and eliminate some species from the 

analysis. However the necessity of making an arbitrary decision about which species to 

exclude is one of the problems with applying PCA to biological community data. In this 

study only those species which make up more than 3% of the absolute abundance in at least 

one of the samples has been included in the analysis (although species abundance are entered 

as raw data counts rather than as a percentage of the total abundance). It may also be 

necessary to make an initial transformation (none, square root, fourth root, logarithmic) of the 

data to avoid over-domination of the analysis by the very common species (see section 

4.4.5.(i) for explanation of transformations). 

The data matrix can also be normalised. For each species abundance, subtract the mean count 

and divide by the standard deviation over all samples for that species. This makes the 

variance of samples along all species axes the same so all species are of potentially equal 

importance in determining the principal components. Normalised analysis is termed 

correlation-based PCA and not normalised analysis is covariance-based PCA. It is suggested 
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that covariance-based PCA and transformation of the data is better for species abundance 

matrices, as in this study. 

An ordination map of the samples is produced, usually in two or three dimensions, in which 

the placement of samples, rather than representing their simple geographical location, reflects 

the similarity of their biological communities. 
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RESULTS 

This chapter will be split into sections with the results from cores to the north of the Polar 

Front presented first, followed by the results from cores to the south of the Polar Front. 

Multivariate analysis results ixom three of the cores have been grouped together and will be 

presented at the end of this chapter. 

CORES FROM NORTH OF THE POLAR FRONT 

5.1. KC097 

This core lies approximately 296 km to the north-west of the Polar Front in the western 

Falkland Trough and has been sampled down to a depth of 282cm below the surface. Using 

the radiocarbon dates obtained for this core (Fig.5.6a) it can be estimated that the sample 

interval is approximately 300-350 years and a total of 36 samples were picked from this core. 

The lithology of this core shows an upward change from sandy muds at the base through 

diatom muds into a foraminiferal sand unit at the top. The carbonate content shows an overall 

increase up-core with the largest change occurring between 50-60cm which corresponds to 
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the change in lithology from diatom muds to foraminiferal sands (Fig.4.1). The magnetic 

susceptibility corresponds to the lithological record, with higher susceptibility in the diatom 

muds (terrigenous) unit (Fig.4.2). 

5.1.1. Benthic Foraminiferal Abundance 

The absolute abundance data are shown in Figure 5.1 and the raw data counts are included in 

Appendix 3. 

No. planktonic fo ramin i fe ra 
in Ig of sed. 

No . b e n t h i c foramin i fe ra 
in Ig of sed. 
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Figure 5.1. Planktonic and benthic fo ramin i fe ra l absolute a b u n d a n c e fo r KC097. 

Absolute abundance is high, up to 5048 foraminifera per gram with the abundance maximum 

occurring at 25cm below the sediment surface. Benthic foraminifera are absent from the base 

sample and occur only in low numbers in the lower section of the core. They completely 

disappear again between 150-110cm and do not re-appear until 100cm where there is a rapid 
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increase in abundance up through the core followed by a decline in numbers at the top. The 

greatest variation in abundance occurs in the top 50cm of the core (Fig.5.1). 

Plots of the relative abundance of individual species can be seen in Figure 5.2 and individual 

species counts are shown in Appendix 4. In Figure 5.2 each species is shown as a percentage 

of the total assemblage. Samples with fewer than a total of 60 benthic foraminifera have been 

excluded from the graphs as they would be statistically unreliable. However, these samples 

are indicated on the graphs as a circle at the depth at which they contain a representative of 

the particular species. It should be noted that the graphs have different percentage scales. 

There are 82 species from 44 different genera identified in this core with 6 unidentified taxa. 

The dominant taxa are shown below with the number of samples in which the species formed 

more than 5% of the assemblage and the benthic ranking with percentage means in brackets; 

Eilohedra weddellensis 32 (27.1) 
Gyroidinoides spp. 26 C7.03) 
Epistominella exigua 19 (6.54) 

19 Cx68) 
Globocassidulina subglobos 18 (5.6) 

10 
Fissurina spp. 7 
Lagena spp. 7 
Oridorsalis tener 5 

Other species that are common in most samples, but are not abundant, are Angulogerina 

angulosa and Bolivinellina translucens. Eilohedra weddellensis is the dominant species and 

the most persistent throughout the core, being absent from only 3 samples where there were 

no foraminifera found and at 100cm. 

The relative abundance of the individual species follows the general pattern of increased 

abundance up-core, as seen in the benthic absolute abundance record described above. 

Eilohedra weddellensis, Gyroidinoides spp., E. exigua and G. subglobosa all show the 

similar trend of a sharp initial increase at 100cm (60cm for E. exigua) followed by high 

numbers throughout the rest of the core, with some fluctuations (Fig.5.2). Eilohedra 

weddellensis shows a large decrease at 60cm and decreases at the core top along with E. 
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exigua and G. subglobosa, whereas Gyroidinoides sp. is increasing at the core top. However, 

as species diversity generally increases up core the decline in relative abundance of E. 

weddellensis, E. exigua and G. subglobosa at the core top may be as a result of an increase in 

some rarer species. 

Cassidulina crassa, O. tener, Fissurina spp. and Lagena spp. all show a similar abundance 

record with an initial increase at 100cm followed by a subsequent decrease shortly after to an 

abundance minimum at 60cm (Fig.5.2). There then follows a sharp rise in numbers to a peak 

value at 50cm which is again followed by a decline in numbers in the top part of the core. All 

these species show a slight increase at the core top, except for C. crassa that is decreasing. 

The only exception appears to be N. iridea which shows an initial large increase in abundance 

at 90cm until 50cm when the numbers decline from 20 to 5% and remain low to the top of the 

core. 

Agglutinated taxa occur in low abundance and diversity with only 11 species from 9 different 

genera being identified throughout the whole core. The most persistent species is Eggerella 

bradyi that occurs in most samples down to a depth of 65cm, but usually only forms less than 

2% of the total abundance. 

5.1.2. Species Diversity 

5.1.2.1, The Information Function H(S) 

H(S) and H(S)max were computed for each sample where the population exceeded 60 

individuals to avoid misleading results from small sample size (Appendix 5). The H(S) value 

ranges from 0.94 at 17cm to 3.01 at 90cm. Below 90cm there were not enough foraminifera 

present for the samples to be included in the analysis, except at 270cm below the surface 

which is marked on the plot (Fig.5.3). There is an initial decrease between 90-70cm then 

H(S) values tend to fluctuate between 1.0 and 2.0 up through the rest of the core. There is a 

peak at about 55cm and the values are high at the core top. 

A low H(S) number indicates that most of the individuals are concentrated into a few 

dominant species, whereas a higher number indicates that they are more equally distributed 

among a larger number of species (Echols, 1971). Therefore a greater H(S) value indicates 

greater species diversity. Some assemblages with low diversity may indicate that few species 

have adapted to the environment but those few may occur in great abundance. 
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5.1.2.2. The Fisher Alpha Index (a) 

The a value ranges from 7 to 15 (Appendix 5). Again there are no values for a below 70cm 

due to low foraminiferal abundance. Alpha values are high between 55-35cm below the 

surface, and then lower between 35-10cm with an increase again at the core top (Fig.5.3). 

The third graph in Figure 5.3 shows that the number of species in each sample increases up 

core to maximum values within the top 50cm which may also indicate that diversity is higher 

in this top section. 
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Figure 5.3. Species Diversity fiaictions for K(J097. 
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5.1.3. Planktonic Foraminiferal Abundance 

Absolute abundance data are shown in Figure 5.1 and raw data counts are included in 

Appendix 3. 

The dominant foraminifer is the left-coiling (sinistral) Neogloboquadrina pachyderma. It 

occurs in almost every sample throughout the core and usually comprises over 95% of the 

total planktonic assemblage. 

The absolute abundance is generally very high, up to 710085 foraminifera per gram with the 

abundance maximum occurring at 30cm below the sediment surface. Planktonic foraminifera 

are absent from the base sample and occur only in low abundance in the lower section of the 

core. They completely disappear again between 150-110cm and re-appear in low abundance 

at 90cm below the surface. The number of foraminifera then begins to increase rapidly and 

continues up through the core until abundance starts to decrease just below the surface. The 

greatest variation again appears to be occurring in the top 50cm of the core. This pattern 

complements the benthic foraminiferal absolute abundance record. 

Seven other species of planktonic foraminifera also occur but in very low abundance and not 

in all samples, and therefore were not counted, but their presence was noted (Table 5.1). 

These are listed below with the number of samples in which they were: 

2 5 

1 9 

16 
1 4 

GZoAzgeA-fMzYa wvwZa 8 
Globigerinita glutinata 2 
Turborotalita quinqueloba 1 

The subtropical/transition species G. truncatulinoides appears in many of the samples in the 

top Im of the core. Globigerina bulloides and G. uvula occur in fewer samples than G. 

truncatulinoides but are more abundant within those samples than the other five species listed 

above. 
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Subtropical / Transition * * 

Transition / cold-temperate * 

Transition / cold-temperate 

Subantarctic / upwelling * * * 

Subantarctic 

Subantarctic * * 

Antarctic * * * * * * * * 

Table 5,1, Planktonic foraminifera species found in KC097 (based on Blair, 1965; Be, 1969, 1977), 
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5.1.4. Calcium Carbonate Dissolution 

In the modem ocean, carbonate dissolution increases with depth and is high in regions with 

high sedimentation rates of organic matter. Carbonate dissolution is a process that selectively 

removes thinner, less resistant foraminifera before thicker, more resistant ones. It selectively 

alters the planktonic foraminiferal fauna and causes test fragmentation and therefore 

increased relative abundance of benthic foraminifera. Benthic foraminifera, being much more 

resistant, are therefore useful indexes of dissolution intensity, assuming that benthic 

productivity has not changed over the time interval. 

Where there is no value for the P:B ratio shown foraminifera were completely absent from 

the sample (Appendix 6 and gap in curve in Fig.5.4). The P:B ratio remains high throughout 

most of the core (Fig.5.4) with a slight decrease between 50-100 cm below the surface. On 

average the percentage of planktonic foraminifera is about 98%. Therefore it would appear 

that as the P;B ratio decreases down core the effects of dissolution must also increase down 

core leading to an increase in the relative abundance of benthic foraminifera. This can also be 

seen in the carbonate record which shows a decreasing percentage of carbonate within the 

sediment down core from 70% in the top sample down to 12% at 70cm below the surface 

(Fig.5.4). 

Foraminiferal test fragmentation increases down core and is accompanied by a decrease in 

test preservation. In the samples from the lower section of the core the planktonic 

foraminifera often show evidence of holes in the walls of the individual chambers (see plate -

section 12). 
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Figure 5.4, Dissolution indices for KC097 (gap in record = no foraminifera in sample) 

5.1.5. Stable Isotopes 

Carbon and oxygen stable isotope analysis was carried out for planktonic and benthic 

foraminifera in this core. The results are shown in Tables 5.2 and 5.3, and isotope curves can 

be seen in Figure 5.5. The results have not been adjusted to take into account vital effects. 
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Depth S'^CCLPDB) C/ocPDB) 
(cmbsf) N. pachyderma N. pachyderma 

1.5-3 L04 
10-11 0.93 2.06 
2&21 0.99 223 
25-26 0^2 
30-31 237 
50-51 0^8 2.72 
70-71 0.46 3.01 
90-91 0^4 2.94 

150-151 0^7 2.68 
170-171 2.56 
190-191 0^8 266 
210-211 o^a 2.61 
230-231 0.51 2.69 
250-251 OJO 2J2 
270-271 0^5 2^3 

Table 5.2. Planktonic foraminiferal carbon and oxygen stable isotope data for KC097. 

Depth 5"CC/ooPDB) a'^OCLPDB) 
(cmbsf) O. tener O. tener 

1-2 -1.01 3.01 
10-11 -135 2.73 
20-21 -L42 238 
25-26 -L32 3J^ 
30-31 -L29 332 
35-36 -L26 3^2 
40^U -L19 3^9 
50-51 -L29 335 
60-61 -L67 4.02 
70-71 -L75 4JW 

Table 5.3. Benthic foraminiferal carbon and oxygen stable isotope data for KC097. 

The planktonic isotope values based on N. pachyderma range from 0 . 2 9 to 1 . 0 4 % o for 5 ' ^ C 

and from 2 . 0 6 to 3 . 0 1 % o for 5'^0. The carbon isotope curve shows a general increasing trend 

up-core with values becoming more positive. Within the lower section of the core, between 

2 7 0 - 5 0 cm the 6 ' ^ C values remain relatively constant at a value of about 0 . 5 % o with some 

5-11 



5'̂ C v-pdb 
N.pachyderma 

6'^0 v-pdb 
N.pachydema 

6'^Cv-pdb 
O.tener 

5'®0 v-pdb 
O.tener 

+ 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0 1 . 2 

50 — 

100 

150 — 

Cl4 
<u 
Q 

200 

250 -

300 

2 . 0 2 . 4 2 . 8 3 . 2 

l_ I I I I I I I I I I 

300 

F i g u r e 5 . 5 . P l a n k t o n i c a n d b e n t h i c c a r b o n a n d o x y g e n s t a b l e i s o t o p e c u r v e s f o r K C 0 9 7 . 

- 1 . 8 - 1 . 6 - 1 . 4 - 1 . 2 - 1 . 0 + 2 . 0 2 . 8 3 . 6 4 . 4 

I I I I I I I I I I I 

3.6 — 

3.2 

0? 2.8 H 

2.4 -

2.0 

N.pachyderma 

f 

5 o 00 
'w 

5.0 - 1 

4.0 

3,0 -

' I ' I ' I ' I ' I 
0.0 0.4 0.8 1.2 1.6 2.0 

2.0 

O.tener 

1 I I I I I 

-2.0 -1.6 -1.2 -0.8 

P l a n k t o n i c a n d b e n t h i c f o r a m i n i f e r a l 5 ' ^C a g a i n s t 6 '®0 f o r K C 0 9 7 . 



Chapter Five Results 

small-scale fluctuations. This is then followed by a subsequent decrease at 50cm to the 

minimum value at 30cm. There is then a more rapid and large increase within the top 30cm to 

the core top that records the maximum value for 6"C. This pattern is almost mirrored in the 

oxygen isotope curve, which shows a general decreasing trend up through the core and higher 

values on average in the lower part. After an initial increase to the maximum value at 70cm 

the 5'^0 begins to decrease more rapidly to the minimum value near the top. 

The benthic isotope values based on O. tener range from -1.01 to -1.67%o for 6"C and from 

2.38 to 4.20%o for 5'^0. There is an overall increase in the benthic 8"C record from the 

minimum value of the bottom sample at 70cm, up core becoming progressively more positive 

until the maximum value is reached in the surface sample. There is a small decrease to more 

negative values between 40-20cm. The 5'®0 record shows the opposite general trend to the 

5'^C with an overall decrease up core. There is an increase in at 20cm that continues to 

the top sample at 1cm below the surface. 

There is good agreement between the planktonic and benthic isotope records for both 6'^C 

and 5'®0, with both records showing similar trends throughout the core. The changes in 5"C 

are also accompanied by a change in S'^O for both the planktonic and benthic isotope records. 

The plots of 5"C against for the benthic and planktonic foraminifera records are used to 

show if any fractionation of the isotopes has occurred during analysis. The results may show 

some fractionation in the benthic record (Fig.5.5) but the outlying samples show a deviation 

of only about 0.5%o and this may be the result of environmental ambient conditions or vital 

effects. 

5.1.6. Radiocarbon Dates 

AMS radiocarbon analysis was carried out on four cores in this study, including the three 

cores from north of the PF. Results for KC097 are shown in Table 5.4. 
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Publication 
code 

Sample Conventional 
Radiocarbon 

Age 
(years BP ± 1 a) 

Corrected 
Age 

(years BP) 

Carbon 
content 

(% by wt.) 

Material 
analysed 

AA35128 KC097 1.5-3cm 3290 ± 45 1990 11.0 
AA35129 KC097 20-21cm 5035 ± 50 3735 ILO 
AA35130 KC097 25-26cm 5740 ± 55 4440 11.0 N. pachyderma 

AA35131 KC097 30-31cm 6655 ± 55 5355 ILO N. pachyderma 

CAMS-
60834 

KC097 1.5-3cm 3540 ± 4 0 2240 &70# Bulk organic 
carbon 

Table 5.4. AMS radiocarbon dates for KC097 (# NB this is the % by wt. of the carbon in the treated, 
dried and homogenised sample). 

The samples need to be corrected to take into account the reservoir age of the material and for 

Antarctic marine sediment this is commonly quoted as 1300 years (Goodwin, 1993; Berkman 

et ai, 1998; Ingolfsson et al., 1998). 

Radiocarbon data from Southern Ocean material must be interpreted with caution because of 

the possible effects of the Antarctic CO; reservoir from upwelling and meltwater CO^, and 

reworking. The radiocarbon concentration of the Southern Ocean is dominated by the 

upwelling of deep water fi-om the northern hemisphere at the Antarctic Divergence. Deep-

water is depleted in '^C, and although mixing with "younger" surface water south of the PF 

occurs, marine species which live in those waters have apparent radiocarbon ages that are 

1000-1400 years older than the atmosphere (Broecker, 1963; Bjorck et ah, 1991; Gordon and 

Harkness, 1992; Bard et al., 1993). Ages of several thousand years for core top sediment in 

KC097 indicates that some material was lost during coring (Howe and Pudsey, 1999). There 

are no Cycladophora davisiana or biogenic barium data available for KC097 so only the top 

section of this core can be dated using these radiocarbon ages. 

5.1.7. Sedimentation Rate 

A sedimentation rate plot for KC097 can be seen in Figure 5.6a. As radiocarbon dates have 

been obtained only for the top 30cm of the core, and there are no C. davisiana data available 

for this core, the sedimentation rate for this section only can be calculated. The average 

sedimentation rate for the top 30cm is approximately 9.9cm/1000 years. Therefore, assuming 

that the sedimentation rate remained constant the amount of material lost fi-om the top of the 

core can be estimated as approximately 20cm. 
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The SAR and BFAR were calculated down to almost 70cm below the sediment surface, and it 

was assumed that the sedimentation rate remained constant down through this section of the 

core. The results are shown in Appendix 7 and Figure 5.6b. The SAR shows a gradual 

decrease up through the section of almost 2 cm^/kyr, from 14.69 cm^/kyr at 69cm below the 

surface to 12.86 cmVkyr at the core top. The BFAR is generally quite high within this section 

of core with the greatest rates of accumulation occurring between 40-20cm below the 

surface. There is quite a large range between the lowest BFAR at 9945 BF/cmVkyr and the 

greatest at 64718 BF/cmVkyr, over a short section of core. 

A summary diagram can be seen in Figure 5.7 showing the important results from KC097. 

There is a definite relationship between the planktonic and benthic records at this site as can 

be seen in both the foraminiferal abundance and planktonic isotope records. The peak in 

planktonic and benthic foraminiferal abundance appears to coincide with a marked decrease 

in 5'^C at about 5355 ka. 

5.2. GC062 

This core lies approximately 222 km to the north-west of the Polar Front in the western 

Falkland Trough and has been sampled down to a depth of 224cm below the surface. Using 

the radiocarbon dates obtained for this core (Fig.5.14a) it can be estimated that the sample 

interval is approximately 750 years and a total of 12 samples were picked from this core. 

The lithology of this core shows an upward change from sandy muds at the base through 

diatom muds into a foraminiferal sand unit, which is overlain by a thin diatom ooze unit at 

the top. There is no carbonate present within most of the diatom mud unit but carbonate starts 

to appear in the sediment at about 60cm below the surface and is high within the 

foraminiferal sands and diatom ooze at the core top (Fig.4.1). The magnetic susceptibility 

corresponds to the lithological record, with higher susceptibility in the diatom muds 

(terrigenous) unit below about 40cm within the core (Fig.4.2). 
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5.2.1. Benthic Foraminiferal Abundance 

The absolute abundance data are shown in Figure 5.8 and the raw data counts are included in 

Appendix 8. 
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Absolute abundance is generally quite high, up to 2943 foraminifera per gram with the 

abundance maximum occurring at 12cm below the sediment surface. Benthic foraminifera are 

absent from the sediment below 124cm within the core but there is a general increase in 

abundance above this level up through the core to the top. Abundance remains relatively low 

until about 50cm below the surface where there is a more rapid increase in numbers up 

through the top section of the core before showing a small decrease in abundance at the core 

top (Fig.5.8). 

Plots of the relative abundance of individual species can be seen in Figure 5.9 and individual 

species counts are shown in Appendix 9. 
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There are 57 species irom 39 different genera identified in this core with 3 unidentified taxa. 

The dominant taxa are shown below with the number of samples in which the species formed 

more than 5% of the assemblage and the benthic ranking with percentage means in brackets: 

Eilohedra weddellensis 8 (43.25) 
Epistominella exigua 5 (4.42) 
Gyroidinoides spp. 4 (4.90) 
Cassidulina crassa 4 (4.16) 
Globocassidulina subglobosa 4 (3.44) 
Nonionella iridea 4 

Other species that are common in most samples but are not abundant are Fissurina sp., 

Lagena spp., Oridorsalis tener, Pullenia simplex and Bolivinellina translucens. Eilohedra 

weddellensis is the dominant species occurring in much higher abundances in all samples and 

is the only species which is persistent throughout the samples which contain foraminifera. 

The relative abundance of C. crassa, E. exigua, Gyroidinoides spp. and G. subglobosa all 

follow the absolute abundance record with a gradual initial increase from 64cm below the 

surface up through the core, followed by a more rapid increase to high abundance from about 

40cm to the core top. Eilohedra weddellensis and N. iridea show the opposite trend with an 

initial rapid increase at about 60cm below the surface to the maximum abundance, followed 

by a subsequent decline in numbers up through the rest of the core to the core top. Eilohedra 

weddellensis remains relatively high and constant through the top section of the core 

(Fig.5.9). 

Agglutinated taxa occur in low abundance and diversity with only 6 species being identified 

throughout the whole core. The most persistent species is Eggerella bradyi that occurs in 

most samples down to a depth of 60cm, but usually forms less than 2% of the total 

abundance. 

5.2.2. Species Diversity 

5.2.2.1. The Information Function H(S) 

H(S) and H(S)max were computed for each sample where the population exceeded 60 

individuals to avoid misleading results from small sample size (Appendix 5). The H(S) value 

ranges from 0.92 at 2cm to 1.88 at 60cm. Below 60cm there were not enough foraminifera 
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present for the samples to be included in the analysis (Appendix 8). There appears to be a 

general increase in H(S) down core with a section of higher diversity found between 15-3 5cm 

below the surface. The deepest sample records the highest H(S) value and therefore the 

highest diversity (Fig.5.10). 

5.2.2.2. The Fisher Alpha Index (a) 

The a value ranges from 6 to 10.5 (Appendix 5) and there are no values for a below 60cm 

due to low foraminiferal abundance. The record of alpha values within this section of the core 

shows a varied pattern with the greatest fluctuations occurring in the lower samples. Alpha 

values appear to be higher representing increased diversity between 25-40cm within the core 

and at 60cm(Fig.5.10). 

0 

1 40 

Alpha (a) 

7 8 9 10 11 0.8 2.0 

No. species 
in sample 
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Figure 5.10. Species diversity functions for GC062. 
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The third graph in Figure 5.10 shows that the number of species in each sample increases up 

core which may indicate that species diversity also increases up core. This record is extended 

deeper in the core than the records for H(S) and Alpha as low abundance does not limit its 

use, and therefore it might be fair to say that H(S) and Alpha would both show a decrease in 

values below 60cm and down through the rest of the core. 

5.2.3. Planktonic Foraminiferal Abundance 

Absolute abundance data are shown in Figure 5.8 and raw data counts are included in 

Appendix 8. 

The dominant foraminifer is the left-coiling (sinistral) Neogloboquadrina pachyderma. It 

occurs in almost every sample throughout the core and usually comprises over 95% of the 

total planktonic assemblage. 

The absolute abundance is relatively high, up to 306260 foraminifera per gram with the 

abundance maximum occurring at 12cm below the sediment surface. Planktonic foraminifera 

are absent from the deepest 3 samples and there is a general trend of increasing abundance 

up-core. Abundance remains quite low until about 50cm below the surface where there is a 

rapid increase up through the rest of the core to maximum abundance values, before showing 

a decrease at the core top. This pattern complements the benthic foraminiferal absolute 

abundance record. 

Seven other species of planktonic foraminifera also occur but in very low abundance and not 

in all samples, and therefore were not counted, but their presence was noted (Table 5.5). 

These are listed below with the number of samples in which they were found: 

Globigerina bulloides 9 
Globigerinita uvula 7 
Globorotalia crassaformis 6 
Globorotalia inflata 6 
Turborotalita quinqueloba 2 
Globigerinita glutinata 1 
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Subtropical Globorotalia crassaformis * * * * * * 

Subtropical / Transition Globorotalia truncatulinoides * * * * * * * * * 

Transition / cold-temperate Globorotalia inflata * * * * * * 

Transition / cold-temperate * 

Subantarctic / upwelling Globigerina bulloides * * -k * * * * * * 

Subantarctic Turborotalita quinqueloba * * 

Subantarctic Globigerinita uvula * * 
* 

* 
* * 

* 

Antarctic * * * * * * * * * * * * * 

Table 5.5. Planktonic foraminifera species found in GC062 (based on Blair, 1965; Be 1969, 1977). 
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The subtropical/transition species G. truncatulinoides and the subpolar species G. bulloides 

appears in many of the samples down to a depth of 60 and 84cm respectively within the core. 

These two species also occur in higher abundance within the samples than the other species 

named above. 

5.2.4. Calcium Carbonate Dissolution 

Where there is no value for the P;B ratio shown foraminifera were completely absent from 

the sample (Appendix 6). The P:B ratio remains high throughout the top 100cm of the core 

where foraminifera were found, and on average the percentage of planktonic foraminifera is 

greater than 90% (Fig.5.11). There is a general decrease in the percentage of planktonic 

foraminifera down through the top section of the core to a minimum value of about 70% at 

64cm below the surface. The deepest two samples show percentages of planktonic 

foraminifera of over 90% but these samples may not be reliable indicators due to smaller 

sample size. Therefore it would appear that there is a an increase in the percentage of benthic 

foraminifera down through this section of the core. This general pattern can be seen more 

clearly in the carbonate record which shows a decreasing percentage of carbonate within the 

sediment down core from 63% in the top sample down to 6% at 60cm below the surface 

(Fig.5.11). 

Foraminiferal test fragmentation is less pronounced than in the other cores but there is some 

increase down core and preservation of tests becomes worse within the lower section. 
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Figure 5.11. Dissolution indices for GC062. 

5.2.5. Stable Isotopes 

Carbon and oxygen stable isotope analysis was carried out for planktonic and bentbic 

foraminifera in this core. The results are shown in Tables 5.6 and 5.7, and isotope curves can 

be seen in Figure 5.12. The results have not been adjusted to take into account vital effects. 
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Depth 5 % ( ° L P D B ) C/«,PDB) 
(cmbsf) N. pachyderma 

2-4 &75 2 ^ 4 
12^4 0.85 2.08 
22-24 0.57 2.01 
32-34 CW5 2 J 0 
44-46 0^6 
50-51 0^2 3^4 
54-56 0 0 6 1.90 
60-61 0.65 3 J 6 
64-66 CU2 3.07 
84-86 QUI 2 4 7 

104-106 CW8 2 3 2 

Table 5.6. Planktonic foraminiferal carbon and oxygen stable isotope data for GC062. 

Depth S'^CCLPDB) 6 % r/o«PDB) 
(cmbsf) O. tener O. tener 

2-4 -1.41 3 J ^ 
12-14 - I J ^ 3 J 5 
22-24 -L39 3jW 
32-34 -L50 2.84 
44-46 -L80 3.85 
50-51 -L77 4.09 
54-56 -L79 4 J ^ 
60-61 -L82 4 j ^ 

Table 5.7. Benthic foraminiferal carbon and oxygen stable isotope data for GC062. 

The planktonic isotope values based on N. pachyderma range from 0.06 to 0.85%o for 5'^C 

and from 1.90 to 3.56%o for 5'®0. The 6"C record shows an initial general decrease up 

through the core to just below 60cm where the 8"C increases to a small peak before rapidly 

decreasing again to a minimum value for 5'^C. There is then a general increase up through the 

rest of the core to the core top. Values for 5"C are higher within the top 50cm of the core. 

The 5'^0 record shows lower values at the bottom and top of this core section with increased 

5'®0 between 80-20cm within the core. There is a rapid decrease to a minimum value for S'^0 

at about 60cm which returns to high 5'®0 values immediately. 
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The benthic isotope values based on O. tener range from -1.18 to -1.82%o for 6'^C and from 

2.84 to 4.48%o for 5'®0. The 5'^C record shows an increase to less negative values up through 

the core before dropping off at the core top. This pattern is mirrored in the 5'^0 record which 

shows a general decrease up core with a minimum value at about 30cm below the surface. 

There is good agreement in the general trends between the planktonic and benthic isotope 

records for both 5'^C and 5'^0, with similar patterns of lower 5 " C and higher 8'^0 seen in the 

bottom section of the core, seen more clearly in the benthic record. Changes in the 6'^C 

record also seem to be accompanied by a similar change in for both the planktonic and 

benthic records. 

5.2.6. Radiocarbon Dates 

Three AMS radiocarbon dates were obtained for this core (Table 5.8) but the age of the core 

top was not determined, and therefore there was no assessment of the reservoir effect. 

Publication 
code 

Sample Conventional 
Radiocarbon 

Age 
(years BP ± l a ) 

Corrected 
Age 

(years BP) 

Carbon 
content 

(% by wt.) 

Material 
analysed 

AA36269 GC062 17-18cm 5690 ± 55 4390 11.0 pacAygfenMO 
AA36270 GC062 22-23cm 7240 ± 65 5940 ILO N. pachyderma 

AA36271 GC062 27-28cm 8265 ± 60 6965 11.0 N. pachyderma 

Table 5.8. AMS radiocarbon dates for GC062. 

A correction of 1300 years has been applied to the conventional radiocarbon age to account 

for the Antarctic reservoir effect. Other dating methods can be applied which are the first 

down-core abundance peak of Cycladophora davisiana marking the position of the LGM at 

100cm within this core (Fig.5.13). The lower relative abundance of C. davisiana at 1.6-2.0m 

lower down in this core may represent isotope stage 3 (Howe et ah, 1997). A downwards 

decrease in the amount of biogenic barium also marks the base of the Holocene (Stage 1) at 

about 80cm below the surface in this core. 
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5.2.7. Sedimentation Rate 

The AMS radiocarbon dates and the estimated position of the LGM using C. davisiana 

abundance can be used to calculate the sedimentation rate down to a depth of 100cm below 

the surface in core GC062. The average sedimentation rate for this top Im of the core is 

approximately 6.70cm/1000 years. The amount of sediment lost from the top of the core 

cannot be estimated as there are no available dates for the core top material and the 

sedimentation rate plot (Fig.5.14a) cannot be estimated upwards beyond the known available 

dates. 

5 - 2 9 



a) Age(ka) 

8000 16000 

20 

? 4 0 
O 

& Q 60 

80 

100 

b) Sediment Accumulation 
Rate (g/cnf/kyr) 

Benthic Foraminiferal 
Accumulation Rate 

(BF/oif/kyr) 

7 8 9 1 0 1 1 1 2 0 1 0 0 0 0 2 0 0 0 0 3 0 0 0 0 

& 
Q 

0 

20 

4 0 

60 

80 

100 

0 

20 

4 0 

60 

80 

100 

Figure 5.14. a) Sedimentation rate and b) SAR and BFAR plotted for GC062. 
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The SAR and BFAR were calculated down to 100cm below the sediment surface, and it was 

assumed that the sedimentation rate remained constant down through this section of the core. 

The results are shown in Appendix 7 and Figure 5.14b. The SAR shows a general increase 

up through the core from a minimum of 7.99 cmVkyr at 80cm below the surface to a 

maximum of 11.19 cmVkyr at 30cm, before decreasing towards the core top. The BFAR is 

generally quite high within this section of core with the greatest rates of accumulation 

occurring between 20-5cm below the surface. The record shows an increase up-core from 17 

BF/cmVkyr at the base of this section of core to a maximum at 10cm below the surface of 

29262 BF/cmVkyr, again with a decrease in accumulation rate at the core top. 

A summary diagram can be seen in Figure 5.15 showing the important results from GC062. 

Both planktonic and benthic foraminiferal abundance start to increase significantly up core at 

about 50cm below the surface and a maximum in abundance seems to correspond to a 

maximum in the 5"C record at about 15cm below the core top. The increase in foraminiferal 

abundance also seems to occur at the same level in the core as a sharp decline in to less 

positive values at about 55cm. Assuming that the sedimentation rate remains constant 

throughout the core (see Fig.5.14a) the estimated age at this point in the core would be 

approximately 11.Ska. 

5.3. KC099 

This core lies ^proximately 444 km to the north-west of the Polar Front in the western 

Falkland Trough and has been sampled down to a depth of 60cm below the surface. Using the 

radiocarbon dates obtained during this study (Fig.5.22) it can be estimated that the sample 

interval is approximately 450 years and a total of 17 samples were picked from this core. 

The lithology shows an upward change from diatom muds at the base of the core passing into 

a foraminiferal sand unit at about 35cm continuing to the top of the core (Fig.4.1). The only 

available carbonate data are for the top 20cm of sediment which records an average of 46.7% 

carbonate within the sediment. Magnetic susceptibility shows a corresponding record to the 
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lithology and is higher within the diatom mud (terrigenous) unit below about 35cm in the 

core (Fig.4.2). 

5.3.1. Benthic Foraminiferal Abundance 

The absolute abundance data are shown in Figure 5.16 and the raw data counts are included 

in Appendix 10. 

