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Abstract: Planktonic foraminifera recovered from nine cores in the Benguela Current 

system are used to ascertain the variability of upwelling intensity for the late Quaternary 

and its impact on atmosphere-ocean-cryosphere linkages. The analyses from high-

resolution planktonic foraminiferal records for cores GeoB 1706, GeoB 1711 and 

PG/PCI2, reveal striking variations in upwelling intensity during the last 160,000 years. 

Four species make up over 95% of the variation within the cores, and enable the record 

to be divided into episodes characterised by particular planktonic foraminiferal 

assemblages which have meaningful ecological significance when compared to those of 

the present-day and the relationship to their environment. The cold-water planktonic 

foraminifer, Neogloboquadrina pachyderma sinistral [N. pachyderma (s)], dominates 

the modern-day, coastal upwelling centres, and Neogloboquadrina pachyderma dextral 

and Globigerina bulloides characterise the fringes of the upwelling cells. Globorotalia 

injiata is representative of the offshore boundary between newly upwelled waters and the 

transitional, reduced nutrient levels of the sub-tropical waters. In the fossil record, 

episodes of high N. pachyderina (s) abundances are interpreted as evidence of increased 

upwelling intensity and the associated increase in nutrients. The N. pachyderma (s) 

record suggests rapid shifts in the intensity of upwelling, and corresponding trophic 

domains, that do not follow the typical glacial—interglacial pattern, but instead reflect the 

shifts of the Angola-Benguela Front situated to the north of the Walvis Ridge. Absence 

of high abundances of N. pachyderma (s) from the continental slope of the southern 

Cape Basin indicate that Southern Ocean surface water advection has not exerted a major 

influence on the Benguela Current system. The periods of high abundance in 

N. pachyderma (s) are referred to as 'PS events' and indicate increased intensity and 

zonality of the South Atlantic trade winds controlling the Benguela upwelling system. 

During these intense upwelling phases, total organic carbon, abundance of 

N. pachyderma (s) and the benthic/planktonic foraminiferal ratio, provide the best 

indicators for palaeoproductivity away from coastal re-suspension. The offshore record 

of GeoB 1711 is used as the indicator for maximum offshore divergence and shelf-edge 

upwelling and is regarded as the best indicator for palaeoceanographic and 

palaeoproductivity variability. TOC content, measured in cores away from the 

conflicting signals of re-sedimentation and continental shedding, provides a quick 

method for analysing short-term climate and oceanic variability without the problems of 

temperature dominance associated with faunal populations studies. The good correlation 

between PS events, the North Atlantic Heinrich events, and the Dansgaard-Oeschger 

cycles from the Greenland ice core (GISP2) suggests large-scale oceanographic or 

I11 



climatic teleconnections between the North and South Atlantic via the trade wind system. 

The radiocarbon constrained timing of PS events younger than 45 kyr indicates that the 

South Atlantic leads the North Atlantic's response to trade wind changes, particularly 

during isotope stages 4-2 when the Earth was dominated by large ice sheets. At times 

of increased trade wind strength, tropical and sub-tropical waters are forced across the 

equator on an 8 kyr periodicity, increasing the equatorial pool of warm water which can 

be transferred to the high latitudes of the North Atlantic. The increased supply of warm-

water to the high latitudes of the northern hemisphere increases the ice-ocean moisture 

gradient and accelerates ice sheet growth, leading to eventual ice sheet collapse and 

iceberg calving (Heinrich event). 

To the south of the Benguela Current system, the abundances of warm-water, tropical, 

planktonic foraminifera from GeoB 3602 correlate well to the meridional shifts of the 

sub-tropical convergence and the Antarctic polar front, indicating warm-water intrusion 

via the "Cape Valve". The co-occuring nature of deep-sea dissolution cycles in the 

Pacific, preservation cycles in the equatorial and North Atlantic, and the warm-water 

input via the Cape Valve, suggests that all three are closely linked with the production of 

North Atlantic Deep Water. The complete transect through the Benguela Current system, 

and correlation with the ice and sediment records, suggests that fluctuations in the input 

of saline-rich water from the Indian Ocean on glacial—interglacial timescales, and 

variability in the rate of heat/moisture flux to the high latitudes of the North Atlantic on 

sub-Milankovitch timescales, are extremely important for North Atlantic Deep Water 

production and global ocean-climate teleconnections. 
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Thesis Structure 

This work is divided into five main sections - 

(1) Introduction and background to palaeoceanography, and a review of recent research 

in the Benguela Current upwelling system and South Atlantic Ocean, with emphasis on 

their position in the global atmosphere-ocean system (CHAPTER 1). 

(2) Chronostratigraphy and sediment history of the Benguela Current system and the 

records under study (CHAPTER 2). 

(3) Results from sediment and micropalaeontological analysis in the northern Benguela 

Current system. This is further divided into three sections: 

Local and regional oceanography and upwelling regime of the modern Benguela 

Current system and the late Quaternary history of palaeoceanographic change for the 

last 160,000 years (CHAPTER 3). 

Palaeoproductivity variations in the Benguela Current system during the last 

glacial—interglacial cycle (CHAPTER 4). 

(Ill) Regional and global correlation of Benguela upwelling variability with South 

Atlantic—North Atlantic atmosphere-ocean teleconnections (CHAPTER 5). 

(4) Record of change from the southern Benguela Current system for the last 500,000 

years and its implications for warm-water advection, North Atlantic Deep Water 

production, and global climate instability (CHAPTER 6). 

(5) Summary and conclusions. Long term records of warm-water advection versus 

short-term climate and upwelling variability (CHAPTER 7). 
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Ch. 1. Introduction 

Chapter 1. Introduction 

1.1. Previous research 

Studies of sediments beneath modern and ancient oceanic settings have shown 

biological and geochemical proxies to be an important guide to past oceanography, 

productivity and climate changes on a decadal to millenial scale. The record of surface 

sediments distributed across the continental shelf and slope of southwestern Africa 

documents the palaeoceanographic history of possibly the most important continental 

margin, the Benguela upwelling system. 

The continental margin of southwestern Africa is the site of intense upwelling and 

exceptionally high productivity recording amplified signals of climate change since the 

Benguela Current's evolution in the early Oligocene (- 35 My. B.P.'). Recent work 

has focused on understanding the relationships of faunal variations to changes in 

upwelling intensity and location (Lowry, 1987, Oberhänsli, 1991, Diester-Haass et 

al., 1992, Giraudeau, 1992, Oberhänsli et al., 1992, Schmidt, 1992, Dingle and 

Nelson, 1993, Giraudeau et al., 1993, Giraudeau and Rogers, 1994, Dingle, 1995, 

Schmiedl, 1995, Summerhayes et al., 1995b, van Leeuwen, 1995, Bled and 

participants, 1996, Jansen et al., 1997, Giraudeau et al., in prep., Little et al., 1995; 

1997a; 1997b), and to variations in geochemical and palaeoproductivity proxies 

(Schneider, 1991, Schneider et al., 1992, Giraudeau and Rogers, 1994, Schneider et 

al., 1995, Summerhayes et al., 1995b, Giraudeau et al., in prep.); have these 

relationships always existed or have they changed temporally or spatially? Does 

upwelling vary with climate changes forced by the orbital parameters, such as 

precession, which is thought to be dominant at the equator (imbrie et al., 1989, 

McIntyre et al., 1989, Ruddiman and Janecek, 1989, Molfino and McIntyre, 1990, 

Schneider et al., 1994, Schneider et al., 1995)? Does upwelling vary at sub-

Milankovitch frequencies similar to those recorded in many marine and terrestrial 

settings across the world (Jouzel et al., 1987; Heinrich, 1988; Yiou et al., 1991; Bond 

et al., 1993; Dansgaard et al., 1993; Grootes et al., 1993; Hagelberg et al., 1994; 

Thouveny et al., 1994; Kennett and Venz, 1995; Mix and Morey, 1997; van Kreveld 

et al., 1996)? Studies like this, of the glacial-interglacial change in a major component 

of the Earth's ocean-atmosphere system, are essential to establish the natural variability 

1 Million years before present. 
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Ch. 1. Introduction 

of the global climate so that meaningful models of future climate change can be 

developed. 

The sediments beneath the Benguela Current system (BCS) are primarily biogenic in 

origin, with planktonic foraminifera contributing the largest proportion (up to 96.6%) 

of skeletal calcium carbonate (Bremner, 1983). Planktonic foraminifera have been 

shown to vary with temperature, nutrients, productivity, and to a lesser extent salinity 

(Be and Tolderlund, 1971, Be, 1977, Giraudeau, 1992; 1993, Ufkes and Zachariasse, 

1993) and have been extensively used for markers of palaeoceanographic change 

(Berger et at., 1982; Berger et at., 1987: Kroon et at. 1988; Kroon and Ganssen, 

1989; McIntyre et al., 1989; Mix, 1989a; 1989b; Kroon et al., 1990; Herguera, 1992; 

Oberhänsli et al., 1992, and others therein). In this study the modem-day spatial 

distribution of planktonic foraminifera is applied to interpret temporal changes of the 

last 160,000 years, and is assessed according to oceanographic frontal movements, 

trade wind zonality and upwelling intensity, and nutrient input into the Benguela 

Current system. The results are placed in a regional and finally global perspective of 

the atmosphere-ocean heat exchange. 

Core Position 
Latitude Longitude 

Water 
depth 

Length Sampling 
frequency 

Geol3 1706-2 1933.7 S I 110.5 E 980 m 1120 cm 5 cm 

GeoB 3608-2 22-21,5S 12* 12,0 E 1972 m 846 cm 20 cm 

PG/PC 12 22'16.0 S 1232.3 E 1017 m 7022 cm 10 CM 
 

GeoB 1711-4 2318.9 S 1222.6 E 1967 m 1066 cm 5 cm 

GeoB 3606-1 25'28,0S 13'05,0 E 1785 m 1074 cm 20 cm 

GeoB 3605-2 3126.7 S 1517,8 E 1375 m 898 cm 20 cm 

GeoB 3604-3 31'47,1 S 1530,0 E 1514 m 942 cm 20 cm 

GeoB 3603-2 35'07,5 S 17°32,6 E 2840 m 1130 cm 20 cm 

GeoB 3602-1 34-47,9S 17'45,3 E 1885 m 984 cm 5 cm 

Table 1.1. Details of cores studied, listed according to latitude, north—south. 

The material analysed for this research, was collected from the continental slope of 

southwest Africa, offshore Namibia and South Africa. Nine sediment cores were 

retrieved from the mid to upper continental slope along a north—south transect of the 

southwest African margin. Gravity cores, GeoB 1706 and GeoB 1711 were both 

collected on R/V METEOR cruise M20-2 (1991; Schulz and cruise participants, 1992); 

a piston core PC 12 and its accompanying gravity core PG 12 collected on RJV CHAIN 

2 Total combined length (PC 12 + PG 12) 
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cruise 115 (1973; Summerhayes, 1974); and cores GeoB 3602-3608 were collected 

on RN METEOR cruise M34-1 (1996; Bled and cruise participants, 1996). The 

complete transect of the Cape Basin allowed for a unique history of the 

palaeoceanographic fluctuations over the entire region to be ascertained, and for 

hypotheses in local oceanographic sources and causal mechanisms to be developed; 

core details are given in Table 1.1 and their geographical position is shown in Figure 

1.1. 

Figure I I Geographical position of cores cited (black circles) and sampled (black rings) from the Cape 

Basin continental shelf and slope. Hashed area represents the zone of permanent upwelling in the 

northern Benguela region, dotted areas represent the zones of seasonal upwelling in the southern 

Benguela region, the southern Angola Basin and Walvis Ridge offshore Cape Fria. Core positions are 

given in Table 1.1. 

4 



Ch. I. Introduction 

1.2. Research objectives 

The aim of this study is to assess the variation of planktonic foraminifera to determine 

changes in the palaeoceanography of the Benguela system in the expectation that this 

will enable us to asess the extent to which upwelling has changed temporally and 

spatially and to determine what controls those changes. 

The high resolution foraminiferal record of cores GeoB 1706, GeoB 1711 and 

PG/PC 12 are used to investigate the variability of palaeoceanography of the South 

African, Namibian and Angolan margins for the last 160 kyr. Previous analyses on 

planktonic foraminifera in this and other regions have linked foraminiferal variability to 

changes in temperature, nutrients, wind direction, monsoon strength, salinity, aridity, 

carbonate platform building and oceanographic frontal movements. Two hypotheses 

can be made: one relates to the timing of fluctuations and the other relates to the causes 

of fluctuations. 