Absolute abundance is generally quite high throughout this whole section of core and varies 

between 178 and 3526 foraminifera per gram, with the abundance maximum occurring at 

30cm below the sediment surface. There is a general increase in abundance up core with 

highest abundance between 30-10cm and a decrease in abundance at the core top (Fig.5.16). 

Plots of the relative abundance of individual species can be seen in Figure 5.17 and individual 

species counts are shown in Appendix 11. 
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There are 74 species from 42 different genera identified in this core with 5 unidentified taxa. 

The dominant taxa are shown below with the number of samples in which the species formed 

more than 5% of the assemblage and the benthic ranking with percentage means in brackets; 

Eilohedra weddellensis 12 (21.32) 
Cassidulina crassa 12 (7.96) 
Epistominella exigua 11 (10.45) 
Nonionella iridea 10 (6.74) 
Gyroidinoides spp. 8 (3^5) 
Globocassidulina subglobosa 8 

5 - 3 4 
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Figure 5.17. Relative abundance (%) of dominant benthic foraminifera for KC099. 
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Other species that are common in most samples but are not abundant are Angulogerina 

angulosa, Bolivinita pseudothalmanni, Fissurina spp. and Lagena spp. Eilohedra 

weddellensis is the dominant species occurring in much higher abundances in all the samples. 

The relative abundance of E. weddellensis and E. exigua remains almost constant throughout 

this section of core with a small increase between 30-10cm below the surface. The abundance 

of N. iridea shows a marked decrease of almost 20% up through the core over this section. 

This pattern is mirrored in the relative abundance of C. crassa and G. subglobosa which 

show an overall increase up core. There is little variation in the abundance of Gyroidinoides 

spp. apart from an increase at the very top of the core (Fig.5.17). 

Agglutinated taxa occur in low abundance and diversity with only 5 species being identified 

throughout the whole core. The most persistent species is Eggerella hradyi that occurs in all 

but one of the samples studied but usually forms less than 1% of the total abundance. 

5.3.2. Species Diversity 

5.3.2.L The Information Function H(S) 

H(S) and H(S)max were computed for each sample where the population exceeded 60 

individuals to avoid misleading results from small sample size (Appendix 5). The H(S) value 

ranges from 0.91 at 20cm to 1.42 at 2cm. There appears to be little variation in H(S) through 

this section of core with slightly higher values at 35cm below the surface and at the core top 

(Fig.5.18). 

5.3.2.2. The Fisher Alpha Index (a) 

The a value ranges from 6.5 to 11.5 (Appendix 5). The record of alpha values within this 

core is quite variable with higher values between 50-35cm and in the top 10cm of the core. 

There is a minimum value for alpha recorded at 30cm below the surface (Fig.5.18). 

The third graph in Figure 5.18 shows that the number of species found in each sample is also 

quite variable within the core. There is again a maximum between 5 0-3 5 cm and also at the 

core top and a minimum at 30cm below the surface, which is a similar pattern to that seen in 

the record of alpha values. 
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Figure 5.18. Species diversity functions for KC099. 

5.3.3. Planktonic Foraminiferal Abundance 

Absolute abundance data are shown in Figure 5.16 and raw data counts are included in 

The dominant foraminifer is the left-coiling (sinistral) Neogloboquadrina pachyderma. It 

occurs in every sample throughout the core and usually comprises over 95% of the total 

planktonic assemblage. 

The absolute abundance is relatively high and varies between 972 and 160583 foraminifera 

per gram with the abundance maximum occurring at 10cm below the sediment surface. There 

is a general increase in planktonic foraminiferal abundance up through this section of core 

with no decline in numbers observed at the core top. 

Seven other species of planktonic foraminifera also occur but in very low abundance and not 

in all samples, and therefore were not counted, but their presence was noted (Table 5.9). 

These are listed with the number of samples in which they were found: 
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Table 5.9. Planktonic foraminifera species found in KC099 (based on Blair, 1965; Be 1969, 1977). 
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Globorotalia truncatulinoides 12 
Globigerina bulloides 12 
Globigerinita uvula 12 
Globorotalia inflata 12 
Globorotalia crassaformis 11 
Turborotalita quinqueloba 4 
Globigerinita glutinata 1 

The subtropical/transition species G. truncatulinoides and the subpolar species G. bulloides 

appear in all of the samples and are found in higher abundance than the other species listed 

above. 

5.3.4. Calcium Carbonate Dissolution 

The P:B ratio remains high throughout this section of the core of the core, and on average the 

percentage of planktonic foraminifera is greater than 95% (Appendix 6). There is a general 

decrease in the percentage of planktonic foraminifera down through the top section of the 

core to a minimum value of 85% at 55cm below the surface (Fig.5.19). Carbonate data are 

only available for the top 20cm of the core and so could not be used here to determine the 

extent of dissolution. 
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Figure 5.19. Dissolution index for KC099. 
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Foraminiferal test fragmentation is only observed in the deepest sample at 55 cm below the 

surface and only to a small extent, so preservation is generally very good throughout this 

whole section of core. 

5.3.5. Stable Isotopes 

Carbon and oxygen stable isotope analysis was carried out for planktonic foraminifera only in 

this core. The results are shown in Table 5.10, and isotope curves can be seen in Figure 5.20. 

The results have not been adjusted to take into account vital effects. 

Depth g^CC/^iPDB) 5'»0 (VooPDB) 
(cmbsf) N. pachyderma N. pachyderma 

2-3 0.83 2 J ^ 
10-11 &76 2 J ^ 
15^^ OjG 2.06 
20-21 066 1.89 
25-26 &70 2.05 
30-31 0.75 2 J ^ 
35-36 0^6 2JW 
40-41 0^6 2.60 
45-46 0^5 2.40 
50-51 0^2 2 3 3 
55-56 0^6 2 7 7 
59-60 034 3.05 

Table 5.10. Planktonic foraminiferal carbon and oxygen stable isotope data for KC099. 

The planktonic isotope values based on range from 0.34 to 0.83%o for 6"C and from 1.89 to 

3.05%o for The 5'^C record shows an overall increase up through this section of core to 

the highest 8'^C at the core top. There is also a small peak in 5"C at about 50cm below the 

surface. The 5'^0 record shows the opposite trend to 8"C with a decrease up through this 

section of core to lowest vales within the top 20cm. There appears to be good agreement 

between the carbon and oxygen isotope records within this core. 

5.3.6. Radiocarbon Dates 

Three AMS radiocarbon dates were obtained for this core (Table 5.11) but the age of the core 

top was not determined, and therefore there was no assessment of the reservoir effect. 
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Publication 
code 

Sample Conventional 
Radiocarbon 

Age 
(years BP ±lo) 

Corrected 
Age 

(years BP) 

Carbon 
content 

(% by wt.) 

Material 
analysed 

AA36266 KC099 15-16cm 5215 ± 70 3915 11.0 N. pachyderma 
AA36267 KC099 20-21cm 6140 ± 55 4840 10.0 N. pachyderma 
AA36268 KC099 25-26cm 6660 ± 55 5360 10.0 N. pachyderma 

Table 5.11. AMS radiocarbon dates for KC099. 

A correction of 1300 years has been applied to the conventional radiocarbon age to account 

for the Antarctic reservoir effect. Another dating method can be applied which is the first 

down-core abundance peak of Cycladophora davisiana marking the position of the LGM at 

180cm within this core (Fig.5.21). There were no biogenic barium data available to mark the 

base of the Holocene. 
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F i g u r e 5 .21. Dating of KC099 {C.davisiana data from T . C r a w s h a w , pers. comm.) 
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5.3.7. Sedimentation Rate 

The AMS radiocarbon dates and the estimated position of the LGM using C davisiana 

abundance can be used to calculate the sedimentation rate down to a depth of 180cm below 

the surface in core KC099. The average sedimentation rate for this section of the core is on 

average approximately 11.5 cm/1000 years. The amount of sediment lost from the top of the 

core cannot be estimated as there are no available dates for the core top material and the 

sedimentation rate plot (Fig.5.22) cannot be estimated upwards beyond the known available 

dates. 

The SAR and BFAR were calculated using an average value for dry bulk density as water 

content values were available only for the top 20cm of the core. Therefore the sediment 

accumulation rate is assumed to remain constant throughout the core. The benthic 

foraminiferal accumulation rate has been calculated down to 55cm below the sediment 

surface, and it was assumed that the sedimentation rate also remained constant down through 

this section of the core (Fig.5.22). The results are shown in Appendix 7 and Figure 5.22. 

Therefore as the same SAR is used to calculate BFAR for each sample the record follows the 

general pattern seen in the benthic foraminiferal absolute abundance record (Fig.5.16). The 

values for the BFAR are generally quite high and range from 3147 BF/cm^/kyr at the bottom 

of the core section and showing a general increase up through the core with a maximum rate 

of 6234 BF/cmVkyr at 30cm. 

A summary diagram can be seen in Figure 5.23 which shows the main results from core 

KC099. There is good agreement between the planktonic and benthic environments at this 

core site as seen in the absolute abundance records. There is very little variation observed in 

the planktonic isotope records which show a general increase in 5'^C and a corresponding 

decrease in 5'®0 up through this core section, representing a gradual recovery from glacial 

conditions. 
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5.4. KC064 

This core lies approximately 89 km to the south-east of the Polar Front in the northern Scotia 

Sea and has been sampled down to a depth of 300cm below the surface. Using the 

radiocarbon dates obtained during this study (Fig.5.30a) it can be estimated that the sample 

interval is approximately 350 years and a total of 42 samples were picked from this core. 
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The lithology shows an upward change from diatom muds at the base passing through muddy 

diatom ooze and diatom mud, to a foraminifera-bearing diatom mud unit at the top of the 

core. There is no carbonate present within the diatom ooze at the base of the core and CaCOs 

only appears as a significant percent within the foraminiferal sands towards the core top 

(Fig.4.1). Magnetic susceptibility shows a corresponding record to the lithology and is higher 

within the diatom ooze (terrigenous) unit below about 70cm in the core (Fig.4.3). 

5.4.1. Benthic Foraminiferal Abundance 

The absolute abundance data are shown in Figure 5.24 and the raw data counts are included in 

Appendix 12. 
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F i g u r e 5 .24 . Planktonic and benthic foraminiferal absolute abundance for K C 0 6 4 . 

Absolute abundance is much lower than in KC097, only up to 719 foraminifera per gram, with 

the abundance maximum occurring at 53cm below the sediment surface. Benthic 
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foraminifera are absent from the deepest six samples and occur only in low numbers in the 

lower section of the core. They appear in greater abundance at 100cm below the surface 

where there is a rapid initial increase in abundance up core followed by a decline in numbers 

to a very low abundance at 70cm. Abundance then continues to increase to the maximum 

value at 53cm followed by a more gradual decrease to the core top. The greatest variation in 

abundance occurs within the section between 50 and 100cm below the surface (Fig.5.24). 

Plots of the relative abundance of individual species can be seen in Figure 5.25 and individual 

species counts are shown in Appendix 13. 

There are 88 species from 54 different genera identified in this core with 8 unidentified taxa. 

The dominant taxa are shown below with the number of samples in which the species formed 

more than 5% of the assemblage and the benthic ranking with percentage means in brackets: 

Eilohedra weddellensis 33 (41.82) 
spp. 18 (4.7) 

Zagena spp. 18 (4.56) 
Globocassidulina subglobosa 13 (4.66) 
Nuttallides umbonifera 6 (2.33) 
Oridorsalis tener 5 
Me/oMZj' AaA-ZeeoMW/M 4 

4 

Other species that are common in most samples but are not abundant are fw/Zenza 

subcarinata, Eponides sp. and Fissurina spp. Eilohedra weddellensis is the only species 

which is persistent throughout the top 100cm of the core, but is absent from samples below 

180cm. The relative abundance of the individual species follows the general pattern of 

increased abundance up-core as seen in the benthic absolute abundance record described 

above. 

The relative abundance of Lagena spp., Gyroidinoides spp., G. subglobosa, N. umbonifera, E. 

exigua and M. barleeanum all show a similar trend of a gradual increase up core with 

maximum abundance occurring in the top 50cm of the core, followed by a subsequent 

decrease towards the top of the core. The abundance records of E. weddellensis and O. tener 

5^^ 



Eilohedra 
weddellensis 

Lagena spp. Gyroidinoides spp. Globocassidulina 
subelobosa 

Nuttallides Epistominella Oridorsalis Melonis 

Aarkeaniim 

® 8 16 0 4 8 12 16 0 4 8 12 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 0 2 4 6 8 

50 

100 

150 

Q 

200 

250 

300 

I I I I I I I I I 

50 — 

100 

150 — 

200 

250 

300 

I I I I I I I I I 

50 

100 

150 

200 

250 

300 

_L I I I I I I Q 

100 

150 

200 

250 

300 

100 

150 -

200 

250 

300 

50 

100 

150 

200 

250 

300 

50 

100 

150 -

200 

250 

300 

I I I I I I I 

50 

100 

150 

200 

250 

300 

F i g u r e 5 . 2 5 . R e l a t i v e a b u n d a n c e (%) of d o m i n a n t benth ic f o r a m i n i f e r a for K C 0 6 4 . 

® species present but foraminiferal abundance is statistically too low to calculate %. 



Chapter Five Results 

however, show a different trend of a more rapid initial increase to maximum value within the 

50-100cm section, followed by a more gradual decrease in abundance to the top of the core. 

Agglutinated taxa occur in low abundance but with slightly higher diversity than KC097 

diversity with 27 species from 20 different genera being identified throughout the whole core. 

There is no one dominant agglutinated foraminifer and the identified species appear quite 

consistently throughout the top 100cm of the core, but in low numbers. 

5.4.2. Species Diversity 

5.4.2.1. The Information Function H(S) 

H(S) and H(S)max were computed for each sample where the population exceeded 60 

individuals to avoid misleading results from small sample size (Appendix 5). The H(S) value 

ranges from 0.60 at 78cm to 1.70 within the top 10cm. Below 90cm there were not enough 

foraminifera present for the samples to be included in the analysis (Fig.5.26). There is a 

gradual increase in the H(S) value up through the core to the maximum within the top 

sample. The range of values is lower than for KC097 that may indicate lower diversity within 

this core. 

5.4.2.2. The Fisher Alpha Index (a) 

The a value ranges from 3.5 to 14 and tends to fluctuate mostly between values of 4 and 9 

(Appendix 5). There are no values for a below 88cm due to low foraminiferal abundance. 

Alpha values show a steady increase up core to the maximum value at 10cm below the 

surface, which is similar to the H(S) value trend (Fig.5.26). 

The third graph in Figure 5.26 shows that the number of species in each sample is increasing 

up through the core to the sample at 10cm which contains the maximum number of species, 

which may also indicate that diversity is lower towards the base of the core. 
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Figure 5.26. Species Diversity functions for KC064. 

5.4.3. Planktonic Foraminiferal Abundance 

Absolute abundance data are shown in Figure 5.24 and raw data counts are included in 

Appendix 12. 

The absolute abundance is much lower than in KC097 but is still moderately high, up to 

19002 foraminifera per gram with the abundance maximum occurring at 25cm below the 

sediment surface. Planktonic foraminifera are absent from the bottom samples and only start 

to appear in significant abundance at 100cm. Abundance remains quite constant before 

increasing rapidly at about 55cm to a peak value which is then followed by a decline in 

numbers. Another sharp increase in abundance to the maximum value at 25cm is then 

followed by a decrease in abundance to the core top. 
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Subantarctic / upwelling Globigerina bulloides * * * * * 

Antarctic Neogloboquadrina pachyderma 

Table 5,12, Planktonic foraminifera species found in KC064 (based on Blair, 1965; Be 1969, 1977), 
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The dominant fbraminifer is the left-coiling (sinistral) It 

occurs in every sample throughout the core and usually comprises over 95% of the total 

planktonic assemblage. 

Four other species of planktonic foraminifera also occur but in very low abundance and not in 

all samples, and therefore were not counted, but their presence was noted (Table 5.12). These 

are listed below with the number of samples in which they were found: 

Globorotalia truncatulinoides 24 
Glohigerina buUoides 14 
Globorotalia inflata 11 

The subtropical/transition species G. truncatulinoides appears in many of the samples but in 

the top 75cm of the core. Globigerina bulloides occurs in fewer samples than G. 

truncatulinoides but is more abundant within those samples than the other species listed 

above. 

5.4.4. Calcium Carbonate Dissolution 

Where there is no value for the P:B ratio shown foraminifera were completely absent from 

the sample (Appendix 6). The P:B ratio remains high throughout the top 75cm of the core and 

on average the percentage of planktonic foraminifera is about 90% within this section 

(Fig.5.27). Below 75cm the P:B ratio decreases rapidly at first before fluctuating between a 

percentage of planktonic foraminifera of 0 and 78%. The percentage of planktonic 

foraminifera seems to be much lower in the bottom section of this core than in KC097. 

Therefore it would appear that as the P:B ratio decreases down core the effects of dissolution 

must be increasing as seen by the higher relative abundance of benthic foraminifera. This can 

also be seen in the carbonate record which shows a decreasing percentage of carbonate within 

the sediment down through the core from 6.3% in the top sample down to 0.3% at 100cm 

below the surface (Fig.5.27). 

Foraminiferal test fragmentation increases down core and is accompanied by a decrease in 

test preservation. In the samples from the lower section of the core the planktonic 
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foraminifera often show evidence of holes within the walls of the individual chambers (see 

plate, section 12). Preservation of foraminiferal tests is much poorer than in KC097. 
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Figure 5.27. Dissolution indices for KC064. 

5.4.5. Stable Isotopes 

Carbon and oxygen stable isotope analysis was carried out for planktonic and benthic 

foraminifera in this core. The results are shown in Tables 5.13 and 5.14, and isotope curves 

can be seen in Figure 5.28. The results have not been adjusted to take into account vital 

effects. 
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Depth 8"C(%PDB) S'^OCLPDB) 
(cmbsf) N. pachyderma N. pachyderma 

10 0.94 2.85 
20 112 2.94 
30 1.00 3^^ 
40 0^4 3.06 
50 0^3 3^^ 
60 0^7 3J^ 
65 0.71 2.99 
70 0.60 3.17 
75 0^9 3^7 
80 0.07 3.68 
90 OJ^ 3J3 
100 0J3 3^3 
140 0^7 3J^ 

Table 5.13. Planktonic foraminiferal carbon and oxygen stable isotope data for KC064. 

Depth g % C L P D B ) S'^OC/ooPDB) 
(cmbsf) O. tener O. tener 

20 -1.54 3J7 
30 -L74 2.69 
40 -L79 3J7 
50 -239 3.47 
65 -242 3J^ 
90 -2J1 4JW 

Table 5.14. Benthic foraminiferal carbon and oxygen stable isotope data for KC064. 

The planktonic isotope values based on N. pachyderma range from 0.07 to 1.12%o for 5'^C 

and from 2.85 to 3.73%o for 5'^0. The 6'^C record shows an initial decrease to the lowest 

value at 80cm, followed by a subsequent increase up through the rest of the core to the core 

top. Values are generally higher within the top 80cm of the core. The 5'®0 record shows an 

opposite trend of higher values within the lower section of the core with a sharp decrease at 

80cm, followed by a gradual decreasing trend to the top sample. In both the 5'^C and 5'^0 

planktonic isotope record there is a sharp step in the curve at 80cm below the surface. 
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Figure 5.28. Planktonic and benthic carbon and oxygen stable isotope curves for KC064. 
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The benthic isotope values based on O. tener range from - L 5 4 to —2.42%o for S"C and from 

2.69 to 4.24%o for 5'®0. The 5"C record shows an initial decrease to the most negative value 

at 65cm before subsequently increasing rapidly at 50cm up through the rest of the core. 

Benthic 5"C is therefore generally higher towards the top of the core. This pattern is mirrored 

in the 5'®0 curve, which shows the general trend of a decrease in 6'®0 up through the core to 

the top sample. 

There is good agreement between the planktonic and benthic isotope records for both 6'^C 

and 5'®0, with similar patterns of lower 5'^C and higher 5'®0 seen in the bottom section of the 

core. Changes in the 5'^C record also seem to be accompanied by a similar change in for 

both the planktonic and benthic records. 

5.4.6. Radiocarbon Dates 

The AMS radiocarbon results are the only dates obtained for a core from south of the Polar 

Front in this study (Table 5.15). 

Publication 
code 

Sample Conventional 
Radiocarbon 

Age 
(years BP ±la) 

Corrected 
Age 

(years BP) 

Carbon 
content 

(% by wt.) 

Material 
analysed 

CAMS-60836 KC064 Top 10cm 4310 ±40 3010 10.40 
CAMS-60837 KC064 75-76cm 11010±80 9710 730 N. pachyderma 
CAMS-60838 KC064 80-81cm 119M±100 10600 8 j # N. pachyderma 

AA35127 KC064 Top 10cm 12425 ± 80 11125 &16# Bulk organic 
carbon 

Table 5.15. AMS radiocarbon dates for KC064 (# NB this is the % by wt. of carbon in the treated, 
dried and homogenised sample). 

A correction of 1300 years has been applied to the conventional radiocarbon age to account 

for the Antarctic reservoir effect, and again an age of several thousand years for core top 

material suggests that some sediment has been lost from the core top. An additional sample 

from 70-71cm was also submitted for dating but this failed to graphitise and so no date was 

recorded. 

Other methods for dating core material are available for KC064 including the abundance of 

the radiolarian Cycladophora davisiana and the amount of biogenic barium (ppm) within the 
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sediment (Fig.5.29). The first down-core abundance peak of C. davisiana can be used to mark 

the position of the LGM which occurs at 150cm, and a downward decrease in the amount of 

biogenic barium can be used to indicate the base of the Holocene (Stage 1) which occurs at 

about 120cm in KC064. These additional dates would seem to complement the AMS 

radiocarbon dates obtained in this study. 

5.4.7. Sedimentation Rate 

The AMS radiocarbon dates and the estimated position of the LGM using C. davisiana 

abundance can be used to calculate the sedimentation rate down to a depth of 150cm below 

the surface in this core (Fig.5.30a). The average sedimentation rate is approximately 

10.7cm/1000 years from the core top to the base of Stage 1 and 9.9cm/1000 years from the 

core top to the LGM. Pudsey and Howe (1998) calculated the sedimentation rate for KC064 

as 9.2cm/ka from the core top to the base of stage 1, and 8.9cm/ka from the core top to the 

LGM. 

Therefore, assuming that the sedimentation rate remained constant the amount of material 

lost from the top of the core can be estimated as approximately 32cm. 

The SAR and BFAR were calculated down to 300cm below the surface, assuming that the 

sedimentation rate remained constant down through the rest of the core. The results can be 

seen in Appendix 7 and Figure 5.30b. 

There is a progressive decrease in the SAR up through the core of almost 3cm^/kyr, from the 

greatest rate of 19.28cmVkyr at 301cm to 16.45cmVkyr at the core top. The BFAR however, 

is greatest in the top 100cm of the core with the rate increasing up through the core to a peak 

rate of 8471 BF/cmVkyr at about 40cm below the surface. 

A summary diagram can be seen in Figure 5.31 showing some of the important results from 

KC064. There is again a clear relationship between the planktonic and benthic environments 

at this site, as seen in the abundance and planktonic isotope records. The shift in the isotope 

curve at 80cm (9.7ka) appears to coincide with a relatively low benthic foraminifera 

abundance at the base of the foraminiferal-bearing mud unit. 
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Figure 5.30. a) Sedimentation rate and b) SAR and BFAR plotted for KC064. 
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5.5. TC036 

This core lies approximately 185 km to the south-east of the Polar Front in the eastern 

Falkland Trough and has been sampled down to a depth of 130cm below the surface. From 

BA/Al data the base of the Holocene (Stage 1) has been positioned at approximately 150cm 

below the surface (Fig.5.37) and therefore this section of the core represents the Holocene 

period only. It shows an up-core transition from foraminifera-bearing diatom muds at the 

base through to muddy diatom ooze and diatom mud towards the core top, with the change in 

lithology occurring at about 60cm below the surface. The carbonate content remains quite 

high throughout this section and only shows a decrease further down the core at about 160cm 

(Fig.4.1). The magnetic susceptibility record shows no real pattern or change with lithology 

and remains constant throughout this core section (Fig.4.3). A total of 25 samples were 

picked from this core. 

5.5.1. Benthic Foraminiferal Abundance 

The absolute abundance data are shown in Figure 5.32 and the raw data counts are included 

in Appendix 14. 

Absolute abundance is higher than in KC064 and varies between 406 and 1580 fbraminifera 

per gram, with the abundance maximum occurring at 30cm and the minimum at 110cm 

below the sediment surface. Benthic fbraminifera are found in all samples studied from this 

core although there is a general increase in abundance up core. Abundance is highest, 

although quite variable within the top 80cm of the core (Fig.5.32). There is also no drop off 

in abundance at the core top as has been seen in the benthic foraminiferal absolute abundance 

in the cores previously discussed. 
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F i g u r e 5 .32 . Planktonic and benthic foraminiferal absolute abundance f o r T C 0 3 6 . 

Plots of the relative abundance of individual species can be seen in Figure 5.33 and individual 

species counts are shown in Appendix 15. 

There are 74 species from 44 different genera identified in this core with 5 unidentified taxa. 

The dominant taxa are shown below with the number of samples in which the species formed 

more than 5% of the assemblage found and the benthic ranking with percentage means in 

brackets: 

Eilohedra weddellensis 25 (34.34) 
Globocassidulina subglobosa 25 (8.7) 
Gyroidinoides spp. 25 (8.77) 
Epistominella exigua 23 CA39) 
Nonionella iridea 23 C9 98) 
Cassidulina crassa 14 
Oridorsalis tener 1 
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Figure 5.33. Relative abundance (%) of dominant boithic fwaminifera for TC036. 



Chapter Five Results 

Other species that are common in most samples but are not abundant are Pullenia simplex, 

Fursenkoina complanta, Eponides sp., Fissurina spp. and Lagena spp. The relative 

abundance records of the individual species do not reflect the pattern of absolute abundance 

within the core, as there appears to be no significant increase in relative abundance up core. 

The greatest variation is seen in the records of C. crassa and O. tener even though these two 

species occur in lower abundance than some of the other species named above. They both 

show a pronounced peak in abundance at about 50-55cm below the surface compared to 

relatively low abundance throughout the rest of the core. The relative abundance of M iridea 

also shows some variation, and it occurs in higher abundance towards the base of this section 

of the core. 

Agglutinated taxa occur in low abundance and diversity with only 8 species being identified 

throughout the whole core. The most persistent species is Eggerella bradyi which occurs in 

all but one sample, but rarely forms more than 2% of the absolute abundance. 

5.5.2. Species Diversity 

5.5.2.1. The Information Function H(S) 

H(S) and H(S)max were computed for all samples and the H(S) value ranges from 0.84 at 

60cm to 1.60 at 85cm (Appendix 5). There is little variation throughout the core except for a 

decrease to a minimum H(S) value at 60cm (Fig.5.34), however the range of H(S) is much 

lower in this core and this may be why there is less variation. 

5.5.2.2. The Fisher Alpha Index (a) 

The a value ranges 6om 5.5 to 13.5 (Appendix 5) and although there is some variation down 

through the core, there is no significant change in the pattern of diversity throughout this core 

(Fig.5.34). 

The third graph in Figure 5.34 shows that the number of species identified in each sample 

remains quite consistent throughout the core and so again, there appears to be little change in 

diversity. 
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Figure 5.34. Species diversity functions for TC036. 

5.5.3. Planktonic Foraminiferal Abundance 

Absolute abundance data are shown in Figure 5.32 and raw data counts are included in 

Appendix 14. 

The absolute abundance is quite high compared to KC064 and varies between 21504 and 

107875 foraminifera per gram, with the abundance maximum occurring at 15cm below the 

sediment surface. Planktonic foraminifera are found in all samples throughout the core but 

there is a general trend to increased abundance towards the core top. The peak in abundance 

seems to correspond to the maxima in benthic foraminiferal absolute abundance which both 

occur in the same section of the core. 

The dominant foraminifer is the left-coiling (sinistral) Neogloboquadrina pachyderma. It 

occurs in every sample throughout the core and usually comprises over 95% of the total 

planktonic assemblage. 

Five other species of planktonic foraminifera also occur but in very low abundance and not in 

all samples, and therefore were not counted, but their presence was noted (Table 5.16). These 

are listed with the number of samples in which they were found: 
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Subtropical Globorotalia crassafonnis * * * * * * * * * * * * * 

Subtropical / Transition Globorotalia tnmcatulinoides * * * * * * * * * * * * * * * * * * * * 

Transition / cold-temperate Globorotalia inflata * * * * * * * 

Subantarctic Globigerinita uvula * * * * * * * * * * * 

Subantarctic / upwelling Globigerina bulloides * * * * * * * * * * * * * * 

Antarctic Neogloboquadrina pachydenna 

Table 5.16. Plaiiktonic foraminifera species found in TC036 (based on Blair, 1965; Be 1969, 1977). 
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Globorotalia truncatulinoides 17 
Globigerina bulloides 14 
Globorotalia crassaformis 10 
Globigerinita uvula 8 
Globorotalia inflata 6 

The subtropical/transition species G. truncatulinoides and the subpolar/upwelling species G. 

bulloides are the second and third most abundant species. Globigerina bulloides is found 

almost down to the bottom sample within the core but G. truncatulinoides only appears at 

85cm below the sediment surface. 

5.5.4. Calcium Carbonate Dissolution 

Foraminifera were present in every sample throughout the core and so a P:B ratio could be 

calculated for every sample (Appendix 6). The P:B ratio remains consistently high 

throughout this core section and the percent of planktonic foraminifera is never lower than 

95% (Fig.5.35). There is little variation in the record and hence no clear signs of dissolution. 

This is also evident in the record of the amount of carbonate within the sediment which 

shows no increasing trend down core as seen in the previous cores, and again little variation 

throughout the core (Fig.5.35). 

There were no clear signs of test fragmentation in any of the samples within the core and the 

foraminiferal tests generally showed good preservation. 
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Figure 5.35. Dissolution indices for TC036. 

5.5.5. Stable Isotopes 

Carbon and oxygen stable isotope analysis was carried out on two species of planktonic 

foraminifera {N. pachyderma and G. bulloides) from this core, and were picked by Caroline 

Bertram at BAS (data from C. Pudsey, pers. comm.). The results for N. pachyderma only are 

shown (Table 5.17) so as to be able to compare the records to the other cores, and isotope 

curves can be seen in Figure 5.36. The results have not been adjusted to take into account 

vital effects. 
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Depth g"Cr /ooPDB) 6 ' » 0 C/ooPDB) 
(cmbsf) N. pachyderma N. pachyderma 

8 1.59 
15 r70 331 
28 L60 2.93 
35 2.01 2.94 
43 2JW 3.09 
55 1.47 312 
63 L25 274 
75 1.54 3^1 
88 L60 3.06 
95 IJO 3^6 
104 1.51 3^6 
115 1^4 2.99 
123 1.60 3^1 
144 IJ^ 3J^ 

Table 5.17. Planktonic foraminiferal {N. pachyderma) carbon and oxygen stable isotope data for 
TC036, (144cm sample is f rom PC036). 

The planktonic isotope values range from 1.35 to 2.34%o for 8^C and from 2.74 to 3.48%o for 

5'^0. The planktonic 5"C record shows a general increase up core with highest values in the 

top 60cm. There is a significant peak in 5'^C at about 40cm which occurs after an increase in 

5'^C of about 1.20%o. The planktonic record is quite consistent through the core with 

little variation but §'®0 may be slightly higher and more stable below about 80cm within the 

core. There is a decrease of about 0.5%o to a minimum value at approximately 60cm below 

the surface and there also appears to be an increase in 5*^0 towards the core top. 
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Figure 5.36. Planktonic carbon and oxygen stable isotopes for TC036 
(data compiled by C.Bertram, BAS; C.Pudsey, pers. comm.) . 

5.5.6. Dating the core 

AMS Radiocarbon analysis was not carried out on TC036 but other methods for estimating 

the position of stratigraphic markers are available. Figure 5.37 shows C. davisiana and Ba/Al 

data which mark the position of the LGM at about 240cm below the surface and the base of 

the Holocene (Stage 1) at about 150cm. 
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F i g u r e 5.37. Cycladophora davisiana and Ba/Al data used to date TC036 . 

5.6. TC077 

This core lies approximately 267 km to the south-east of the Polar Front in the northern Scotia 

Sea and has been sampled down to a depth of 20cm. Below this depth there is no carbonate 

present within the sediment and hence no foraminifera are likely to be found. However 

although a large section of core has not therefore been analysed, it is useful to know that 

calcareous foraminifera are still present this far south of the Polar Front. The Ethology of the 

core shows an upward transition from diatom ooze at the base through to muddy diatom ooze 

and diatom mud into a foraminifera-bearing diatom mud unit at the core top (Fig.4.1). 
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The presence of carbonate within the sediment is recorded only within the top 10cm of the 

core but foraminifera are found down to about 20cm depth. The percent of carbonate within 

the sediment however is quite low at 17.2% at the core top and decreasing to 7.6% by 10cm 

depth. Magnetic susceptibility shows a corresponding record to the lithology and is higher 

within the diatom ooze (terrigenous) unit below about 40cm in the core (Fig.4.3). 

The trigger core was sampled rather than the corresponding piston core for core 077 as 

PC077 had already been heavily sampled and also had 40cm missing from the core top, lost 

during the coring process. This top section was the most important part for this study as it 

was the only section containing carbonate, and so the trigger core was used as it had 

recovered a complete top section down to 70cm depth. The lithological records used for core 

077 are therefore a combination of TC077 (down to 40cm depth) and PC077 (from 40-

120cm). The trigger core data was spliced to the piston core using magnetic susceptibility 

(Pudsey and Howe, 1998). Only 4 samples were picked from this core. 

5.6.1. Benthic Foraminiferal Abundance 

The absolute abundance data are shown in Figure 5.38 and the raw data counts are included 

in Appendix 16. 

Absolute abundance is much lower than in the other cores from south of the PF and varies 

between 1 and 138 foraminifera per gram with the abundance maximum occurring at 2cm 

below the sediment surface in the shallowest sample. Benthic foraminifera were absent below 

20cm and the sample at 18cm contained only one large agglutinated foraminifer. There is an 

increase in abundance up through this short section of core with a more rapid increase above 

10cm depth. 

Plots of relative abundance have not been included as there was little variation in species 

composition over the 4 samples studied. There are 42 species from 33 different genera 

identified in this core, including 9 agglutinated species in very low abundance. Only 3 species 

were not identified. The dominant species are Eilohedra weddellensis, Epistominella exigua, 

Gyroidinoides spp., Nuttallides umbonifera and Oridorsalis tener. Eilohedra weddellensis 

was by far the most abundant species forming over 35% of the absolute abundance of each 
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sample. Other species which are common in the samples are Lagena spp., Pullenia spp., 

Sphaeriodina bulloides and Uvigerina peregrina (Appendix 17). 
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Figure 5.38. Planktonic and benthic foraminiferal absolute abundance for TC077. 

5.6.2. Planktonic Foraminiferal Abundance 

Absolute abundance data are shown in Figure 5.38 and raw data counts are included in 

Appendix 16. 

The absolute abundance is again quite low and varies between 100 and 5713 foraminifera per 

gram with the abundance maximum occurring at 2cm within the top sample. Planktonic 

foraminifera were absent from the sediment below the sample at 18cm and show a gradual 

increase up core. 

The dominant foraminifer is the left-coiUng (sinistral) Neogloboquadrina pachyderma which 

occurs in all four samples from this core and comprises over 95% of the total planktonic 

assemblage. Three other planktonic species were recorded but occurring in much lower 
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abundance than N. pachyderma, these are G. crassaformis, G. truncatulinoides and G. 

inflata. Preservation of the foraminiferal tests is quite poor with a high percentage of 

fragmentation observed. 

5.6.3. Dating the core 

AMS Radiocarbon analysis was not carried out on TC077 but other methods for estimating 

the position of stratigraphic markers are available. Figure 5.39 shows C. davisiana and 

biogenic barium (ppm) data which mark the position of the LGM at about 120cm below the 

surface and the base of the Holocene (Stage 1) at about 50cm. 

% Cycladophora 
davisiana 

•s 
Cu 

4 8 12 16 20 

I I I I I I I 

B a s e of 
H o l o c e n e 

12ka 

L G M 
18ka 

F i g u r e 5.39. Dating of TC077 using C.davisiana abundance (LGM) and 
biogenic barium abundance (base of Holocene) 
(all data from TC,PC077; Pudsey and Howe, 1998). 

Sedimentation rates have also been calculated for PC077 by Pudsey and Howe (1998) as 4.6 

cm/ka from the core top to the base of stage 1, and 6.7 cm/ka from the core top to the LGM. 
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5.7. TC078 

This core lies approximately 282km to the south-east of the Polar Front in the northern Scotia 

Sea and has been sampled down to a depth of 20cm, as below this point there are no 

foraminifera found. The average abundance of carbonate within the top 30cm of the core is 

quite low at only 4.9% and below this level there is no carbonate present within the sediment. 

The lithology of the core shows an upward transition from diatom ooze at the base through 

muddy diatom ooze and diatom muds, into another diatom ooze unit before passing into a 

muddy diatom ooze and diatom mud unit at the core top (Fig.4.1). The bottom section of the 

core shows repeated features below about 80cm depth indicating that repenetration during 

coring occurred. Magnetic susceptibility shows a corresponding record to the lithology and is 

higher within the lower diatom ooze unit below about 65cm depth (Fig.4.3). The trigger and 

piston core records of magnetic susceptibility can be correlated quite well as the peak at 0.8m 

in the trigger core (just above repenetration) corresponds to the peak at 0.9m in the piston 

core. Therefore the trigger core may not have a complete core top section at this site. Only 4 

samples were picked from this core. 

5.7.1. Benthic Foraminiferal Abundance 

The absolute abundance data are shown in Figure 5.40 and the raw data counts are included 

in Appendix 16. 

Absolute abundance is very low and varies between 1 and only 10 foraminifera per gram with 

the abundance maximum occurring at 14cm below the sediment surface. Benthic foraminifera 

were absent below 20cm and the sample at 19cm contained only one foraminifer which was 

calcareous. There is a decrease in abundance up core after the maximum at 14cm with a small 

increase at the core top. 

Plots of relative abundance have not been included as so few benthic foraminifera were 

identified in each sample. Species diversity is very low with only 11 species identified and 

two of these are agglutinated species. Only two species were not identified. There were no 

dominant species identified within this section of core due to the low abundance. 
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Figure 5.40. Planktonic and benthic foraminiferal absolute abundance for TC078. 

5.7.2. Planktonic Foraminiferal Abundance 

Absolute abundance data are shown in Figure 5.40 and raw data counts are included in 

Appendix 16. 

The absolute abundance is again very low, up to 275 foraminifera per gram with the 

abundance maximum occurring at 1cm within the top sample. Planktonic foraminifera were 

absent from the sediment below the sample at 14cm and show a gradual increase in abundance 

up core. 

The only planktonic foraminiferal species present within this core is the left-coiling (sinistral) 

Neogloboquadrina pachyderma and preservation of the tests is very poor, showing a high 

degree of test fragmentation. 
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5.7.3. Dating the core 

AMS Radiocarbon analysis was carried out on TC078 and two dates were obtained (Table 

5.18). These dates are not included in Figure 5.41 for reasons discussed below. 

Publication 

code 

Sample Conventional 
Radiocarbon 

Age 
(years BP ± l a ) 

Corrected 

Age 
(years BP) 

Carbon 

content 

(% by wt.) 

Material 

analysed 

AA-28104 TX:078-1/12-13 9570 ± 70 8270 0.3 Diatom ooze 

AA-28105 TC078-1/20-21 147W)±100 l̂ MO 0.3 Diatom ooze 

Table 5.18. A M S radiocarbon dates for TC078 (C. Pudsey and S. Moreton, BAS) . 

Other methods for estimating the position of stratigraphic markers are also available. Figure 

5.41 shows C. davisiana abundance and biogenic barium (ppm) data, which mark the 

position of the LGM at about 105cm below the surface and the base of the Holocene (Stage 

1) at about 95cm. Pudsey and Howe (1998) estimated the position of the LGM at 120cm 

using C. davisiana abundance data from TC,PC078. 

There would seem to be conflicting evidence for dating sediment within this core, and the "C 

dates appear to indicate that the core top is thousands of years older than would be indicated 

by the C. davisiana and biogenic barium data. The barium profile shows very good data 

(Pudsey and Howe, 1998) and there is a fairly gradual increase in palaeoproductivity from 1.0 

to 0.6m, so the estimate for the base of the Holocene at 0.95m seems to be accurate. There is 

also a strong C. davisiana peak at 1.05m which provides a reliable indicator of the position of 

the LGM (Fig.5.41). Therefore the presence of "old" reworked carbon may have had an 

influence on these dates making the core top look much older than it probably is. This 

appears to be a recurrent problem in the Scotia Sea, becoming worse farther south (C. 

Pudsey, pers. comm.). Therefore considering all the evidence for the dating of this core it can 

be assumed that the foraminiferal assemblage is probably Holocene in age, but accurate 

dating may not be feasible. 

Sedimentation rates have also been calculated for PC078 by Pudsey and Howe (1998) as 7.5 

cm/ka from the core top to the base of stage 1, and 6.7 cm/ka from the core top to the LGM. 
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F i g u r e 5.41. Dating of TC078 using C.davisiana abundance ( L G M ) and biogenic 
barium abundance (base of Holocene). 
Data from TC,PC078; C.davisiana (T. Crawshaw, pers. comm.) and 
biogenic Barium (Pudsey and Howe, 1998). Alternative date for LGM 
at 120cm (Pudsey and Howe, 1998). 

5.8. PRIMER Multivariate Analysis 

5.8.1. KC097 

5.8.1.1. Cluster Analysis and Multi-Dimensional Scaling 

The results from the cluster analysis and corresponding MDS plot with no transformation of 

the data can be seen in figure 5.42. The cluster analysis was also performed with fourth root 

transformation of the data but the results are not presented here as they do not show any 

significantly different information. 

The cluster analysis and MDS with no transformation of the data shows a number of 

groupings of samples at similarity levels of 60% and higher. One small group, which includes 
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samples at depths 60-61cm, 65-66cm and 70-71cm, shows a similarity between samples of 

about 78%. Within this group all three samples have very similar faunal compositions 

(Appendix 4), but show marked differences to all other samples within the core. The 

percentage of the nine dominant benthic foraminifera species identified in section 5.1.1. show 

some variations in abundance compared to the other samples within the core. The relative 

abundance of Cassidulina crassa, Globocassidulina subglobosa, Gyroidinoides spp., 

Epistominella exigua, Oridorsalis tener and Fissurina spp. are all low, with only Eilohedra 

weddellensis and Nonionella iridea showing an increase in abundance within these samples. 

However the increase in abundance in a number of other species is probably of more 

importance. There is a significant increase in the relative abundance of Melonis barleeanum, 

Fursenkoina spp., Pullenia spp., Eponides spp., Quinqueloculina spp. and Bolivinellina 

translucens within these samples. The sample at 90cm also shows some similar faunal 

characteristics to these three samples but this does not show up in the cluster analysis and 

instead shows a similarity value of only about 33%. 

Samples from depths above this group in the core (55-1.5cm) can be grouped at a similarity 

level of about 62% and show little faunal variation between samples. All of these samples 

show higher species diversity and abundance of the dominant species. 

Below the group at 60cm, the diversity and abundance are low and samples contain 

considerably fewer foraminifera. The majority of samples contain too few foraminifera to be 

included in the PRIMER analysis and even though the sample at 270cm below the surface 

has been included, the abundance is quite low and so it may not give totally reliable results. 

The only persistent species through these samples appear to be E. weddellensis, Cibicides sp. 

and Angulogerina angulosa. 

The small group of three samples therefore appears to separate the samples of high 

abundance and diversity in the top part of the core, fi-om those with low abundance and 

diversity in the lower section. The group also shows that a change in faunal composition 

occurs within that section of the core. 

The results from the cluster analysis were then used to group samples on the MDS plot at 

certain levels of similarity. These can be seen as similarity "contour" lines on the MDS plots. 

The MDS analysis with no transformation of the data produced a plot with a stress value of 
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Figure 5.42. KC097 Cluster and MDS Analysis with no transformation of the data. 
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0.10 (Fig.5.42), which indicates a good ordination of the data. This was lower than the stress 

value of 0.13 for the MDS plot with fourth root transformation of the data. 

5.8.1.2. Principal Components Analysis 

A Q-mode PCA carried out on the data set yielded eigenvalues and associated percentages of 

the total variance each counts for, as shown in Table 5.19. 

The data were reduced to include only the species which made up at least 3% of the total 

abundance in at least one sample, which reduced the number of benthic foraminiferal species 

to only 21 (Appendix 18). The most dominant species Eilohedra weddellensis was removed 

from the data set as it overwhelmed all the other species in the PCA and allowed no other 

abundance patterns to be seen within the data. The original data were then log transformed 

and not normalised which resulted in a covariance-based PCA. 

The results showed that 3 principal components or assemblages accounted for 66.8% of the 

total variation, with 42.9% of the variation accounted for by the first principal component 

alone. The analysis was run to include 5 principal components originally but was reduced to 3 

as the fourth and fifth groups combined accounted only for a further 3% of the total variance, 

and did not seem to contribute any more significant information. Table 5.20 shows the 

species composition of the benthic foraminiferal assemblages, including the dominant species 

and the important associated species. Down core fluctuations of the resulting faunal 

assemblages for core KC097 are presented in Figure 5.43a. 

PC Eigenvalues % Variation Cumulative 
% Variation 

1 4.68 /G.9 48.9 
:2 1.67 15.3 58.2 
3 &94 &6 6&8 

Table 5.19. Eigenvalues extracted using Q-mode PCA for KC097. 
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Q-mode Dominant PCA Important PCA 
assemblage species score Associated species score 

PCI Epistominella exigua &542 Cassidulina crassa a239 
Bolivina spp. 0.271 Globocassidulina subglobosa ^217 

Gyroidinoides spp. 
&200 

Fursenkoina complanta -0374 
Melonis barleeanum -0335 
Eponides spp. .&251 

PC2 Bolivina spp. CU019 
Fissurina spp. 0.015 

Nonionella iridea -&578 
Quinqueloculina spp. -0322 
Bolivinellina translucens -0 299 
Gyroidinoides spp. -&260 
Globocassidulina subglobosa -&256 

PC3 /VoMzoneZ/a znVfga 0328 Epistominella exigua a222 

Cibicides spp. -0.488 
-0388 

Oridorsalis tener -0.292 

Table 20. Species composition of Q-mode assemblages in KC097 showing Principal Component 
scores for faunas. A negative sign on the score indicates that the species decreases as the 
component increases (Parker and Arnold, 1999). 

The positive end-member assemblage of PCI is dominated by E. exigua which shows a 

positive relationship to well-oxygenated and highly saline NADW (Mackensen et al., 1995). 

This assemblage is important throughout the top 50cm of KC097 and is replaced by the 

negative end-member group of PCI, dominated by F. complanata and M. barleeanum, 

between 70 cm and the base of the core. The negative end-member assemblage of PCI may 

represent a high productivity fauna. 

The positive end-member assemblage of PC2 is represented by Bolivina spp. and Fissurina 

spp. although they both show very low loadings in the group but are the only two positive 

species. This assemblage is important at the core top and below about 80 cm within the core. 

This is replaced by a negative end-member assemblage dominated by N. iridea between 80-

20 cm below the surface. 

The positive end-member of PCS is dominated by N. iridea and this assemblage is important 

between the depth of 10-40 cm below the surface and then again below about 75 cm. The 

negative end-member assemblage dominated by the genus Cibicides spp. seems to be 
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particularly important at the very top of the core and around 50 cm. Cibicides is found to live 

attached to the substrate (Nyholm, 1961; Loeblich and Tappan, 1964) and is also an indicator 

of well-oxygenated bottom water conditions. However this principal component accounts for 

a lower percentage of the total variance and so may not reveal any important palaeoecological 

information. 

Figure 5.44 shows the sample scores for PCI plotted against PC2. This plot reveals the same 

pattern shown for PCI in Figure 5.43a as it shows two groups of samples within the core, 

separated into positive and negative loadings on PCI at about 50 cm. 

Figure 5.45 shows the position of the individual foraminifera species plotted on PCI and 

PC2. This plot shows quite clearly the positive and negative end-member assemblages from 

the Q-mode PCA analysis and the group lying almost on 0 for both axes represents the 

species which are important in PC3. The foraminifera not included in any group on this 

diagram are not thought to contribute any significant ecological information to this analysis. 

Figure 5.46 shows bubble diagram plots of the important species in the negative and positive 

end-member assemblages for PCI and PC2. For each individual species the size of the 

bubbles indicates the relative importance of the species at different sample depths within the 

core. However bubble size is not comparable between species plots and should not be 

compared. Using this method the different faunal assemblages can be easily identified in the 

core. 

5.8.2. GC062 

5.8.2.1. Cluster Analysis and Multi-Dimensional Scaling 

The results from the cluster analysis and corresponding MDS plot with no transformation of 

the data can be seen in Figure 5.47. The cluster analysis was also performed with fourth root 

transformation of the data. 

The cluster analysis and MDS with no transformation of the data shows that all the samples 

are grouped at a similarity level of 60% and then subdivided into two smaller groups at a 

similarity of about 80%. The two groups are separated below 34cm, dividing the top four 
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samples from the bottom four in this section of the core. Each group shows different a faunal 

composition with certain species being dominant in each group. 

In the group at the top of the core from 2-34cm below the surface there are higher 

percentages of C. crassa, E. exigua, G. subglobosa and Gyroidinoides spp. These species 

become less important in the lower group but are still present. The second group includes 

samples from 44-60cm below the surface and shows an increase in E. weddellensis and N. 

iridea, although these species are also found higher up in the core. There is also a marked 

increase in M. barleeanum and Fursenkoina spp. which are very rare in the top section of the 

core. 

The results from the cluster analysis were then used to group samples on the MDS plot at 

certain levels of similarity. These can be seen as similarity "contour" lines on the MDS plots. 

The MDS analysis with no transformation of the data produced a plot with a stress value of 

0.01 (Fig.5.47), which indicates an excellent ordination of the data. This was lower than the 

stress value of 0.04 for the MDS plot with fourth root transformation of the data. 

5.8.2.2. Principal Components Analysis 

A Q-mode PCA carried out on the data set yielded eigenvalues and associated percentages of 

the total variance each counts for, as shown in Table 5.21. 

The data were reduced to include only the species which made up at least 3% of the total 

abundance in at least one sample, which reduced the number of benthic foraminiferal species 

to only 15 (Appendix 18). The most dominant species Eilohedra weddellensis was removed 

from the data set as it overwhelmed all the other species in the PCA and allowed no other 

abundance patterns to be seen within the data set. The original data were then log transformed 

and not normalised which resulted in a covariance-based PCA. 

The results showed that 3 principal components or assemblages accounted for 92.3% of the 

total variation, with 79.8% of the variation accounted for by the first principal component 

alone. The analysis was run to include 5 principal components originally but was reduced to 3 

as the fourth and fifth groups combined accounted only for a further 3% of the total variance, 

and did not seem to contribute any more significant information. Table 5.22 shows the 

species composition of the benthic foraminiferal assemblages, including the dominant species 
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and the important associated species. Down core fluctuations of the resulting faunal 

assemblages for core GC062 are presented in Figure 5.43b. 

PC Eigenvalues % Variation Cumulative 
% Variation 

1 
2 
3 

0.65 
0.47 

7^8 
7.2 
5.3 

7&8 
87^ 
923 

Table 5.21. Eigenvalues extracted using Q-mode PCA for GC062. 

Q-mode 
assemblage 

Dominant 
Species 

PCA Important PCA 
score Associated species score 

PCI Epistominella exigua 0.538 
Gyroidinoides spp. 0.383 
Cassidulina crassa 0.366 
Globocassidulina subglobosa 0331 

Fursenkoina complanata -0.278 Melonis barleeanum -0.242 
PC2 Oridorsalis tener &421 

Epistominella exigua &412 
&397 

Fissurina spp. -0.292 
Globocasidulina subglobosa -0.285 

PC3 Pullenia spp. 0376 
Eggerella bradyi 0342 
Fissurina spp. 0326 

Bolivinita pseudothalmanni -0.468 
Melonis barleeanum -0.392 

Table 5.22. Species composition of Q-mode assemblages in GC062 showing Principal Component scores for 
faunas. A negative sign on the score indicates that the species decreases as the component increases 
(Parker and Arnold, 1999). 

The negative end-member assemblage of PCI is dominated by F. complanata and M. 

barleeanum, and is important within the core below about 37 cm. Above this depth the 

sediment is dominated by the positive end-member of PCI which is represented by the 

species E. exigua and Gyroidinoides spp. This change in assemblage is similar to that seen in 
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KC097 with the top part of the core dominated by a NADW assemblage, and the lower part 

of the core dominated by high productivity indicator species. 

The positive end-member of PC2 is dominated by O. tener and E. exigua and this assemblage 

is important below 50 cm and between 35-18 cm within the core. Between these depths the 

negative end-member assemblage dominated by Fissurina spp. and G. subglobosa is more 

important. 

Principal Component 3 shows generally quite low values for species loadings with only a 

significant positive excursion centred at about 20 cm dominated by Pullenia spp., and most 

of the rest of the core is dominated by the negative end-member assemblage represented by 

B. pseudothalmanni. However this principal component only accounts for 5.3% of the total 

variance and so may not provide any significant ecological information. 

Figure 5.44 shows the sample scores for PCI plotted against PC2. This plot shows 2 very 

distinct groups of samples, from 0-32 cm and 44-base of the core. 

Figure 5.45 shows the position of the individual foraminifera species plotted on PCI and 

PC2. This plot shows quite clearly the positive and negative end-member assemblages from 

the Q-mode PCA analysis with a separate group lying near the 0 on both axes. This group 

contains the species which seem to stay fairly constant throughout the core section with little 

variation in relative abundance and so do not provide any information about environmental 

change. 

Figure 5.48 shows bubble diagram plots of the important species in the negative and positive 

end-member assemblages for PCI and PC2. 

5.8.3. KC064 

5.8.3.1, Cluster Analysis and Multi-Dimensional Scaling 

The results from the cluster analysis and corresponding MDS plot with no transformation of 

the data can be seen in Figure 5.49. The cluster analysis was also performed with fourth root 

transformation of the data. 
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The cluster analysis and MDS with no transformation of the data identified three main groups 

of samples. The first group ranges from 90-58cm up through the core and these samples are 

grouped at a similarity level of about 73%. This group of samples is represented by low 

diversity and abundance of species but below this level in the core foraminifera have been 

almost absent from the samples. The foraminifer E. weddellensis is dominant within these 

samples and there may be a higher abundance of O. tener. Other calcareous forms (including 

all species identified in section 5.2.1.) occur but in low abundance and there is a lack of 

agglutinated species within this section of the core. 

The second group ranges from 55-25cm (not including 30-31cm) up through the core and 

these samples are grouped at a similarity level of 75%. This group is represented by increased 

species diversity and abundance, and E. weddellensis is no longer the dominant foraminifer 

showing a decrease in relative abundance within this section. The calcareous species which 

were found in the first group continue to show increased abundance in this section, and other 

species such as Uvigerina spp., A. angulosa, Fissurina spp. and Ehrenbergina spp. now 

appear but in low abundance. There are still only very low numbers of agglutinated species 

within these samples. 

The third group ranges from 30cm to the top 10cm (not including 25-26cm) up through the 

core and is grouped at a similarity level of 68%. These samples are represented by the highest 

diversity of species with all calcareous species persisting within this section and occurring in 

high abundance. Within these samples more agglutinated species appear in significant 

numbers, such as Repmanina charoides, Trochammina spp. and Ammobaculites spp. but still 

have quite a low abundance. 

The two groups which form a combined range from 95-25cm can be grouped at a similarity 

level of 67% and so there is some overlap at the transition between these groups. 

The results from the cluster analysis were then used to group samples on the MDS plot at 

certain levels of similarity. The MDS analysis with no transformation of the data produced a 

plot with a stress value of 0.10 (Fig.5.49), which indicates a good ordination of the data. This 

was lower than the stress value of 0.13 for the MDS plot with fourth root transformation of 

the data. 
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5.8.3.2. Principal Components Analysis 

A Q-mode PCA carried out on the data set yielded eigenvalues and associated percentages of 

the total variance each accounts for, as shown in Table 5.23. 

The data were reduced to include only the species which made up at least 3% of the total 

abundance in at least one sample, which reduced the number of benthic foraminiferal species 

to only 23 (Appendix 18). The most dominant species Eilohedra weddellensis was removed 

from the data set as it overwhelmed all the other species in the PCA and allowed no other 

abundance patterns to be seen within the data set. The original data were then log transformed 

and not normalised which resulted in a covariance-based PCA. 

The results showed that 3 principal components or assemblages accounted for 61.1% of the 

total variation, with 31.7% of the variation accounted for by the first principal component 

alone. The analysis was run to include 5 principal components originally but was reduced to 3 

as the fourth and fifth groups accounted only for a further 4% of the total variance, and did 

not seem to contribute any more significant information. Table 5.24 shows the species 

composition of the benthic foraminiferal assemblages, including the dominant species and the 

important associated species. Down core fluctuations of the resulting faunal assemblages for 

core KC064 are presented in Figure 5.43c. 

PC Eigenvalues % Variation Cumulative 
% Variation 

1 3J2 3L7 3L7 
1.87 16.8 /US.S 

3 l/W 12^ 611 

Table 5.23. Eigenvalues extracted using Q-mode PCA for KC064. 
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Q-mode 
Assemblage 

Dominant 
species 

PCA Important PCA 
score Associated species score 

PCI Sphaeroidina buUoides 0J[09 
Nonionella iridea 0.024 

Uvigerina spp. -0352 
Ehrenbergina trigona -0342 
Trochammina spp. -0333 
Fissurina spp. -&313 
Epistominella exigua -&278 
Gyroidinoides spp. -&277 
Lagena spp. -&274 
Globocassidulina subglobosa -0.272 
Nuttallides umbonifera -0.258 

PC2 Trochammina spp. 
Repmanina charoides 
Epistominella exigua 

0396 
0309 
&204 

Globocassidulina subglobosa 
Oridorsalis tener 
Eponides spp. 
Gyroidinoides spp. 

-0 372 Pullenia spp. 

-0370 
-&250 

-0.206 

PC3 Oridorsalis sp. 

Shpaeroidina bulloides 

0.619 

-&565 

Table 5.24. Species composition of Q-mode assemblages in KC064 showing Principal Component 
scores for faunas. A negative sign on the score indicates that the species decreases as the 
component increases (Parker and Arnold, 1999). 

The negative end-member of PCI is dominated by E. exigua and Gyroidinoides spp. and this 

assemblage shows high loadings throughout the top 55 cm of the core. This group contains 

species which are indicators of a number of water masses including NADW {E exigua and 

Gyroidinoides spp.), CDW (G. subglobosa) and AABW {N. umbonifera). The negative end-

member assemblage is represented by S. bulloides and N. iridea but only as low loadings and 

is important in the core below 55 cm. 

The negative end-member of PC2 is dominated by G. subglobosa and O. tener and is 

important within the core between 65-30 cm within the core. Below and above this depth the 

positive end-member assemblage dominates the core, and this is represented by 

Trochammina spp. 

For PC3 the change in importance of assemblage is harder to recognise as the record is quite 

noisy. However in general the negative end-member assemblage is dominant in the middle 
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section of the core between 65-30cm and is represented by S. bulloides. The top and bottom 

sections of the core are represented by the positive end-member assemblage which is 

dominated by Oridorsalis sp. 

Figure 5.44 shows the sample scores for PCI plotted against PC2. This plot reveals a clear 

distinction between the samples which show positive and negative loadings on PCI. 

Figure 5.45 shows the position of the individual foraminifera species plotted on PCI and 

PC2. The foraminifera species seem to be more evenly distributed on both principal 

component axes in this analysis, and this may be due to the effect of PCI showing only 

negative loadings throughout the core section. However the positive and negative end-

member assemblages can still be seen and there are two smaller groups lying near the 0 on 

both axes which represent the PCS assemblages and two species which show little variation 

in relative abundance throughout the core. 

Figure 5.50 shows bubble diagram plots of the important species in the negative and positive 

end-member assemblages for PCI and PC2. 

5.9. Relationship between core site and position of the Polar Front 

The number of benthic foraminiferal species in each core top and the number of benthic 

foraminifera per gram of sediment in the core top sample were plotted against distance from 

the PF (Figure 5.51). 

The number of species (i.e. diversity) in the core top sample showed a general increase from 

south to north in the Scotia Sea, with the lowest number in core TC078 in the northern Scotia 

Sea and the highest in core KC097 in the western Falkland Trough (see Fig. 1.1). The number 

of species is also relatively high however in KC064 which is located just south of the PF. 

The number of foraminifera per gram of sediment in the core top sample also showed a 

general increase from south to north in the Scotia Sea, with very low numbers in TC078 and 

highest in GC062. There are also quite a high number of foraminifera recorded in TC036 to 

the south of the PF but not in KC064 as recorded by the number of species. 
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Figure 5.52 shows the difference in accumulation rate of the two phytodetritus exploiting 

species E. weddellensis and E. exigua as you move south across the PF, and shows that there 

is a definate decrease in bith species from north to south. The rate of accumulation is much 

slower in KC064 to the south of the PF. 

Table 5.25 and Figure 5.53 show summaries of the results from the cluster and MDS analysis 

and the PC A. They show the characteristics by which the change in benthic foraminiferal 

assemblage can be identified through the glacial-interglacial transition, in cores from the north 

and south of the Polar Front. 
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PF 

NORTH SOUTH 
Cluster and 

MDS analysis 
Holocene: High species diversity and 
high abundance of dominant benthic 
foraminifera species (e.g. see 
Fig.5.2). Dominance of phytodethtus 
species E. weddellensis and E. 
exigua. 

Transition: Dominant benthic 
foraminifera species abundant but 
also increase in high productivity 
indicator species Melonis spp., 
Pullenia spp. and Fursenkoina spp. 

Glacial: Low foraminiferal 
abundance and species diversity, 
absent towards base of core. 

Holocene: High species diversity and high 
abundance of dominant benthic 
foraminifera species (e.g. see Fig.5.25). 
Lower abundance than cores to the N of 
the PF. Increased relative abundance of 
agglutinated species. 

Transition: Lower species diversity and 
foraminiferal abundance than Holocene 
section. 

End of glacial: Low species diversity and 
foraminiferal abundance. Only 
E. weddellensis and some O. tener found 
to persist. 

Table 5.25. Summary table for results from Cluster and MDS analysis for cores to the north and 
south of the Polar Front. 
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cooler water, low species diversity 

Figure 5.53. Summary diagram of results from PCA for cores to the north and south of the Polar Front. 
(Interpretation of the cores is based on the evidence listed at the side of each section). 
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Chapter 6 Interpretation and Discussion 

INTERPRETATION AND DISCUSSION 

6.1. Benthic and Planktonic Foraminiferal Absolute Abundance 

The benthic and planktonic absolute abundance data in all of the cores show a general trend 

of increasing abundance up-core, with higher foraminiferal content in the postglacial samples 

above the Last Glacial Maximum (LGM) at 18ka. Even in cores KC099, TC036, TC077 and 

TC078, which do not record a full glacial-interglacial transition, it can be seen that 

foraminiferal abundance decreases significantly with depth within the core section. This 

higher foraminiferal abundance during the transition from stage 2-1 and during the Holocene 

suggests that a climatic improvement to a warmer, more productive environment with ice-

free conditions occurred, promoting increased benthic and planktonic foraminiferal 

productivity. This agrees with the conclusions from Pudsey et al. (1988), Pudsey (1992) and 

Gilbert et al. (1998) for studies from the Scotia Sea. 

During the glacial stage the foraminiferal abundance was very low and some samples contain 

no carbonate at all. Sea surface temperature and the seasonally variable sea-ice edge both 

limit the production of diatoms and organic carbon which are the main food supply for 

planktonic and benthic foraminifera. This in turn limits the production of biogenic carbonate 

and silica (Pudsey and Howe, 1998), and hence due to continuous sea-ice coverage at most of 
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the core sites and at least winter sea-ice at the more northerly sites during the glacial stage, 

surface biogenic productivity would have been reduced (Fischer et al., 1988). This can be 

seen from the diatom results (Appendix 19) which record a higher abundance of the ice-

indicator species Eucampia antarctica (Jouse et al., 1963) within the lower section of cores 

KC097 and KC064 to the north and south of the PF. Hays et al. (1976) concluded in their 

study of radiolaria in the South Atlantic Ocean, that the summer ice cover extended nearly to 

55°S latitude at 18ka, whereas today it melts right back to the Antarctic continental margin. 

Pudsey and Howe (1998) suggested that the spring sea-ice edge was as far north as 55°S in 

the South Atlantic Ocean during the LGM based on diatom abundance. The winter ice-edge 

limit may have extended as far north as 47-50°S in the western and eastern parts of the Indian 

Ocean (Prell et al., 1980). The effect of increased carbonate dissolution by a carbonate under-

saturated water mass such as AABW may also inhibit the preservation of carbonate during 

glacials (Corliss, 1983). It is likely that an expansion of these polar waters accompanied the 

northward extension of sea-ice, which would have caused an increase in dissolution of 

foraminiferal tests. This northward expansion of polar waters has also been deduced from 

studies of radiolaria (Lozano, 1974; Hays et al., 1976; Dow, 1978; Morley and Hays, 1979a; 

Crawshaw, 2000). Morley and Hays (1979a) also recorded a 5° northward shift in the zero 

calcium carbonate curve (CCD) south of 42°S in the South Atlantic at 18ka, which would 

have resulted in a northward expansion of the carbonate under-saturated water masses below 

the CCD. A rise in the CCD at the LGM was also observed by Hays et al. (1976) who noted 

that this would cause a southward increase in the thickness of the bottom water in the 

Southern Ocean at 18ka and hence lead to significantly greater carbonate corrosion. This 

expansion of polar waters into lower latitudes would reduce the area of CaCOg deposition at 

18ka compared with today. During the Holocene, a high input of calcareous planktonic 

foraminiferal tests would depress the CCD by supplying CaCO] to the deep water, and thus 

preserving calcareous foraminifera at the seabed (Anderson, 1975b). 

The reduced glacial foraminiferal abundance and preservation of the calcium carbonate tests 

could suggest that at the time of the LGM the PF had shifted north to at least the location of 

the cores within the Falkland Trough (52°S), and probably farther north, inferred from the 

complete absence of carbonate within the glacial sediments in all the cores. There are no 

cores from north of 52°S so the most northerly position of the PF at the LGM cannot be 

constrained in this area. A study by Pudsey and Howe (1998) based on sedimentological data 

noted a northward shift of the PF as far north as the south slope of the Falkland Plateau (see 

Fig. 1.1). However it is difficult to obtain cores to restrain the position of the PF as only some 
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parts of the Scotia Sea and Falkland Trough contain suitable deep water sediments from 

within a continuous section. Mackensen et al. (1994) also recorded a northward shift of the 

PF by T in the South Atlantic to 43°S at 1 Ska, based on changes in the benthic foraminiferal 

fauna and 5'^C values. A number of studies based on various micro fossil data have 

documented a northward migration of the PF at 18ka of between 1 and 10° latitude within the 

Southern Ocean (CLIMAP, 1976; Cline and Hays, 1976; Lozano and Hays, 1976; Williams, 

1976; Hays et al., 1976; Dow, 1978; Morley and Hays, 1979a; Morley, 1989; Prell et al., 

1980; Corliss, 1982; Burckle, 1984; Howard and Prell, 1992; Howe and Pudsey, 1999). There 

is also evidence from planktonic in the Atlantic sector of the Southern Ocean, of a 5° 

northward shift of the zone of maximum CO] exchange between surface waters and the 

atmosphere, which represents the PF (Charles and Fairbanks, 1990). Howard and Prell (1992) 

also noticed the occurrence of IRD, another indicator of the PF, as far north as 45°S in the 

South Indian Ocean during glacials. This northward shift of the PF would explain the 

deposition of pure diatom ooze during the glacial stage when the southern part of the PFZ 

was north of all the core sites, and accumulation of calcareous ooze when the PFZ is well to 

the south of the core site and warmer, less productive SASW overlies it (Westall and Fenner, 

1991). This is seen in the sediments of the present day Scotia Sea where calcareous sediment 

accumulation dominates to the north of the PF, and siliceous sedimentation to the south. The 

cores to the south do contain some calcareous sediment but the horizons are much thinner 

and contain fewer foraminifera, and are deposited as foraminifera-bearing diatom muds 

rather than as the foraminiferal sands found to the north of the PF (see Fig.4.1). 