The first hypothesis, timing of fluctuations, is of importance in the BCS to relate 

proposed changes in upwelling intensity to previously described global or regional 

mechanisms. Do fluctuations in abundances of planktonic foraminifera co-vary with 

precession driven seasonality at the equator (McIntyre et al., 1989); polar frontal shifts 

at high southern latitudes (Howard and Prell, 1992); heightened monsoon intensity 

(Emeis et al., 1995); maximum deflection of the Benguela Current into the South 

Atlantic gyre (Schneider et al., 1995); and/or Heinrich-type events recorded in 

terrestrial and marine events across the world (e.g. Kotilainen and Shackleton, 1995)? 

If so, do the abundances of planktonic foraminifera record changes on a Milankovitch 

or sub-Milankovitch time scale? 

The second hypothesis, causes of fluctuations, is usually more local in origin. Do 

planktonic foraminifera in the BCS vary with flux in nutrient availability, with sea 

surface temperature, with trade wind zonality and upwelling intensity, or are they 

related to advection of cold waters from the south as has previously been stated as the 

main cause of change in abundance of planktonic foram inifera (McIntyre et al., 1989, 

Giraudeau, 1993, Summerhayes et al., 1995b; Giraudeau et al., in prep.)? 

The following is a list of objectives that we hope to resolve with this research in the 

Benguela Current system. 
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Can abundances of planktonic foraminifera be used as a proxy for past changes of 

upwelling intensity in the BCS? 

To what degree is the BCS controlled by cold-water advection from the Southern 

Ocean as has previously been suggested (McIntyre et al., 1989, Giraudeau, 1993, 

Summerhayes et al., 1995; Giraudeau et al., in prep.)? 

Do planktonic foraminifera from the Cape Basin show changes in relation to the 

shifts in the position of the Angola-Benguela Front, corresponding to those of the 

Angola Basin? 

Can we make any assumptions on past productivity using foraminiferal or organic 

carbon proxies, or is the sedimentological record not as applicable as it is in other 

areas? 

Can we use total organic carbon as an easier and quicker method for recording 

short-term climatic and oceanic variability? 

Do Milankovitch band frequencies appear in sediment records in the Cape Basin, 

like it does in the equatorial Atlantic? 

Do we observe similar short-lived climatic events in the South Atlantic to those 

seen throughout the world, and can we gain further insight into their significance, 

relative timing, and possible driving mechanisms? 

Finally, we attempt to place the BCS in a global perspective. Is the Benguela 

system as important climatically as the North Atlantic was first perceived to be? 

Are the South Atlantic—North Atlantic teleconnections important for short- or 

long-term climate variability, and is this an artefact of a Milankovitch-driven 

atmospheric system? 

1.3. Scope of research 

To assess the use of planktonic foraminifera as palaeoceanographic and 

palaeoproductivity proxies, I use a total of nine cores retrieved from the Benguela 

upwelling system from three separate collection expeditions to the South Atlantic. 

This research would not have been possible without the contributions from Ralph 

Schneider, Peter Miller, Torsten Bickert, Monika Segl and Gerold Wefer at Bremen 

University and Cohn Summerhayes at Southampton University. I was fortunate 

enough to participate in the RN METEOR cruise M34-1 (Cape Town - Walvis Bay; 

January 1996) and to be directly involved in collecting, sampling, preparing and both 

preliminary and secondary analyses of cores GeoB 3602-3608 both on-board ship 

6 
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and later at Edinburgh University. Cores from .RN METEOR cruise M20-2 were 

kindly provided by Bremen University together with a complete oxygen and carbon 

isotope record (Ralph Schneider, Torsten Bickert, Monika Segl) and total organic 

carbon (TOC) measurements (Peter Muller). Combined core PG/PC 12 was re-

sampled for foraminiferal analysis by Cohn Summerhayes at Woods Hole 

Oceanographic Institute and provided a higher resolution study for the last 60 kyr. 

This core was prepared and analysed at the University of Edinburgh. 

The scope of this research was to analyse planktonic foraminiferal abundances from 

cores in the Benguela upwelling system using the oxygen isotope stratigraphy solely 

as a chronostratigraphic framework for the cores. Detailed assessment of the oxygen 

and carbon isotope variations with time was outside the scope of this project as this is, 

and will, be carried out by Bremen University. The stable isotope chronostratigraphic 

framework was developed as part of this research and later supported using 

Accelerated Mass Spectrometry (AMS) 14C dating further provided by Bremen 

University (Ralph Schneider and Monika Segl), after analysis at the Leibniz-Labor 

AMS facility, Christian-Albrechts-University, Kiel, Germany. The 

chronostratigraphic framework for core PG/PC 12 is constrained using AMS 14C 

dating from published results in Summerhayes et al. (1995b). 

1.4. Background to oceanography 

1.4.1. Present-day surface circulation and upwelling 

The general pattern of oceanic surface water circulation is shown in Figure 1.2, and 

records the present-day averaged global surface water current pattern. However, at 

any one time the local current flow may be very different to these averaged conditions; 

for example, small-scale eddies and rings at the Aguihas Retroflection (Winter and 

Martin, 1990, Duncombe-Rae, 1991). These small-scale variations of surface and 

intermediate waters may become increasingly important as climate dynamics are seen 

to vary on ever decreasing time scales. However, the discussion will concentrate on 

general ocean circulation and how these prevailing currents are driven. 

The wind-driven currents of the sea surface are dominated by three mechanisms: wind 

stress, pressure gradients, and the Coriolis force. Each factor will be discussed briefly 

to provide an overview of the physical oceanography. The large-scale global wind 
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system blows in response to the differential heating on the ocean surface and to the 

rotation of the earth on its spin axis. The consequence of this is zonal wind flow, 

which produces the trade winds 3  of the sub-tropics, possibly the single most 

important factor in oceanographic and climate studies. Wind stress creates friction 

with the surface waters which instigates surface current flow '. We would assume 

therefore, that the ocean's surface mirrors the atmospheric circulation, but an 

additional factor, the Coriolis deflection, must be taken into consideration. 

I 	 I 	 I 	 I 	 I 	 1 	4 	L4 
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NW,> JTh 

I Nonh 4', 	AIIanhucGre) 
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Northern Hemisphere Currents Southern Hemisphere Currents 

Gulf Stream © E. Greenland C. 0 Benguela C. 	 0 	Equatorial Countercurrent 

® 	N. Atlantic C. Kurushio C. @ S. Equatorial C. 	0 	Peru C. 

() 	Canary C. © N. Pacific C. 0 Brazil C. 	 0 	E. Australian C. 

® 	N. Equatorial C. ® California C. 0 Agulhas C. 
© 	Labrador C. 0 Oyashio C. 0 Antarctic CircumpolarC. 

Figure 1.2. Global surface-water current pattern. 

The rotational velocity of the Earth varies with latitude, so that the oceans, which are 

not rigidly fixed on the Earth, undergo an apparent deflection known as the Coriolis 

effect. The movement of water in the northern hemisphere is deflected to the right, 

and water in the southern hemisphere is deflected to the left. In conjunction with the 

uneven distribution of solar heat on the rotating earth, the Coriolis force causes the air 

Trade winds are zonally directed east—west, the antithesis of which are the westerlies in the mid-

latitudes. 
4 Wind stress is proportional to the (wind speed) 2 . 
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to deflect creating the trade winds and westerlies of both hemispheres. The result is 

paired cyclonic and anticyclonic gyres lying between the 600  lines of latitude in the 

ocean basins where water movement is not impeded by continental land mass. An 

interesting and important facet of the Coriolis force is Ekman transport (ET); the 

increasing deflection of currents with depth away from the direction of the generating 

wind. As the current deepens the water layer is further deflected, producing a 

spiralling current, the Ekman spiral, in which speed decreases with depth. 
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Figure 1.3. Conceptual three-dimensional model of the Benguela upwelling system off Namibia 

(adapted from Bang, 1971; Barange and Pillar, 1992; Summerhayes etal., 1995b). Isotherms in 0 C, 

depths in meters; arrows in cross-section represent upwelling; dots in circles indicate poleward 

undercurrents; crosses in circles indicate equatorward motion. Region: a = trade wind drift; b = 

offshore divergence belt; c = Benguela Current (after Summerhayes, 1983). 

Volume transport calculations have shown that surface currents move at up to 45' from 

the wind direction and net water transport is perpendicular to the generating wind 

(Figure 1.3). This becomes particularly important when we consider El as a result of 

trade winds on the eastern boundaries of the worlds oceans, for example 

southwestern Africa. Offshore South Africa, trade winds are directed south-east to 
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north-west, and thus equatorwards, for much of the year. The wind stress pattern and 

resultant ET creates an offshore drift of water away from the land. If this net volume 

displacement is not sufficiently replaced by horizontal flow then water must rise from 

below, creating vertical circulation, referred to as upwelling. 

All the eastern boundary regions where the wind stress is nearly equatorward for part 

of the year are major upwelling regions 5 . The re-distribution of mass during coastal 

upwelling, with denser upwelled water accumulating along the coast as the winds 

transport the surface water offshore, results in an along-shore current that flows in the 

direction of the wind. This has been observed in many environments including 

Oregon, Peru and northwest Africa, where cross-shelf transport in the surface layer 

over the continental shelf is in good agreement with ET estimates. 

1.4.2 Water mass structure of the Atlantic 

Profiles through the ocean basins reveal that water temperature drops with increasing 

latitude and increasing depth, which becomes important when we consider heat, 

nutrient and biogenic fluxes in the oceans. Water that is warmer than 100  C is 

confined to a thin lens that straddles the equator. Solar radiation is at a maximum at 

the equator and heats this water to such an extent that it offsets the density effect of the 

high salinities, created by evaporation rates in the sub-tropics, and thus it floats above 

colder, denser water below. Poleward of 45°S, evaporation cools the sea-surface 

water and increases its density. As this dense water moves equatorward, it encounters 

warmer, less-dense surface water and sinks below it, thus producing a salinity and 

temperature dependent water stratification. 

In the Atlantic Ocean the deep, bottom waters are dominated by the cold, dense 

Antarctic Bottom Water (AABW) produced primarily within the Weddell Sea (Figure 

1.4). The overlying Antarctic Deep Water (AADW) forms in less extreme conditions, 

and tends to be less saline than the AABW. From the northern hemisphere, North 

Atlantic Deep Water (NADW), which is less cold and salty than either the AABW or 

AADW, is generated at such a high rate, by volume, that it is the most common of the 

bottom waters. It spreads across the North Atlantic floor before it is forced over the 

denser AABW and then the AADW, into intermediate depths where it mixes with the 

Except the west coast of Australia. Here, the along shore pressure gradient off western Australia is 
very large and dominates wind stress, suppressing upwelling and causing the poleward direction of the 
Leeuwin Current (Smith et al., 1991). 
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Antarctic Circumpolar Current (AACC). At the top of the idealised water structure are 

the overlying less dense intermediate waters of the Antarctic and Arctic (AAIW and 

AIW respectively) and the central waters of the North Atlantic and South Atlantic 

(NACW and SACW respectively). An elongated tongue of highly saline 

Mediterranean Intermediate Water (MIW) spills over the Strait of Gibraltar and can be 

found at - 40N. 

NADW 

NADW 
_ 

' 	 I1/1L 
NABW 

Atlantic Ocean 
5 	i 

60* S 	40* S 	20S 	O°S 	20N 	40*N 	60N 

Figure 1.4. Longitudinal profile of idealised water mass structure for the Atlantic Ocean. SACW = 

South Atlantic Central Water; NACW = North Atlantic Central Water; AAIW = Antarctic Intermediate 

Water; AIW = Arctic Intermediate Water: NADW = North Atlantic Deep Water; MIW = Mediterranean 

Intermediate Water; AADW = Antarctic Deep Water; NABW = North Atlantic Bottom Water; AABW 

= Antarctic Bottom Water. 

1.4.3. Global oceanography and heat flux 

The global component of ocean-circulation is thought to be driven by temperature and 

salinity differences, thermohaline circulation, while basin-scale flow is considered to 

be wind-driven. Recently, authors have tried to bring these two components into a 

single coherent model of global ocean circulation (Macdonald and Wunsch, 1996). 

The main features of past inter-ocean thermohaline convection have involved the 

warm-route' and the 'cold-route', the possible paths needed to compensate for the 

rapid loss of heat in the high latitudes of the North Atlantic (Stommel, 1980). In the 

South Atlantic this has the effect of creating equatorward rather than poleward 

advective heat fluxes (Baumgartner and Reichel, 1975, Figure 1.5). 
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Circulation of oceanic water masses is the major driving force behind global heat and 

fresh water inter-oceanic transfer. Convective overturning of the world's major ocean 

basins links the entire ocean volume to the atmospheric and climate system at decadal 

to centennial time scales. Simplified schemes of inter-ocean thermohaline convection 

(Figure 1.6) driven by sinking of cold, saline-rich, waters in the North Atlantic the 

NADW. 

9OW 	 0 	 90'E 

6(YN 

60 *S 

90'W 	 0, 	 9UE 

Figure 1.5. Meridional heat transport in the Indian and Atlantic Oceans. Heat flux (1013  W) and 

fresh-water flux (1 Q3 m 3  sec) in brackets. Positive values indicate northward direction. Modified 

from Stomrnel(1980), and data fromBaurngartner & Reichel(1975). 

The NADW continues to the Southern Ocean along the sea floor, across the equator, 

until it is incorporated into the AACC along with similar cold, saline-rich, deep and 

bottom waters of the Weddell gyre region. Some of these waters upwell into the 

Agulhas region where they return westward into the Atlantic in the form of rings and 

eddies (Winter and Martin, 1990, Duncombe-Rae, 1991. Gordon and Bosley, 1991, 

Gordon et al., 1992). The combined deep waters from the North Atlantic and 

Southern Ocean move into the Indian and Pacific basins within the AACC. Within the 
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Indian Ocean much of the water is returned through the Indian Ocean gyre system to 

the Agulhas Current. Here its temperature and salinity are greatly increased before it 

re-enters the South Atlantic, the warm-route'. 

I 
(IF 

Atlantic 
cold rou 

>3.5CC Near surface flow 	® Upwelling 	0 Benguela Current 

<3,5'C. Deep water flow 	® Sinking 	 @ Gulf Stream 

Figure 1.6. Inter-ocean thermohaline circulation (after Gordon, 1986, Gordon etal., 1992). 

Most of the controversy in global oceanic circulation relates to the origin of waters 

which eventually form deep water in the northern North Atlantic. Have these waters 

passed through the Pacific and back into the Indian Ocean, via the Indonesian 

Passages, before entering the South Atlantic around the southern tip of Africa (the 

warm-route), or have they remained cold within the AACC and circumnavigated the 

Southern Ocean passing back into the South Atlantic via the Drake Passage (the cold-

route). Macdonald and Wunsch (1996) present a new model, following the work of 

Stommel (1980); Gordon (1986); Rintoul (1991); Gordon et al. (1992) and Macdonald 

(1993), which relates measured and modelled global oceanographic data to a complex 

two cell system rather than the single overall global pathway. 

The first cell, acting independently, connects the sinking Atlantic waters to the 

Southern Ocean and AACC which carries deep waters to the Pacific and Indian 

oceans. From here it is mixed with intermediate waters before returning via the Drake 
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Passage (cold route, Figure 1.6). The second cell connects the Pacific and Indian 

basins via intermediate water exchange through the Indonesian Passages and waters 

re-enter the South Atlantic having been warmed up at the Aguihas Retroflection (warm 

route). Their results show that the warm-route' and the 'cold-route' act independently 

from the Pacific-Indian flow through the Indonesian Passages. The Pacific and Indian 

Oceans are linked to the Atlantic overturning cell via the 'warm-route' south of Africa, 

but the global-ocean model predicts that, within the steady-state constraints, this link is 

weak and intermittent. The modelled results for north of the Drake Passage signify a 

strong northward transfer of intermediate and surface waters originating from the 

Pacific Ocean. Thus, the Indonesian throughflow is not a significant part of a single 

global circulation model, effectively producing two cells which act almost 

independently of each other. Note, however, that this model deals with only two 

'layers' of water column, that >3.5°C (- upper 1000m) and that <3.5°C. Although it 

is important to understand the global oceanic pathways at all levels, it is particularly 

important to understand the fluctuations in surface water response which has the main 

interaction with the atmosphere and records rapid changes in climate and temperature. 

In this research, I am primarily investigating the fluctuations in surface waters to 

oceanic and global change, via the abundances of planktonic foraminifera which is 

discussed more fully in sections 1.5.2 and 1.5.3.. 

1.5. The Benguela upwelling system 

1.5.1. Evolution of the Benguela Current 

The Benguela Current constitutes the eastern limb of the South Atlantic anticyclonic 

gyre (SAAG), presently existing offshore South Africa, Namibia and Angola. The 

development of the Benguela Current, along with the major upwelling systems of the 

modern oceans, began to develop in the middle Miocene (late Tertiary, -16 My B. P.). 

The following is a brief chronological description of the tectonic and hydrographic 

evolution of the South Atlantic Ocean. 

The main steps leading towards the modern oceanographic circulation system was 

initiated with the rifting between Eurasia and North America in the early Cretaceous 

(-120 My B.P.; Emery and Uchupi, 1984) and the subsequent opening of the South 

Atlantic between 1 10-95 My B.P. (lower—middle Cretaceous). The rifting of the 

southern margins of the Atlantic is recorded by extensive black shales in the North and 
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South Atlantic, and evaporites in the shallow rift margin between South America and 

western continental Africa. By 75 My B.P. (late Cretaceous) there is evidence for the 

development of the Brazil, Guinea, Argentine and Cape deep-sea basins, and 

furthermore, the first deep cold-water inflow from the Southern Ocean. At the 

beginning of the Eocene global warming (55-42 My B.P.), the dominant 

sedimentation is pelagic, with nannoplankton (chalk) on the southwest African margin 

typical of marine shelf facies. With progressive rifting, passage to the North Atlantic 

is achieved and meridional 6  Atlantic surface and deep water flow is initiated, recorded 

by the first carbonate dissolution events (middle Eocene). In the early Oligocene 

(36-35 My. B.P.), Antarctica begins to separate from South America opening the 

Drake Passage, commencing thermal decoupling of high- and low-latitude surface 

oceans, and the onset of circumpolar circulation and thermal isolation of Antarctica. It 

is at this time, with the development of an east Antarctic ice sheet, that indicative high 

productivity sediments are recorded off southern Namibia, signifying the onset of the 

BCS circulation. 

As stated previously, the major upwelling systems of the modern oceans began to 

develop in the middle Miocene (-15 My B.P.), as deep- and intermediate-water 

evolution led to the thermal stratification that we associate with the oceans today. This 

was brought about largely by the broad opening of the Drake Passage strengthening 

circumpolar deep water flow, further isolating the growing Antarctic ice mass. 

Sedimentary cores retrieved from DSDP sites 362 and 532 (Siesser, 1980, Diester-

Haass et al., 1988, Oberhänsli, 1991, Diester-Haass et al., 1992) on the Walvis Ridge 

continental terrace, above the calcite compensation depth, provide a detailed history of 

upwelling-enhanced productivity and associated sediments since the middle Miocene 

(Neogene). 

From the late Miocene (- 6-3.5 My B.P.), maximum glaciation of the Antarctic 

continent, due to greatest isolation by circumpolar currents, produces a strong 

meridional temperature gradient between high southern latitudes and the tropics. 

Upwelling centres shifted north since the middle Miocene as the current is intensified, 

bringing upwelling centres to the Walvis Ridge during glacials. Prior to the late 

Miocene (-10 My B. P.) upwelling centres did not reach the Walvis Ridge and the 

associated high productivity sediments, diatoms and organic carbon, are not recorded. 

6 Meridional - approximately parallel to the lines of longitude running from the North to South pole. 
Zonal - direction perpendicular to polar meridian, parallel to equator. 
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In the Pliocene (- 3.5-2 My B.P.), the Panama Strait is closed starting the modern 

day conveyor-like circulation. Glaciation in the northern hemisphere begins, and the 

continuing intensification of the Benguela Current produced an upwelling signal in 

both glacial- and interglacial-sediments. 

The Quaternary (-1 .7-0 My. B.P.) saw the onset of strong glacial to interglacial 

climate changes, which are of primary importance to this and other modern climate and 

oceanographic studies. The DSDP sites record a slight decrease in intensity of the 

Benguela Current during the late Quaternary as the BCS moves poleward, with intense 

upwelling in cold periods and less intense upwelling in warm periods. Although 

several authors have suggested upwelling variations to vary at Milankovitch orbital 

periodicities (Diester-Haass et al., 1988, Imbrie et al., 1989, McIntyre et al., 1989, 

Oberhänsli, 1991, Schneider et al., 1994), this and other recent studies suggest that 

upwelling is varying at much shorter time intervals (Kennett and Venz, 1995; Mix and 

Morey, 1997; Little et al., 1997a; 1997b). 

1.5.2. Regional surface oceanography 

The oceanography off South Africa, Namibia and Angola is controlled by the coastal 

branch of the Benguela Current forming the northeastern limb of the anticyclonic gyre 

of the South Atlantic. In the South Atlantic Ocean the surface oceanography can be 

divided into two parts, the area south of the Angola-Benguela Front (ABF) and the 

area to the north. The hydrography of the BCS has been described in detail by a 

number of workers (Shannon, 1985, Lutjeharms and Meeuwis, 1987, Lutjeharms and 

Stockton, 1987, Summerhayes et al., 1995b), and is summarised in Figure 1.7. The 

Benguela Oceanic Current (BOC) is the equatorward drift of cool surface waters 

flowing from 34°S (Cape Town) along southwestern Africa to 23°S (Walvis Bay) 

where it diverges from the coast. Inside the shelf break, along the entire coastline, a 

component of the BOC moves equatorwards forming the Benguela Coastal Current 

(BCC). The BCC continues northwards off Angola up to a maximum of 14°S 

(Meeuwis and Lutjehanns, 1990) where the line of upwelling centres terminate. The 

warm Angola Current (AC) forming the southeasterly limb of the South Equatorial 

Counter Current (SECC) flows polewards off Angola until it meets the cold BCC 

between 18-14°S at the ABF. This is the mixing site of warm relatively nutrient-

poor waters, from the north, and colder relatively nutrient-rich waters, from the south. 

The front penetrates at its greatest extent 1000 km offshore, with a zone of maximum 
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frontal development within the first 250 km from the shore (Meeuwis and Lutjeharms, 

1990). The front has a mean annual shift of 2-3 latitude, with a general frontal 

orientation NW—SE (Meeuwis and Lutjeharms, 1990). 

IOW 	 0 	 I0 	 20 	 30E 

5N 
C 	Guinea Basin 

; 

Sediment cores; 	 EUC 	 AFRICA 	
OS  

Sampled 	 aftook. 	
SECC r> o GeoB 1706 	 > 

O GeoB 3608 	
/ (( ngoIa1 

0 PGIPCI2 	 'Basin1 

o GeoB 3607 	 10  
0GeoBI71I 	 5 

GeoB36O4/5 

0 GeoB360213 	
\ 	Cap eFria 

Cited 	
20

- \ LF RC24-16 
® GeoB 1008 	

D1 
® T89-24 

GeoB 1016 
® T89-32 	 4 	

\ GeoB 1028 	 1 	9. 

30 -  
DSDP 530 	

Tn CjN ® PC 16 	

o 

STC 

I 	40°S 

ABF 	Angola-Benguela Front Cold Surface Currents 

' 	Warm surface currents 
BCC Benguela Coastal Current 

AC 	Angola Current 
BOC Benguela Oceanic Current 

SEC 	South Equatorial Current Undercurrents 

SECC South Equatorial Counter-Current 

EUC Equatorial Under.Current 

Figure 1.7. Regional surface-water circulation of western and southwestern Africa (after Shannon, 

1985, Luijeharms and Meeuwis, 1987, Lutjeharrns and Stockton, 1987, Meeuwis and Lutjeharms. 

1990). 

In the south of the BCS a component of the warm-water Aguihas Current enters from 

the Indian Ocean (Gordon, 1986, Gordon et al., 1992, Macdonald and Wunsch, 

1996, Schmitz, 1996) and forms a thermal barrier, the Aguihas Retroflection. This 

has been observed from satellite imaging (Duncombe-Rae, 1991) as a series of 

dynamic eddies and rings from the east effectively limiting the equatorward flow of 

cool filaments of South Atlantic surface waters into the BOC (Shannon et al., 1989). 
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Movement of the thermal barrier, which is controlled by the relative position and 

intensity of the sub-tropical convergence (STC) and the Agulhas Current, creates a 

variable supply of cold sub-Antarctic waters and warm Aguihas waters into the BCS. 