The deglaciation is marked by an initial gradual amelioration of the climate before a 

significant increase in planktonic and benthic foraminiferal abundance occurs at about 14.2ka 

in GC062 and 12ka in KC064 (the only cores with full glacial cycle dated, see summary 

diagrams). This relatively rapid improvement in climate may have been related to the 

poleward displacement of the PF and consequently the retreat of the winter sea-ice edge, 

which moved across the core sites in the Falkland Trough first before approaching the core 

sites in the northern Scotia Sea. At this time the cores would have been covered by warmer, 

more productive, ice-free waters which promoted enhanced primary productivity and hence 

foraminiferal abundance which has been recorded in a number of studies in the Southern 

Ocean (Morley, 1989; Prell et al., 1980; Howard and Prell, 1992; Mackensen et al., 1994). 

The diatom results also show an increased abundance during the Holocene period with 

greater relative abundance of the open-ocean indicator species Nitzschia kerguelensis 
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(Burckle et ah, 1987) and Thalassiosira spp. (Leventer and Dunbar, 1988) in cores KC097 

and KC064. The influence of the sea-ice and ice-edge bloom indicator species Nitzschia 

cylindrus and N. curta (Smith and Nelson, 1985; Garrison and Buck, 1985) does not seem to 

be important during the glacial transition (Appendix 19). Howe and Pudsey (1999) used grain 

size analysis to provide a record of the strength of CDW flow over the last 18ka, and 

suggested that a northward shift of the PF (including stronger wind forcing) may explain the 

unsteadiness of CDW during glacials. They also proposed that a southward shift of the PF 

during the deglaciation and Holocene intervals may have resulted in the deposition of 

foraminifera-rich sandy contourites at core tops within the northern Scotia Sea (including 

core KC064 from this study). 

A maximum in planktonic and benthic foraminiferal abundance is observed between about 

7.5-4 ka during the Holocene within most of the cores (except TC077 and TC078). This may 

represent a period of enhanced primary productivity during peak interglacial conditions when 

the climate was warm and fully recovered from the last glacial. A similar productivity 

maximum was seen in a study by Rathbum et al. (1997) based on a number of microfossil 

groups in the Prydz Bay region of Antarctica at the later date of 4-2.7 ka. Evidence from 

Antarctic deep ice-core data recovered at Dome C, Vostok and Komsomolskai'a also record a 

Holocene climatic optimum between 10 and 7.5 ka (Ciais et al., 1992). A short climatic 

optimum was also observed in the planktonic foraminiferal records from east of New Zealand 

by Weaver et al. (1998) which occurred between 8-6.4 ka. They also noted a subsequent 

decline of temperatures after the climatic optimum to present levels, which may be an 

explanation for the decrease in foraminiferal abundance at the top of the cores in this study 

(except TC077 and TC078). A return to cooler conditions after 5ka was observed in a study 

by Young and Scho field (1973) of pollen in Kerguelen subantarctic islands, which followed a 

warm temperature optimum around Ska (see Fig. 6.1). 

6.2. Benthic Foraminiferal Relative Abundance 

There are some interesting species variations seen in cores KC097, GC062 and KC064 

through the glacial-interglacial cycle, which may reveal information about changes in the 

palaeoceanography of the area over this time period. The individual benthic foraminiferal 

species all show a marked increase in abundance at the end of the transition from the glacial 

stage at approximately 12ka, which follows the same pattern as the absolute foraminiferal 

abundance data. In each core the same benthic species appear to be dominant and show 
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similar relative abundance records throughout the core. It should be noted that the 

microhabitat preferences of some benthic foraminifera are not fixed and can switch in 

response to food availability and oxygen gradients (Jorissen et ah, 1992; Linke and Lutze, 

1993). 

• Eilohedra weddellensis and Epistominella exigua 

Epistominella exigua is associated with E. weddellensis as an indicator of productivity and 

organic matter flux (Loubere, 1994; Mackensen et al., 1995). These are both opportunistic 

species which can respond quickly to sudden changes in food supply with rapid growth and 

reproduction, and are associated with phytodetritus, especially in mid to high northern 

latitudes (Gooday and Lambshead, 1989; Gooday, 1988, 1993, 1996). The deposition of 

phytodetritus at high southern latitudes has not been reported in previous studies from the 

Southern Ocean. These species have the ability to adapt to a fluctuating food supply in a 

food-limited environment (Gooday, 1994). Phytodetritus originates in the euphotic zone 

(Riemann, 1989) and represents an important pathway for the supply of organic carbon to the 

seafloor. It settles to the seafloor after the spring bloom, constituting a seasonal pulse of food 

for the deep-sea benthic foraminifera (Rice et al., 1986; Thiel et al., 1989). The presence of 

these species in abundance in the sediment can therefore indicate periods of pulsed organic 

matter input (Smart et al., 1994; Thomas et al., 1995), and their abundance in the Southern 

Ocean may be related to the highly seasonal nature of phytoplankton production in this 

region (Fischer et al., 1988). In a study by Loubere and Fariduddin (1999) of the organic 

carbon flux seasonality signal in benthic fbraminiferal assemblages from deep-sea surface 

sediments in the Atlantic, Pacific and Indian Oceans, they found that both E. weddellensis 

and E. exigua were important taxa for estimating higher seasonality of the carbon flux to the 

deep-sea. Phytodetrital assemblages can be distinguished by their requirement for a strongly 

seasonal flux of organic carbon, as opposed to a higher and more sustained carbon supply 

needed to support the normal high productivity faunas (Corliss and Chen, 1988). 

In cores KC097, GC062 and KC064 there seems to be an initial large increase in the 

abundance of E. weddellensis with a slight lag of E. exigua at the end of the deglaciation 

(-14-12 ka), indicating an increase in productivity and supply of organic material to the deep 

sea at the start of interglacial conditions. The increase in productivity may be due to a 

poleward migration of the PF across the core sites at the start of the interglacial and the 

introduction of glacial meltwater. The abundance remains high but variable through the 

Holocene with an abundance maximum at about 4.5ka in KC097 and at a similar time in 
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GC062 which may represent be a period of pulsed phytodetrital deposition in the Scotia Sea 

during the mid-Holocene. A similar rapid increase in abundance of E. exiguci and 

Alabaminella weddellensis (similar to Eilohedra weddellensis) was recorded in the NE 

Atlantic following the most recent deglaciation and has been similarly linked to an increased 

production of phytodetritus following the northward retreat of the Arctic PF (Thomas et ah, 

1992). 

Epistominella exigua thrives between 1500m and the CCD but becomes outnumbered by the 

specialist species Nuttallides umbonifera below the carbonate lysocline. Therefore in the 

Southern Ocean the fossil deep-water fauna was found to be dominated by N. umbonifera or 

E. exigua depending on the depth of the lysocline (Mackensen et al., 1993 a). 

• Epistominella exigua 

Mackensen et al. (1995) demonstrated that this species showed a positive correlation with 

salinity and therefore may correspond to the core of NAD W which is the most saline water 

mass below AAIW. The distribution of E. exigua has been found to correspond to the 

spreading route of NADW through the whole Atlantic Ocean (Streeter, 1973; Schnitker, 

1974, 1979, 1980; Lohmann, 1978a; Streeter and Shackleton, 1979; Weston and Murray, 

1984; Murray, 1991; Mackensen et al., 1993a). The initial increase in abundance at the end 

of the glacial period may represent the renewed influx of NADW into the Southern Ocean 

after being much reduced during the glacial stage. The influence of NADW continues to 

increase through the Holocene as reflected by the increased relative abundance of E. exigua. 

Mackensen et al. (1994) found that there was an increased flux of NADW during 

interglacials in the South Atlantic which is reflected by an increasing 6'^C record up-core. 

• Globocassidulina subglobosa 

This species has been associated with strong bottom currents and well-sorted sandy 

sediments (Murray, 1991) in a number of studies, for example, during deglacial ice retreat 

(Brambati et al., 2000), vigorous bottom currents in the PFZ (Sen Gupta and Machain-

Castillo, 1993), and vigorous flow of AABW due to channelling in the South Atlantic (high 

energy benthic boundary layer group) (Mackensen et al., 1995). In KC097, GC062 and 

KC064, this species appears most abundant within the top section of the core during the 

Holocene. At the time of the LGM the PF may have lain as far north as the Falkland Plateau 

and was not coincident with the axis of strongest deep ACC flow. The path of strongest deep 
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ACC flow must have remained in its present day position in the Scotia Sea during the LGM 

because of the topographic restriction of the North Scotia Ridge (Pudsey and Howe, 1998). If 

the PF began a poleward migration at the end of the glacial stage then during the Holocene 

the PF would have moved closer to the axis of strong ACC flow as indicated by an increase 

in the abundance of G. subglobosa. A study by Howe and Pudsey (1999) in the northern 

Scotia Sea has used grain-size analysis to provide an indication of the strength of CDW flow 

over the last ISka. They found that increased winnowing at about 17ka was indicative of an 

unstable CDW, with stormier glacial benthic conditions producing random, high-energy 

currents. This may have been related to a northward migration of the PF (Pudsey and Howe, 

1998) and higher glacial wind speeds driving the ACC (DeAngelis et ah, 1987). During the 

deglaciation and into the Holocene period (~10ka), CDW stabilised becoming less vigorous. 

The Falkland Trough (see Fig. 1.1), however has been suggested as being a "backwater" 

during the LGM with reduced ACC flow across it. The reduction may be due to the 

decreased intensity of the Weddell Gyre and hence reduced CDW flow into the Falkland 

Trough, combined with lower sea levels (Howe et al., 1997). 

This species also shows a positive correlation to the carbonate content of the sediment and to 

sediment porosity (Mackensen et al., 1995; Schmiedl et al., 1997) and therefore shows an 

increase in abundance within the more productive Holocene period which is represented by 

the deposition of carbonate-rich foraminiferal sands (see Fig.4.1). Globocassidulina 

subglobosa has also been described as a widely distributed species that may be associated 

with phytodetritus deposits (Gooday, 1993) as possibly observed in the Holocene of the 

Scotia Sea. 

• Nuttallides umbonifera 

This species has been associated with AABW in the South Atlantic (Anderson, 1975a; 

Lohmann, 1978; Mackensen et al., 1995) and with the transition between LCDW and 

WSDW within the PF region of the southwest Atlantic (Mead, 1985). In a study by Bremer 

and Lohmann (1982) in the Atlantic Ocean, they concluded that it was the under-saturation 

and bottom-water corrosiveness of AABW which linked it to N. umbonifera as it is a 

relatively dissolution resistant species. Nuttallides umbonifera is only found in significant 

abundance in KC064 to the south of the present day PF, perhaps reflecting the increased 

influence of AABW farther south within the Scotia Sea. It is not found in cores TC077 and 

TC078 also to the south of the PF perhaps due to lower carbonate productivity farther south 

and hence a lower absolute foraminiferal abundance at these core sites. Within KC064 the 
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abundance increases towards the core top reflecting the necessary ice-free conditions for 

productivity to be enhanced. Even though there would have been an expansion of polar 

waters during the glacial period, the permanent ice cover would have prevented the 

proliferation of this species. It is also likely that there was reduced outflow of AABW from 

the weaker Weddell Gyre during the LGM (Jones, 1984; Fiitterer et al, 1988; Grobe and 

Mackensen, 1992; Pudsey, 1992; Shimmield et al, 1994). However this species is also 

thought to be a non-opportunist (Gooday, 1993, 1994), able to survive on lower food supply 

than species such as E. exigua and it tends to flourish where food is scarce. It will be out-

competed by E. exigua or E. weddellensis where phytodetritus is present. Therefore it can 

also be used an indicator of lower productivity (Loubere, 1991, 1994). This association can 

be seen clearly in KC064 where there is an inverse relationship between the relative 

abundance of N. umhonifera and E. exigua, suggesting that the end of the glacial period, and 

therefore perhaps earlier, were a time of lower productivity in the Scotia Sea. 

® Gyroidinoides spp. 

This genus has been associated with well oxygenated bottom water conditions (McKorkle et 

al., 1990; King et al., 1998) and with the youngest and best ventilated NADW by Mackensen 

et al. (1995), who included it in their lateral advection and bottom water ventilation group. In 

all of the cores there is an increase in this species at the start of the interglacial period in 

response to an increased flux of well-oxygenated NADW into the Southern Ocean. The 

outflow of NADW in the North Atlantic was greatly reduced during the LGM and the area 

was instead occupied by an "aged" water mass containing less oxygen than the present day 

water mass (Streeter, 1973; Schnitker, 1974, 1979, 1980). The abundance record of this 

species quite closely follows that of E. exigua which has also been associated with NADW 

flux. 

* Nonionella iridea 

In a study by Mackensen et al. (1990) of live foraminifera in the Weddell Sea, this species 

was associated with the highest organic carbon content in the sediment. It lives within the 

upper 3cm of the sediment (Gooday, 1986; Mackensen, 1988) and Mackensen et al. (1990) 

suggested that it may depend on high organic carbon fluxes to survive within the sediment. 

However they did not find it preserved in the dead assemblage probably due to calcite 

dissolution in the upper sediment, enhanced by the relatively high organic carbon content. It 
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has also been documented in a live benthic foraminiferal assemblage from the Bransfield 

Strait (Mackensen, 1988). However in this study it may have a significant association with 

water masses. Domack et al. (1995) have associated N. iridea with the presence of a cooler 

water mass, which supports only a low diversity fauna with reduced abundance of other 

calcareous benthic foraminiferal species. Sen Gupta and Machain-Castillo (1993) also 

recorded this species as an indicator of low diversity able to live in low-oxygen environments 

of the World Ocean. The appearance of this species in abundance in core KC097 during the 

deglaciation and the start of the interglacial period may suggest that it is associated with cold 

AABW which was overlying the site at this time, just as the PF was starting to migrate south. 

The presence of well-oxygenated NADW may still be less influential than the polar water 

mass at this time. As the Holocene progresses and the climate continues to warm, the relative 

abundance of this cooler water species decreases to lower abundances. 

• Minor species 

There is little information on the microhabitat preferences of Lagena and Fissurina species 

from any of the world's oceans other than they are both infaunal and cosmopolitan in nature. 

Therefore their significance in the benthic foraminiferal assemblage of cores KC097 and 

KC064 is unknown. Another species which does not seem to be described in any great detail 

in studies of the Southern Ocean is the infaunal, cold water species Cassidulina crassa. It has 

been described by Fariduddin and Loubere (1997) in a study from the low latitude Atlantic, 

as an indicator of low productivity associated with G. subglobosa. However in an earlier 

study by Sen Gupta and Machain-Castillo (1993), they describe C. crassa as indicating lower 

diversity, able to survive in low oxygen conditions and showing a positive correlation to 

TOC content within the sediment. Therefore these two studies disagree on the influence that 

productivity has on the distribution of this species. 

The other two species which have not been discussed here are Oridorsalis tener and Melonis 

barleeanum, which represent a lower proportion of the total abundance than the other 

dominant species. However as part of the Principal Component Analysis (PCA) assemblages 

their distribution appears to be more important as indicators of AABW circulation and high 

productivity respectively. This can be seen in core KC064 which records a maximum in the 

abundance of M. barleeanum at approximately 5.2ka which may indicate a period of high 

productivity as observed in the absolute abundance records (see section 6.1.). These species 

will be discussed in more detail in the PCA analysis (section 6.3.). 
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The relative abundance records for KC099 and TC036 do not record the glacial-interglacial 

transition and there appears to be little faunal variation within the Holocene section of the 

cores. However the species N. iridea does show a marked decrease up through the Holocene 

section possibly representing the retreating influence of a cooler water mass as the climate 

continues to warm. 

6.3. Benthic Foraminiferal Species Diversity 

The species diversity (a) and evenness of the distribution of the species H(S) were only 

measured for samples representing the deglaciation and Holocene period, as foraminiferal 

abundance was too low during the glacial to be included in the analysis. Cores TC077 and 

TC078 were not included, due to a very low foraminiferal abundance throughout the whole 

glacial-interglacial cycle. 

In KC097 there is little change in H(S) which remains relatively low throughout the top 50cm 

of the core. However a shows some variation with increased species diversity corresponding 

to the productivity maxima identified in the absolute abundance records (Fig.5.1). The start 

of the period of increased diversity is hard to constrain due to a lack of core dates below 

30cm, but diversity only starts to decrease after approximately 5.Ska. 

The species diversity in GC062 shows some subtle changes superimposed on the general 

trend of increasing diversity up through the Holocene. At approximately 55cm (11.Ska) 

diversity starts to increase, possibly after the initiation of a meltwater event (see isotope 

results) at the end of the glacial period. This is followed by a small decrease in diversity at 

50cm (10.5ka) which may represent a return to colder conditions for a short period of time. 

These changes are also observed in the planktonic record at the same level in the core 

(Fig.5.12) and will be discussed in section 6.6. There is some evidence in the relative 

abundance record for a meltwater event and the Antarctic Cold Reversal (ACR) as indicated 

by an increase in the cooler-water species N. iridea, accompanied by a decrease in the 

abundance of the other species. However the changes in abundance are so small that these 

variations in the general recovery trend might be just "noise" in the record. 

At around this time many parts of the World Ocean experienced an interruption in the 

climatic warming after the glacial period had ended. In the northern hemisphere this reversal 

to cooler conditions between 11,000 and 10,000 years is called the Younger Dry as (YD) 

(Dansgaard et al., 1989; Alley et al., 1993) and there is evidence for a similar event in the 
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southern hemisphere. Labracherie et al. (1989) studied the deglacial records of three cores 

from the Indian sector of the Southern Ocean and showed that a major cool "oscillation" 

interrupted the warming phase between 12,000 and 11,000 years, which may have preceded 

the northern hemisphere YD by as much as 1,000 years. However it has been noted that the 

glacial-interglacial warming in Antarctica occurred in two steps interrupted by a slightly 

colder period, and does not show such a strong signal as the YD (Jouzel et al., 1987a, 1992, 

1995; Jansen and Veum, 1990; Blunier et ah, 1997, 1998). This ACR was noted at 

approximately I lka in a study by Weaver et al. (1998) of planktonic foraminifera in cores 

from the SW Pacific. Shimmield et al. (1994) also documented a synchronous cooling event 

in the Atlantic sector of the Southern Ocean and the Weddell Sea as indicated by a decrease 

in excess barium, lower CaCOg and higher planktonic 5'^0, and suggested that it represented 

a period of expanding sea-ice extent and lower palaeoproductivity. However it should be 

noted that the sampling and dating resolution in this study might not be high enough to 

adequately identify such a short-lived event and there is no significant evidence of such an 

event in the absolute abundance records of benthic foraminifera. The H(S) record for GC062 

does not seem to show any significant variation and remains relatively low throughout the 

Holocene. 

In KC064 a general trend of increasing species diversity and evenness of the distribution of 

species can be seen up through the Holocene. This implies that the benthic foraminiferal 

assemblage is becoming more variable as the climate improves following the transition from 

the last glacial period, as has been previously proposed from the abundance records. This is 

also seen in the record of the number of species in each sample which increases significantly 

in the post-glacial samples in all five cores. 

Core TC036 shows a marked decrease in H(S) at 60cm which represents a change to an 

assemblage dominated by only a few species, and a general decrease in species diversity. 

This corresponds to a decrease in the planktonic S'^O at this level in the core (Fig.5.36) but 

the reason for these mid-Holocene changes is not known. 

There are no significant changes in species diversity or evenness in core KC099. 

The literature contains no comparable studies of species diversity from the Scotia Sea or 

other parts of the Southern Ocean, so foraminiferal species diversity can only be compared to 

results from other oceans. Murray (1991) has summarised diversity data for living 

assemblages from a number of microhabitat settings within the World Ocean. Considering 

that the cores from this study are located in a slope (bathyal) setting, it would appear that the 

6^^ 



Chapter 6 Interpretation and Discussion 

values for H(S) and a measured from the Scotia Sea and Falkland Trough fall at the lower 

end of the range for this marine setting. Murray (1991) suggests that a values lower than 5 

may indicate a normal marine environment but with a high dominance of a single species, 

and this is probably the reason for low species diversity in this area with a dominance of E. 

weddellensis. 

The effects of calcium carbonate dissolution and diagenesis within the sediment, leading to a 

lack of foraminiferal test preservation during the glacial period and through the deglaciation, 

should also be considered as an explanation for the diversity record observed (see section 

6.5). 

6.4. Planktonic Foraminifera 

Planktonic foraminifera are one of the major groups of calcareous zooplankton in the Scotia 

Sea and can be related to different water masses within the region (Chen, 1966). In this study 

the dominant foraminifer to the south of the PF in the Antarctic Zone is Neogloboquadrina 

pachyderma (sinistral). This polar species is found in all samples through the glacial-

interglacial cycle indicating the influence of a cold water mass at all times in this area. 

Within the glacial samples and through the deglaciation N. pachyderma (s) is the sole 

persistent species with only sporadic appearances of some additional subpolar species but in 

low abundance. The more temperate species do not appear until later around 12ka (GC062) 

and 9.7ka (KC064), and also in KC097 and then remain persistent throughout the Holocene. 

It can be seen that this occurs earlier in the core from north of the PF. Cores KC099 and 

TC036 show a mixed temperate and polar assemblage throughout the Holocene section. 

In a study by Blair (1965) of core top samples from the Drake Passage and the South Pacific 

sector of the Southern Ocean, he identified three faunal groups which can be used to separate 

the species in this study into Antarctic, cold temperate and temperate groups: 

1) Antarctic - N. pachyderma (s) 

2) Cold temperate - G. quinqueloba, G. glutinata and G. uvula (randomly distributed in 

sediments on both sides of the PF) 

3) Temperate - G. bulloides, G. inflata, G. truncatulinoides and G. crassaformis (increase in 

abundance northward from the PF). 

These groups could also correspond to the Antarctic, Transition and Subantarctic Zones 

recognised by Chen and Be (1965) in the Drake Passage. However there are some differences 

6-13 



Chapter 6 Interpretation and Discussion 

to the foraminiferal zones described by Be (1968, 1977) from waters south of 35°S and from 

the World Ocean respectively, which are summarised below: 

1) Subtropical - G. crassaformis 

2) Subtropical/Transition - G. truncatulinoides and G. glutinata 

3) Transition - G. inflata 

4) Subantarctic - G. quinqueloba, G. uvula and G. bulloides 

5) Antarctic - N. pachyderma 

Chen (1966) also associated some of these species with certain water mass characteristics 

including N. pachyderma (s) (max. T layer south of PF), G. quinqueloba (AASW), G. uvula 

(northward movement of bottom water, south of the PF abundance increases with depth), G. 

bulloides and G. inflata (SASW) and G. truncatulinoides (AAIW). More recent studies 

which show evidence of similar faunal associations include Williams (1976), Williams et al. 

(1985), Pujol and Bourrouilh (1991), Howard and Prell (1992), Niebler and Gersonde (1998) 

and Weaver et al. (1998). Blair (1965) also noted that cores raised from north of the PF show 

an alternation of warmer intervals containing an abundance of temperate water species and 

colder intervals dominated by the Antarctic fauna which could be related to glacial and 

interglacial periods . The warmer intervals appeared to be shorter with a high CaCOg content, 

and the colder intervals are longer with only small amounts of CaCOg. 

The presence of a dominantly Antarctic planktonic foraminiferal assemblage with low 

abundance of only cold temperate species during the glacial interval and during the 

deglaciation in the Scotia Sea may be explained by the northward movement of the PF during 

this time and the expansion of cold polar waters and sea-ice cover. Howard and Prell (1992) 

noted that faunas dominated by polar species have been found equatorward of 46°S in the 

Southern Indian Ocean during glacial intervals. The southward movement of the PF at the 

start of the Holocene then coincides with the appearance of the temperate and warmer water 

species. Therefore it would appear that the distribution of planktonic foraminifera is largely 

controlled by the mean position of the PF in the Scotia Sea. The cores to the north of the PF 

seem to contain a more diverse planktonic assemblage, possibly supported by the increased 

influence of warmer, more productive waters. 

One important point to note about planktonic foraminiferal faunal studies is the choice of 

sieve mesh size used to retain the foraminifera during processing. A number of studies only 

sieve at 125 )u.m or greater which does not retain some of the smaller species such as G. uvula 

and G. quinqueloba. These have been found to be important constituents of the planktonic 
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foraminiferal assemblage of the Scotia Sea in this study, but have not always been recorded 

in other studies from the region. 

6.5. Calcium Carbonate Dissolution 

Calcium carbonate dissolution selectively alters the planktonic foraminiferal assemblage and 

causes test fragmentation and increased number of benthic foraminifera. Intense periods of 

CaCOs dissolution are associated with glacial intervals (Williams and Keany, 1978), and may 

reflect an increase in AABW activity as well as changes in surface-water mass positions. 

However, in contrast to the equatorial Pacific, Olausson (1965) showed that interglacials can 

be assigned to high-carbonate stages and glacials to low-carbonate stages in the Atlantic 

Ocean. 

The results from this study show a high percent of CaCOg within the sediment accompanied 

by a high percent of planktonic foraminifera during the Holocene period. There is a sharp 

decrease in both parameters during the transition and into the glacial interval with increasing 

percent of benthic foraminifera in stage 2. According to Berger (1973b), calcareous benthic 

foraminifera are approximately three times more resistant to dissolution than planktonic 

foraminifera. This would suggest that CaCOg dissolution was much more pronounced during 

the glacial interval in the Scotia Sea than during the Holocene. This is also supported by 

evidence from increased test fragmentation and coarser grain size (Pudsey and Howe, 1998) 

during the glacial stage. Increased fragmentation of planktonic foraminiferal tests produces 

more fine size fraction material which is more easily removed by winnowing. Therefore an 

increase in the percent of coarse grains may indicate a period of increased dissolution. An 

increased abundance of calcareous nannofossils in KC097 to the north of the PF and during 

the Holocene interval within this core would also indicate an increase in dissolution to the 

south of the PF and during the glacial stage within the Scotia Sea. 

In a study by Hays et al. (1976) of the Atlantic and Western Indian Ocean sectors of the 

Southern Ocean at 18ka, they found that CaCOg was lower than today and that the degree of 

change of CaCOs content from 18ka to today was not related to water depth at the core site. 

They suggested that the pattern observed may instead be related to changes in surface-water 

characteristics between today and 18ka. They also noted that the cores which showed the 

maximum change in CaCOg content between today and ISka were raised from under 

subantarctic waters, and this could be explained by a glacial northward shift of the PF (by 
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approximately T latitude). This can be seen in the cores from north of the PF in this study 

which show much higher CaCOg content and also show the greatest difference between the 

glacial and today. In the present day Scotia Sea there is a concentration of calcareous benthic 

and planktonic foraminifera to the north where the CCD is deeper and the water is saturated 

with respect to CaCOg. However to the south the CCD shallows and dissolution of calcareous 

foraminifera is greater in a CaCOg under-saturated water mass (Echols, 1971). Therefore in 

this study the increased CaCOs dissolution may also be explained by a similar northward 

migration of the PF and expansion of carbonate aggressive bottom water during the glacial 

interval. Hays et al. (1976) also suggested that the CCD may have been steeper over a 

latitudinal range of 35° to 55°S in the eastern South Atlantic at the LGM compared with 

today. This would imply a southward increase in the thickness of the bottom water at 18 ka 

which may have caused significantly greater erosion of calcareous foraminifera and reduced 

the area of CaCOg deposition in the Antarctic. Herguera (1994) pointed out however, that 

although increased dissolution of planktonic foraminifera below the CCD would result in 

increased abundance of benthic foraminifera, this enrichment might be compensated by the 

lower sediment accumulation rates at depths below the CCD. This may lead to a possible 

trend of conservative behaviour of benthic foraminifera accumulation at depths below the 

CCD. 

However due to the location of the cores in this study close to the PF and the control that the 

PF exerts on the underlying sediments (Goodell, 1973), it is difficult to separate the 

dissolution effects from productivity changes induced by migrations of the PF (Williams and 

Keany, 1978; Williams et ah, 1985; Howard and Prell, 1994). To the south of the PF the 

sediments are dominated by siliceous material with very few benthic or planktonic 

foraminifera. The fluctuations of the PF may affect all of the dissolution indices used in this 

study by decreasing the input of foraminifera from surface waters during the glacial stage. 

6.6 Stable Isotopes 

® Benthic foraminiferal 

In most of the World Ocean a correlation is found between S^^Cxcoi values and nutrient 

contents of the deep and bottom water masses. These parameters are controlled by the 

interaction of biological uptake at the sea surface and decomposition in the deeper water with 

the general ocean circulation (Kroopnick, 1980, 1985), and are therefore used as a proxy for 
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the reconstruction of deep ocean palaeocirculation (Duplessy et ah, 1984; Curry et al, 1988; 

Oppo et al., 1990; Raymo et al., 1990; Boyle, 1992; Samthein et al., 1994; Mackensen and 

Bickert, 1999). The deep South Atlantic is an ideal location to observe changes in the depth 

distribution of deep water properties, because it contains the mixing zone between NADW 

and a southern-component deep-water mass (Reid, 1996, Mackensen and Bickert, 1999). 

Although it may not seem to be the most direct approach, the advantage of studying the 

record of North Atlantic thermohaline instability in the Southern Ocean is that it reveals the 

clearest indication of global scale thermohaline effects (Ninnemann et al., 1999). However 

the amplitude of 5'^C fluctuations is larger than would be expected from water mass mixing 

only, and other influences on benthic foraminiferal 5'^C such as global changes in the of 

ECO2 of seawater due to changes in the oceanic carbon reservoir (Curry et al., 1988; 

Duplessy et al., 1988), and changing intensity of surface productivity (Mackensen et al., 

1993b) have been suggested. 

The S'^C record of O. tener in KC097, GC062 and KC064 (Fig.6.2) shows an increase up 

through the core of between -0.7 and -0.8 %o, but there are no data from the glacial period. 

Isotope results have only been obtained from the end of the deglaciation and into the 

interglacial stage. However based on other studies from the Southern Ocean the mean glacial-

interglacial 5'^C amplitude from this area was calculated as -0.81 %o (Curry et al., 1988) or 

0.99 %o (Mackensen et al., 1995). The largest glacial-interglacial 5^^C amplitude observed to 

date is about 1.1 %o from the 8^C record of Cibicidoides spp. in the South Atlantic sector of 

the Southern Ocean (Mackensen et al., 1994). The global mean increase in the 5'^C of the 

ocean at the end of the deglaciation is inferred as being between -0.32 %o (Duplessy et al., 

1988) and a maximum of -0.46 %o (Curry et al., 1988). The Southern Ocean amplitude is 

therefore greater than from any other ocean and represents the lowest 5'^C in the glacial 

ocean (Curry et al., 1988). However this large glacial-interglacial amplitude may have been 

influenced by a northward migration of the PF and the associated high productivity belt, with 

the possible effect of changing foraminiferal assemblage and primary productivity on the 

5'^C record (Hays et al., 1976; Defelice and Wise, 1981). 

The results from this study would seem to fall into the accepted range for the Southern Ocean 

and hence 5'^C values were probably only slightly lighter during the glacial period than the 

lowest value recorded in these core sections. The increasing 5'^C after the deglaciation and 

through the Holocene is likely to represent the reinitiation of a strong NADW production and 

flux into the Southern Ocean resulting in better ventilation of the deep water (Curry and 
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Lohmann, 1982; Labeyrie et al., 1987; Oppo et al., 1990; Schmiedl and Mackensen, 1997). 

North Atlantic Deep Water has a high because it contains a large amount of upper ocean 

water which has been enriched in as a result of isotopic fractionation by marine plants 

prior to deep-water formation (Oppo and Fairbanks, 1987). This is supported by the 

micropalaeontological evidence from this study which shows an increase in benthic 

foraminiferal NADW indicator species at this time. This "turn on" of NADW at the start of 

the interglacial is thought to have occurred abruptly with the transition from low to high 

values lasting only about 400 years (Charles and Fairbanks, 1992). If little or no NADW 

entered the Southern Ocean during the LGM, indicated by low benthic S'^C values, the 

relative contribution of a southern-source deep-water mass in the deep Atlantic Ocean would 

have been much greater than today (Oppo and Fairbanks, 1987; Curry et ah, 1988; Duplessy 

et al., 1988; Raymo et al., 1990; Samthein et ah, 1994; Curry, 1996; Raymo et al., 1997). 

This is in agreement with results from Cd data (Boyle and Keigwin, 1982, 1985), the 

distribution of benthic foraminifera (Streeter and Shackleton, 1979; Caralp, 1987) and the 

changes in the CCD (Gardner and Hays, 1976). Curry and Lohmann (1982) suggest a lower 

benthic 5'^C difference between the Pacific and Atlantic Ocean basins during the LGM, 

indicating that the North Atlantic was not the primary source of deep-water formation at this 

time. However other studies based on different proxies do not agree with the suggestion that 

Southern Ocean benthic 5'^C provides an accurate reflection of global scale changes in 

thermohaline circulation through the glacial-interglacial cycle (e.g. Boyle, 1992; Yu et al., 

1996). Yu ef oA (1996) used radiochemical tracers in the Atlantic Ocean to suggest that 

Glacial North Atlantic Intermediate Water (GNAIW) export during the LGM was at least as 

great as NADW export today. 