This has the effect of controlling the heat flux into the area from the south, and will be 

recorded in the planktonic foraminiferal record by changes in abundance of 

temperature-dominated species. 

To the north of the ABF the BOC, SECC and AC, form the eastern South Atlantic 

cyclonic gyre (Moroshkin et al., 1970, Gordon and Bosley, 1991). The BOC, which 

diverges from the coast at, or before, the Walvis Ridge, forms the western arm of the 

gyre and a component is deflected into the equatorial region (-0--5° N and S) by the 

south-westerly SECC, while the remaining cold-waters are transported across the 

equator into the southwestern North Atlantic. The eastern arm of the SAAG, 

transports warm, saline-poor, waters into the northerly reaches of the Cape Basin, 

before they too are deflected northwest from the coast. At the equator, the two major 

anticyclones dominating the Atlantic Ocean circulation force the surface currents from 

east to west (South Equatorial Current, SEC) creating major equatorial upwelling in 

the easterly Guinea Basin. The returning Equatorial Under-Current (EUC) balances 

the configuration with a component diverting into both the South and North Atlantic 

Oceans. 

1.5.3. Local surface oceanography and modern-day upwelling 

Coastal upwelling within the BCS varies with the seasonal extremes of summer and 

winter (Shannon, 1985), with water cooler than 16°C extending along the entire coast 

during austral 7  winter and spring. Upwelling intensity and the associated primary 

productivity is high all year round. However, the seasonal signal has the effect of 

dividing the system into a northern Benguela region (NBR) and a southern Benguela 

region (SBR; Dingle, 1995). This is seen in the modern day planktonic foraminiferal 

(Giraudeau et al., 1993) and benthic ostracoda (Dingle, 1995) distributions and has 

been demonstrated using satellite imaging (Lutjeharms and Meeuwis, 1987). Seven 

major upwelling cells can be distinguished: at Luderitz (25°S), Namaqua (29°S), 

Columbine (32°S), Walvis (22°S), Namibia (19°S), Peninsula (34°S) and Kunene 

(17°S), in order of decreasing intensity (Figure 1.8). A strong correlation was found 

austral - southern hemisphere; boreal - northern hemisphere. 
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between strength of offshore winds and level of upwelling intensity (Lutjeharms and 

Meeuwis, 1987). 
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Figure 1.8. Upwelling cells of the Benguela system over the continental margin of southwestern 

Africa (after Dingle, 1995). 

The boundary between the NBR and the SBR is the site of maximum upwelling 

intensity at 26-27°S (Luderitz), which has the coldest and the most persistent 

upwelling. The NBR is predominantly a winter phenomenon, but is typified by year 

round, permanent, high productivity and enhanced accumulation of phytoplankton 

(Brown etal., 1991). Wind speeds are of medium intensity with a wide, oceanic, 

filamentous, mixing domain (Lutjeharms and Stockton, 1987). Surface sediments are 

rich in organic matter with a maximum in the nearshore diatom belt (Bremner, 1983, 

Rogers and Bremner, 1991). In the Recent setting the NBR has the lowest dissolved 

oxygen, related to a poor oxygen source in the Angola Basin, and highest marine 
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organic carbon levels and SSTs (Dingle, 1995). Boyd etal. (1987) found late summer 

intrusion of surface and sub-surface warm Angolan water down to Walvis Bay to be a 

common feature of late austral summer and early autumn. 

In contrast, the SBR has a highly seasonal upwelling situation with its maximum in 

summer, and a restricted mixing domain (Lutjeharms and Meeuwis, 1987, Giraudeau 

and Rogers, 1994). Offshore there is a strong thermal front between the cold, dense, 

upwelled waters and the displaced, oligotrophic, tropical waters. Associated with the 

variable upwelling intensity there is a highly seasonal variability in nutrient supply, 

and average chlorophyll a is relatively low compared to the NBR (Giraudeau, 1993). 

In the recent sediments the SBR has the highest dissolved oxygen levels which 

supports a large benthic ostracod population (Dingle, 1995). 

1.5.4. Late Quaternary upwelling record 

The most extensive review of the Quaternary upwelling history and variability offshore 

Namibia was by Summerhayes etal. (1995b). Using geochemical and 

micropalaeontological analyses of a piston core (PG/PC 12) from the slope off Walvis 

Bay, they discussed upwelling dynamics in the BCS during the last 70 kyr. The most 

productive time interval, derived from organic carbon data, was during glacial stages 

4-2, peaking in isotope stage 3, and coinciding with the coldest sea surface 

temperatures (SSTs) from alkenone data. Upwelling and organic matter flux was 

found to increase in stage 4 and 3, but decline into stage 2, the last glacial maximum 

(LGM). This was attributed to a northward shift of the trade winds in stage 2, leading 

to a marked decrease in upwelling at site PGIPC12. The primary control on the 

system is believed to be the precessionally controlled position of the SAAG and 

corresponding variations in the upwelling favourable trade winds. Aside from this 

primary control on productivity, they also suggest variations in the supply of nutrients 

into the system via sub-surface waters which sink at the STC, and continued 

clockwise around the South Atlantic with the EUC and through the Angola Basin to 

Namibia. 

Jansen et al. (1997) used planktonic foraniinifera from three cores on the Angola-Zaire 

margin to reconstruct palaeopositions of the ABF for the last 180 kyr. Using a 

relatively low resolution record compared to this study, they suggest that the extreme 

shifts of the BCS can be described by the 100 kyr (eccentricity) period and the 
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meridional shifts by the 23 kyr (precession) component of the Earths orbital 

parameters. Jansen et al. (1997) show strong northward shifts in stages 4 and 3.3-

3.1, while the southernmost positions (similar to the present situation) were occupied 

in stages 6.3, 5.5 and stage 1. Similar to Summerhayes et al. (1995b), they associate 

the shifting of the ABF and accompanying upwelling cells to displacements and 

relative intensity of the SAAG and corresponding southeast trade winds. 

Using alkenone-derived SSTs calculated from cores on the Angola Margin, the Walvis 

Ridge, the Congo Fan and the equatorial Atlantic, Schneider et al. (1995; 1997) found 

that the records closely matched each other indicating that the ABF has not shifted 

substantially in the last 200 kyr (Schneider et al., 1995), and has remained between 

12° and 20°S. The precedence of SST changes at the Walvis Ridge as well as in the 

equatorial Atlantic, with respect to the Angola and Cape Basins, suggests that south of 

the ABF variations in the zonality of trade winds are superimposed on changes in heat 

advection (from the Benguela). Thus, they suggest that the predominant precessional 

cycle observed, results from differential variations in trade wind forcing between both 

areas. During periods of increased trade wind zonality, it is likely that the BOC 

diverted more to the northwest before it crossed the Walvis Ridge (after Jansen et al., 

1984, Jansen and van Iperen, 1990), which would result in an increase in offshore 

transport of cold-water upwelling filaments south of the ABF and an increase in 

equatorial upwelling. The Angola Basin would then have received lesser amounts of 

cold, southern BOC as it is deflected offshore. 

Schneider et al. (1995) conclude that the trade wind forced cycle observed in the 

ASSTABF record 8,  is a low-latitude phenomenon overprinting the trade wind signal as 

a result of monsoonal circulation changes over the east equatorial South Atlantic 

induced by boreal summer insolation over Africa. In contrast to the northern 

hemisphere, where trade wind forcing is controlled by the 41 and 100 kyr 

periodicities, eastern South Atlantic surface oceanography is additionally sensitive to 

low-latitude 23 kyr insolation changes in the northern hemisphere. 

Schneider et al. (1997) compare organic carbon measurements with previously 

calculated SSTs, to understand the variation in palaeoproductivity. Total organic 

carbon (TOC) results, support the hypothesis of precessional sensitivity of sediments 

8 ASSTABF = SST difference across the ABF calculated by subtracting the interpolated SST value of 
core GeoB 1028-5 (Walvis Ridge) from the corresponding values of core GeoB 1016-3 (Angola Basin). 
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in the equatorial South Atlantic as suggested previously by Lyle (1988), McIntyre et 

al. (1989) and Molfino and McIntyre (1990). Following Imbrie et al. (1989), 

Schneider et al. (1995) argue for trade wind forcing of coastal and equatorial 

upwelling, but also argue for an additional component of cold-water advected from the 

BCS. 

1.6. Distribution of surface sediments 

Sediments underlying upwelled water masses may reflect characteristic differences 

between those from the same latitudes that have no upwelling influence. However, 

these characteristics are only reflected in the sediments if the upwelling is prolonged 

for sufficient amounts of geological time. For example, in the southwest African 

upwelling region current sedimentation rates vary between 30 and 120 cm/1000 years 

in the inner diatom mud belt (Calvert and Price, 1983), but reduce to rates in the order 

of 5 cm/1000 years in the foraminiferal dominated slope facies 9 , large enough for the 

history of upwelling to be recorded. 

The modem sediments accumulating on the Namibian shelf are composed 

predominantly of biogenic material: organic matter, diatomaceous silica and calcium 

carbonate. The biogenics are split into three zones parallel to the coast, Figure 1.9, 

(Bremner, 1983, Calvert and Price, 1983). Nearest the shore is a diatomaceous, black 

mud belt, with waters at the surface sediment interface almost completely anoxic. 

Further away is the middle shelf dominated by faecal pellets and separated from the 

diatom belt by a zone of coarse sediment centred at about 150 m. On the slope at about 

1000m is a carbonate-rich band, dominated by foraminifera, coccoliths and ostracodes 

(Giraudeau, 1992; 1993; Giraudeau and Rogers, 1994; Dingle, 1995). Terrigenous 

material is not abundant, although it can be blown in by easterly, offshore winds, or 

supplied by coastal rivers. It is thought that ever since the initiation of upwelling off 

southwest Africa since the early Miocene, these three belts have existed spatially 

similar to the modem situation. 

Surface sediments do not reflect the contemporaneous hydrologic conditions like 

plankton, nor an annually averaged record like benthos, but instead reflect hydrologic 

9 Within the cores analysed, average sedimentation rates in the cores collected from a 2000 m water 
depth are 8-11 cm/1000 years consisting almost entirely of planktonic foraminifera without 
terrestrial influence. Values are not adjusted for compaction or dissolution. Meyer (1973) observed 
maximum sedimentation rates of 150 cmJ1000 yrs in the small shelf basins. 
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changes on a decadal to centennial time scale. The major- and minor-element 

geochemistry of the surface sediments reflects the complex mixture of terrigenous, 

biogenic, and authigenic sedimentary components, and can be used to assess the extent 

of secondary diagenetic or geochemical enrichment. It can also be used to assess 

changes in local oceanography, and nutricline and/or thermocline structure, and their 

correlation to the dominant biogenic signatures. 

10• 10  f 

S 

uI 

Figure 1.9. Generalised distribution of biogenic surface sediments (after Bremner, 1983, Calvert and 

Price, 1983, Giraudeau, 1992, 1993). 

The use of minor element geochemistry has varied in its success in differing marine 

settings. Previous authors have used the fluctuation of major- and minor-elements to 

discuss changes in palaeoproductivity (Muller and Suess, 1979, Muller etal., 1983, 

Zahn etal., 1986, Sarnthein etal., 1987, Boyle, 1988, Berger etal., 1989), upwelling 

(Siesser, 1980, Meyers, 1992), anoxia (Schianger and Jenkyns, 1976, Emerson and 

Bender, 1981), wind strength (Boyle, 1983, Shimmield etal., 1990, Weedon and 

Shimmie!d, 1991), continental aridity (Nair et al., 1989, Sirocko and Sarnthein, 1989, 

Matthewson etal., 1995), weathering source (Schneider etal., in press), diagenesis 

(Bishop, 1988, von Brevmann etal., 1992), and river discharge (Schneider etal., 

1994). 
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Diester-Haass (1978) provides a good review of indicative geochemistry and 

sedimentation within upwelling areas, and the BCS in particular. The main 

characteristics of the surface water masses of recent upwelling regions are: lowered 

temperatures, increased dissolved oxygen, high nutrient contents and thus increased 

productivity. Of which two of these characteristics, lowered temperatures and 

increased biological production, are important for geological observations as they may 

describe differences between sediments from cores at the same latitude with, and 

without, upwelling influence; for example, sediments beneath high productivity, and 

therefore generally anoxic 10  shelf and slope upwelling settings, have been found to be 

finely laminated and rich in organic carbon (Yeats and Haq, 1981, Hay and Sibuet, 

1984, Ruddiman and Sarnthein, 1989, Suess and von Huene, 1990). 

In the BCS five components are responsible for most of the variability in sediment 

composition (Calvert and Price, 1983): calcium carbonate, organic matter and biogenic 

opaline silica, terrigenous debris, phosphorite, and glauconite. Barium, considered by 

many to be important in the study of palaeoproductivity, is distributed with iodine 

independently of the these components. 

The most widely used geochemical indicators of past productivity are total organic 

carbon 11  (TOC) and biogenic opaline silica (opal) as these are thought to be strongly 

related to the amount of excess organic carbon produced in productivity events, such 

as upwelling (Muller and Suess, 1979, Dymond, 1981, Bishop, 1988). Intense 

upwelling injects both cold-water and nutrients into the surface waters, and thus 

organic carbon burial is related to the subsequent changes in export productivity 

associated with nutrient input. These productivity/upwelling events should be 

accompanied by decreased SSTs at times of high organic carbon burial, characterising 

them apart from lateral cold-water advection (Lyle et al., 1992). 

Organic carbon is found at its maximum (15% TOC; Calvert and Price, 1983, Rogers 

and Bremner, 1991) in the narrow belt of anoxic diatom ooze (max 88% opal; 

Bremner, 1983), particularly predominant in the shallow waters of Walvis Bay. 

Organic carbon concentrations in the sediment reflect the TOC received on the sea 

10 If bottom waters lack oxygen or if H2S is present from high amounts of organic matter, oxygen is 
removed through oxidation of organic matter leaving a thick sediment-water interface oxygen-poor or 
anoxic. 
11 Often referred to in other texts as Corg, with CMorg  as marine-derived organic carbon. 
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floor. Of special interest to palaeoproductivity estimates, TOC records the fluctuation 

of normal marine productivity and the episodes of enhanced productivity, but also 

records the added material from a terrigenous source diluting the signal. For any 

productivity assessment the terrigenous component must be quantified, often requiring 

correlation with other proxies (e.g. C/N ratio, Muller et al., 1983; Barite, Shimmield, 

1992; Uranium, Shimmield and Pederson, 1990; Zr/Al, Matthewson et al., 1995). 

Surface water productivity records inferred from TOC must take into consideration 

other factors; dilution by terrigenous and carbonate material, sediment re-distribution, 

and type and extent of organic preservation and re-mineralization. However, recent 

work in the east-equatorial Atlantic has favoured changes in productivity over all other 

variables (Lyle, 1988, Sarnthein et al., 1988, Schneider, 1991, Struck et al., 1993, 

Muller et al., 1994, Schneider et at., 1997). 

Of the TOC produced in the marine environment, including addition from a terrigenous 

source, only a very small proportion (-2%) reaches the geological record, so the signal 

is already subject to bias. Only very large shifts in the TOC production will be 

recorded, for example at times of intense productivity, or shedding from the innermost 

organic rich diatom mud belt where TOC is in excess of 10%, rather than 1-5% on 

the mid-upper slope facies. Plumes, filaments and eddies in the diffuse mixing zone 

of the NBR could transport material through the shelf break front onto the continental 

slope (Lutjeharms and Stockton, 1987, Shillington, 1992, Waldron and Probyn, 

1992, Waldron etal., 1992). Shillington (1992), however, suggests that these 

processes do not represent a large scale loss of productive coastal water to the open sea 

and are probably only a minor influence of TOC re-distribution and dilution. 

Summerhayes et al. (1995b) showed enrichment of organic matter at site PG/PC 12 on 

the continental slope off Namibia to respond to changes in upwelling intensity and to a 

lesser extent mixing processes taking place in the shelf edge upwelling system. Both 

processes can be linked with seaward advection of coastal nutrient-rich upwelled water 

enhancing production at the shelf edge. Comparison with the SEEP experiment 

(Biscaye et al., 1988), where only 20% of the organic flux reaching the slope is 

exported from the shelf, it is thought the rest represents in-situ production related to 

prolonged coastal upwelling. 
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1.7. Summary 

The Benguela Current system is the site of exceptionally high productivity and intense 

upwelling, recording amplified signals of climate and ocean change since its evolution 

in the early Oligocene. The surface sediments covering the continental shelf and slope 

are characteristic of high productivity coastal upwelling margins dominated by diatoms 

and planktonic foraminifera in the overlying waters. High organic carbon contents 

record the fluctuation of palaeoproductivity with time, and allow the variation of 

productivity changes to be assessed. The hydrography of the Benguela Current 

system has been researched in detail, but the variation of the currents and water masses 

with time is still not fully understood. Movement of the Angola-Benguela Front, to 

the north of the Walvis Ridge, has been the subject of recent research, and is 

suggested to move with variations in the trade wind/monsoon system. Variations in 

upwelling dynamics are similarly suggested to vary with trade wind intensity, but also 

with the hypothesised advection of cool waters from the Southern Ocean. The main 

objective of this research, is to assess the variation of planktonic foraminifera to 

determine the nature and timing of changes in the palaeoceanography of the Benguela 

Current system. Four high resolution foraminiferal records are assessed to investigate 

the principal causes of faunal change in the BCS, and to quantify the relative influence 

from cold-water advection, upwelling and trade wind modulation. 
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Chapter 2. Oxygen and carbon isotope chronostratigraphy 

2.1. Stable isotope theory and analysis 

For any meaningful interpretation of palaeoceanography or palaeoclimatology, it is 

necessary to build a chronostratigraphic framework for the sediment cores under 

investigation. Stable oxygen isotope analysis is the most widely used method for 

chronostratigraphy, and is based on the ratio of oxygen's two isotopes 160  and 180, 

expressed as 180/160.  This ratio is found to fluctuate through time in all of the 

world's oceans with a characteristic signature which is used for dating and core 

correlation (Emiliani, 1955, Shackleton and Opdyke, 1973, Imbrie et al., 1984, Prell 

etal., 1986, Martinson etal., 1987), Figure 2.1. 
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Figure 2.1. Standard SPECMAP stacked oxygen isotope curve, after (Imbrie et al., 1984, Prell etal., 

1986); (a) Complete isotope record for the last 800 kyr, (b) Detailed analysis of the last 200 kyr. 
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Emiliani (1955) established the first oxygen isotope stratigraphy using isotopes 

extracted from the tests of foraminifera from a low latitude marine core. Foraminifera 

secrete a calcareous test in approximate equilibrium with the water mass they inhabit 

and thus preserve the oxygen and carbon isotopic record at the time of precipitation, 

although slight variations with changing species have been documented (see Patience 

and Kroon, 1991 for discussion). As the pelagic rain falls to the sea floor overtime, a 

chronologic record of oxygen and carbon fluctuations is established and preserved. 

The usual interpretation of variation in the 180/160  ratio is linked directly with changes 

in the global hydrological cycle. The following is a brief summary of this system. 

The oxygen isotopic composition of the global oceans is dominantly controlled by low 

latitude evaporation and high latitude precipitation. In the process of evaporation, the 

lighter isotope, 160,  is preferentially removed from the oceans and transported to the 

polar continents. Moving from low to high latitudes, atmospheric oxygen is enhanced 

in the lighter 160,  and loses the heavy 180.  Polar ice caps thus become relatively 

enriched in the light isotope, 160,  whilst the oceans become enriched in 180.  During a 

glacial period when polar ice caps expand, more 160  is removed from the ocean 

system and thus foraminifera record a value with a relatively heavy 180/160  ratio, and 

the trapped ice records a negative ratio. Inversely, foraminifera that have lived in an 

interglacial period, when polar ice caps have reduced in size and released 160  back into 

the hydrological cycle, will record relatively light 180/160  ratios, and ice caps will 

record relatively heavy ratios. 

For calibration, the 180/160  ratios are compared to a standard (PDB, Pee Dee 

Belemnite 1),  and then expressed as a deviation of 180  in parts per thousand (%o) from 
this standard value (Shack! eton and Opdyke, 1973), 8180 .  

18 	
r 18o/16o sample 

	

5 o = [ I80/160 	
_I X 1,000 (%)

reference 

I PDB standard was obtained from carbonate from the belemnite Belemnitella americana from the 
upper Cretaceous Pee Dee Fm. from South Carolina (Epstein and Urey, 1951). 

29 



Ch.2. Chronostratigraphy 

2.2 Radiocarbon dating 

The influence of continuous high energy cosmic radiation and neutron collision in the 

upper atmosphere results in the production of carbon nuclei, of which the radiocarbon 

isotope, carbon-14 ( 14C), forms only a small component of the total carbon produced 

(1 part in 1010  per cent of total carbon). As 14C is radioactive there is a continual 

decay of 14C to form the stable element 14N via beta transformation (Libby, 1955). 

14C atoms are rapidly oxidised to carbon dioxide and, along with other molecules of 

12 CO2, become mixed throughout the atmosphere and absorbed by the oceans and 

living organisms. It was initially assumed that (1) the production rate of 14C was 

constant, and thus the atmospheric content of 14C is also constant, and (2) that the 
14C :  12C ratio in the biosphere and hydrosphere is in equilibrium with the atmospheric 

ratio; although both of these assumptions has come under scrutiny in recent years. All 

living matter loses 14C at the same rate at which they absorb it, broadly in equilibrium 

with atmospheric CO2. Once the organism ceases to exist, exchange with the 

atmosphere cannot take place (closed system) and the amount of 14C trapped in the 

organism will naturally decay. The rate of decay follows a negative exponential curve 

(half-life of radiocarbon used is 5568 years ± 30), and thus the date of death can be 

calculated from the measured residual 14C activity. The point at which the amount of 

remaining 14C falls below the limit of measurement provides the upper most limit of 

dating to be about 50,000 years, although at this extreme the measurement is subject to 

a large degree of error. Radiocarbon dating is used here to provide extra chronological 

control particularly during oxygen isotope stage 3 where correlation with other marine 

records is difficult with stable oxygen isotope stratigraphy alone. 

2.2.1. Sources of error in 14C dating 

Discrepancies between calendar and radiocarbon ages determined from wood samples 

first suggested that the assumption of a constant 14C production rate with time was 

inaccurate (de Vries, 1958), and has been subsequently confirmed using 

dendrochronology (Suess, 1970; Stuiver et al., 1991; Pearson et al., 1986), varved 

sediments (Stuiver, 1970), and U-Th (Stuiver, 1978; Bard et al., 1990a; 1990b) 

dating of corals. The existence of 14C plateaux's, that is a period of constant 14C age, 

at around 12.7, 10 and 9.5 ka are thought to reflect changes in 14C atmospheric 

reservoir previously not considered (see Ainmann and Lotter, 1989). 
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On a longer time scale, direct comparison between AMS determination of 14C and U-

Th on fossil corals suggests that radiocarbon underestimates the true age by as much 

as 2.5 kyr at 16 ka BP, and 3.5 kyr at 20 ka BP (Bard et at., 1990b; 1993). These 

results are explained mainly as the consequences of changes in the cosmogenic nuclide 

production linked to the gradual decrease of the Earth's magnetic field; and smaller 

effects from changes in the global carbon cycle linked to thennohaline convection and 

deep water production (see Bard et al., 1990b; and 1993 for discussion). The 

divergence between 14C age determinations and those obtained by other dating 

methods has been reconciled by the use of a conversion of 14C years into a calendar 

age framework, and expressed as calendar years (Bard et al., 1993), see section 2.3.2. 

and footnote 3. 

A second important source of error occurs as a result of the slow mixing rate of 

surface and deep waters. Because 14C is transferred from the atmosphere to the 

oceans only across the surface, and the mixing is slow, 14C in deep ocean waters 

decays without replenishment and thus has an apparent age which differs from the 

surface waters. Hence a correction factor is therefore applied to marine-derived 14C 

ages e.g. foraminifera, but this itself is subject to variation. In the surface waters of 

the North Atlantic this is around +400 years (Bard et al., 1988), while in parts of the 

equatorial East Pacific the figure is +580 years (Shackleton et al., 1988). Upwelling 

adds a further dimension to the problem as it brings 'older' water to the surface ocean 

and affects the apparent age of the surface waters. The results presented here use a 

constant reservoir correction factor of -i-400 years, as is used in the North Atlantic. 