However it is unlikely that the whole glacial-interglacial amplitude is accounted for by a 

glacial reduction of NADW. This amplitude can be partly explained by global changes in the 

isotopic composition of the ZCO2 in the ocean, which is dependent on the amount of '^C-

depleted organic carbon stored in the terrestrial biomass (Shackleton, 1977). An increased 

5'^C value in the Holocene samples of the cores from this study may also be a function of an 

increase in global primary productivity and changes in nutrient distributions during this time. 

This productivity signal is also found to overprint the planktonic foraminiferal 5^^C records. 

In core KC097 there is a pronounced decrease in S'^C to lighter values at approximately Ska 

which corresponds to an increase in benthic foraminiferal absolute abundance. This period of 

5^^C depletion may be related to an episode of strong seasonal surface ocean productivity 
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with rapidly deposited organic matter resulting in the development of a phytodetritus layer at 

the seafloor. High amounts of isotopically light CO2 would be released into the phytodetritus 

layer during respiration and would alter the composition of the and ultimately the 

5'^C of O. tener as it calcifies within this low epifaunal habitat (Mackensen et al., 

1994). This low is supported by the faunal data which shows an increase in the 

phytodetritus exploiting species at this time (see PRIMER results, section 6.9). 

® Planktonic foraminiferal 

The most widely used indicator of surface ocean productivity is the carbon isotope ratio of 

planktonic foraminifera. Within the oceans this ratio provides clues to carbon cycle 

variability as the content of surface water ECO2 is a function of mean ocean nutrient 

levels, surface productivity and air-sea CO2 exchange (Broecker and Peng, 1982). 

The increased supply of nutrients and remineralised organic material from upwelling has the 

effect of lowering surface The glacial-Holocene difference in planktonic has been 

calculated as 1.2 %o in the South Atlantic and would appear to be much greater than in any 

other ocean (Ninnemann and Charles, 1997). In this study however, the amplitude only varies 

between 0.5-0.75 %o and LGM values were not obtained. A number of authors interpret the 

low glacial planktonic values in the Southern Ocean as a nutrient enrichment in surface 

waters (Charles and Fairbanks, 1990; Charles et al., 1996; Ninnemann and Charles, 1997). A 

reduction in nutrient-depleted NADW flux into the Southern Ocean during glacials 

(supported by benthic foraminiferal 5'^C data) and increased influence of nutrient-rich 

southern-source bottom water may explain the surface water nutrient enrichment (Charles 

and Fairbanks, 1990). Higher glacial nutrient concentrations subsequently fell as productivity 

increased at the end of the glacial period (Mortlock et al., 1991). During interglacials 

NADW, high in 5^^C and nutrient-depleted, influences CDW as it enters the Southern Ocean 

(Weyl, 1968; Jacobs et al., 1985; Broecker and Peng, 1989) and is then transmitted to the 

surface via upwelling at the Antarctic Divergence (Hodell et al., 2000). Some conflicting 

evidence has been observed from Cd/Ca and Ba/Ca ratios of benthic foraminifera which 

suggests that nutrient concentrations of CDW remained close to the modem level during the 

LGM (Lea, 1995; Boyle and Rosenthal, 1996). However as Mackensen et al. (1993b) have 

suggested, other influences such as surface productivity can lower the S^^C without 

necessarily indicating a mean Southern Ocean increase in nutrient content (see Mulitza et al., 

1999 for review of other possible explanations). 
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During times of increased productivity as is observed in the Holocene, photosynthesis occurs 

in the surface water and preferentially uses leaving the waters enriched in and 

planktonic foraminifera calcify their tests under these conditions. During glacial times the 

sea-ice extent inhibits primary productivity due to lack of light resulting in a reduced 

consumption of nutrients and hence lower values (Mix and Fairbanks, 1985; Grobe et al., 

1990). This can be seen in core KC097 which shows a low value for most of the bottom 

section of the core representing low productivity during the glacial period. Core GC062 

shows some variation in the general increasing trend of 5'^C up through the Holocene which 

may be related to global or local climate events within the Southern Ocean. Heavy 8^C 

values occur at approximately 10.Ska in response to a meltwater event identified in the 

planktonic record. Lighter S'^C values occur after about 10.Ska directly following a 

peak in 5'^0 which may correspond to an Antarctic Cooling event (see discussion on oxygen 

isotopes). It seems unclear why the planktonic isotope records for KC097 and GC062 are so 

different when they are located very close to each other in the Falkland Trough. KC097 does 

not seem to have recorded any of the detail identified in the deglacial section of GC062 

(Fig.6.3). One possible explanation for this may be due to a high occurrence of bioturbation 

in KC097 which would disturb the sediment record. 

In the Southern Ocean however, '̂ C^ ĉoz is not only influenced by nutrient concentration and 

productivity, and if there is sufficient time for isotopic equilibration to occur, air-sea 

exchange of CO2 leaves surface waters enriched in (Charles and Fairbanks, 1990). There 

is a latitudinal gradient in '^C north of the PF because subtropical waters have residence 

times long enough to allow isotopic equilibrium with the atmosphere. In subantarctic waters, 

even with lower residence times, persistently high exchange rates near the PF (Liss and 

Merlivat, 1986) allow partial equilibration with the atmosphere. South of the PF there is a 

decrease influence of air-sea exchange probably because the residence time of the water is 

too short and possibly because seasonal ice cover prevents significant gas exchange, 

particularly during glacial periods (Charles and Fairbanks, 1990). If this is the case then the 

suggestion of increased Southern Ocean productivity and a subsequent sink for CO2 during 

times of extended polar ice is not supported. Reduced glacial productivity and less efficient 

utilisation of nutrients during the last ice age would indicate that the biological pump did not 

operate as efficiently and so did not allow increased CO2 drawdown in the Southern Ocean 

(Grobe, 1986; Mackensen et al., 1989; Mortlock et al., 1991; Kumar et al., 1993; Shemesh et 

al., 1993; Singer and Shemesh, 1995). 
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The degree of similarity between the 5'^C records of planktonic and benthic foraminifera at 

high latitudes can be used as an indicator of the presence of deep-water sources through the 

glacial-interglacial cycle (Duplessy et ah, 1988). Only in regions of deep-water formation are 

surface and deep waters closely linked. Convection is so strong in these areas during times of 

surface water sinking that the water column is homogenous from the surface to the seabed 

(Lazier, 1973). The cores from this study show a general correspondence between the 

planktonic and benthic records with lower values towards the bottom of the core 

and increasing within the Holocene. Although there are no benthic data from the glacial 

period, the glacial-interglacial amplitude calculated is within the accepted value for the 

Southern Ocean and hence it can be assumed that the glacial would be only slightly 

lighter than the lowest value observed, which is recorded in the planktonic foraminifera. 

Therefore it can be suggested that convection between surface and deep water has occurred 

throughout the glacial-interglacial cycle and that formation of AABW has been a permanent 

feature through this climatic cycle as deduced by Duplessy et al. (1988) and Grobe et al. 

(1990) in the South Atlantic and at the Antarctic continental margin. Production of AABW 

during glacial and interglacial intervals therefore contrasts with NADW production, which 

suggests that there is no direct link between the circulation of these two deep water masses 

and changes in oceanographic conditions in the Southern Ocean had little effect on AABW 

formation. However the contribution of different source locations for deep-water production 

may have changed during the glacial period (Corliss et al., 1986). It can also be concluded 

that the covariance of the magnitude and timing of the shift over the last deglaciation 

indicates that the core sites were influenced by the same water mass, and any random 

deviations in the record are probably as a result of microhabitat changes or localised organic 

flux to the seafloor (Mackensen et al., 1993b; Ninnemann et al., 1997). 

• Benthic foraminiferal 

The 5*^0 variations measured in foraminiferal tests are a function of two major influences, 

the global variations in the isotopic composition of the oceans due to changes in the whole 

ocean ice volume, and the fractionation between calcium carbonate and water during the shell 

crystallisation which strongly depends on the sea water temperature (Bard et al., 1990). 

Oxygen isotopic data of deep-sea benthic foraminifera have been used mostly to infer 

bottom-water temperature fluctuations. 
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The Southern Ocean glacial-interglacial amplitude has been calculated as 1.52 %o with 

increased values during interglacials, compared to a mean ocean (Pacific, Atlantic, Indian 

and Southern Oceans) value of 1.47 %o (Curry et al., 1988). In other studies from the 

Southern Ocean the glacial-interglacial difference is estimated to be as high as 1.5 - 2.0 %o in 

the Atlantic sector (Schmiedl and Mackensen, 1997) and 1.6 - 1.7 %o in the Indian sector 

(Labracherie et al., 1989). Mackensen et al. (1989) recorded a glacial-interglacial 6^^0 range 

of 1.2 %o from the Weddell Sea during the Brunhes and late Matuyama chrons, which is well 

within the values of 1.1 - 1.6 %o proposed for the global "ice volume effect" (Duplessy et al., 

1981; Labeyrie et al., 1987). In this study the value ranges from 1.3 - 1.8 %o but again there 

is no value for the LGM only the deglaciation and up through the Holocene. However the 

values do seem to compare well with previous studies from the same area, and it is unlikely 

that the glacial 8^^0 would be much heavier than the lowest value recorded. The heavy 

glacial S'^O values reflect the lower temperature of CDW, which was a more important 

influence relative to NADW in the Southern Ocean at the LGM. Therefore an increase in 

benthic S'^0 up through the core may be explained by a warming of the deep-water at the 

core sites during deglaciation with the reinitiation of warm NADW (Labeyrie et al., 1987), 

but this may only account for a small amount of the amplitude. More importantly the results 

reflect the effect of global changes in the mean ocean ice volume on the benthic foraminiferal 

S'^O signal. 

The benthic 5'®0 and records can therefore be used as an indicator of the influence of 

NADW on Southern Ocean climate through the glacial-interglacial cycle. 

• Planktonic foraminiferal 

The present day Southern Ocean shows a 0.4 %o negative gradient in the surface water 

isotopic ratio from north to south through the PF. Subtropical water is enriched in ^̂ O by 

evaporation (+ 0.2 %o relative to standard mean ocean water, SMOW), and AASW is 

depleted by excess precipitation (- 0.2%o) (Duplessy, 1970; Labeyrie et al., 1986). This is 

observed on a more extensive scale as a 3 %o increase in the S'^O of N. pachyderma from 41 

to 60°S, which represents nearly half of the predicted pole-to-equator gradient in 5'®0caicite. 

Highest values are recorded in core tops from the PF where gas exchange rates are highest 

(Charles and Fairbanks, 1990). Planktonic foraminiferal is used primarily to define the 

rapid changes in surface ocean sea surface temperature (SST) (Labeyrie et al., 1996), but also 

6-24 



Chapter 6 Interpretation and Discussion 

reflects changes in the global ice volume. It has been estimated that a 1 %o change in 6 ^ 0 

corresponds to an apparent change in temperature of 5°C (taking into account salinity-related 

effects) (Wefer et al., 1999). 

Charles and Fairbanks (1990) observed that glacial values were increased by 1.3 %o 

relative to core top samples from the Atlantic sector of the Southern Ocean, and noted that 

this amplitude was of the same magnitude as estimates of the glacial-interglacial ice volume 

effect (Mix, 1987; Duplessy et al., 1981; Labeyrie et al., 1987). They concluded that there 

was little change in the thermal gradient of surface waters from 41 to 53°S. The glacial-

interglacial amplitude in this study ranges 6om 0.6 to 1.5 %o with the largest change 

occurring in GC062 between about 12ka at the end of the glacial period and the Holocene. 

The difference in between the LGM and the Holocene is only 0.35 %o in GC062. 

In cores KC064 and GC062 a shift to lighter values indicating a warming of the surface 

waters does not appear to start until after 12ka at the end of the glacial period, and the core to 

the north of the PF (GC062) was first to warm. In GC062 this was immediately followed by a 

isotopically light peak at about 11.3ka with an amplitude change of 1.6 %o. This light 

at the start of the interglacial period may represent a meltwater event as identified in 

other studies from the Southern Ocean (Labeyrie et al., 1986; Bard et al., 1990; Grobe et al., 

1990). A similar event has also possibly been identified in KC064 but at the later time of 

about 9.7ka. The formation and melting of glacial ice has an important influence on the 

variations of planktonic foraminiferal S^^O (Shackleton and Opdyke, 1973). During the 

destruction of large parts of the Antarctic ice shelves during post-glacial sea-level rise, there 

was a significant contribution of isotopically light water from the melting ice (Weiss et al., 

1979) and this may have influenced the composition of the surface water. In GC062 this 

meltwater event is followed by a rapid change to heavy S'^O values beginning any time after 

11.3ka and centred at about 10.5ka, indicating a period of cooling of the surface ocean. This 

may be explained by the onset of an event termed the Antarctic Cold Reversal which was 

thought to have been a localised cooling event in the Southern Ocean starting between 12 and 

11.5 ka and lasting to about 10.5ka (Labracherie et al., 1989). This event has also been 

identified in Antarctic ice core records (Dome C and Vostok) at the same time interval 

(Jouzel et al., 1995; Charles et al., 1996). This cooling event is then followed by a decrease 

to lower S'^O values associated with Holocene SST. Although the cooling event has not been 

identified in KC064 and KC097 (or the meltwater event in KC097) the same climatic 

optimum with high SST as indicated by lighter §'^0 values, is identified during the mid-
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Holocene. A similar series of events through the deglaciation at almost identical time 

intervals to core GC062 is described by Bard et al. (1990) from a core at 55°S in the Indian 

sector of the Southern Ocean. Therefore these events may not be localised to the Atlantic 

sector but may have occurred over the whole Southern Ocean (see Fig.6.4). 

The SST changes during the deglaciation calculated by Labracherie et al. (1989) for three 

cores from the Indian sector of the Southern Ocean exceeded 5-TC due to the southward 

migration of the PF. Therefore the isotopic shift at the end of the glacial period may be partly 

attributed to a simple temperature effect as the PF starts to move south across the core sites. 

However it should be considered that none of the events described above were found in all of 

the cores and the sampling resolution may be too low to be able to identify events of such 

short duration. However the low sedimentation rates in the Holocene of the Scotia Sea should 

also be considered. 

6.7. Radiocarbon dates 

Two AMS dates were obtained for core top material from cores KC097 and KC064, a 

foraminiferal carbonate and an organic carbon sample. The results from KC064 showed a 

large offset of some 8115 years which is most probably an indication that the bulk organic 

carbon date is not accurate as it is unexpectedly old. However the results from KC097 show 

very similar ages with the bulk organic carbon sample being determined as only 250 years 

older than the foraminiferal carbonate sample. 

This analysis follows on from a study by Howe and Pudsey (1999) who reported an offset of 

2430 years between core top samples for core TC063 in the North Scotia Sea. This was more 

than a thousand years greater than the offset observed between foraminiferal carbonate and 

organic carbon samples taken from a sediment trap at the same location, and the sediment 

trap organic carbon age (1480 yr) was only slightly greater than the commonly quoted 

Antarctic reservoir age of 1300 yr by Ingolfsson et al. (1998). The deployment of the 

sediment trap within the nepheloid layer may explain the age discrepancy of the samples as it 

would collect foraminifera settling from the surface, and bulk organic carbon particles 

resuspended and transported in the ACC, and therefore likely to be older. They concluded 

that there must therefore be more reworking of "old" fine-grained organic carbon than 

foraminifera tests during the 1000 years or more that surface sediment may spend within the 

bioturbated layer in this high-energy area. However the results from this study show only a 
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small increase in age between the foraminiferal carbonate and bulk organic carbon samples in 

KC097, and although this may support the evidence that there is more reworking of organic 

carbon than foraminiferal tests at the sediment surface, the age difference is probably too 

small to be conclusive. 

6.8. Sedimentation and Sediment Accumulation Rates 

In general the cores from the Falkland Trough and northern Scotia Sea show high 

sedimentation rates, probably due to a significant input of terrigenous material as suspended 

sediment from the Antarctic Peninsula (Pudsey and Howe, 1998). Rathbum et al. (1998) 

suggested that there was a decrease in sedimentation rate from values of 7-10 cm/kyrs in the 

northern Scotia Sea and Falkland Trough to 3-4 cm/kyrs near 60°S (Grunig, 1991) to as low 

as 0.4 cm/kyrs in the Weddell Sea. 

Sedimentation rates for cores KC097, GC062, KC099 and KC064 range from 6.7 - 11.5 

cm/kyrs with the highest rate being recorded in KC099 to the north of the PF. There appears 

to be little change in sedimentation rate through the glacial-interglacial cycle except for a 

small increase in the postglacial stage in KC064. Pudsey and Howe (1998) also recorded 

higher Holocene sedimentation rates compared to glacial values for KC064 and TC078, as 

well as in other cores farther south in the Scotia Sea. The higher Holocene sedimentation 

rates are probably a result of the increase in biological productivity in the Scotia Sea as 

indicated by increased foraminiferal and diatom abundance. However as Bard et al. (1989) 

reported from cores in the Indian sector of the Southern Ocean, the lower glacial 

sedimentation rates may also be due to increased dissolution. 

The accumulation rate of benthic foraminifera tests appears to provide a good quantitative 

estimate of surface palaeoproductivity (Herguera and Berger, 1991; Berger and Herguera, 

1992; Herguera, 1992; King et al., 1998). The Benthic Foraminiferal Accumulation Rate for 

KC097, GC062, KC099 and KC064 therefore reflects increased productivity during the 

Holocene, with a productivity maximum observed in all four cores at approximately 6-7.5 ka. 

This supports the evidence of increased productivity at this time as observed in the planktonic 

and benthic absolute abundance data. 
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6.9. Multivariate Analysis 

The results of the Principal Components Analysis (PCA) for KC097 reveal two significant 

faunal assemblages which can be related to different palaeoenvironmental parameters. PCI 

appears to be controlled primarily by water mass influence and a productivity signal at 

different levels in the core. The positive end-member assemblage is dominated by E. exigua 

and is important within the top 50cm of the core (~ last 9.2ka of the Holocene, assuming 

constant sedimentation rate). This species show a positive correlation to well-oxygenated and 

highly saline NADW (Mackensen et al., 1995), which would have resumed a stronger influx 

to the Southern Ocean during the interglacial period when the PF was south of the core site. 

The presence of E. exigua and G. subglobosa may also indicate that the Holocene was a 

period of greater availability of phytodetritus which provided a pulsed food supply for these 

opportunist species. In a number of studies however it has been shown that there is no 

consistent relationship between E. exigua and deep-water hydrography (Braatz and Corliss, 

1987; Gooday, 1993) and a study by Smart et al. (1994) in the northeast Atlantic suggested 

that the abundance of E. exigua over time reflected variability of the production of 

phytodetritus instead. A relatively high loading of C. crassa in this assemblage associated 

with G. subglobosa may also suggest lower productivity in general (Fariduddin and Loubere, 

1997), but perhaps instead with a pulsed supply of food to the benthos. It is uncertain what 

the significance is of Bolivina spp. in this assemblage. 

The negative end-member assemblage is dominated by F. complanata and M. barleeanum 

and is important below 50cm down to the base of the core (glacial through to about ~9.2ka). 

These in faunal species are both high productivity indicators and show a positive relationship 

to organic-rich sediments (Mackensen et al., 1985, 1993a; Berger, 1989; Asioh, 1995). 

Fursenkoina spp. has been described by Mackensen et al. (1993a) from the PF region of the 

South Atlantic as being specially adapted to a high productivity/low-oxygen environment, 

and by Bemhard and Sen Gupta (1999) as indicative of severely oxygen-depleted conditions. 

Melonis barleeanum has also been linked to depressed oxygen levels (Corliss, 1985) and to 

cooler intervals associated with Pullenia spp. (Corliss, 1983). Nees et al. (1997) also 

suggested that the presence of Melonis spp. within the sediment was an indicator of an 

increased organic matter flux possibly induced by a meltwater event. These species 

associations suggest that during the deglacial period the PF was still north of the core site and 

hence a high productivity assemblage developed in the area of highest bio-siliceous primary 

productivity, south of the PF but north of the winter sea-ice limit (similar to that described by 
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Mackensen et al, 1993a), stimulated by the input of deglacial meltwater. The presence of 

species associated with a cooler water mass and lower oxygen levels may also indicate a 

reduced influence of NAD W during the glacial stage and into the deglaciation, in favour of a 

colder southern-component bottom water. 

Therefore it would appear that although the presence of a northern or southern component 

bottom water mass exerts an overall influence on the faunal assemblage, the supply of 

organic matter to the benthos clearly overprints this record. The open-ocean phytodetrital 

assemblage (positive PCI) can be distinguished from the high productivity fauna (negative 

PCI) as the former requires only a strong seasonal flux of organic matter rather than a higher 

and possibly more sustained flux necessary to support high productivity species (Gooday, 

1993, 1994, 1996; Fariduddin and Loubere, 1997). 

The cluster analysis results also identify a group of samples between 70-60 cm within the 

core which show an increase in the high productivity species identified in the PCA. These 

samples are grouped at a high similarity value and represent a period of increased 

productivity before full interglacial conditions are reached. The samples below this level are 

from the glacial period and are represented by low foraminiferal abundance. 

The negative end-member assemblage of PC2 is dominated by N. iridea which is important 

within the sediment between 80-20 cm. This species is thought to indicate colder water and 

so may represent a period of influence of cooler bottom water, associated with the reduced 

abundance of other calcareous benthic species (Domack et ah, 1995). It has also been 

described from the Weddell Sea by Mackensen et al. (1990) as coinciding with the highest 

organic carbon levels in its live form. However in this extreme environment it may depend on 

high organic carbon fluxes to thrive at the seabed. It was not documented in the dead 

assemblage due to severe calcite dissolution in this area. Mackensen et al. (1988) have also 

described it from the Bransfield Strait and so these studies may help to substantiate a 

preference for colder water masses. 

The positive end-member assemblage is represented by BoUvina spp. which is important 

within the top 20 cm of the core and below about 80cm. This small, thin-shelled infaunal 

species has been described from many oceans as an indicator of low-oxygen levels and high-

TOC content (Phleger and Soutar, 1973; Lohmann, 1978; Bemhard, 1986) often from the 

Oxygen Minimum Zone (OMZ) (Sen Gupta, 1999). It is often grouped with other infaunal 

species such as Bulimina spp. (Sen Gupta and Machain-Castillo (1993), and Mead (1985) 
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described Bulimina spp. from the South Atlantic associated with highly productive, warm 

CDW. It is hard to define only one important environmental variable in this case, and it is 

probable that a tolerance to oxygen depletion and a preference for organic-rich sediments 

may be inter-changeable attributes of some hypoxia-tolerant species (Van der Zwann and 

Jorissen, 1991). Sen Gupta and Machain-Castillo (1993) also suggested that there is no one 

modem species whose mere presence in the sediment can be taken to reflect a low-oxygen 

bottom water or pore water. In this case PC2 may just be a reflection of the temperature of 

the deep water at the core site through the glacial-interglacial transition, with the influence of 

warmer CDW not dominating over that of AABW until well into the Holocene period. The 

presence of the Bolivina spp. assemblage below 80cm and therefore in the glacial interval is 

not fully understood and the species is represented only as very low loadings in the 

assemblage. The change in assemblage down-core may also be influenced by lower 

foraminiferal abundance in the lower part of the core which may affect the reliability of the 

PCA analysis in this section of the core. 

The faunal assemblage explained by PCS accounts for only a smaller percent of the total 

variance and hence it is likely that it does not reveal any significant palaeoenvironmental 

information. However the positive end-member assemblage is represented by N. iridea and 

E. exigua and the occurrence of E. exigua from between about 8.2-2.8 ka may indicate an 

increased supply of organic matter in the form of phytodetritus to the seafloor at this time. 

The negative end-member assemblage is dominated by Cibicides spp. which is important 

throughout the rest of the core and particularly at the core top. Cibicides sp. is found to live 

attached to the substrate (Nyholm, 1961; Loeblich and Tappan, 1964) and is also an indicator 

of well-oxygenated bottom water conditions (McCorkle et al., 1990). Therefore it has been 

suggested that this species may be an indicator of palaeocurrents (bottom-water activity) in 

some locations (Osterman and Kellogg, 1979). The shape of some epifaunal species such as 

Cibicides spp. and Oridorsalis sp. may be beneficial for attachment to the sediment during 

times of turbulence, or for travelling on or near the surface (Corliss, 1991). Lutze and Thiel 

(1987) suggested that Cibicides wuellerstorfi was adapted to a niche where there was a fairly 

steady supply of food particles obtained from bottom currents. The species Oridorsalis 

umbonatus has been described by Mackensen et al. (1995) from an area where lateral 

advection continuously "cleans" the sediment surface to maintain interstitial ventilation. 

Therefore this PC may represent the strength of the bottom water currents during the glacial-

interglacial cycle, and indicate that phytodetritus was unable to remain on the seafloor during 
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times of increased current activity. The increase in current activity at the top of the core may 

represent the present situation in the Scotia Sea when the PF is coincident with the axis of 

strongest deep-water flow of the ACC (Pudsey and Howe, 1998). 

In core GC062 PCI shows a very similar faunal assemblage to PCI in KC097. The positive 

end-member assemblage is dominated by E. exigua and Gyroidinoides spp. which is 

important from 8.5 ka to the present. Below this level the negative end-member assemblage 

dominated by F. complanata and M. barleeanum, is important. This shows the general 

change in conditions from the deglacial period dominated by a high productivity fauna with a 

high and sustained supply or organic carbon, through to the Holocene period influenced by 

increased influx of NADW into the Southern Ocean, and possible increased availability of 

phytodetritus at the seabed. 

The cluster analysis seems to show the same record as PCI with the core being split in half, 

and dominated by the colder water, high productivity species during the deglaciation, and the 

lower-productivity, phytodetritus exploiting, warmer water species being dominant during 

the Holocene. 

Principal Component 2 is dominated by O. tener and E. exigua below -10.2 ka and between 

8.5-5 ka, and by G. subglobosa between these dates and from 5ka to the present. The 

distribution of these species within the core does not seem to follow any clear pattern but as 

this principal component represents only a low percentage of the total variance it may not 

reveal any significant ecological information. 

There appears to be no clear relationship shown between PCS and any environmental 

variable and only a small percent of the total variation is explained by this assemblage. It 

would appear that the influence of PCI is completely dominant within this core. 

In KC064 the negative end-member assemblage of PCI is important throughout the top 55 cm 

(~ last 7.5 ka). This assemblage is dominated by a number of species which are indicators of 

different water masses including NADW {E. exigua and Gyroidinoides spp.), CDW {G. 

subglobosa and Uvigerina spp.) and AABW {N. umbonifera) (Lohmann, 1978; Schnitker, 

1980; Mackensen et al., 1995). In a study by Corliss (1979b) from the southeast Indian 
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Ocean, he recognised an AABW benthic foraminiferal assemblage but suggested that it might 

be split into two groups. One of the groups represented a warmer type of AABW, where the 

assemblage contained the characteristic AABW indicator species (Â  umbonifera) but also 

the presence of species such as G. subglobosa, P. bulloides and O.tener. He suggested that 

the presence of this warmer AABW was due to mixing of the cold bottom water mass with 

CDW above. The negative end-member assemblage for PCI in this study contains the same 

species as identified by Corliss (1979), including NADW indicator species, and hence may 

suggest a period of influence of a warmer type of ABBW which has resulted from mixing 

with CDW and NADW in the South Atlantic. Uvigerina spp. is associated with CDW in the 

western South Atlantic (Schnitker, 1980; Lohmarm, 1981), and with high-TOC in a number 

of oceanic settings (Mackensen et al., 1995; Fariduddin and Loubere, 1997; Sen Gupta, 

1999). However Streeter and Shackleton (1979) traced the occurrence of Uvigerina spp. 

throughout the whole of the Atlantic Ocean and found that although they crossed many 

different productivity gradients, the species followed the distribution of lowered oxygen 

levels instead. This species has also been described by Corliss (1979b, 1982, 1983) from the 

southeast Indian Ocean as indicating the presence of a glacial water mass present in the 

Southern Ocean that has not been described before. However this assemblage is important 

within the core after about 7.5 ka which would mean that it was probably not showing an 

association with a glacial water mass. The association of Uvigerina spp. with CDW and E. 

exigua with NADW would instead suggest the presence of a warmer water mass during this 

time perhaps supporting higher productivity. 

The positive end-member assemblage is represented by S. bulloides and N. iridea and may 

indicate the presence of a cooler water mass, possibly with carbonate corrosive properties 

resulting in lower species diversity before 7.5 ka. This may represent the colder AABW as it 

originates in the Weddell Sea. The consistent influence of AABW at this site as the dominant 

bottom water mass may reflect the more southerly position of this core in the Scotia Sea. 

Sphaeroidina bulloides has been described from an OMZ in the Gulf of Mexico by Sen 

Gupta and Machain-Castillo (1993). There do not seem to be many descriptions of this 

species from deep-sea environments. 

The negative end-member assemblage of PC2 is dominated by G. subglobosa, O. tener and 

with Pullenia spp. as an important associated species and is found within the core between 

about 9-6 ka during the Holocene. This assemblage may represent a period of increased 

foraminiferal diversity after the end of the glacial period due to the influence of warmer, 
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more productive waters over the core site. Pullenia spp. has been described from the eastern 

South Atlantic as a high productivty indicator associated with organic-rich sediments 

(Mackensen a/., 1993a). 

The positive end-member assemblage of PC2 is dominated by Trochammina spp. and R. 

charoides which are both agglutinated species. This assemblage is important at the end of the 

glacial and during the deglacial period when the core site is still being influenced by a more 

carbonate aggressive water mass. The presence of this assemblage at the core top and 

therefore in the more recent Scotia Sea may represent the present day location of the core site 

below the PF with possibly increased dissolution at the sediment surface. In a study by 

Pudsey et al. (1987) on the South Orkney Shelf, they identified a benthic foraminifera 

assemblage dominated by the agglutinated foraminifer Miliammina arenacea at the core tops. 

They inferred that the increase in relative abundance of agglutinated benthic foraminifera 

indicated increased dissolution at the sediment surface caused by corrosive bottom waters. 

The cluster analysis also identified the assemblage between about 9-6 ka which showed an 

increase in species diversity over this period. This was then replaced by an increase in the 

number of agglutinated species towards the core top. 

The record for PCS in this core is quite "noisy" and does not seem to show any clear 

variation with time. 

6.10. Differences to the North and South of the Polar Front 

The location of the PF in the Scotia Sea at the present day and during the glacial-interglacial 

cycle has exerted a controlling influence on the distribution and abundance of both 

planktonic and benthic foraminifera. 

All of the cores studied show a similar pattern of foraminiferal distribution through the 

glacial cycle which suggests that the deglaciation was experienced almost simultaneously 

over the Scotia Sea and Falkland Trough, and was not a localised effect. From studies in 

other sectors of the Southern Ocean it would also appear that this effect was not just basin-

wide in extent but was a circumpolar event. However the main difference between core sites 

within the Scotia Sea is the magnitude of the change in foraminiferal abundance from the 

glacial to the interglacial period in relation to the position of the PF. The cores to the north of 
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the PF show a much greater increase in abundance at the end of the glacial period with much 

higher absolute abundance values (see Table 6.1). 

Core 
No. benthic 

foraminifera / g 

No. planktonic 

foraminifera / g 

KC099 3526 160583 

KC097 5048 710085 

GC062 2943 306260 

KC064 719 19002 

TC036 1580 107875 

TC077 138 5713 

TC078 10 275 

Table 6.1. Summary of benthic and planktonic foraminiferal absolute abundance 
(double line = present position of the Polar Front). 

The lowest abundance is found in the core farthest to the south (TC078) where there is very 

little carbonate within the sediment even during peak interglacials due to a dominance of bio-

siliceous deposition and lower surface productivity. This suggests that carbonate production 

is related to the position of the PF and that foraminiferal productivity generally increases 

from south to north in the Scotia Sea. There is also a band of increased productivity located 

just south of the PF which is represented by higher benthic and planktonic foraminiferal 

abundance in core TC036 which is just south of the PF in the eastern Falkland Trough (see 

Fig. 1.1). There is no significant increase in foraminiferal abundance recorded in KC064 

however, which is also located just south of the PF but is over a degree of latitude further 

south than TC036. Core TC036 is in fact the most northerly core in this study but due to the 

N-S path of the PF through the North Scotia Ridge, it is still south of the PF. 

The benthic foraminiferal faunal assemblage seems to be very similar in cores from north and 

south of the PF with a dominance of the phytodetritus exploiting species E. weddellensis and 

E exigua in all cores but with generally higher species diversity in the cores to the north of 

the PF. Eilohedra weddellensis does seem to occur as a higher percentage of the assemblage 

on average as you move south across the PF and species diversity decreases. However there 

is a greater relative abundance of both N. umbonifera and some agglutinated species in the 

cores to the south of the PF where the CCD is slightly shallower and the influence of the 
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carbonate aggressive AABW is greater. These species are more resistant to carbonate 

dissolution than the other calcareous foraminifera identified in this study. There is no 

increase seen in these species during the glacial period as may be expected during a time of 

expansion of polar waters, due to the restriction of surface productivity by increased ice 

cover. Evidence for increased dissolution of foraminiferal tests can be seen during the glacial 

interval and especially in the cores to the south of the PF in the form of test fragmentation 

and an increase in the number of benthic foraminifera compared to planktonic foraminifera. 

The planktonic foraminiferal relative abundance data shows the appearance of a similar 

cold/temperate faunal assemblage at all core sites to the north and south of the PF but 

warmer/subtropical species are only observed at the core sites from north of the PF during the 

Holocene. Therefore it would appear that the distribution of planktonic foraminifera is 

largely controlled by the mean position of the PF in the Scotia Sea. The cores to the north of 

the PF seem to contain a more diverse planktonic assemblage, possibly supported by the 

increased influence of warmer, more productive waters. 