2.3. Materials and methods 

2.3.1. Oxygen and carbon stable isotope analysis 

For a high resolution analysis, samples were taken at 5cm intervals along the GeoB 

cores, and 10cm intervals along PGIPC12, allowing geochemical, 

micropalaeontological and stable isotopic analysis to be carried out at average sample 

intervals of about 650 years. For the GeoB cores, tests of Globorotalia inflata 

d'Orbigny and Cibicidoides wuellerstorfi Schwager (GeoB 1711 only) were hand-

picked under a binocular microscope from the 250-500jtm fraction to achieve an 

analytical weight between 0.05 and 0.10mg, composed of between 8— 10 well-

preserved and clean Gr. inflata specimens, and 2-4 C. wuellerstorfI specimens. For 
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core PG/PC 12 oxygen and carbon stable isotope analysis was carried out using 

N. pachyderma specimens. Stable oxygen and carbon isotope analysis was 

conducted on a Finnigan MAT 251 mass spectrometer using a KIEL automated 

sampling device 2  The tests of the foraminifera were reacted with concentrated 

orthophosphoric acid at 75°C. Calibration is through secondary standards calibrated 

via NBS 18, 19 and 20, data are normalised to the PDB scale with te defined value of 

NBS 20 of -4.14 and -1.06 %o for oxygen and carbon, respectively. Analytical 

precision for oxygen and carbon isotope analyses was ± 0.07%o and ± 0.03% (1-

sigma), respectively. 

2.3.2. Radiocarbon dating 

Detailed inter-core correlation was possible using measured radiocarbon ages from the 

upper parts of the southern Cape Basin cores. Radiocarbon ages were measured on 

foraminifera extracted from selected samples to provide information particularly in 

oxyegn isotope stage 3 where the isotope correlation was proving difficult. 

Radiocarbon dates for PG/PC 12 were provided from Summerhayes et at. (1995) while 

new dates were measured for GeoB 1706 and GeoB 1711. Carbon dioxide generated 

from the samples by acid hydrolysis was reacted to graphite using Fe/H2 catalytic 

reduction at the Fachbereich Geowissenschaften, Bremen, Germany. Graphite was 

pressed into targets which were analysed along with standards and process blanks on 

an accelerator mass spectrometer (AMS) at the Leibniz-Labor AMS facility, Christian-

Albrechts-University, Kiel, Germany, following the procedures described in Nadeau 

et at. (1997). Analytical radiocarbon ages were calculated using 5568 years as the 

half-life of radiocarbon. The analytical 14C ages obtained must be corrected for the 

age difference between atmosphere and the surface ocean. For the low-latitude range 

the reservoir age is generally 400 years and is not likely to have changed by more than 

100-200 years during the late Pleistocene (Bard, 1988; Bard et at., 1990b). We have 

corrected the analytical data ages for reservoir effect by + 400 years, and further 

calculated radiocarbon ages to calendar years according to Bard et at. (1990a, b) and 

Bard et al. (l993). 

2 GeoB sampling and analysis was carried out at the Fachbereich Geowissenshaften, University of 
Bremen, Germany; PG/PC 12 sampling and analysis was carried out on a VG Isotech PRISM isotope 
ratio mass spectrometer, at the Isotope Research Unit, East Kilbride, Scotland. 

< 18,000 14C years BP: 'True age" = (1.24 x 14C age) - 840 [yrs BPI 
> 18,000 years BP: 'True age" = [-5.85x10 6  x ( 14C age) 2] + ( 1.39 x 14C age) - 1807 [yrs BP] 
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2.4. Chronostratigraphy of the 6180  records from the southeastern 

African continental slope 

2.4.1. GeoB 1706 and GeoB 1711 

The oxygen and carbon isotope stratigraphies for GeoB 1706 and GeoB 1711, are 

shown in Figures 2.2 and 2.3, and stable isotope age control points are given in Table 

2.1. A benthic isotope record for GeoB 1711 (Figure 2.2) aided the 

chronostratigraphy of the planktonic foraminiferal-derived 6180  records for GeoB 

1706 and GeoB 1711. Five radiocarbon dates were measured for the upper 45 kyr in 

GeoB 1706, and together with a further five oxygen isotope control points allowed the 

core to be dated at regular intervals over the last 160 kyr. 

Depth (m) 

GeoB 1706 

Age (kyr) Events Depth (m) 

GeoB 1711 

Age (kyr) Events 

0.03 0 Core top 0 0 Core top 
023 8.05 AMS 1.16 14.48 AMS 
0.58 12.21 AMS 1.91 20.01 AMS 
1.78 26.95 AMS 2.51 21.80 AMS 
2.33 38.77 AMS 3.41 39.70 AMS 
3.48 44.37 AMS 4.01 4437 aAMS 

6.93 71 5.0 4.61 53 3.3 
8.38 87 5.2 5.56 65 4.2 
8.43 87.6 Hiatus end 6.86 80 5.1 
8.48 126.5 Hiatus start 7.46 87 5.2 
8.73 128 6.0 8.21 99 5.3 
9.93 135 6.2 9.01 111 5.4 
10.68 151 6.4 9.81 123 5.5 

10.71 136 6.2 

Table 2.1. Isotope control points for GeoB 1706 and GeoB 1711. Age picks for GeoB 1711 were 

allocated using the benthic foraminiferal record of C. wuellersto,fi. The hiatus in GeoB 1706 was 

best-fitted between the samples at 8.48m and 8.43m. Control points are from Imbrie etal. (1984). 

aAMS = 14C age applied from GeoB 1706 after correlation of 5 13C records and later confirmation 

from planktonic foraminiferal abundance records. 

The planktonic foraminiferal record for GeoB 1711 utilises four radiocarbon dates and 

a further age control point correlated from the oldest AMS 14C age from GeoB 1706 

(44 ka). This was deemed reasonable from direct correlation with the planktonic 6 13C 

records and later from planktonic foraminiferal abundance records. Older than early 
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Ch.2. Chronostratigraphy 

stage 3, the benthic foraminiferal record for GeoB 1711 is correlated to the SPECMAP 

standard eight times to encompass the last 140 kyr. Correlation between the 

planktonic foraminiferal isotope records revealed a period of non-deposition at site 

GeoB 1706 during isotope sub-stages 5.5-5.2. 

	

GeoB 1711 Gr. inflata 8180 (%o) 	
Isotope 

3 	2.5 	2 	1.5 	1 	0.5 	 Stages 

I III 	IlIlillUIll II 	liii 111111 

2.5 	2 	1.5 	1 
	

5 4.5 4 	3.5 3 	2.5 2 

GeoB 1706 Gr. inflata 5180 (%o) 
	

GeoB 1711 C. wuellerstorfi 8 180 (%o) 

Figure 2.2. Oxygen isotope calendar age profiles for GeoB 1706 (planktonic record) and GeoB 1711 

(planktonic and benthic records). The AMS dates and age control-points for each core are given, to the 

left for GeoB 1706 and to the right for GeoB 1711 (for GeoB 1711 these are derived from the benthic 

foraminiferal stratigraphy of Cibicidoides wuellerstorfi). The same stratigraphy is applied to the 

carbon isotope profiles (Figure 2.3). 

The GeoB 1706 isotope records illustrate the missing heavy values of 813C  in isotope 

sub-stage 5.3 (99 ka; Figure 2.3), and the missing light isotopic values of 8 180 in 
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isotopic sub-stage 5.5 (122 ka; Figure 2.2). In all isotope records from the Angola 

and Cape Basins, and the continental slope off southwest Africa and equatorial west 

Africa (Schneider, 1991, Schneider etal., 1997), isotope sub-stage 5.5 oxygen-
isotope values reach Holocene 8180  minima. The 6180  values for GeoB 1706 in 

isotopic stage 5 are higher than the Holocene values. 

GeoB 1711 Gr. infiata& 3C (%o) 
Isotope 

0.5 	0 	0.5 	1 	Staces 

-1 	-0.5 	0 	0.5 	1 

GeoB 1706Gr inflatat5' 3C (%) 

Figure 2.3. Carbon isotope stratigraphy for GeoB 1706 and GeoB 1711 with respect to calendar age. 

The excellent correlation of the two 5 13C records versus age clarifies the positioning of the hiatus 

boundaries in the interval of sub-stages 5.5-5.2. Together, the oxygen and carbon isotope records 

highlight the absence of sub-stages 5.5 (1 22ka)-5.3 (99ka), with the missing excursion to positive 

5 13C values (sub-stage 5.3) in GeoB 1711 and the missing excursion to Holocene, or lower, 8 180 

values (sub-stage 5.5) in GeoB 1706. Age control-points are given in Table 2.1 and AMS dates in 

Table 2.2). 
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Detailed examination of oxygen and carbon isotope signatures allowed the margins of 

the hiatus to be best-fitted for 848 cm and 843 cm in GeoB 1706, matching 126.5 kyr 

and 87.6 kyr, respectively, in GeoB 1711 (Little etal., 1997a). Figure 2.3 shows the 

Core Depth 
(m )a 

Analytical 
Age b 

(kyr) 

Error 
+1- 

(yrs) 

Calendar 
Agec 

(kyr) 

Error 
+1- 

(yrs) 

PG/PC 12' 0.10 5.99 75 6.09 93 
PG/PC I2d 0.45 7.88 40 8.44 49 
PG/PC I2d 0.75 10.50 55 11.69 68 
PG/PC I2d 1.13 14.10 55 16.15 67 
PG/PC l2e 1.42 16.85 80 19.49 95 
PG/PC 12 1.67 19.25 85 22.33 101 
PG[PC I 2e 2.17 23.80 120 27.54 134 
PG/PC l2 2.67 28.50 190 32.68 202 

GeoB 1706 0.23 7.49 50 7.95 62 
GeoB 1706 1' 0.58 10.85 70 12.11 87 
GeoB 1706 1' 1.78 23.23 250 26.9 284 
GeoB 1706 2.33 34.42 810 38.77 802 
GeoB 1706 1' 3.48 40.28 1700 44.4 1369 

GeoB 171 If 1.16 12.68 70 14.39 87 
GeoB 171 If 1.91 17.14 120 19.84 144 
GeoB 171 If 2.51 18.74 130 21.73 154 
GeoB 1711 1' 3.41 35.37 980 39.71 959 

a combined PC/PG 12 depth, and combined GeoB 1711 gravity and box core depth. 
b no reservoir corrections or calibration to calendar years. 
C  ages converted to calendar years following the methods of Bard etal., 1990a; 1990b; 1993, after a + 400 

years correction for marine reservoir effect. 
d Age from N. pachyder,na right coiling specimens. 
e Age from N. pachyderma mainly left coiling specimens. 

Age from Gr. inflata specimens. 

Table 2.2. Radiocarbon 14C dates and calendar age calculation (after Bard etal. 1990) for PG/PC 12, 

GeoB 1706 and GeoB 1711. 

carbon-isotope records of GeoB 1711 and GeoB 1706 to directly compare the records 

adjusted for age. The maximum of 5 13C in sub-stage 5.3 is clearly missing, whilst the 

excellent correlation in early stage 5 marks the isotope sub-stage 5.5 start of the hiatus. 

The 8 180 stratigraphy of the complete benthic foraminiferal record (Figure 2.2) further 

clarifies the missing section of sediment, with the noticeable isotopic absences in mid-

stage 5. Alkenone-derived SST data for both GeoB 1706 and GeoB 1711 reinforce 

the age model described (Muller, unpublished), and further suggests the presence of a 

hiatus between sub-stages 5.5 and 5.2 in GeoB 1706. 
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2.4.2. PG/PC12 

Figure 2.4 shows the oxygen and carbon isotope stratigraphy for PG/PC 12 (after 

Summerhayes et al., 1995b). The planktonic foraminiferal isotope record was 

produced from the tests of Neogloboquadrina pachyderma Ehrenberg, and cannot, 

therefore, be directly correlated with GeoB 1706 or GeoB 1711. The oxygen isotope 

record was correlated with the stacked record of Imbrie et al. (1984) and, although 

with an overall similarity, precise correlation of isotope events could not be allocated. 

PGIPC12 5180 (%o) 	 Isotope 
AMS 

	

 3 	2 	1 	0 	-1 	 control Stages 

	

0 
- I 	

I 	 points 	F-i 
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. 40 
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-1.4 -1 -0.6 -0.2 0.2 0.6 

PG/PC 12& 3C (%) 

Figure 2.4. Oxygen and carbon isotope depth profiles for PGIPC12. AMS 14C control points 

(calendar years) are shown to the right of the records, together with a graphical representation of 
11 

glacial-interglacial isotope stages. 

Summerhayes et al. (1995b) describe how an abrupt transition from light 8180  values, 

averaging 0.7%o in the pilot core PG 12, to heavier 5180  values of about 2%o at the top 
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of the piston core PC 12, indicated that there is a small amount of section missing 

between the pilot core and the piston core at the transition from the Holocene to the last 
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Figure 2.5. Sedimentation rates and age/depth profiles for GeoB 1711, GeoB 1706 and PGIPCI2. 