The carbon and oxygen stable isotope results show a similar trend through the glacial-

interglacial cycle with higher planktonic and benthic in the glacial stage becoming 

lighter in the Holocene, and lower planktonic and benthic 8^C in the glacial becoming 

heavier within the interglacial samples. The values in the cores from north of the PF are 

however lower than in the cores to the south of the PF, and this increase from low to high 

latitudes reflects the influence of temperature on the isotopic ratio in foraminiferal carbonate. 

Therefore as the cores from north of the PF are influenced by warmer water masses the 

in foraminiferal carbonate would be expected to be lower. 

Productivity indicators such as the BFAR and foraminiferal absolute abundance seem to 

show higher levels of productivity in the cores to the north of the PF during the glacial-

interglacial cycle, perhaps influenced by warmer, more productive water masses. However 

the band of high productivity just to the south of the PF may also have influenced this record 

with highest productivity values recorded in the cores between approximately 7.5-4 ka during 

the Holocene when the PF may have been moving southwards over the core sites (Fig.5.52). 

In the present day Scotia Sea there does not appear to be significantly higher productivity 

recorded in the two cores just to the south of the PF (some increase at the site of TC036) but 

they may not actually lie directly beneath this enhanced productivity zone. 
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SYNTHESIS 

7.0. Summary of Palaeoceanography 

This section will summarise the important results from this study and highlight how this has 

contributed new information to the subject and also how it can confirm previous studies. The 

use of benthic foraminifera to provide information about certain environmental parameters 

will also be discussed. 

7.1. Surface Water Palaeoceanography 

During the last glacial cycle in the Southern Ocean there was a major change in surface water 

conditions and this is largely due to the increased sea-ice cover during the glacial stage. At 

the LGM the spring sea-ice edge may have extended as far north as 55° (Pudsey and Howe, 

1998) and so the winter sea-ice edge may have lain even farther north. This had the effect of 

limiting biogenic productivity at all the core sites in this study which all record low 

foraminiferal abundance during the glacial interval. During this time the PF had moved 

northwards at least as far as 52°S which is the most northerly core site in this study, and a 

subsequent expansion of polar waters occurred which then covered the study area. The PF 

7-1 



Chapter Seven Summary of Palaeoceanography 

probably moved north in response to the influence of increased sea-ice or increased wind 

stress which may have expanded the polar gyre (Hays et al., 1976). Towards the end of stage 

2 the PF began to move polewards and the climate began to warm, with productivity starting 

to increase north of the PF first at approximately 14ka and then spreading south. The 

abundance of warmer water planktonic foraminifera began to increase at the start of the 

Holocene indicating that the influence of subantarctic water masses in the Scotia Sea had 

resumed at this time. This is also seen in the planktonic oxygen isotope record as a shift to 

lighter values to the north of the PF at about 12ka by as much as 1.5 %o which may 

indicate a temperature increase of approximately 1.5°C. This seems to be a higher 

temperature change than that experienced to the south of the PF. At about the same time in 

the Scotia Sea there is a shift to heavier planktonic values indicating an increase in 

productivity and subsequent decrease in nutrient levels in the surface water which continues 

to an optimum at about 7.Ska. 

The Holocene period is represented by the deposition of foraminiferal sands in the Scotia Sea 

and may be a time of unusual surface water conditions when compared to other interglacial 

intervals. During the last interglacial stage 5e there is no record of the deposition of such 

sediments or at least if there was they have been removed by bottom currents (Howe and 

Pudsey, 1999). Therefore the Holocene in the Scotia Sea would seem to be a period of open 

marine, warm water conditions with uniform ACC flow (Howe et al., 1997). During the last 

glacial stage surface waters would have been much cooler with the PF lying farther to the 

north and increased sea-ice cover, but surface water flow would have been unaffected as it is 

mainly wind-driven (Howe et al., 1997). The change in surface water conditions during the 

deglaciation may have been quite rapid as the change from diatom-poor (low productivity) to 

diatom-rich (high productivity) sediments in the Scotia Sea took less than 1000 years (Pudsey 

and Howe, 1998), and foraminiferal abundance increased significantly within 2000 years. 

7.2. Deep Water Palaeoceanography 

The main change in the deep water palaeoceanography of the Scotia Sea occurred at the 

glacial-interglacial transition and involved the change in influence between northern and 

southern component deep water masses. During the glacial stage southward flux of NADW 

was greatly reduced due to a decrease of bottom water formation in the North Atlantic. 

Therefore a southern-component bottom water mass was dominant in the area during this 
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time and penetrated farther north than it does at present (Oppo and Fairbanks, 1987; Curry et 

al, 1988; Duplessy et al., 1988; Charles and Fairbanks, 1992). The benthic record 

shows higher values during the glacial stage indicating a cooling of the bottom waters due to 

a lack of the warming influence of NADW. The bottom waters become warmer up through 

the glacial cycle into the Holocene as the reinitiation of NADW flux occurs. The correlation 

between the benthic and planktonic S'^C records indicates that the formation of AABW did 

not cease during the glacial period but it was probably reduced. The removal of NADW flux 

and reduced AABW formation during the LGM may have resulted in CDW being driven 

only by wind (Howe and Pudsey, 1999). 

The glacial transition is also marked in the palaeoflow record of bottom waters in the Scotia 

Sea with high energy intermittent CDW flow and increased benthic storm activity during the 

glacial stage being replaced by moderated bottom current activity during the Holocene 

(Howe and Pudsey, 1999). However during the glacial stage the PF was located farther north 

in the Scotia Sea and was not coincident with the axis of strongest deep ACC flow (Pudsey 

and Howe, 1998). Therefore the benthic foraminifera record an increase in flow at the start of 

the interglacial stage when productivity is enhanced below the PF at the site of strong deep 

ACC flow. Pudsey and Howe (1998) inferred a period of strong bottom-current flow at the 

end of the glacial stage from an interval of moderately well sorted silts in certain cores from 

the Scotia Sea, and during this time flow may have been more vigorous than before or since. 

This event probably pre-dated the meltwater event identified in the cores from this study. The 

increased flux of NADW at the start of the Holocene also promoted better ventilation of the 

deep water as indicated by increased benthic 8'^C values. 

Although there should be some changes in oxygen content of the water bottom masses during 

the glacial transition it is difficult to use any particular benthic foraminifera to infer this 

property. Benthic foraminifera seem to be much more effective proxies for very low oxygen 

content (< 1 ml 1"') but once it becomes abundant (> 1-2 ml 1"*) they become less useful, and 

even at very low oxygen levels it may not be the only limiting factor. At present there is no 

one species which is confined to low oxygen environments (Murray, 2001) and therefore it is 

difficult to confidently infer any changes in oxygen levels of the water masses through the 

glacial cycle. However due to a reduction of NADW flux during the glacial stage CDW 

would have had a lower supply of well-oxygenated water from the north. 
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7.3. Productivity and Phytodetritus Availability 

Productivity was found to be enhanced in all cores from this study during the Holocene 

interval and greatly reduced during the glacial stage. The effects of continuous sea-ice cover 

and dissolution are probably responsible for reduced productivity south of the PF during the 

glacial stage when the PF occupied a more northerly position. However superimposed on this 

general trend are some smaller scale variations in productivity which highlight some 

interesting features of the glacial transition and climate recovery in the Scotia Sea. 

The deglaciation is marked by the increase in some high productivity benthic foraminiferal 

species such as Melonis spp., Fusenkoina spp. and Pullenia spp. which is a response to a 

meltwater event at the start of the interglacial period. These species require a high and 

constant supply of organic carbon to the sea floor and are only dominant for a short period of 

time. They are replaced by an assemblage dominated by phytodetritus exploiting benthic 

foraminifera such as E. weddellensis and E. exigua which are dominant during the Holocene. 

The maximum relative abundance of these species would seem to correspond to a general 

productivity maximum between 7.4 and 4 ka during the mid-Holocene which may indicate a 

period of increased phytodetritus deposition. This would represent a period of pulsed organic 

carbon supply to the sea floor as opposed to the sustained supply during the deglaciation. 

However although these species can be used as an indicator of phytodetritus in the fossil 

record (Smart et al, 1994) it is still not possible to quantify the amount, duration or 

frequency of the input (Murray, 2001). Previously similar increases in phytodetritus have 

only been described from northern high latitudes (Gooday, 1988, 1996; Gooday and 

Lambshead, 1989). 

This mid-Holocene productivity maximum can be correlated to similar "climatic optimum" 

events in other studies from the Southern Ocean and Antarctica (Fig.6.1). The studies from 

east of New Zealand based on planktonic foraminifera (Weaver et al., 1998) and the 

Kerguelen Subantarctic Islands based on pollen counts (Young and Schofield, 1973) seem to 

correspond very well to the results from this study, particularly as they indicate a period of 

subsequent cooling which has also been proposed from this study, due to decreasing 

foraminiferal productivity in the latest Holocene. The other studies indicate that the climatic 

optimum occurred later between 4 and 1 ka but this may just be a slower response to the 

same event, which is likely to have been a localised warming rather than a global-scale 

feature. Evidence from Antarctic ice core studies indicates that this mid-Holocene warming 

may only have resulted in a temperature increase of 1°C over the Antarctic continent (Ciais et 
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al., 1992), whereas the atmospheric temperature change measured from in ice may have 

been as high as 6-10°C in polar regions during the whole of the last glacial cycle (Bard et al., 

1997). 

7.4. Glacial to Holocene Transition 

18-12 ka: Low planktonic and benthic foraminiferal productivity indicates the persistence of 

glacial ice after the LGM. Productivity begins a slow recovery at first and then becomes more 

rapid towards the end of this period, increasing first in the cores to the north of the PF as the 

PF begins a southward transition and the climate begins to warm. Many studies from the 

Southern Ocean and Antarctica report that temperatures reached Holocene levels by 

approximately 12ka (Fig. 6.4). 

12-10 ka; The start of the interglacial is marked by a meltwater event in GC062 at 11.3ka and 

in KC064 at 9.7ka as identified in the planktonic record. This meltwater event may have 

stimulated productivity at this time as indicated by increased foraminiferal abundance. In 

core GC062 to the north of the PF the meltwater event is followed closely by a cooling event 

(the ACR) which peaks at approximately 10.Ska and has also been recorded in other studies 

from the Southern Ocean (Fig. 6.4). The introduction of warmer water planktonic 

foraminifera indicates the increasing influence of subantarctic water masses in the Scotia Sea 

and the presence of certain benthic foraminifera indicate the reinitiation of NADW flux into 

the Southern Ocean. 

lOka - present day: Following the ACR there appears to be a return to higher productivity 

which continues to increase to a maximum between 7.5 and 4 ka to the north and south of the 

PF. The PF may now have passed over the core sites and lie to the south within the Scotia 

Sea. Productivity then starts to decline as indicated by decreasing foraminiferal abundance to 

the present day, perhaps indicating a period of cooling. 

A summary of the palaeoceanographic changes in the Scotia Sea through the last glacial -

interglacial transition can be seen in Figure 7.1. 
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Figure 7.1. Summaiy of palaeoceanography of the Scotia Sea through the last glacial cycle. 
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An important aspect of understanding the last deglaciation is the synchroneity of the event 

between the northern and southern hemispheres. The start of the last deglaciation in the 

Southern Ocean has been dated between 16.5 and 13 ka (Bard et al., 1990) or even as early as 

between 22-15 ka (Broecker, 1998) and was well established by 13ka (Labracherie et al., 

1989; this study), while it may not have begun for another thousand years in the North 

Atlantic (Bard et ah, 1990; Jansen and Veum, 1990). This initial warming phase continues to 

the start of the interglacial where a meltwater event is identified at a number of locations in 

the Southern Ocean (Fig. 6.4) including the Scotia Sea (slightly later to the south of the PF). 

This is then closely followed by an interruption in the warming trend and a return to cooler 

conditions in the Southern Ocean called the ACR. This event appears to occur widely 

throughout Antarctica and the Southern Ocean and although it may correspond to the 

northern hemisphere YD cooling event, the ACR seems to start slightly earlier in the Scotia 

Sea (this study). Other studies which have recorded this event from the southern hemisphere 

including those by Labracherie et al. (1989) from the Indian sector of the Southern Ocean 

and Shimmield et al. (1994) from the Weddell Sea (see Fig.6.4), also suggest that it starts 

slightly earlier, and it has been proposed that the ACR may lead the YD by about a thousand 

years. Results from ice core studies from Anatrctica (Blunier et al., 1997, 1998; Lorius et al., 

1979; Jouzel er a/., 1987b, 1992, 1995; Charles er oA, 1996; Ciais oA, 1992) also show a 

possible lead of about 1500 years. 

From studies of the 5'®0 in ice cores from Greenland and Antarctica Broecker (1998) 

concluded that although on a 100,000 year timescale Antarctic climate changed in phase with 

the northern hemisphere during the deglaciation, millennial duration modulations were in 

antiphase. Therefore during the pronounced Boiling-Allered warm interval in the North 

Atlantic, the deglacial warming in Antarctica stalled, and during the Younger Dryas cold 

event in the North Atlantic, strong warming in Antarctica occurred. The results from this 

study in the Scotia Sea would seem to show that the second stage of warming which begins 

after the ACR in the Southern Ocean starts before the end of the YD in the northern 

hemisphere. The timing of these events on a global scale is still not well constrained and the 

mechanism for causing these changes in climate is not fully understood. Switching on and off 

the global thermohaline circulation has been suggested to explain warming and cooling 

events in the North Atlantic, and model studies suggest that northern and southern 

hemisphere temperatures should have changed in opposite directions if this is the main 

control (Stocker and Wright, 1996; Mikolajewicz, 1998). However some evidence from 
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glacier readvance and oceanic palaeotemperatures indicate interhemispheric synchrony 

during the deglaciation and this casts doubt on the proposal that thermohaline circulation is 

the only cause of climate connection (Bard et al, 1997). Recently however, Broecker (1996) 

proposed that ocean circulation may have an indirect effect on the southern hemisphere and 

that the reason Antarctica may not react in phase with the rest of the globe during the last 

deglaciation may lie in the pattern of heat release from the ocean. Therefore the lead of the 

second phase of warming after the ACR in Antarctica which may have occurred in phase 

with the YD in the northern hemisphere and might have been caused by heat release to the 

atmosphere in response to an increase in deep-sea ventilation in the Southern Ocean 

(Broecker, 1998). Even if these cold events may be correlated the amplitude of the 

temperature decrease during the ACR in the Southern Ocean is as much as three times 

weaker than the YD measured in Greenland (Jouzel et al., 1995). 

However neither the meltwater event nor the ACR have been recorded in all the cores from 

this study and therefore to be able to correlate these events with northern hemisphere records 

and determine whether they are global or regional in character, more cores from the Scotia 

Sea would need to be studied. A problem with obtaining more isotope records from the 

Scotia Sea is the paucity of biogenic carbonate to the south of the PF and therefore there is a 

lack of previous studies from this area. However there is also the possibility that the cores 

from this study were not sampled for isotope analysis at a close enough interval and that short 

lived climate events such as the meltwater event and the ACR were missed in cores KC097 

and KC099. 
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Chapter Eight Sediment Trap Analysis 

SEDIMENT TRAP ANALYSIS 

Two sediment trap samples from Moorings IX and XI (Table 8.1) in the Scotia Sea were 

studied for the presence of planktonic and benthic foraminifera. These could then be 

compared to core top samples in order to evaluate the faithfulness of the core top 

assemblages. 

Mooring Deployed Position 
Water Depth 

(m) 

Height Above 

Seabed (m) 

IX 
1993 -95 

edge of A C C 

53°56'S 

48°03'W 
3956 21 

XI 
1993-95 

central Scotia Sea 

56°45'S 

42°58'W 
3657 21 

Tab le 8.1. Sediment trap details. 

The moorings generally incorporate two sediment traps, the upper trap collects only material 

sinking from the upper ocean water layers, the lower trap (21m above the sea floor) collects 

material transported in the nepheloid layer. 

The traps are square-section fibreglass funnels (height - 0.7m, x-sectional area - up to 

0.26m^) with the top of each funnel containing slabs of "aeroweb" honeycomb, 64mm high 

with hexagonal cells 13mm in diameter. 
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The samples were wet sieved at 63pm mesh size and dried in an oven over night. As the 

samples contained quite a lot of organic material they had to be brushed through a smaller 

sieve to separate the foraminifera from this material. The planktonic foraminiferal species 

found in the sediment traps are noted in Table 8.2. 

Mooring 9 

53°56'S 

Mooring 11 

56°45'S 

N. pachyderma 
G. 
G. inflata 
G. quinqueloba 
G. uvula 
G. crassaformis 
G. glutinata 
G. truncatulinoides 

N. pachyderma 
G. bulloides 
G. quinqueloba 

Table 8.2. Planktonic foraminiferal species found in sediment traps. 

The planktonic foraminiferal species identified in mooring 9 are exactly the same as those 

noted in the core top samples to the north of the PF. The assemblage shows quite high species 

diversity with the full range of distributional zones from subtropical to Antarctic represented. 

The relative abundance of each of the species does not vary between the sediment trap and 

core top sample, with a clear dominance of the polar species N. pachyderma (s). There is a 

smaller range of planktonic species identified in mooring 11 as is the case in the core tops to 

the south of the PF, and these seem to represent only the Antarctic and cold-temperate zones. 

Neogloboquadrina pachyderma (s) is completely dominant in this sediment trap sample with 

the two other species only present in very low abundance. This is slightly different to the core 

top samples to the south of the Polar Front which show higher relative abundance of the 

minor species. The location of mooring 11 farther south in the Scotia Sea may explain the 

reduced species diversity and the dominance of the polar species N. pachyderma. Therefore it 

would appear that the core top samples are representative of the conditions within the present 

day Scotia Sea and there has been little change in this area during the latest Holocene. 
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There were a number of benthic foraminifera identified in both moorings and although only 

found in very low abundance, their presence in the sediment traps suspended 20m above the 

sea floor indicates that bottom turbulence must be strong enough to suspend the foraminifera 

into the water column demonstrating the high energy nature of bottom water flow in this area. 

Present day occurrences of benthic storm activity have been recorded in the northern Scotia 

Sea, and during the LGM this activity is believed to have been stronger (Howe and Pudsey, 

1999). 

In contrast to the planktonic foraminiferal results, a study of the radiolaria in the same 

sediment trap samples (Crawshaw, 2000) showed an increase in species diversity in the 

sediment trap samples compared to the core top samples. This may indicate that benthic 

processes such as bioturbation and dissolution at the seabed are more destructive to radiolaria 

than foraminifera in the Scotia Sea. 
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Chapter Nine Conclusions 

CONCLUSIONS 

1. Planktonic and benthic foraminiferal abundance was very low in the Scotia Sea and 

Falkland Trough during the last glacial stage due to increased sea-ice cover and increased 

dissolution to the south of the PF. The PF lay farther north at the LGM at 52°S at the least 

and probably farther north. This may have been in response to the northward expansion 

of the sea-ice edge during glaciation. 

2. At the end of the glacial stage, foraminiferal abundance increased significantly over a 

short period of time in response to a southward movement of the PF across the northern 

Scotia Sea as the climate began to warm and productivity was enhanced. This warming 

occurred to the north of the PF first starting at approximately 14ka. 

3. The end of the glacial is marked by an increase in the high productivity benthic 

foraminiferal indicator species Melonis barleeanum and Fursenkona spp. which require a 

sustained high supply of organic carbon to the sea floor. 

4. The first phase of deglacial warming is characterised by evidence from the planktonic 

record for a meltwater event in the Scotia Sea at approximately 11.Ska in GC062 

and 1500 years later to the south in KC064. This event introduced a large amount of 

isotopically light water to the surface ocean as the ice shelves began to melt. A similar 

event has been reported from other areas of the Southern Ocean. 

5. The meltwater event was followed by a return to colder conditions which lasted about 

1000 years and was centred at approximately 10.Ska in GC062. This shift to colder 

temperatures has been called the Antarctic Cold Reversal (ACR) and may be connected 

to the Younger Dry as cold event in the northern hemisphere, but cooling appears to start 
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slightly earlier in the south. Evidence for the ACR has been recorded from other areas of 

Antarctica and the Southern Ocean between 12-10.5 ka, and is followed by a second 

phase of deglacial warming in the Holocene. 

6. During the mid-Holocene period between 7.5 and 4 ka there was a maximum in 

foraminiferal abundance in the Scotia Sea which corresponded to a climate and 

productivity optimum experienced at a number of locations in Antarctica and the 

Southern Ocean. This may have been a response to a localised event in Antarctica rather 

than a global phenomenon. This warm optimum was followed by a decrease in 

foraminiferal productivity and temperature to the present day. 

7. The time of the productivity maximum during the mid-Holocene in the Scotia Sea is 

represented by an increase in the relative abundance of the benthic foraminiferal species 

Eilohedra weddellensis and Epistominella exigua indicating that it may have been a 

period of increased phytodetritus availability. There is also a decrease in in KC097 

at this time perhaps in response to increased respiration within the phytodetritus layer at 

the sediment surface. 

8. Changes in biogenic productivity are accompanied by water mass changes in the Scotia 

Sea during the deglaciation. During the glacial period there was reduced flux of warm 

NADW into the Southern Ocean and the Scotia Sea was instead dominated by a southern 

source bottom water. Previous studies show that there was no cessation of AABW 

formation during the glacial stage although it was reduced. The reinitiation of NADW at 

the start of the interglacial period is marked by an increase in species such as 

Epistominella exigua and Gyroidinoides spp. 

9. The planktonic foraminifera show reduced species diversity during the glacial stage with 

the introduction of warmer water species at the start of the Holocene representing the 

increased influence of subantarctic waters in the Scotia Sea. There is increased 

dissolution of foraminifera during the glacial stage due to the expansion of carbonate-

undersaturated polar water masses. 

10. The cores from this study all seem to have responded similarly at surface and deep water 

levels to the same environmental changes and therefore it can be concluded that over the 

last glacial cycle the core sites were influenced by the same water mass and any small-

scale variations may be due to localised organic carbon flux to the sea floor. However the 

cores to the north of the PF do seem to respond earlier to climatic warming. The results 
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from this study also seem to support other studies from the Southern Ocean and therefore 

these changes appear to be circumpolar in extent. 

11. Cores to the north of the PF show a greater amplitude of change during the deglaciation 

but this may be because productivity is much greater at all times. Increasing foraminiferal 

abundance and species diversity towards the north and increasing dissolution towards the 

south indicates that the PF exerts a major controlling influence on carbonate production 

and deposition in the Scotia Sea. 

12. The connection between the northern and southern hemispheres during the deglaciation is 

still uncertain and more correlation between marine sediment records and ice core data is 

needed to be able to accurately predict the timing and synchroneity of these events 

throughout the globe. This subject would also benefit from extended study to the south of 

the PF where there is less previous work due to lack of carbonate within the sediment. 

13. The last glacial transition was a time of significant change in the surface and deep waters 

of the Scotia Sea with major changes in foraminiferal distributions observed. However 

the Holocene period also seems to be a time of fluctuation of the climate but perhaps on a 

more localised scale in the Southern Ocean. 
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lOLO inUTTlIBJE Vy()ItK: 

® There is scope for further study of the benthic foraminiferal assemblage changes 

through the last glacial cycle and into the Holocene in the Scotia Sea as there are still 

a number of cores which have not been analysed to the north and south of the Polar 

Front. However due to the lack of carbonate preserved in the sediment towards the 

south in the Scotia Sea, this study may be limited. Therefore it may be more 

beneficial to expand the existing study to provide a higher resolution record. 

• It would be useful to carry out further planktonic and benthic stable isotope analysis 

at a higher resolution in the cores from this study and also on other cores especially to 

the south of the Polar Front. This would provide a more accurate and correctable 

isotope record and increase the existing knowledge to the south of the Polar Front 

where carbonate levels are very low. 

« The planktonic foraminifera have not been studied in great detail here and it might be 

interesting to expand this study to include absolute and relative abundance of the 

planktonic species present. 

• Comparison with other microfossil group studies (radiolaria, dinoflagellates, 

coccoliths and diatoms) from the Scotia Sea would provide a more complete record of 

the palaeoceanography of the region. 

® It may be useful to compare this study to other interglacial stages such as stage 5 to 

see if the oceanographic conditions identified here are unique to the Holocene period. 

Samples are available from the Bellingshausen Sea margin. 
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11.0. FAUNAL REFERENCE LIST 

The species names used in this study are given together with the original name if it is 
different. 

Adercotryma glomerata (Brady) = Lituola glomerata Brady, 1878. 
AmmobacuUtes agglutinans (d'Orbigny) = Spirolina agglutinans d'Orbigny, 1846. 
Ammodsicus anguillae Heglund, 1947. 
Ammodiscus tenuis (Brady) = Trochammina (Ammodiscus) tenuis Brady, 1881. 
Angulogerina angulosa (Williamson) = Uvigerina angulosa Willaimson, 1858. 
Astrononion antarcticus Parr, 1950. 
Astrononion echolsi Kerm&tt, 1967. 
BOLIVINA d'Orbigny, 1839. 
Bolivina decussata Brady, 1884. 
Bolivina earlandiFarr, 1950. 
Bolivina malovensis Heron-Allen and Earland, 1932. 
Bolivina pseudoplicata Heron-Allen and Earland, 1930. 
Bolivina pseudopunctata Hoglund, 1947. 
Bolivina subspinescens Cushman, 1922. 
Bolivinella folia (Parker and Jones) = Textularia agglutinans vw:. folium Parker and Jones, 
1865. 
Bolivinellina translucens (Phleger and Parker) = Bolivina translucens Phleger and Parker, 
1951. 
Bolivinita pseudothalmanni Boltovskoy and Giussani de Kahn, 1981. 
.Bnza/ma jTygmaea (Brady) Brady, 1881. 
Brizalina semicostata (Cushman) = Bolivina semicostata Cushman, 1911. 
Brizalina spathulata (Williamson) = Textularia variabilis Williamson var. spathulata 
Williamson, 1858. 
Bulimina aculeata d'Orbigny, 1826. 
Bulimina elongata d'Orbigny, 1826. 
Bulimina marginata d'Orbigny, 1826. 
Bulimina rostrata Brady, 1884. 

CA-ayga d'orbigny, 1839. 
Cassidulina laevigata d'Orbigny, 1826. 
Cassidulina laevigata d'Orbigny var. carinata Cushman 1922. 
CIBICIDES de Montfort, 1808. 
Cibicides grossepunctatus Earland, 1934. 
Cibicides lobatulus (Walker and Jacob) = Nautilus lobatulus Walker and Jacob, 1798. 
Cibicides refulgens Montfort, 1808. 
Cibicides wuellerstorfi (Schwager) = Anomalina wuellerstorfi Schwager, 1866. 
Cribrostomoides subglobosus (Cushman) = Haplophragmoides subglobosum Cushman, 
1910. 
Dentalina advena (Cushman) = Nodosaria advena Cushman, 1923. 
Discorbinella bertheloti (d'Orbigny) = Rosalina bertheloti d'Orbigny, 1839. 
Eggerella bradyi (Cushman) = Verneuilina bradyi Cushman, 1911. 
Ehrenbergina glabra Heron-Allen and earland = Ehrenbergina hystrix var. glabra Heron-
Allen and Earland, 1922. 
Ehrenbergina pupa (d'Orbigny) = Cassidulina pupa d'Orbigny, 1839. 
Ehrenbergina trigona Goes, 1896. 
Eilohedra weddellensis (Earland) = Eponides weddellensis Earland, 1936. 
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Epistominella exigua (Brady) = Pulvinalina exigua Brady, 1844. 
EPONIDES deMontfbrt, 1808. 
Eponides tumidulus (Brady) = Truncatulina tumidula Brady, 1884. 
FISSURINAReuss, 1856. 
Fursenkoina complanata (Egger) = Virgulina shreibersiana Czjzek var. complanata |Egger, 
1893. 
Fursenkoina earlandi (Parr) = Bolivina earlandi Parr, 1950. 
Fursenkoina fusiformis (Williamson) = Buliminapupoides d'Orbigny var. fusiformis 
Williamson, 1858. 
Fursenkoina rotunda (Parr) = Virgulina rotunda Parr, 1950. 
Fursenkoina texturata (Brady) = Virgulina texturata Brady, 1884. 
Globocassidulina subglobosa (Brady) = Cassidulina subglohosa Brady, 1881. 
GLOBOTROCHAMMINOPSIS Bronnimann and Zaninetti, 1984. 
Glomospira gordialis (Jones and Parker) = Trochammina squamata var. gordialis Jones and 
Parker, 1860. 
GYROIDINOIDES Brotzen, 1942. 
HAPLOPHRAGMOIDES Cushman, 1910. 
Haplophragmoides canariensis (d'Orbigny) = Nonionina canariensis d'Orbigny, 1839. 
Haplophragmoides quadratus Earland, 1934. 
HERONALLENIA Chapman and Pair, 1931. 
Hoeglundina elegans (d'Orbigny) = Rotalina elegans d'Orbigny, 1826. 
Karrerulina conversa (Grzybowski) = Gaudryina conversa Grzybowski, 1901. 
LAGENA Walker and Jacob, 1798. 
Lagenammina difflugiformis (Brady) = Reophax difflugiformis Brady, 1879. 
Laticarinina pauperata (Parker and Jones) = Pulvinulina repanda var. pauperata Parker and 
Jones, 1865. 
LENTICULINA Lamarck, 1804. 
Loeblichopsis sabulosa (Brady) = Reophax sabulosa Brady, 1881. 
MaA-gYMw/ma (Cushman) -MaygzMwZzMa var. Cushman, 1923. 
MeZoMZi; (Williamson) Aar/eeana Williamson, 1858. 
Melonis pompilioides (Fichtel and Moll) = Nautilus pompilioides Fichtel and Moll, 1798. 
Melonis zaandamae (Van Voorthuysen) = Anomalinoides barleeanum (Williamson) 

Van Voorthuysen, 1952. 
Neolenticulina variabilis (Reuss) = Cristellaria variabilis Reuss, 1850. 
NODOSARIA Lamarck, 1812. 
Nonionella bradii (Chapman) = Nonionina scapha var. bradii Chapman, 1916. 
Nonionella iridea Heron-Allen and Earland, 1932. 
Nuttallides umbonifera (Cushman) = Pulvinulina umbonifera Cushman, 1933. 
OOLINA d'Orbigny, 1839. 
ORIDORSALIS Anderson, 1961. 
Oridorsalis tener (Brady) = Truncatulina tenera Brady, 1884. 
Patellina antarctica Parr, 1950. 
Planulina wuellerstorfi (Schwager) = Anomalina wuellerstorfi Schwager, 1866. 
PORTATROCHAMMINA Echols, 1971. 
Portatrochammina antarctica (Parr) = Trochammina antarctica Parr, 1950. 
Portatrochammina wiesneri (Parr) = Trochammina wiesneri Parr, 1950. 
Pullenia bulloides (d'Orbigny) = Nonionina bulloides d'Orbigny, 1846. 
Pullenia osloensis Feyling-Hanssen, 1954. 
Pullenia simplex Rhumbler, 1931. 
Pullenia subcarinata (d'Orbigny) = Nonionina subcarinata d'Orbigny, 1839. 
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PYRGODeAance, 1824. 
Pyrgo laevis Defrance, 1824. 
Pyrgo murrhina (Schwager) = Biloculina murrhina Schwager, 1866. 
Pyrgo serrata (Bailey) = Biloculina serrata Bailey, 1861. 
Pyrulina angusta (Egger) = Polymorphina angusta Egger, 1857. 
QUMQUELOCULINAd'Orbigny, 1826. 
Quinqueloculina seminulum (Linne) = Serpula seminlum Linne, 1758. 
Quinqueloculina venusta Karrer, 1868. 
Reophax fusiformis (Williamson) = Proteonina fusiformis Williamson, 1858. 
Repmanina charoides (Jones and Parker) = Trochammina squamata Jones and Parker var. 
charoides Jones and Parker, 1860. 
Siphotextularia catenata (Cushman) = Textularia catenata Cushman, 1911. 
Siphouvigerina asperula (Brady) = Uvigerina asperula Brady, 1884. 
Sphaeroidina bulloides d'Orbigny, 1826. 
Spirolocammina tenuis Earland, 1934. 
Spiroplectammina biformis (Parker and Jones) = Textularia agglutinans var. biformis Parker 
and Jones, 1865. 
Spirosigmoilina pusilla (Earland) = Spiroloculina pusilla Earland, 1934. 
Spirosigmoilina tenuis (Czjzek) = Quinqueloculina tenuis Czjzek, 1848. 
Tosaia hanzawai Takayanagi, 1953. 
TRILOCULINA d'Orbigny, 1826. 
Triloculina tricarinata Parker, Jones and Brady, 1865. 
TROCHAMMINA Parker and Jones, 1859. 
Trochammina discorbis Earland, 1934. 
Trochammina glabra Heron-Allen and Earland, 1932. 
Trochammina heronallenia (Mikhalevich) = Tritaxis heronallenia Mikhalevich, 1972. 
UVIGERINA d'Orbigny, 1826. 
Uvigerina auberiana d'Orbigny, 1839. 
UvzggMMa ArwMMGM.yzj' Karrer, 1877. 
Uvigerina canariensis d'Orbigny, 1839. 

Cushman, 1923. 
Veleroninoides wiesneri (Parr) = Labrospira wiesneri Parr, 1950. 
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12.0. PLATE 

1 Eilohedra weddellensis (Earland) 
Apertural view; 125|Lim. 

2 Eilohedra weddellensis (Earland) 
Spiral view; 125|_im. 

3 Epistominella exigua (Brady) 
Spiral view; 150|um. 

4 Globocassidulina subglobosa (Brady) 
125 pm. 

5 lageMO sp. 
200pm. 