Note the differences in age scale plotted on the horizontal axis. Stable isotope interglacial—glacial 

stages are given to the right of each record, glacial stages are shaded. 
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glacial maximum (LGM, isotope stage 2). The combined record, PG/PC12, has 30 

cm missing, where the top of PC 12 represents 112 cm (82 cm of pilot core PG 12 + 30 

cm of missing section). Combined (PG/PC 12), the pilot and piston core represent at 

least 620 cm of sediment record, with a small hiatus between the two sediment cores, 

confirmed using carbonate content profiles from four other cores near the slope of 

PG/PC 12 [PC 16, 4778, 4804 and 4805] (Summerhayes et al., 1995b). 

No isotopic events could be identified with a good degree of certainty. Eight AMS 

14C dates for the top 270 cm of PG/PC 12 are given graphically to the right of Figure 

2.5 and listed in Table 2.3. Two of these dates, at 144 and 75 cm, correlate to isotope 

events 2.2 and 2.0, respectively. Linear interpolation from the control points gives a 

64 kyr age (- isotope sub-stage 4.2) for the core base (652 cm) 4 . However, 

comparison with the GeoB 1711 planktonic foraminiferal derived 8 180 record, would 

place the oxygen isotope stage 4.0 boundary (59 ka) at 563 cm, and therefore, the age 

of the core base at 67 kyr (mid isotope-stage 4). 

2.5. Sedimentation rates 

Figure 2.5 indicates that in the longer records from GeoB 1706 and GeoB 1711 

sedimentation rates do vary with age. In all of the cores studied there is not a constant 

relationship between sedimentation rate and global temperature related to the glacial—

interglacial cycles. In general, the average sedimentation rate for PG/PC 12 is, as 

expected, higher than for the offshore core GeoB 1711 and the Walvis Ridge core 

GeoB 1706. PG/PC 12 records an average 10.8 cmI1000 years for the last 70 kyr, 

while GeoB 1706 and GeoB 1711 record averages of 9.6 and 8.5 cm/1000 years 

respectively. 

Comparison of planktonic foraminiferal records (GeoB 1706, GeoB 1711 and PG/PC 12) suggest 
that isotope sub-stage 4.2 is indeed recovered, but the Pleistocene did not penetrate isotope stage 5 (see 
Chapter 3 for discussion). 
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Chapter 3. Rapid palaeoceanograpic changes in the Benguela upwelling 

system as indicated by abundances of planktonic 

foraminifera 

3.1. Introduction 

Upwelling systems and the associated enhanced primary and secondary productivity, 

make a significant contribution to the total carbon reservoir in the ocean sediments 

(Shaffer, 1993). It is vital that a proper understanding of upwelling systems, their 

variability and driving mechanisms, is gained to quantify the carbon sinks in the 

oceans. The southwest African margin is an excellent area to study upwelling 

dynamics as it is the site of intense upwelling and exceptionally high productivity. 

Offshore displacement of more oligotrophic, transitional to sub-tropical waters by the 

southeast trade winds allows the intense upwelling of cold, nutrient-rich waters into 

the surface layer. This stimulates extreme phytoplankton growth (Brown et al. 199 1) 

in a narrow shoreward zone of eutrophy resulting in most of the surface sediments 

being of biogenic origin (discussed in Chapter 1). 

This chapter will outline the variation of planktonic foraminiferal abundances in both 

modern and fossil sediments to determine changes in the oceanography of the 

Benguela upwelling system, in the expectation that this will enable us to assess the 

extent to which upwelling has changed temporally and spatially, and to determine what 

controls these changes. Two main questions to be investigated are: (1) can abundance 

variations of planktonic foraminifera be used to determine past changes of upwelling 

intensity in the Benguela upwelling system?; (2) to what degree is the Benguela 

Current system (BCS) influenced by cold-water advection from the Southern Ocean as 

has previously been suggested (McIntyre et al., 1989; Giraudeau, 1993; Summerhayes 

et al., 1995b; Giraudeau et al., in prep.)? 

3.2. Modern-day water mass and nutrient distribution 

The distribution of water masses is important in any discussion of foraminiferal 

variations. Be and Tolderlund (1971) grouped planktonic foraminifera into five faunal 

zones, showing a bipolar and anti-tropical nature of preferred habitats with distinct 

faunas living in particular latitudinal zones, seemingly governed by the temperature 

regime. However, other studies brought the dominance of temperature into question, 
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with 'typically' cold-water species such as Globigerina bulloides d'Orbigny being 

found in tropical upwelling areas (Thiede, 1975, Prell and Curry, 1981, Kroon, 199 1) 

reinforcing the idea that species distribution is governed by nutrient levels and not by 

temperature alone (Reynolds and Thunnel, 1985, Kroon and Ganssen, 1989, Ten 

Haven and Kroon, 1991). 

Three water mass types adequately describe the BCS as observed by the modem 

distribution of planktonic foraminifera (Giraudeau, 1993) and satellite imaging 

(Lutjeharms and Stockton, 1987, Meeuwis and Lutjeharms, 1990). In the modem 

setting, Giraudeau (1993) mapped planktonic foraminifera into trophic and 

oceanographically distinct zones or belts, from Cape Town to Cape Fria. Figure 3.1 is 

a composite of the modern distribution of planktonic foraminifera (after Giraudeau, 

1993) and shows the four main species components of the modem assemblage. In the 

southern Benguela region (SBR), the offshore waters are typical of oligotrophic, 

transitional to sub-tropical conditions with low nutrient levels and reduced primary 

productivity, suitable for Globorotalia inflata d'Orbigny. Inshore, the eutrophic, 

nutrient-rich, cooler upwelled waters form an area much more agreeable to primary 

and secondary producers, including Neogloboquadrina pachyderma sinistral 

(Ehrenberg) [N. pachyderma (s)].  The sharp break between the two zones of 

foraminifera dominance correlate precisely to the hydrography of the SBR (Figure 

3.2). 

Bang (1971) studied the water structure between 29°S and 32°S (SBR) and 

distinguished a coast-parallel coastal upwelling front over the continental shelf with a 

sharply defined thermal anomaly between an offshore divergence zone and the newly 

upwelled waters of the BCS. In the SBR, upwelled water is transported from a deeper 

origin than that in the northern Benguela region (NBR), and together with the seasonal 

run-off from the Orange River, the SBR (particularly the Namaqua upwelling cell) 

experiences some of the lowest sea-surface temperatures and salinities. 
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Figure 3.1. Recent distribution of planktonic foraminifera in the study area, after Giraudeau (1993). 

N. pachvderma (s) is found in eutrophic, cool upwelled waters; Gr. inflara is found in oligotrophic, 

transitional to sub-tropical conditions; and. N. pachyderina (d) and Gg. bulloides are found in the 

mixed, mesotrophic, sub-tropical and upwelled waters typical of the offshore northern Benguela region 

(NBR). The LUderitz Boundary represents the boundary between the northern (NBR) and southern 

(SBR) Benguela regions. 
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Figure 3.2. Composite map of the nutrient distribution in the Benguela upwelling system (after 

Giraudeau etal., in prep.). Eutrophic (Orange) = High nutrient levels with added seasonal input from 

the Orange River; Eutrophic = High nutrient levels; Mesotrophic = Medium/High nutrient levels; 

Oligotrophic = Relatively reduced nutrient levels; NBR = northern Benguela region, and SBR = 

southern Benguela region. 

44 



Ch.3. Planktonic foraminifera 

Barange and Pillar (1992) extended the observations northwards to 17°S (NBR) and 

reported that the offshore divergence zone is a permanent feature independent of the 

wind stress. A 'tongue' of warm, oxygen- and nutrient-poor, Angola Basin water 

filters into the northern BCS intermittently throughout the year (Boyd et al., 1987) 

further increasing the extent of the filamentous mixing domain in the NBR. As well as 

the offshore conditions in the SBR, Gr. inflata also inhabits the nutrient-poor, sub-

tropical Angola Current filaments injected into the BCS in the NBR. 

The offshore zone of the NBR is characterised by areas of mixed nutrient levels, 

suitable for Neogloboquadrina pachyderma dextral (Ehrenberg) [N. pachyderma (d)] 

and Gg. bulloides. N. pachyderma (d) prefers the mesotrophic, but higher nutrient 

levels of the upwelled filaments where the average SST is also lower, whilst 

Gg. bulloides prefers the relatively lower nutrient levels away from the upwelling 

filaments (Giraudeau, 1993). Nearshore waters, which upwell in this area, are of a 

shallower origin than in the SBR (Shannon and Nelson, 1997), and are less ideal for 

N. pachyderma (s) than the nearshore area to the south. 

3.3. Late Quaternary planktonic foraminiferal variability 

Oberhänsli (1991) and Schmidt (1992) used the abundances of planktonic foraminifera 

as indicators of past upwelling processes in the BCS. Both document cold periods 

during early stage 6 and within stages 4-2, from sites GeoB 1028 and DSDP 532 

(see Figure 1. 1), recorded by the greatest maxima of the 'cold water' species 

N. pachyderma (s). However, although both showed distinct peaks in the planktonic 

assemblages, the records were of too low a resolution to ascertain a periodicity for the 

variations seen and to imply any forcing mechanisms for the system as a whole. 

Studies of Uk37  (Schneider et al., 1995) and organic matter in PC 12 (Summerhayes et 

al., 1995b) revealed similar histories of cooling and production, suggesting that it may 

be related to an increased vigour of upwelling, not simply an introduction of cold 

water from the south. 
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3.4. Materials and methods 

3.4.1 Cores collected from the R/V METEOR cruise M20-2 (1991) and 

R/V CHAIN cruise 115 (1973) 

For a high-resolution analysis, samples were taken at 5 cm intervals along the GeoB 

cores, giving an average sampling spacing of 650 years. Micropalaeontological 

samples (10 cm3) for foraminiferal counts were wet sieved, before foraminiferal 

analysis was made on the> 125 gm size fraction. Archived core material is kept at the 

Department of Geosciences, University of Bremen, Germany. PC 12 and PG 12 

(combined as PG/PC 12) were sampled on-board at 20 cm intervals for geochemical 

and isotopic analysis, and the remaining core material was stored in the core repository 

at the Woods Hole Oceanographic Institution. In October 1995, the cores were re-

sampled at 10 cm intervals for planktonic foraminifera. Samples were wet sieved for 

fractions >125 gm. Archived core material is kept at the Woods Hole Oceanographic 

Institution, Woods Hole, Massachusetts, USA; and archived foraminiferal samples at 

the Department of Geology and Geophysics, Edinburgh University, Scotland. 

3.4.2. Cores collected from the RN METEOR cruise M34-1 (1996) 

Cores from the recent cruise of the RN METEOR (M34-1 Cape Town—Walvis Bay; 

Bled and cruise participants, 1996) were sampled on-board for planktonic 

foraminiferal, geochemical and isotopic analysis. Micropalaeontological samples (10 

cm3) for foraminiferal counts were taken at 20 cm intervals and wet sieved, and dried 

in an oven at 40°C before on-board analysis was made on the> 125 gm size fraction. 

Archived core material is kept at the Department of Geosciences, University of 

Bremen, Germany. 

3.4.3. Planktonic foraminifera classification 

Planktonic foraminiferal species were identified using the taxonomic concepts of 

Parker (1962) and the Neogene planktonic foraminiferal classification of Kennett and 

Srinivasan, (1983); classification is given in Appendix 1.2. For the purpose of this 

work dextral neogloboquadrinids are grouped as N. pachyderma (d) excluding all 
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adult forms of Neogloboquadrina dutertrei dOrbigny which are counted separately 1. 

This method was used to account for the problem of the N. pachyderma intergrades of 

Kipp (1976), where a distinction between N. pachyderina and N. dutertrei is gradual, 

and the species definition between the two is already under question (Dick Kroon pers. 

comm.). 