6 GyrozWmofWay sp. 
Apertural view; 175 pm. 

15 Neogloboquadrina pachyderma (Earland) 
Apertural view. KC064 / 20cm. 

16 Neogloboquadrina pachyderma (Earland) 
Spiral view. KC064 / 70cm. 

17 Neogloboquadrina pachyderma (Earland) 
Apertural view. KC064 / 140cm. 

18 Neogloboquadrina pachyderma (Earland) 
Apertural view. KC097 / 1.5cm. 

19 Neogloboquadrina pachyderma (Earland) 
Side view. KC097 / 90cm. 

20 Neogloboquadrina pachyderma (Earland) 
Apertural view. KC097 / 270cm. 

7 sp. 
Spiral view; 175|nm. 

8 Me/oni; AarZeeaMM/M (Williamson) 
210|im. 

9 Nonionella iridea Heron-Allen and Earland 
110pm. 

10 (Cushman) 
Spiral view; 300pm. 

11 Oridorsalis tener (Brady) 
Spiral view; 200pm. 

12 rgmer (Brady) 
Apertural view; 200pm. 

13 sp. 
125pm. 

14 Neogloboquadrina pachyderma (Ehrenberg) 
Apertural view; 300pm. Sediment trap (mooring 3 - N . Weddell Sea) 
No calcification or overgrowth. 

15-20: All foraminifera have a diameter between 125-300 pm. 
Effects of increasing dissolution observed down core, seen as fragmentation of the test and loss of 
preservation. 
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14.0. APPENDICES 

1 Duplicate planktonic foraminiferal count for KC097. 
2 Sample list for AMS radiocarbon dating. 
3 Absolute abundance counts for KC097. 
4 Relative abundance counts of benthic foraminifera for KC097. 
5 Species diversity values H(S) and a for KC097, GC062, KC099, KC064 and TC036. 
6 Calcium carbonate dissolution indices for KC097, GC062, KC099, KC064 and 

TC036. 
7 Sedimentation Rate, SAR and BFAR for KC097, GC062, K:C099, KC064. 
8 Absolute abundance counts for GC062. 
9 Relative abundance counts of benthic foraminifera for GC062. 
10 Absolute abundance counts for KC099. 
11 Relative abundance counts of benthic foraminifera for KC099. 
12 Absolute abundance counts for KC064. 
13 Relative abundance counts of benthic foraminifera for KC064. 
14 Absolute abundance counts for TC036. 
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16 Absolute abundance counts for TC077 and TC078. 
17 Relative abundance counts of benthic foraminifera for TC077 and TC078. 
18 PCA species data tables for KC097, GC062 and KC064. 
19 Presence of certain diatom species in KC097 and KC064. 



Appendix 1 Duplicate planktonic foraminiferal count for KC097. 

No. No. 

Depth planktonics planktonics 

( c m ) counted counted 
(check) 

1.5-3 3204 2 7 8 9 

5 - 6 4 6 3 1 4787 

7 - 8 1 9 6 9 8 20665 

1 0 ^ 1 4 3 4 1 

1 2 ^ 3 1 9 1 5 2 

1 5 M 6 3 4 2 8 5 6 2 1 

1 7 ^ 8 2 7 9 3 0 2 & H 5 

2 0 - 2 1 3 5 1 3 

2 2 ^ 3 21000 
2 5 - 2 6 8 9 4 4 6 6 9 8 

2 7 - 2 8 3 0 2 8 2 2 9 3 3 4 

30-31 4 8 7 9 

3 2 - 3 3 19362 
3 5 - 3 6 6 0 6 2 3 J M 

3 7 ^ 8 3 9 4 8 0 4 2 9 1 5 

4 & 4 1 8 6 3 1 

4 2 4 3 1 8 9 4 2 

45-46 5 0 6 1 4 2 6 5 

47-48 16148 
5 & ^ 1 5110 
55-56 8 2 1 1 9 9 3 1 

6 0 - 6 1 2569 4836 

65-66 3 2 2 0 

70-71 1 8 7 6 1548 

90-91 4 4 6 5 6 3 

100-101 0 0 

110-111 0 0 

1 3 0 - 1 3 1 0 0 

150-151 9 3 56 

1 7 0 - 1 7 1 2 8 9 

190-191 2 6 6 3 4 7 

2 1 0 - 2 1 1 3 9 2 

2 3 0 - 2 3 1 1 6 3 

2 5 0 - 2 5 1 7 0 0 8 4 5 

270-271 947 

2 8 0 - 2 8 1 0 0 
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Appendix 2 AMS radiocarbon dating sample list 

Number Core - depth Purpose of analysis 

1 KCO(W - top foraminiferal carbonate - to assess the reservoir effect and age of core top 

2 KCO(% - top organic carbon - to assess the reservoir effect and age of core top 

3 KCWM- 70cm date after meltwater event 

4 KCWM- 75cm date initiation of glacial meltwater event 

5 KCWW- 80cm date before initiation of meltwater event 

6 KC097 - top foraminiferal carbonate - to assess reservoir effect and age of core top 

7 KC097 - top organic carbon - to assess the reservoir effect and age of core top 

8 KC097 - 20cm date after meltwater event 

9 KC097 - 25cm date initiation of glacial meltwater event 

10 KC097 - 30cm date before initiation of meltwater event 

11 KC099 - 15cm date after meltwater event 

12 KC099 - 20cm date initiation of glacial meltwater event 

13 KC099 - 25cm date before initiation of meltwater event 

14 GC062 - 17cm date after meltwater event 

15 GC062- 22cm date initiation of glacial meltwater event 

16 GC062- 27cm date before initiation of meltwater event 

13^! 



Appendix 3 Absolute abundance counts for KC097. 

Depth Sample >63 pm No. Wt. planktonics No. No. Wt. benthics No, 
(cm) wt. fraction wt. planktonics counted planktonics benthics counted benthics 

(g) (9) counted (9) in 1g sed. picked (9) in 1g sed. 

1.5-3 2.15 1.18144 3204 0,00625 281699 178 0.06066 1&^ 
5-6 i^a 0,90806 4631 0.00979 270153 194 0.04901 2261 
7-8 143 0.88799 19698 0.05301 230747 267 0,05301 3128 

10-11 2^0 1.26704 4341 0.01053 227104 203 0,04548 2459 
12-13 2.33 1.30775 19152 0.07072 151999 283 0,07072 2246 
1&^ 2.71 1.63244 3428 0.00934 221086 208 0.08182 1531 
17-18 2.65 1.53677 27930 0.06844 236659 383 0.06844 3245 
20-21 4.08 2.34706 3513 0̂ &M7 452100 233 0.03043 4405 
22-23 3.27 1.73863 21000 0.05703 195783 314 0.05703 2927 
25-26 376 2.10348 8944 0.00718 696880 255 0.02826 5048 
27-28 3.92 2.00536 30282 0.08407 184268 368 0.08407 2239 
30-31 272 1.33407 4879 0.00337 710085 247 0.02558 4736 
32-33 323 1.71586 19362 0.04363 235746 241 0.04363 2934 
35-36 2.33 1.40477 6062 0.01223 298840 193 0.05155 2257 
37-38 2.57 1.29445 39480 0.07999 248597 344 0.07999 2311 
40-41 2.67 1.60542 8631 0.01491 348065 229 0,0307 4485 
42-43 2.21 1.38376 18M2 0.05726 207130 235 0,05726 2570 
45-46 2.33 1.46733 5061 0.02096 152061 180 (X06169 1838 
47-48 243 1.46764 16148 0.07463 130683 204 0,07463 1651 
50-51 2.49 1.53457 5110 0.01652 190633 209 0.09078 i^m 
55-56 2.98 1.92670 8211 0.02279 232943 187 0.08094 1494 
60-61 2.35 0.58713 2569 0.01594 40266 260 0.03026 2147 
65-66 3.65 1.10858 3220 0.02913 33573 262 0.07035 1131 
70-71 3.98 0.89145 1876 0.02168 19382 239 0.08409 677 
90-91 3,77 0.35585 446 0.2023 208 73 0.20230 34 

100-101 1.94 0.37523 0 0 0 1 0.37523 1 
110-111 435 0,31395 0 0 0 0 0 0 
130̂ 131 3.85 0.26519 0 0 0 0 0 0 
150-151 3 27 0.27893 93 0.12942 61 5 0.12942 3 
170-171 3.83 0.37264 289 (119673 143 14 0.19673 7 
190-191 2.37 0.25885 266 0.16434 177 7 0.16434 5 
210-211 2 72 0.29301 392 0.20586 205 18 0.20586 9 
230-231 2.36 0.29066 163 0.19747 102 8 0,19747 5 
250-251 2.88 0.79469 700 0.24052 803 12 0.24052 14 
270-271 2.80 0.62435 947 0.08034 2628 67 0.33101 45 
280-281 4.63 1.30122 0 0 0 0 0 0 
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Appendix 4 Relamt abundance coumg ol bcnlhic kmmnilcm Ibr Kl ' 

AngWoQ**!* 
Astrononion antarcUcu^ 

Amiwiionkn #cW* 

Epon(̂lwm;dWU»_ 

KC097 B«nlhk:(%) 

SoMw d#cu»«#* 
Boiivina earlandi 

8o*Mn# mWownM 
SoftVi'na psauaopunefaia 
BoAw* *PPL BoAMaMAmutiwcmna 

«p#Oiwb* 
BuHmina aculeata 
8(*nA0 mwnal* 8(*n!nm 
8wfw#i#*im &mn#kKam» 
CwabWh* o 
#̂##4*'̂  Mf. o«nn#W 

C&indMoro»##pi«cW(u« 
CtKid## Cibicides refulgens 
CI* Ahl WmA 
CWcWwfpp. 
Cf&iu«lomoM##mwAgb6n«u3 
akuiWi##m ImfwW 
Ow#iO#B*i# 
Ow#i6#o*ia Waonm 

gaonWMjg. 
nwwggjgp. FumWrntmcomcbnlm 
Anmnkoh* AwamWM AtmWbmw 
Fursonkoina rotunda 

QbtocmMMUka aiihgohOM 
Gym&AoWwapp. 
HwxiopfMOmadM quMWia 
HmronWmnfm :p. 

L#nWa*)#«p. 
lombiWopW: mabi*** 
Mwpiii** oA#aa 
WWonm b0d«0«f)um 
AWomi#za#nd#m»# 
Nodow* *p. 
NonwnaN km* 
Nommw* #)dM 

umbaWM 
Ookwagp. 

OndorrW* jp. 
PmWNMMWcbM 
Plmni** iMWrnWrif* 
PaMfOchwnmM anhfptca PmWrochammMm ap. 
Pwi«AocA#mnm# * 
Puiienia bunoidas 
Pullenia simplex 
Puiienia subcannaia 
PmoMwrhnu 
PwQOMP. 
niftiiprf'ocu** m#mhjk#n 
Quinquelocutina venusta 
QuinquBlocullna sp.1 
Ouhqu#hcu*i«#.7 
Rheophax fusiformis &whi«<gno#Mpum#i 
Spirosigmoilina tenuis 

UviQenna aubenans 
UMo#nMkuFin#nm* 

Uvigenna peregnna 
Uviqenna sp. 
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Appendix 5 Spcoa divomly Wcs H(S) and for KC097, GC062, KC099, KC064 and TC036. 

Depdi (cm) 
1.5 
5 
7 
10 
12 
15 
17 
20 
22 
25 
27 
30 
32 
35 
37 
40 
42 
45 
47 
50 
55 
60 
65 
70 
90 
270 

GC062 

H(S) 
2.03 
1.82 
1.23 
1.67 
1.29 
1.53 
0.94 

1.41 
1.06 
1.26 
1.01 
1.38 
1.42 
1.87 
1.09 
1.41 
1.45 
1.83 
1 8 3 
1 7 3 
1.84 
1.23 
1.34 
1.48 
3.01 
2 4 5 

^̂ mM 
3.64 
3.58 
3.4 

3.33 
3.56 
3.26 
3.3 

3.43 
3.3 

3.43 
3.56 
3.43 
3.5 

3.61 
3.61 
3 47 
3.43 
3.56 
3.61 
3.56 
3.64 
3.22 
3.5 

3.47 
2 8 9 
2 7 7 

Alpha Depth (cm) H(S) H(S) max Alpha Depth (cm) H(S) H(S)max 

15 2 0.92 3.33 8.0 2 1 4 2 3.58 1 1 5 

13 12 0.92 3.43 8.0 6 1.08 3.58 1 0 0 

9 22 1.28 3 3 7 8.5 10 1 2 6 3.33 8.5 

9 32 1 2 7 3.5 1&5 15 1 0 2 3.33 7.5 

1 0 5 44 1^1 3.22 7.0 20 0 91 3.56 9 5 

8 50 1.09 3.33 8.5 25 1.00 3J^ 8.5 

7 54 1.4 3 6.0 30 0.99 3.22 6.5 

10 60 1.88 3.26 1 0 5 35 1.37 3.56 11.0 

7 40 1 1 4 3.66 1 1 5 

9,5 45 1 1 0 3.53 10.5 

9.5 KC064 50 1.06 3^? 8.0 

9.5 55 133 3.33 8.5 

11 Depth (cm) H(S) 
14 5 1 7 0 3.53 12 

1 1 5 10 1.53 3.66 14 TC036 

10 15 1.45 &37 9 
10 20 1.50 3 3 7 9 Depth (cm) H(S) H(S)max alpha 

13 25 1.46 3.09 6 1 1 1 5 3.26 8 

14 30 147 3.53 9 5 1.22 3 18 6.5 

12 33 1.21 3.09 8 10 1.25 3.53 1 0 5 

15 35 1.23 3.04 5.5 15 1.53 361 12 

7 38 1.20 3.30 8.5 21 131 3.5 10 

i a 5 40 1.25 3.33 8.5 25 1.2 3 47 10 

10 43 1.26 3U8 7 30 1 J 9 3 5 3 1 0 5 

45 1.40 3.26 7.5 35 121 3.47 10 

48 1.39 3.26 8 42 1 1 8 3 3 7 8.5 

50 1.30 3.30 8 45 1 0 6 3 14 5.5 

53 1.38 3 1 8 5 50 1M6 3.4 8.5 

55 1.23 3 3 7 9 55 1 1 7 3 4 7 9.5 

58 1.02 2 7 1 4 60 0 8 4 3.64 10.5 

60 1 1 0 271 3.5 65 1 1 6 3.5 10 

63 1 1 3 2 8 9 5 70 1.04 3 4 7 8.5 

65 1.09 3.00 5 75 1.29 3.58 11 

68 1.49 271 4.5 80 1.49 3 64 13 

70 1.43 2.48 6 85 1.6 361 1 3 5 

72 1.58 2 9 4 7 90 1.3 3.58 11 

75 1 1 8 3.26 3.5 95 1.55 3 37 9.5 

78 0.60 2 2 0 4 105 1.38 3.47 1 0 5 

80 0.80 2 7 7 4.5 110 1.46 3 2 6 8.5 

63 0.83 2 8 3 4.5 115 1 5 2 3.5 11 

85 0.95 2 8 3 3.5 125 1.33 3.3 7.5 

88 0.81 2 5 6 4 130 1.31 3.37 8.5 

90 0.88 2 7 7 
100 2 1 0 3.04 



Appendix 6 Calcium Carbonate dissolution indices for KC097, GC062, KC099, KC064 and TC036. 

KC097 GC062 K C 0 9 9 

Depth (cm) % planks ' % c a r b o n a t e Depth (cm) % planks % Carb Dep th (cm) % planks 

1.5 98 .04 7 0 j 0 98 .93 62.60 2 98 .43 

5 98 .38 7 0 3 10 99 .05 65 .30 6 98 .40 

7 98 .60 64.1 20 98.92 60.00 10 97.97 

10 98 .43 64 .5 30 98 .13 4&20 15 97 39 

12 98.50 57.4 40 95 .16 23.80 20 97.02 

15 98.50 46,1 50 93 .58 10.50 2 5 96.51 

17 98 .30 15.5 60 9 Z 9 1 5.90 30 95 .67 

20 98 .29 12.4 80 89 .43 0 .00 3 5 96 .39 

22 9 & 1 0 100 70,37 0.00 40 95.70 

25 98 .33 120 91.60 0 .00 4 5 96.82 

27 98 .60 140 96 .56 0.00 50 95 .85 

30 98 .03 160 0 .00 55 85 .47 

32 98 .70 180 0 .00 

35 99 .08 200 0 .00 

37 99.10 220 0 .00 K C 0 6 4 

40 98 .09 240 0.00 

42 98.72 Dep th (cm) % planks 

45 98 .44 5 96 .09 

47 98.66 TC036 10 94 22 

50 98 .36 15 9 5 J 3 

55 98.62 Depth (cm) % planks % Carb. 20 95 .63 

60 93 .38 1 95 .36 1 25 96.62 

65 96.12 5 9 7 1 2 11 30 96.32 

70 95.52 10 97 .23 5 3 3 90 .47 

90 8 5 3 3 15 99.32 3 3 5 96 .07 

110 21 98.12 4 3 8 93 .18 

130 25 98.49 7 40 94 .06 

150 94.90 30 98.41 10 4 3 92.68 

170 95 .38 35 98.34 7.5 4 5 94.60 

190 97 .44 42 96 .97 5 48 93.12 

210 95.61 45 9 6 4 2 10.5 5 0 9 Z 2 7 

230 95 .32 50 96 .64 0 5 3 95.84 

250 98.31 55 97.02 0 5 5 93.71 

270 98.24 60 9&S4 5 8 84 79 

65 96.34 6 0 92 .18 

70 97.10 6 3 82.74 

75 97 .38 6 5 93 .00 

80 98.80 67 90.52 

85 99 .15 70 82.80 

90 98 .23 72 83 .29 

95 99 .17 75 87.71 

105 98.84 78 43 .65 

110 98 .47 80 75.61 

115 98.20 8 3 68 .55 

125 98.70 8 5 74.57 

130 97 .27 88 72.18 

90 78 .57 

9 5 0 .00 

100 50 .78 

120 
140 75.00 

160 
180 40 .00 

J Carb 
52 
46 
42 

% Carb 
6.3 

4.6 
7.3 
7.7 
4 
1 

0 .3 
0 
0 
0 
0 
0 



Appendix 7 Dry Bulk Density (DBD), Sediment Accumulation Rate (SAR) and Benthic Foraminiferal 
Accumulation Rate (BFAR) for KC097, GC062, KC099 and KC064. 

KC097 GC062 

Depth DBD SAR BFAR Depth (cm) DBD SAR BFAR 
(cm) (g/cc) (cm /̂kyr) (BF/cm^/kyr) ^m) (g/cc) (cm^/kyr) (BF/cm^/kyr) 

1 1.299 12 86 20730 0 1458 9 77 17604 
10 1352 13.38 32901 10 1.484 9.94 29262 
20 1405 13 91 61274 20 1484 994 18762 
30 1378 1&64 64599 30 1.590 10.65 14829 
40 1458 14.43 64718 40 1670 11M9 EW03 
50 1.431 14 2 20149 50 1.590 10.65 4[517 
60 1.59 15.74 33793 60 1.431 9.59 949 
69 1.484 14.69 9945 80 1.193 799 72 

100 1272 8 5 2 17 

KC064 
KC099 

Depth DBD SAR BFAR 

(g/cc) (cm^/kyr) (BF/cm^/kyr) Depth (cm) DBD SAR BFAR 
5 1537 16.45 3389 (cm) (g/cc) (cm^/kyr) (BF/cm^/kyr) 

21 1564 16 73 7278 2 1537 17 68 30675 
41 159 17.01 8471 6 1537 17 68 41088 
61 1564 16 73 3112 10 1537 1768 55515 
81 1617 17 30 3529 15 1.537 17 68 55498 
101 1643 17 58 598 20 1537 17 68 61509 
121 1749 18.71 0 25 1.537 17 68 60024 
141 1^49 18 71 262 30 1.537 17 68 62340 
161 1696 18.15 0 35 1537 17 68 48019 
181 1^96 18.15 54 40 1.537 17.68 44483 
201 1749 1&71 0 45 1.537 17^8 27758 
221 1723 18.44 0 50 1537 fA68 48178 
241 1.776 19 00 0 55 1.537 17^8 3147 
261 1J76 19.00 0 
281 1776 19 00 0 
301 1802 19 28 0 
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Appendix 8 Absolute abundance counts for GC062. 

Section Depth Depth S a m p l e >63 |jm No. Wt. planktonics No. No. wt. benthics No. 

(cm) (cmbsf) wt. fraction wt. planl<tonics counted p lank ton ics benthics counted benthics 

(g) (g) counted (g) in 1g s e d . picked (g) in 1g s e d . 

1 2-4 2-4 3.79 1.43267 34356 0 .07763 1 6 7 2 9 4 370 0.07763 1802 

12-14 12-14 2.99 1.28387 4 0 1 6 3 0.05631 3 0 6 2 6 0 386 0 05631 2943 

17-18 17-18 3 10 0.47701 30598 0 .05952 7 9 1 0 4 

22-24 22-24 3.07 1.50799 24066 0 .06845 1 7 2 6 9 9 263 0 .06845 1887 

27-28 27-28 3 .22 0.48757 22994 0 .06253 5 5 6 8 1 

32-34 32-34 3.31 1.28723 14238 0 .07598 7 2 8 7 5 272 0.07598 1392 

2 10-12 44-46 3.61 0 .46605 4914 0 .04297 1 4 7 6 4 250 0 .04297 751 

16-17 50-51 3 12 0 .48195 3792 0 .09463 6 1 9 0 260 0 .09463 424 

20-22 54-56 3 .03 0 .32807 2121 0.15761 1 4 5 7 162 0.15761 111 

26-27 60-61 3 .05 0.34627 863 0 .11732 8 3 5 102 0 11732 99 

3 & 3 2 64-66 2 .95 0 .31479 76 0 .10909 7 4 32 0 10009 31 

50-52 84-86 2.47 0 .24334 120 0.12566 8 4 11 0 12566 9 

70-72 104-106 2 .37 0 .26308 28 0.06910 4 5 1 0 .06910 2 

90-92 124-126 2.49 0 .32746 2 0 .11902 2 0 0 11902 0 

110-112 144-146 3 .14 0 .22614 0 0 .13649 0 0 0 .13649 0 

130-132 164-166 2.55 0 .20953 0 0 .10442 0 0 0 .10442 0 

3 40-42 224-226 3 .77 0.25741 0 0 .11565 0 0 0 .11565 0 
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Appendix 9 Relative abundance counts of benthic foraminitera for GC062. 

E E E E E E E E § 
§ CD 

o o o u O E to CD s 8 o CM CO "? (O s 8 4 

GC062 Benthics (%) CM PI 8 s s § 3 3 o 

Angulogerina angulosa 0.54 0.78 0.38 0.74 1 . 2 0 1 . 5 4 

Astrononion antarcticus 0 . 2 7 0 . 2 6 0.40 

Astrononion echoisi 0.76 

Bolivina decussata 0.27 0 .37 

BolMna malovensis 1 . 3 5 1.81 1 J 4 0.74 0.80 0 . 3 8 
9.09 

BoHvina pseudopunctata 0.27 0.38 0 .37 0.40 0 . 7 7 9.09 

Bolivina subspinescens 0.26 0 . 3 8 
3 ,03 1 2 . 5 0 Bolivinellina translucens 0.54 1.04 1.52 1.10 1.60 1 . 1 5 3 .09 3 ,03 1 2 . 5 0 

Bolivinita pseudothalmanni 1.35 1.55 0 .38 2.94 0 . 3 8 

0 . 6 2 

0,76 

Brizalina spathuiata 0 . 6 2 

BuHmina rostrata 0 . 2 7 0 . 3 7 
3,79 Cassidulina crassa 11.35 12.44 6.84 8.82 2.40 3 . 0 8 1 . 2 3 3,79 

Cassidulina laevigata 0.27 0 .38 0 .37 

Cassidulina laevigata var. carinata 0.54 0.26 
1,52 Cibicides lobatulus 0.78 1 . 4 7 0.80 1 , 1 5 1,52 

9.09 
Cibicides wueilerstorfi 

0,76 

9.09 

Cibicides spp. 1.08 0.26 0.76 0,76 

Discorbinella bertheloti 0.26 

Eggerella bradyi 1 . 3 5 0 . 5 2 3.04 2,57 0 . 7 7 0 . 7 6 

Ehrenbergina pupa 0.37 
0 . 7 6 Ehrenbergina trigona 0.38 0,74 0 . 7 6 

2 1 . 8 8 1 8 . 1 8 100,00 
Eilohedra weddellensis 4 0 . 8 1 34.72 36.50 3 7 1 3 65.60 5 8 ^ 6 56.79 4 8 . 4 8 2 1 . 8 8 1 8 . 1 8 100,00 

Epistomineiia exigua 12.70 15.54 9 .13 7 . 7 2 5 . 0 0 0.62 2.27 

Eponides sp. 0.54 1.04 0 . 3 8 2.21 2.00 1 .92 1.52 

Eponides tumidulus 0 . 7 7 0 . 7 6 
1 8 . 1 8 Fissurina spp. 1.62 2 .07 4.56 3.31 4 . 8 0 2 . 3 1 3.09 2 . 2 7 

43.75 

1 8 . 1 8 

Fursenkoina compianata 0,38 0.40 5.56 3.79 43 .75 

Fursenkoina eariandi 0.80 

Fursenkoina fusiformis 0.27 0 . 4 0 0 ^ 8 2.47 
2.27 Globocassidulina subglobosa 8.92 9 .07 7 .98 5 . 1 5 2.80 3 . 8 5 1.23 2.27 

9 . 0 9 

9.09 
Gyroidinoides spp. 9.19 9.84 10.27 11.40 2.40 3 . 0 8 1 .23 2 .27 9 . 0 9 

9.09 
Lagena spp. 0 . 8 1 1.55 2.66 2 .57 1.60 1 . 5 4 1.85 3 .03 

9 . 0 9 

9.09 

Laticarinata pauperata 0.27 
0.40 Lenticuiina sp. 0.40 

Loeblichopsis sabulosa 0.37 

Marginuiina obesa 0.26 
3 .13 9 . 0 9 Melonis barieeanum 0 . 7 4 0.80 1 5 4 3.09 3 . 0 3 3.13 9 . 0 9 

Nonionella bradii 0.52 0 . 3 7 0.40 0 . 7 6 : i i 3 

Nonioneila iridea 1.35 2 .33 1.90 1.47 6.00 5 . 0 0 9 .88 9.09 12.50 

Nuttalides umbonifera 0.38 0.74 

Oolina spp. 0.74 0 . 3 8 0.76 
3 .13 Oridorsalis tener 1.82 0.52 3.04 2 . 2 1 0.80 1 .92 4 3 2 3 . 0 3 3.13 

Patellina antarctica 0.40 

Planulina wueilerstorfi 0 . 2 6 0.38 0 .37 
0.76 9 . 0 9 Puilenia bulloides 0.26 1.90 0.62 0.76 9 . 0 9 

Pullenia simplex 1.35 0.26 1.90 0 7 4 2.00 1 . 5 4 1.85 2 .27 9.09 

Pullenla subcarinata 0 . 2 7 0.26 0.74 0 . 3 8 0.62 0.76 

Pyrgo murrhina 0.26 1.14 0 . 3 8 

Pyrgo spp. 0.76 
0.62 0.76 Pyruiina angusta 

0.40 

0.62 0.76 

Quinquelocullna seminulum 0.40 
0 . 3 8 

0.62 

Quinqueloculina spp. 0.54 0 . 2 6 0 . 3 8 

Quinqueloculina sp. 1 0.37 

Spirosigmoiiina tenuis 0.27 0.26 0.38 

Trochammina glabra 0.38 

Uvigerina canariensis 0.37 0 . 3 8 

Unidentified 
0.76 Cell 18 0 . 5 2 0.37 0.40 0 . 7 7 0.62 0.76 
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Appendix 10 Absolute abundance counts for KC099. 

Depth Sample >63 pm No. Wt. Planktonics No. No. Wt. Benthics No. 
(cm) wt. fraction wt. planktonics counted planktonics benthics picked benthics 

(g) (9) counted (9) in 1g sed. picked (g) in 1g sed. 

2-3 3.98 1.29254 10759 0.02824 123728 248 0.04642 1735 
6-7 5.63 1.84992 9002 0.02526 117098 350 0.04948 2324 

10-11 6U2 2.12309 12887 0.02784 160583 252 0.02784 ^WO 
15-16 6.55 2.27589 13769 0.03752 127512 339 0,03752 3139 
20-21 6.71 1.90047 14266 0.03256 124096 400 0.03256 3479 
25-26 4.98 1.29665 9996 0.02669 97515 348 0.02669 3395 
30-31 6^5 1.85874 7777 0.02834 81611 336 0.02834 3526 
35^36 9.39 3.20308 7070 0.03203 75295 255 0.03203 2 r ^ 
40-41 9.30 2.82124 8078 0.04087 59959 339 0.04087 2^m 
45-46 13.11 3.53885 6643 0.03539 50(%9 264 0.04538 1570 
50-51 1&06 2.48499 7672 0.02864 6&I70 316 0.02864 2725 
55^56 8.95 0.59014 588 0.03987 972 242 0.08944 178 
59-60 
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Appendix 11 Relative a b u n d a n c e counts of bentliic foraminifera for KC099 . 

e § i i 
E 

1 i i 1 
E 

E 
fN, i CO % w i 

s 
o i6 R 5 B § 8 

K C 0 9 9 Benthics ( % ) 

Angu/ogenna a/fgu/o&a 3.63 3.14 0.40 0.88 1,00 1.44 1.19 2.35 1,77 1.52 0.63 0,41 

anfarcfKua 0.40 0.29 0.25 
0.29 

0.59 

Aa&Dnon/bn ecAo/a/ 0.29 
0.29 8o/A//na cfecusaafa 0.29 

2.65 1.90 8o//y/na ma/bvensAS 1.21 2 2 9 0,79 2 3 6 3.26 1.72 0.89 1.57 1.77 2.65 1.90 

8o//yma pseudqp/^fa 
0.25 

0.38 

8o//y/na 0.25 
0.30 0.78 2 3 6 0.38 0.41 

8o//y/na app. 0.50 0.57 0.30 0.78 2 3 6 0.38 
0.32 

0.41 

BoZ/vma su63p//)@scena 0.81 0.78 
1.18 
0.29 

0.38 0.32 

8o//ym/fa paeudofhe/mann/ 
8/%za//na apafAu/afa 

3.23 2.57 2 3 8 1.47 0.50 
0.50 

2 5 9 
1.19 

0.78 
1.96 

1.18 
0.29 

0.76 
0.38 

0.63 
0.95 0,41 

8(///m/na acu/aafa 0,40 0.29 

8u/Wna mafrafa 0.40 0,29 0.25 
2.27 1.27 2 9 0 

8o//v/ne//ma &a/w/ucens 0.81 1.14 0.40 0.88 0.25 1.15 1.79 0.78 1.77 2.27 1.27 2 9 0 

Ca33^i///na /aev^afa 0.29 0.25 0.29 0.30 
0.78 1.14 0.32 Caaakfu/ma /aev/gafa yar. cannafa 1.21 0.59 0.25 0.57 0.60 0.78 1.14 0.32 

5.81 
CaasKfu/ma craaaa 17.34 14.00 17.46 1239 13.53 6.03 10-42 7.45 9.14 10.61 11.08 5.81 

C/b/Cfdw AoAafu/ua 0.40 0.29 0.79 0.75 0.39 1.18 0.38 0.63 
0.41 C/bfckfes wue//er5<off 0.57 0.29 0.25 

1.58 
0.41 

CAkr/dw app. 1.21 1.59 2 0 6 0.25 0,57 0.60 1.57 1.18 2,27 1.58 0.83 

GYbfoafomoxyM 3u6g/o6o3u3 0.40 
1.18 0.76 0.32 Ofscorbme/fa berfhefofi 0.40 0,57 0,40 0.50 0.57 0.30 1.18 0.29 0.76 0.32 

0.41 
Eggem/Za bmdy/ 1.21 0.29 1.19 0.25 0.86 0.89 0.39 1.18 1,14 0.32 0.41 

EArenbefp/na 0.40 
0.29 Ehranbefg/na pupa 0.29 

0.29 EAmn6e/g/na Ai^ona 0,40 0.29 
25.38 36.39 3 2 3 7 E//bAed/a wadda/Zana/a 2298 22.57 32.54 35.10 32.08 38.22 32.44 27.84 24.48 25.38 36.39 3 2 3 7 

Ep/afom/neffa ax^ua 1 2 9 0 20.00 14.29 15.34 19.30 18.68 23.51 17.25 10.62 10.23 13.92 1.66 

EpooKfas ap. 0.40 0.29 0.29 0.30 0.39 
0.29 

1.52 0.32 

F/saurma app. 1.61 1,71 2 3 8 0.88 0.50 0.57 0.89 1.57 0.29 2 2 7 0.32 

Fursenko/na compfanfa 0.29 0.29 0.88 1.14 0.63 2.07 

Fur$anAo/na eaf^nd/ 0.59 0.50 1.15 0.30 0.78 2 0 6 3.41 1.58 2.49 

FwsenAoma /ua/Aarm/a 0.40 0.57 0.40 0.29 0.50 0.29 0.30 0.78 0.38 0.32 1.66 

Furaanko/ma ap. 0.25 

FuraenWna fexfurafa 0.40 
4.13 4.92 7.59 G^6ocaaa/du//na aubg/bboaa 6.85 6.57 10.32 9.14 8.27 4.60 5.95 5.88 4.13 4.92 7.59 1.66 

G/omoapM gord/aZ/a 0.40 
6.27 4.13 6.96 3.73 Gyno/d/noA/aa app. 10.08 5.71 3.57 5.90 5.26 5,75 2.98 6.27 4.13 6.82 6.96 3.73 

/Yarona/fan/a ap. 0.29 0.39 
0.32 Hoeg/und/a a/agana 0.40 

1.18 2 3 6 
0.32 

3.32 Lagana app. 1.21 2,57 1.98 1 1 8 0.75 2,01 1.19 1.18 2 3 6 1.89 3.32 

La(ycann/na pauperafa 0.57 0.40 0.25 
0.78 0.29 Langcu//na ap. 0.40 0.78 0.29 

MafgrnuZ/na o6eaa 0.40 0.25 
0.59 1.14 0.41 Ma/bn/a tarfaea/^um 0.40 0.29 0,57 0.39 0.59 1.14 0.41 

W a ^ / a zaandanaa 0.81 
0.39 A/^o/en(wu/ma yanaA/Z/a 0.39 

A/dnfone/Za Avad// 0.40 1.43 0.59 0.75 0.86 2.08 0.39 0.29 0.38 
22.82 Nonfone/Za ^ a a 3.63 6.29 3.17 5,01 6.52 7.47 10,42 10.59 18.88 10.98 8,86 22.82 

A/bn/bna/^ ap. 0.40 
A/uAa/^aa umbonAfa 0.29 

Oo//na app 0.20 
0.76 
0.38 

0,32 

Omkyaa/Za yuv. 0.59 0.76 
0.38 0.83 OndorsaAa ap. 0,57 0.29 

0.76 
0.38 0.83 

Omdoraa/Za fanar 0.29 0.29 0.25 0.30 
0,39 

0.29 7.47 

p8/a///na anfanrf/^ 0.79 0,39 
0.32 Aanu//na wueffars&xf 0.29 0.79 

0.59 0.38 
0.32 

Pu//an/a 6(///o/daa 0.81 0.57 0.50 0.57 0.59 0.38 

Pu//anm oa/bana/a 0.29 
1.47 PuWanie s / m p ^ 0,81 1.71 1.18 0.75 1.96 1.47 1.89 1.66 

Pu/fan/a aubca/fnafa 1,19 0.29 0.39 0.29 

Pu//an/a ap. 0.30 

Pyrgo faevw 0.39 
0.29 F ^ o mwrhma 0.29 0.40 0.29 0.29 

0.63 P/rgo aemafa 
0.39 
0.39 

0.63 

Pyrgo app. 
Ou/fxyua/ocu/ma aam/nu/um 0.81 

0.29 
0.29 1,47 0,25 0.29 0.60 

0.39 
0.39 

0.29 
0,29 0.38 0.32 0.83 

0(//mqua/dcu//na ap. 0.29 0.40 0.29 
0.58 Ou/ngua^ocuZ/na vanuafa 

0.39 
0.58 

S^/70W^anna aaparu/a 0.39 
0.83 

Tbaam Aanzawa/ 
0.36 

0.83 

L/v^anna aubemana 0.25 
0,57 0.59 

0.36 

t/y/ganna paragnna 
l/y/ganna ap. 

0.81 0.29 
0.57 

0,57 0.59 
0.38 0.32 0,41 

Unidentified 
0.41 

Cajl 5 0.40 0.41 

Cells 
0.95 

C a i n s 
0.95 

Cell 17 0.40 

CelHB 0.29 
0.41 

Cell19 
0.41 

Cell 21 0.29 

Cell 23 
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Appendix 12 Absolute abundance counts for KC064. 

Depth Sample 

wt. 

(9) 

>63 |jm 

fraction wt. 

(9) 

No. 
planktonlcs 

counted 

Wt, planktonics 

counted 

(9) 

No. 
planktonics 
in 1g sed. 

No, 
benthics 
picked 

Wt benthics 

counted 

(9) 

No. 
benthics 

in 1g sed. 

TY^10 6 j ^ 1.42409 861 0.02151 8297 212 0.21359 206 

10̂ M 5.30 1J1759 945 0.02351 8476 236 0,19977 249 

15-16 5.39 1.06356 938 0.02217 8348 227 0.15352 292 

20-21 4.73 0.98638 1554 0IW455 13200 231 0.11073 435 

2&26 3jU 0.69610 1400 0.01346 19002 213 0.09388 415 

30-31 5.10 1.06106 1834 0.02292 16648 240 0.10746 465 

33-34 4.39 0.91283 2289 0.0B397 5668 220 0.08397 545 

3&36 5.40 0.90749 2373 0.03068 12998 236 0.08408 472 

38-39 eu3 1.11749 3551 0.07812 8287 257 0.07812 600 

4&41 3^9 0.68805 1694 0.03006 gW68 242 0.08602 498 

4&44 3^5 0^W346 3101 0,07062 7388 226 0.07062 538 

4546 4^^ 0.69906 1946 0.02688 12465 228 0.08086 486 

4&49 3.61 0.54434 2898 0.05226 8362 202 0.05226 583 

50-51 3^^ 0.44111 1253 0,01893 9449 220 0.07034 446 

53-54 3jW 0.67008 5320 0.06183 17795 215 0.06183 719 

55-56 3.55 0.41921 1162 0.02810 4883 231 0.10501 260 

58-59 3.15 0.33857 602 0,06147 1053 191 0,12057 170 

60-61 3.56 0.32731 707 0.02284 2846 216 0,10666 186 

63-64 2.50 0.23330 532 0,07311 679 203 0.13053 145 

6&66 3.65 0.41738 1540 0,03161 5571 244 0.06747 414 

67-68 4.37 1J8405 611 0.07935 2086 109 0.16190 182 

70-71 3.60 0.37810 77 0.02567 315 96 0.37810 27 

72-73 2jW 0.91316 329 0,07551 1411 133 0.14332 300 

7&76 3.94 0.39664 735 0,02999 2467 243 0.08167 300 

78-79 3.07 0.28849 134 0.07926 159 218 0.10265 200 

&>81 4.34 042515 217 0.02850 746 235 0.11293 204 

83-84 2jW 0.32249 547 0.07126 857 242 0.07126 379 

85-86 3^2 0.36154 651 0.03515 1850 244 0.04118 592 

88-89 2.40 0.34630 532 0.0843 911 202 0.08430 346 

90-91 3.01 0.27463 308 0.03434 818 246 0.12160 185 

95-96 2.93 0.33037 0 0J5476 0 57 0.15476 42 

100-101 &41 0.42359 98 0jW599 35 95 0.34599 34 

120-121 4.01 0.57270 0 0 0 0 0 0 

140-141 446 0.59714 51 0.20593 33 17 0.20593 12 

160-161 4.94 0.47758 0 0 0 0 0 0 

180-181 5IW 0.48626 4 &18026 2 6 0.18026 3 

200-201 5.84 0.58664 0 0 0 0 0 0 

220-221 449 0.38279 0 0 0 0 0 0 

240-241 5.72 0.51261 0 0 0 0 0 0 

260-261 4M5 0.37884 0 0 0 0 0 0 

280-281 441 0.43475 0 0 0 0 0 0 

299-300 4^3 0.45639 0 0 0 0 0 0 
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Appendix 13 Rcbû -c mbundmncc D ow orbcmlnc IbnmiiultTm Ibr K("064 

Adercotryma glomeratum 

AmmoAmciA**. 
înuuAcum 
ŵuut&rim !0nw*_ 

KCOWBeathi«(%) 

"ggWham* 

Angulogerina angulosa 

BoW* d#i lUMfm OoMn* mmfowma* 

8aW*#pp. 
Ou#k*i#A WW OL*i#i«#im &#n#bc#w BolVWb p»#udugi#*ii«'M 
Bhzalina semicostala 
Brizalina spalhula la 
Bulimina elongaia 
Buiimina marginala 
aWmiMfiMlrma 
Ca:iW#:̂ ciw* 
C«aWu*n0&**g#g 
CtMdMWwA** 
CWeWW(fo«*#PWK<«fw 
,CAKid»»mU6#M 
CAAidM mimknWMf 

OtfoWomoMw autobbomu: 
D(iLuiWi#M li#lhWo& 
CoaMhtm*' 
Ehf#n6#fgh# Ingon* 
E#oh#dr**#dde#mn#î  
ggdUmgp. 
CWiloiM*Wam%gw# 
Eponides sp. 

FursBnkoina fusiformis 
FwMidmtm k]AMLi 
Globocassidulina subqiobosa 
Glomospira (joraious 
Globolrochamminopsis sp. 
Gyroidinoides spp. 
HaplophragmoidBS 
Haplophragmoides sp. 

Lagenammina difflugiformis 

LenU'culina sp.juv. 
Loeblichopsis aabulosa 

Melonis pompiiiaides 
MWofA 
Widoamm ap. 

AA&WdMumAonAfm 

Ouinquelocuiina sp.2 

SpWWmmmiMb 

TfochmfmmM AeoA* 

Tkichammhm fmoiiWmm 
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Appendix 14 Absolute abundance counts for TC036. 

Depth Sample >63 |jm No. Wt. planktonics No. No. Wt. benthics No. 
(cm) wt. fraction wt. planktonics counted planktonics benthics counted benthics 

(9) (g) counted (g) in 1g sed. picked (g) in 1g sed. 

1-2 1.68 0.22625 5628 0.03307 22919 255 0.03307 1038 
5-6 1.93 0.32920 9114 0.04129 37650 254 0.04129 1049 

10-11 :2 11 0.31961 10353 0.02980 52624 272 0.02980 1383 
15-16 1.91 0.45820 20748 0.04614 107875 251 0.08068 746 
21-22 3.00 0.59463 15708 0.03888 80079 280 0.03888 1427 
25^26 278 0.54799 19026 0.04281 87605 280 0.04281 1289 
30-31 0.56274 20118 0.04779 103901 306 0.04779 1580 
35^36 1.91 0.29681 11214 0.03429 50820 287 0.05851 762 
42-43 2J0 0.40150 9576 0.03985 45943 265 0.03985 12^ 
45-46 3.15 0.46020 9492 0.03698 37IM0 321 0.03698 1268 
50-51 1.96 0.39620 9072 0.04358 42080 288 0.04358 1336 
55-56 2.23 0.33220 9828 0.0519 28209 289 0.05190 830 
60-61 1.46 0.24920 13314 0.0502 4&#9 448 0.0502 1523 
65-66 2 93 0.47497 8274 0.05281 25398 299 0.05281 918 
70-71 2 17 0.35983 12306 0IW57 44652 359 0.04570 1303 
75-76 229 0.39816 10878 0.04793 3&mi 280 0.04793 im6 

1.70 0.41534 21336 a071 7&M9 251 0.07100 864 
85-86 2.60 0.65656 19068 0.06812 70686 229 0.11557 500 

lao 0.30053 16128 0.07247 37157 286 0.07247 659 
9&96 248 0.56967 25830 0.08548 6M12 212 0.08548 570 

1C6-106 2.50 0.42643 14616 0.05607 44464 247 0.09414 448 
110-111 1.96 0.34520 12138 0.06112 34977 200 0.08678 406 
115-116 228 0.39067 8568 0.06338 23163 217 0.09124 408 
125-126 2.56 0.35900 13230 0.06213 29862 245 0.07899 435 
130-131 3.81 0.63382 9576 0.07408 21504 264 0.07408 593 

n-14 



Appendix 15 RaiaUve abundance comds of banthic foraminifera for TC0)6. 

T C 0 3 8 B * n t h l c # ( % ) 
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AwWoowwM mnoWw* 0.7' 0.4 0 7 0 3 ( 0 ^ 0 3 0 3 0.4 ' 0 3 o a e 0.71 1 2 ( 0 8 " I J * 0 . ^ 0 4 ( 1 2 2 ' 0 3 8 
AmqWoo#mn# e n o W w * AfK 0 7 f 0.8( 0.60 
Astrononion anfarcticus 0.41 0 3 f 0 3 : 0 3 6 04C 0.44 0.46 

0.4b 

BoAww d#ew«##f# o a f 0.3" 04C n 3 f 03? 0 3 f 0 3 ! 0 3 6 o a : 0 4 4 0 4 7 0 5 0 
OTP 0.3E 0.7. 0.4C n 3 f nsF Of 0.3= 0.8S 0,33 0 3 6 

AoAwm wewddpwneM* OAA 0 3 8 03= 1.04 0 ^ 0.28 0.71 31 0 3 6 0 5 2 ' 0.76 
BoUvina subspinescens 
8oA<fn#0(n# n a e 1.67 1.47 1.69 TP O M nf i f i 0 70 0 3 5 1.34 0 2 8 0 3 8 0 8 7 0 3 5 121 0 4 6 2.04 0 7 6 
B o J M n h p«*ud8A#An#mw 1 i n 75 0 3 8 n OR 0 3 6 0 75 1 76 0 3 6 n,45 1.00 1.11 0.71 0 8 7 1.40 1.42 1.63 j_2.27 
Brizalina spathulata 0 3 7 0.40 0 3 8 0.45 
Butimina aculeata 0 3 7 0 2 2 
Bulimina elonqata 0.39 
Bulimina rostrata 0.80 0 71 0 38 0 3 6 0 3 3 0.38 0 87 
Cassidulina crassa 6 ^ 9 4 j 3 3 3 1 3.19 63m 8.07 8.21 9.78 9.43 9 3 5 ^ 1 4 1 3.48 4.02 4.68 4 4 8 8.07 1 75 2.45 6.19 5 2 6 6.12 6.44 
Cassidulina laevigata 0 3 8 0 3 6 0 3 3 0.89 0.22 0 3 6 0.40 
Cassidulina laevigata var. carinata 0 3 9 0.36 0 3 5 0 3 6 
Cibicides lobatulus 1.10 1.43 0 3 3 0 3 6 0.76 0 3 5 1 17 0 3 3 0.84 1.07 0.40 1 4 0 2 3 6 1.62 
CWwgAfw wueOwmfw* 0 4 1 
C f W e W w a w i 0 3 8 0 3 6 1.59 0 4 1 
Dem(#0m# ap. 0 3 7 
fW*cofWm«a# 6##*eAo(; o a : 0 3 7 0 3 8 03m 0.46 0 4 0 0 3 6 0 4 1 
Eggerella bradyi 0 3 8 0 3 9 2 7 9 1 43 0 71 nmm 1 05 0 75 1 5m 1 3 8 0.89 134 0.84 1.79 2 3 9 0.70 3.77 1 2 2 1.62 
E/w#n6#fpw# gAebm 0 3 7 0 3 8 0 2 2 
Ehf#m6#wma Wpom* 0 3 7 1.2C 1 07 03m 0 . * 0 3 6 0 3 8 0.82 0 4 5 0 2 8 0.36 o a ] 0.7Q 0.46 U52 
E0oA#df# W#dd#8#/WM 6 0 ^ 0 42.13 41.18 2231 31 07 39 79 3 0 3 9 4 2 W I 38.13 37.88 3 3 2 1 2 8 ^ 31.13 34.00 3226 2571 
6pfdomA*#a# ***gua 8 ^ 6.91 3.68 6.18 8 ? 1 6 71 7 6? 11 j 1 7.64 6.23 6 ^ 8 . M 8.84 7.14 3.19 6.99 9.91 10.60 6.45 ^152 6.44 
EpomAdwfp. 1.67 2 3 8 0.74 2.79 0.71 2 1 4 0 3 3 1 74 2 2 3 0 8 7 2.61 2.14 2 3 9 1.76 051 ^1 .00 0 5 2 

1.18 2 3 8 2 6 7 2.39 3 9 3 1.43 7 7 9 1.61 1 76 1.74 0 4 5 1 3 4 2,79 1.79 2 3 9 3^16 3.85 051 138 0 5 2 1.14 
Fursenkoina complanata 1.18 1.97 3 3 1 2.79 1.43 0.98 0.36 0 76 0.89 1.38 1.79 2 3 4 1 2 0 0 8 7 2.45 0.94 0 4 0 2 3 0 U41 1 5 9 
Furseniioina earlandi 0.36 
Fursenkoina fusiformis 0.40 0 3 « 0.69 0 2 2 0 3 3 1.06 0.40 
FwpMnAow* 0 ^ 0 3 8 
GAoAoewfkM&w #u6<#oAo3# 6.48 6.77 8 2 1 13.74 8 6 8 7 7 9 9 3 8 8.92 9.82 7.89 7 2 4 7 5 7 7 4 2 8.74 1 0 3 8 8 5 8 
GfoAofme/MmmAMNMM 1.04 0 4 1 
Gyroidinoides spp. 6.88 8 ^ 7 1434 8.93 12J)9 6.92 8.79 7 1 7 7.84 10.73 1138 10.03 1 0 3 6 10.04 8.96 7.37 6.53 
Haplophragmoides sp. 
Lagena spp. 1.18 1.57 1.47 4 3 8 2.14 3.67 7 7 9 7 0 9 1.89 2j49 0.89 0.89 1.79 1 3 4 1.95 2 7 9 1.76 Z 1 0 1.89 4.06 0 5 0 3.23 2.04 

03m 0 3 3 0 3 5 
AbnyAMdbM o 6 # M 0 2 2 
Melonis barleeanum 0.78 0 3 9 1.47 2.79 1.07 3 j i 9 0.3A 0.82 1.04 0.87 0.67 1.11 0 ^ 2 J 8 0 7 0 0.94 0 5 0 138 0 4 1 
Meionis pompilioides 3.98 1,07 0 3 3 0 7 0 0 3 8 0 3 1 1.04 1.04 0 4 5 0 87 0 7 1 1 2 0 7 1 8 1.40 0 4 7 2 5 3 0 5 0 0 5 2 0.41 
Melonis sp. juv. 1 Ml 1 87 0 . M 0.46 0 3 3 1.87 0.71 0 7 0 0.94 0 4 8 1.63 
Melonis zaandanae OAO 
Nodosaria sp. 0 2 8 
Nonionella bradii 0 3 9 0 3 3 0 3 6 
Nonionella iridea 7.46 9.08 4.78 4.78 7.Rm ATA 9 4 8 1394 1 7 4 6 1340 9 7 7 6 5 8 10.37 7.80 6.00 8 3 7 8.39 7 5 5 1852 1659 22.86' 
Nuttalides umbonifera 0.79 1.47 1.20 1.07 0 3 3 0 3 5 0 75 0 31 0 2 2 0 3 3 0.68 0 3 8 1 2 0 1 31 1.05 " T z T 0 5 2 
Oolina spp. 0.74 0.40 0 38 0 2 8 0 4 1 
Oridorsalis juv. 1.18 1.57 0.74 0 3 8 0.85 0 2 8 0 3 8 0.70 
Oridorsalis tener 2.76 3.94 1.84 1.99 1.43 7 6 0 1 31 0.76 3.06 3 2 1 2.79 3.16 2.83 1.62 0.82 
OfWofwAmfp: 1.79 1 43 1.87 2 2 3 1.87 0.84 0.71 131 0 4 7 0.40 0 4 8 0 5 2 
PeWZrn* #n<*fcfKa 0.68 0 4 0 0 4 6 
MenuAM wweOwfo f * 0.44 0 4 7 

0.71 0.87 1.00 0.84 0.87 0A4 0 5 2 
j A r v / w 1^)7 0.71 1.00 1.87 3 2 1 2.18 1.42 154 0.82 1.14 

Pullenia subcarinata 0 3 7 1.99 0.71 1.83 1 3 9 0.89 0.46 1.39 0.71 1 76 121 1 3 ^ 0 5 2 1 5 2 
Pyrcjo murrhina 03m 03m 0 3 3 0.40 
f W o w a 
^rulina angusta 0 3 3 0 3 6 
QuinouehcuUna seminulum 0 3 7 0.40 1.07 0 3 5 0.22 0 5 1 
Quinaueloculina spp. 0 3 3 0 3 3 1.05 0.46 
Qwmgu#A)ei#in# g i f 0 2 8 0 4 0 0 7 0 0.46 
QwmguWocuAw 1.06 0 2 ? 0.70 
Quinaueloculina venusta 

0.78 0 3 9 1.20 1 79 0 71 0 3 5 0 2 2 0 3 3 0.84 0 3 5 0 5 0 1.84 0 7 6 
( w i i w 

femA* 0 3 7 0 5 0 
Triloculina sp. 0.71 0.40 
TfoeAemmaw 0 3 6 
LfWpemw e a n a / W w ^ 0 3 7 0 3 3 0 3 5 

0 3 8 0.35 0 4 5 
/uw. 0 7 6 

Unidentified 
C d M B o a a 0.79 0 3 7 0 3 5 0 4 5 0 5 0 
OUZO 0 3 3 



TC077 

Appendix 16 Absolute abundance counts for TC077 and TC078. 

Depth Sample >63 JJITI No. Wt. counted No. No. Wt. picked No. 

(cm) wt. fraction wt planktonics (planktonics) planktonics benthics (benthics) benthics 
(g) (g) counted (9) in 1g sad. picked (g) in 1g sed. 

2-3 2 .54 0 .27116 3598 0.06723 5713 220 0M6977 138 

7-8 &37 0.27002 1932 0.05843 2649 222 0 J 4 6 / 4 121 

11-12 2 ^ ^ 0.15525 931 0.05768 939 90 0 .15525 34 

18-19 &29 0.10519 93 0 .02965 100 1 0.02965 1 

T C 0 7 8 

Depth Sample >63 pm No. Wt. counted No. No. Wt. picked No. 

(cm) wt. fraction wt planktonics (planktonics) planktonics benthics (benthics) benthics 

(9) (9) counted (9) in 1g sed. picked (g) in 1g sed. 

1-2 I^W 0.10136 504 0.10136 275 10 0.10136 5 
5-6 1.54 0.07419 277 0 .07419 180 2 0.07419 1 

1 4 ^ 5 1 ^ ^ 0M3513 86 0.05745 103 8 0.05745 10 
19-20 2.31 0M3689 0 0.08288 0 1 0.08288 1 

13^6 



Appendix 17 Relative abundance counts of ben th ic foraminifera for TC077 and TC078. 

E E 

i i 
o 
CM 

o 
O) 

CO 00 
TC077 B e n t h i c s (%) CN r. r CO 

Ammobaculites sp. 1.11 

Angulogerina angulosa 1.11 

Bolivinita pseudothalmanni 0.91 
Bulimina rostrata 1.36 0.45 
Cassidulina crassa 0.45 1.11 

Cibicides wuellerstorfi 0.45 1.8 

Dentalina adventa 0.45 
Eggerella bradyi 1.11 

Ehrenbergina trigona 0.45 

Eilohedra weddellensis 40.9 42.8 36.7 

Epistominella exigua 5.45 14.9 10 

Eponides sp. 0.91 1.11 

Eponides tumidulus 1.82 

Fissurina spp. 1.11 

Fursenkoina complanaia 1.36 0 .45 1.11 

Fursenkoina texturata 0.45 

Globocassidulina subglobosa 2 .73 0 .9 3.33 
Globotrochamminopsis sp. 0.45 0.9 

Gyroidinoides spp. 13.2 7.21 8.89 
Lagena spp. 5 1.35 2 .22 

Lenticulina sp. 1.11 

Loeblichopsis sabuiosa 0.45 100 

Melonis barleeanum 0.45 1.11 

Melonis pompilioides 1.11 

Melonis zaandanae 2.22 
Nonionella ihdea 1.36 0 .9 

Nuttaiides umbonifera 6.36 5.41 5.56 

Oridorsalis tener 5.91 6.76 2.22 

Oridorsalis sp. 0.45 1.8 2 .22 

Pullenia bulloides 0.45 0.9 1.11 

Pullenia simplex 1.82 0.45 

Pullenia subcarinata 2.73 1.8 2.22 

Pyrgo murrhina 0.45 1.11 

Quinqueloculina seminulum 0.45 

Quinqueloculina sp.2 0.45 

Repmanina charoides 0.45 0.45 
Sphaeroidina bulloides 0.91 1.35 2.22 
Spirolocammina tenuis 0.45 
Spiroplectammina biformis 3.6 

Trochammina glabra 4.44 
Uvigerina auberiana 1.11 

Uvigerina peregrina 2.27 0 .9 3 .33 

Unidentified 

Cell 18 0.45 

Cell 19 0.45 

Cell 21 1.35 

Cell 22 0.45 

Cell 26 0.45 

TC078 B e n t h i c s (%) 

i 
CM 

E 
o CD 
lO 

1 
lO 

E 

5 

O) 

Eilohedra weddellensis 50 

Epistominella exigua 12.5 
Gyroidinoides sp. 10 50 12.6 
Hormosina pilulifera 10 

Lagena spp. 10 

Nuttaiides umbonifera 30 

Oridorsalis sp. 10 

Pullenia subcarinata 12.5 

Pyrulina sp. 12.5 
Sphaeroidina bulloides 50 
Uvigerina peregrina 10 

Unidentified 

Cell 5 

Cell 8 
10 

10 

100 



Append ix 18 PCA species data tables for KC097, KC064 and G C 0 6 2 . 

m ( O 5 
w 5 $ 

KC097 t n J a i n i n o o N KC097 CO (O in i n (O (O h- 0) 
Angulogerina angulosa 5 8 5 4 7 6 9 5 0 1 10 5 2 2 5 4 3 4 10 4 11 2 3 2 0 2 
Astrononion spp. 1 0 0 2 2 6 1 3 5 3 1 9 2 4 3 5 0 1 4 5 2 0 2 0 0 
Bolivlna spp. 15 6 8 7 7 9 10 4 4 4 8 7 3 7 4 4 8 3 3 3 2 5 0 0 0 1 
Bolivinita pseudothalmanni 11 11 6 6 9 4 8 3 2 8 5 7 5 4 3 2 2 0 4 2 2 4 3 0 2 
Bollvinellina translucens 3 4 5 3 2 5 3 3 2 2 4 2 4 4 3 9 17 10 0 1 
Cassldulina crassa 7 11 28 31 19 29 48 15 25 23 31 6 14 9 35 9 17 7 11 13 12 4 6 6 3 8 
Cibicides spp. 11 7 6 3 0 4 6 9 2 5 6 4 8 12 7 16 7 4 8 4 2 
Eggerella bradyi 0 6 7 2 2 2 2 4 6 3 5 6 2 4 9 4 0 2 0 0 1 
Epistominella exigua 7 29 20 12 32 16 52 32 53 38 60 31 31 17 48 28 28 11 12 14 7 0 0 0 
Eponides spp. 0 2 0 0 2 0 0 3 0 6 3 0 0 2 0 3 8 4 8 7 0 
Fissurina spp. 13 6 4 15 11 7 6 11 9 6 9 6 5 5 5 6 3 7 12 5 2 3 5 4 3 5 
Fursenkoina complanta 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 2 0 6 8 17 15 0 
Globocassidulina subglobosa 7 9 35 14 35 15 37 25 41 17 38 21 12 9 34 18 16 19 18 15 8 12 7 10 3 2 
Gyroidinoldes spp. 24 17 34 24 31 26 35 22 23 22 32 20 33 22 22 27 26 17 21 24 21 15 18 15 1 4 
Lagena spp. 10 10 4 7 4 3 13 7 6 3 6 7 7 4 8 9 7 14 15 15 18 6 12 10 3 2 
Melonis barleeanum 2 1 0 0 0 0 0 0 0 0 0 0 1 1 2 0 1 1 1 4 3 8 12 15 5 0 
Nonionella iridea 0 8 0 5 7 12 15 6 9 7 13 6 16 11 24 11 14 8 2 7 10 52 51 51 13 1 
Oridorsalis tener 9 4 1 7 11 4 3 3 3 2 2 4 7 7 5 9 9 10 10 7 8 2 2 3 2 4 
Pullenia spp. 1 3 3 1 1 0 1 1 3 3 2 1 2 0 2 0 1 6 7 2 2 4 4 7 1 0 
Quinqueloculina spp. 2 1 0 5 1 2 4 3 2 0 3 0 3 3 2 3 1 2 4 1 3 4 3 8 0 0 

° % % R 5: 5 5 s s 3 8 iC S § 
KC064 R R § 6 9 s s s s g s s 6 k k 8 i i 8 0 

Ammobacu/yfes agg/uBnans 8 2 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Bhzalina spathulata 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cas5fdu//na c/assa 0 0 3 0 0 0 0 0 3 2 3 2 3 0 0 0 2 3 0 0 0 10 2 0 0 0 
Cibicides spp. 2 2 1 4 3 2 0 2 2 2 0 4 3 0 0 3 5 0 0 2 0 4 2 0 2 0 0 0 0 
EAmnberg/na f n ^ n a 4 5 5 5 9 2 5 2 5 2 4 2 3 2 3 3 3 0 0 0 0 0 0 0 0 0 0 0 

Ep^m/ne/Za ex^ua 8 21 12 9 4 8 5 4 5 3 5 3 2 5 2 2 0 0 0 0 6 13 2 3 0 2 0 5 

EponWes spp. 2 0 3 5 4 6 5 7 6 6 5 11 9 4 8 6 3 10 4 6 2 3 2 2 5 0 3 0 
Ffssu/fna spp. 6 6 2 3 5 2 3 10 4 5 4 3 6 5 6 2 2 5 0 0 0 0 0 0 0 0 

FufsenWna comp/anfa 3 2 3 2 2 4 2 0 8 2 2 0 0 3 0 0 0 0 3 2 3 

G/obocassAyu//na subgi/obosa 7 6 16 3 13 8 26 21 28 15 43 19 24 8 24 8 5 3 8 5 0 3 7 12 9 6 3 5 0 

Gym^/no/des spp. 14 4 17 18 23 29 19 30 10 38 11 23 17 27 11 19 4 9 9 14 2 6 8 11 0 3 5 10 6 13 4 

Lagena spp. 29 30 33 38 15 12 10 13 12 20 9 12 8 15 8 19 10 12 10 13 10 8 4 9 3 2 7 4 2 7 5 

Afe/on/s spp. 9 10 8 16 12 17 2 2 2 5 4 7 3 3 2 2 6 3 5 10 7 4 5 8 5 5 6 4 6 1 

A/on/bne//a W e a 0 0 0 0 0 0 0 0 0 0 1 0 3 0 0 0 0 0 0 0 0 9 0 0 0 0 0 0 

A/uffa/Wes umbonAbra 17 5 6 15 14 17 9 11 7 5 5 6 3 2 7 4 9 13 7 3 1 4 5 5 5 8 4 2 0 0 

OnWorsa/zs fener 3 2 9 9 8 6 6 9 8 4 13 6 9 7 13 2 17 8 12 5 1 10 4 0 6 8 13 4 7 0 

O/WorsaZ/s spp. 5 0 0 7 0 12 0 8 1 8 3 4 1 1 0 1 0 0 2 1 1 4 1 6 1 5 17 2 11 0 

Pullenia spp. 3 9 6 13 3 7 3 5 11 10 13 8 7 8 8 9 1 8 9 12 6 0 6 9 4 4 4 7 8 10 2 

Repman/na cAaro/des 6 6 7 2 1 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Sphaeroidina bulloides 2 0 0 2 1 0 9 0 12 0 8 1 2 0 9 3 8 2 4 0 5 0 2 3 4 0 4 0 3 0 3 

TmcAa/nm/na spp. 13 12 8 3 6 5 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Uwpenna spp. 7 9 2 6 4 5 0 3 1 3 1 2 1 1 2 2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

INJ c; UJ 
GC062 CN 5 5 8 
8o/fy/ne///na (rans/ucens 2 4 4 3 4 3 5 4 
BofMnffa pseudofha/mann; 5 6 8 0 0 1 
CassK/uZ/na crassa 42 48 18 24 6 8 2 5 
Eggerella bradyi 5 2 8 7 0 2 0 1 
Epfsfo/7w?@//a ex^ua 47 60 24 21 0 13 3 
F/ssuma s w 6 8 12 9 12 6 5 3 
Fu/senWna comp/anafa 0 0 0 0 9 5 
G/obocassfdu//na subp/obosa 33 35 21 14 7 10 2 3 
Gyn]^/no/des spp. 34 38 27 31 6 8 2 3 
Lagena spp. 3 6 7 7 4 4 3 4 
Afe/onfs ba/feeanum 0 0 0 2 2 4 5 4 
A/on/bne//a /ndea 5 9 5 4 15 13 16 12 
OnWofsa/Zs fener 6 2 8 6 2 5 7 4 
Pu//en/a spp. 6 3 10 4 5 5 5 5 

13-18 



A p p e n d i x 1 9 Presence o f c « t a m diatom species in KC097 and K C 0 6 4 . 

KC097 

Sample /V. cyf/nd/us r. anfarcf/ca TTia/ass/bs^ spp E anfarcf/ca Notes: 

1.5-3 A C 

5-6 A C c 
10-11 R A C c 
15-16 C R c 
20-21 C-A C-A 
25-26 C-A C-A 
30-31 C C c 
35-36 R R c c R 
40-41 c C c 
45-46 R c c R 
50-51 R A R R 
55-56 R C R C 
60-61 c C R C fewer diatoms 
65-66 c C R c 
70-71 R c R c 
75-76 c mu(± fewer diatoms, less well preserved 
90-91 R c C R more lithogenic particles 

100-101 c c R 
110-111 R c c 
130-131 R R c c R 
150-151 R c c R 
170-171 c c R 
190-191 c c C 
210-211 c c R 
230-231 c c R 
250-251 R R R diatoms rare 
270-271 R R R 
280-281 R R R 

KC064 

Sample N. curfa N. cyf/ndms N. angu/afa A/. r. anfarcffca 77;a^ssA)s/fB spp E anfarcffca Notes: 
Top 10cm A A C 

10-11 R A A c 
15-16 A A c 
20-21 R A A c 
25-26 A A c R 
30-31 A A c R 
35-36 A C c 
40-41 R A c c R 
45-46 R A c c R 
50-51 R A c c R 

55-56 R C c R R R 
60-61 R C c R R 

65-66 C c R R 
70-71 R c c R R 
75-76 c c R R fewer diatoms, less well preserved 
80-81 c c R R 
65-86 c c R R 
90-91 R c c R R 

100-101 c c R R much fewer diatoms 
120-121 c c more lithogenic particles 
140-141 c c 
160-161 c c R 
200-201 c R R R 
240-241 c R R R 
280-261 R R R R-C 
299-300 1 1 diatom fragments 

A = abundant, C = common, R = rare (blank c^l = not present). 