GeoB 1706 

Ave 	Max 

GeoB 1711 

Ave 	Max 

PGIPCI2 

Ave 	Max 

G. hexagonus 1.1  
Ga. glutinata 2.6 17.2 1.6 6.2 0.9 4.8 

Ga. siphonifera 0.3 2.9 0.2 2.3 0.4 1.1 
Ga. uvula 1.3 0.3 0.3 

Ge. calida 0.1 2.4 2.4 0.4 
Gg. bulloides 25.3 50.2 21.5 48.7 24.1 55.9 
Gg. conglobatus 0.8 
Gg. digitata 0.7 1.3 0.3 
Gg. falconensis 0.2 2.8 0.2 1.5 0.1 1.4 
Gg. humilis 0.8 
Gg. pyramidalis 0.5 0.3 
Gg. quinqueloba 1.6 6.7 3.5 14.2 3.0 11.3 
Gg.ruber 0.2 2.7 0.2 4.1 0.1 2.5 
Gg. rubescens 0.2 2.6 0.7 
Gg. tenellus 0.4 3.3 1.3 
Gr. crassaformis 0.9 11.8 0.1 2.5 0.1 1.2 
Gr. hirsuta 0.1 1.8 
Gr. inflata 11.8 57.6 5.6 36.8 4.5 15.0 
Gr.menardii 0.8 0.1 0.4 0.5 
Gr.scizula 0.6 10.1 0.4 2.4 0.2 1.4 
Gr. theyeri 0.6 
Gr. truncatulinoides 0.3 3.8 0.3 2.9 0.4 2.1 
Gr.tumida 0.4 
Gs. ruber 0.2 2.7 0.2 4.1 0.1 2.5 
Gs. sacculifer 0.3 3.8 0.3 2.9 0.4 2.1 
N. dutertrei 8.7 28.2 1.7 6.7 
N. pachyderma (d) 27.8 58.2 31.4 82.1 30.3 63.4 
N. pachyderma (s) 29.4 81.8 25.9 84.2 33.2 80.4 
0. universa 0.9 9.3 0.4 4.6 0.8 5.4 
P. obliquiloculata 1.1 0.1 0.7 0.1 6.7 

Table 3.1. Planktonic foraminiferal abundances for GeoB 1706, GeoB 1711 and PGIPCL2. Full 

species definitions and references are given in Appendix 1. 

This method is used for all core analyses with the exception of GeoB 1706. This was the first core 
analysed and it was considered at the time to merge all dextral coiling Neogloboquadrinids together 
including all adult forms of N. dutertrei which were later counted separately. Thus, GeoB 1706 does 
not have a separate record for N. dutertrei. 
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I'lale 3.1. Phutugrphs or the !our rna!n pianktoiiic !uraminitcra from the Benguela upweHing -'ystein. 

Scale bar is 100 gm in length for all specimens. 

la-1h: Neogloboquadrina pachyderma (s) (Ehrenberg). 1861. 
2a-2d: Globigerina bulloides dOrbigny, 1826. 
3a-3d: Globorotalia injiata dOrbigny. 1839. 
4a-4d: Neogloboquadrina pachyderma (d) (Ehrenberg). 1861. 
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100 j.tm in length for all specimens. 

la—I b: Neogloboquadrina pachyderina (d) (Ehrenberg), 1861 

Neogloboquadrina pachyderma (d) intergrade. 

Neogloboquadrina duiertrei dOrbigny, 1839. 

4a-4d: Globigerina quinqueloba Natland, 1938. 

5a-5b: Globorotalia scitula (Brady), 1882. 

6a-6b: Globorotalia menardii (Parker, Jones and Brady), 1865. 

7: 	?Globoquadrina altispira (Cushman and Jarvis), 1936: Miocene. 

8a-8b: Orbulina universa (d'Orbigny), 1839. 

Pulleniatina obliquiloculata (Parker and Jones). 1865. 

Globorotalia theyeri Fleisher, 1970. 

Globorotalia crassaforinis (Galloway and Wissler), 1927, 

Globorotalia hirsuza (dOrbigny). 1839. 

Globorotalia truncatulinoides (dOrbigny). 1839. 
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Plate 3.1 shows the four dominant species in the Benguela upwelling system, and 

Plate 3.2 shows comparison between N. pachyderma (d) and an adult N. dutertrei for 

comparison. On average over two hundred specimens were counted for each sample, 

and where possible three hundred or more, to enable a good degree of certainty in the 

species abundance analyses. For a preliminary analysis while on-board the RN 

METEOR (M34-1), a reduced sample size of between 50 and 100 specimens was 

counted. This was found, after testing, to be as reliable as using a larger sample size 

for a preliminary assessment. Core GeoB 3602 was re-sampled and re-counted at a 

higher frequency spacing and with an increased sample size in Edinburgh and was also 

found to be largely in agreement with the ship-board results of this same core. 

3.5. Southwest African planktonic foraminiferal records 

Twenty nine planktonic foraminifera species (Table 3.1) were identified in the 

sediments of the Benguela upwelling system. In GeoB 1711, seven species have an 

average abundance greater than 1%, six from GeoB 1706, and six also from 

PG/PC 12. Of those, four species [N. pachyderina (s), Gg. bulloides, 

N. pachyderma (d) and Gr. inflata] make up, on average, over 90% of the total 

assemblage. 

3.5.1 GeoB 1706 (Walvis Ridge) 

As previously described, four species make up over 90% of the total planktonic 

foraminifera abundance recorded at the Walvis Ridge. N. pachyderma (s) constitutes 

the largest average fraction of the fossil record, with a very similar contribution from 

N. pachyderma (d) and Gg. bulloides, with approximately 12% of the total fossil 

abundance from Gr. inflata. The other species, with an average abundance over 1%, 

are Giobigerinita glutinata (Egger) and Globigerina quinqueloba Natland. Figure 3.3 

shows the variation of these main species with depth and also the sum total of all 

benthic foraminifera (as a percentage of the total foraminifera). 

50 



N. pachyderina (s) 	Gg. bulloides 	N. pachyderina (d) 	Gr. inflata 
0 20 40 60 80 0 	20 	40 	0 	20 	40 	60 0 	20 	40 

0 

200 

400 

600 

800 

1000 

1200 

1 .

I  
Ch.3. Planktonic foraminifera 

	

Benthic species 	Gg. quinqueloba 	Gg. glutinata 

	

0 20 40 60 80 	0 	2 	4 	6 	0 	 10 

0 

200 

400 

600 

800 

1000 

1200 

U 

I 
Figure 3.3. GeoB 1706. Abundances (% of total planktonic foraminifera) of the six main planktonic 

foraminifera and ratio of benthic to planktonic foraminifera, all against depth (cm). On the right hand 

side is a schematic representation of the interglacial—glacial stages 1-6; glacials are shaded. 

3.5.2. GeoB 1711 (continental slope, Northern Cape Basin) 

On the continental slope at a water depth of 1967 m, further offshore than GeoB 1706 

and PG/PC 12, GeoB 1711 would probably be expected to contain less planktonic 

foraminifera than the other sites, and in particular a decrease in the dominance of 

nearshore coastal foraminifera. However, N. pachyderina (s) still contributes a large 

fraction of the planktonic foraminifera to the fossil record, but with a slightly greater 

contribution from N. pachydenna (d), and a similar percentage from Gg. bulloides. 

Again Gr. inflata makes up the minority portion and, although further offshore, only 

has an average abundance of 5.6%. Ga. glutinata and Gg. quinqueloba are also 

present with 1.6% and 3.5% respectively, with N. dutertrei' recording an average of 

almost 9%. Figure 3.4 shows the variation of the four main species with depth and 
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also the sum total of all benthic foraminifera (as a percentage of the total foraminifera), 

Gg. quinqueloba and N. dutertrei. 

Figure 3.4. GeoB 1711. Abundances (% of total planktonic foraminifera) of the six main planktonic 

foraminifera and ratio of benthic to planktonic foraminifera species, all against depth (cm). On the 

right hand side is a schematic representation of the interglacial-glacial stages 1-6; glacials are shaded. 
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3.5.3. PG/PC12 (continental slope, Northern Cape Basin) 

PG/PC 12 is situated close by GeoB 1711 at a water depth of 1017m. Further inshore 

than GeoB 1711, N. pachyder,na (s) again contributes the largest fraction of 

planktonic foraminifera at 33%. N. pachyderma (d), Gg. bulloides and Gr. inflata 

make up the other portion. Gg. quinqueloba. and N. dutertrei' have abundances of 

3% and 2% respectively. Figure 3.5 shows the variation of the four main species with 

depth and also the sum total of all benthic foraniinifera (as a percentage of the total 

foraminifera), Gg. quinqueloba and N. dutertrei. 
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Figure 3.5. PGIPC12. Abundances (% of total planktonic foraminifera) of the six main planktonic 

foraminifera and ratio of benthic to planktonic foraminifera, all against depth (cm). On the right hand 

side is a schematic representation of the interglacial-glacial stages 1-4; glacials are shaded. 
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Plate 3.3. Photographs of tropical planktonic foraminifera from the Benguela upwelling system. Scale 

bar is 100 gm in length for all specimens. 

l a- 1c: 	Globigerwella aequilateralis (Brady), 1839 [Globigerina sipiwnifera d'Orbigny, 18391. 
2: 	Globororalioides /iexagona (Natland), 1938. 

3a-3b: Globigerinoides ruber (d'Orbigny), 1839. 

4a-4b: Globigerinoides sacculifer (Brady), 1877 [Globigerinoides trilobus - form]. 
5a-5c: 	Glohigerinoides sacculifer (Brady), 1877. 

6a-6b: Globigerinita glutinala (Egger). 1897. 

7a-7c: 	Globigerina digizata Brady, 1879. 
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3.5.4. Changes in abundance of sub-tropical species 

Total sub-tropical species 2  make up to 30% of the total planktonic foraminifera 

recorded in the northern Benguela region. Of these, N. dutertrei, Ga. glutinata, 

Globorotalia crassaformis (Galloway and Wissler) and Orbulina universa (d'Orbigny) 

make up the majority percentage with maximum abundances of 28.2% 1  (GeoB 1711), 

17.2% (GeoB 1706), 11.8% (GeoB 1706) and 9.3% (GeoB 1706) respectively. 
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Figure 3.6. Abundances of the total sub-tropical planktonic foraminifera 2  On the right hand side is 

a schematic representation of the interglacial-glacial stages. 

2 Sub-tropical species = all tropical and sub-tropical species included in the sub-tropical and tropical 
zones (after Béand Tolderlund, 197 1) with the exception of Gr. inflata. Species included are: Gg. 
falconensis, Ga. glutinata, Gr. truncatulinoides, N. dutertrei, Gr. crassaformis, 0. universa, Ge. 
siphonifera, Gr. hirsuta, Gs. ruber, G.g con globatus, Gg. rubescens, Gg. digitata, Gr. tumida, Gr. 
menardii, P. obliquiloculata, and Gs. sacculifer. 
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The warm-water, tropical, spinose species, Globigerinella aequilateralis (Brady) 

[Globigerina siphonfera dOrbigny], Globigerinoides ruber (d'Orbigny) and 

Globigerinoides saccu1fer (Brady) (Plate 3.3), have an average abundance below 

0.5% and do not significantly effect the total sub-tropical species numbers. As would 

be expected, the offshore record of GeoB 1711 records a higher average of total sub-

tropical species than the more coastal PG/PC 12, and the Walvis Ridge record of GeoB 

1706 (Figure 3.6). The record for GeoB 1711 shows maxima in sub-tropical species 

abundance centered on 125 ka, 90 ka, 40 ka and the Holocene and, similar to the cold-

water N. pachyderma (s), the numbers of sub-tropical species do not seem to be 

responding to the global glacial-interglacial changes as given by 8180,  instead they are 

oscillating with a higher frequency of change. 

3.5.5. Time-series analysis of foraminiferal abundance variability 

Time series background and methodology 

Spectral, or time-series, analysis provides a way of partitioning a complicated problem 

into smaller units. Spectral analysis uses statistical methods adapted from Imbrie et at. 

(1989), to separate a complex waveform into its various components. In view of the 

planktonic foraminiferal and other datasets collected for this research, we are primarily 

dealing with a waveform which can to a first approximation be divided into one, or 

many, sinusoidal waves each with a period (one cycle), T. Consider an ideal 

geological situation of sinusoidal form, for example a 100,000 year cycle of sea level. 

The period of the waveform is 100 kyr, and the frequency is the reciprocal of the 

period, which is 0.01 (cycles per thousand years). However, in a 'natural' geological 

situation, for example a coastal marine setting, then the observed signal being 

measured, for example the variation in 8 180from planktonic foraminifera tests, will be 

made up of many sinusoidal waveforms, each with a different timing (phasing), 

frequency and period. The aim of spectral analysis is to reduce the complexity of the 

initial dataset into the components that make up the signal, to be able to assess the 

possible forcing mechanisms at each measured frequency (or period). In the marine 

environment the most common forcing frequencies are well documented and are 

collectively called Milankovitch orbital mechanisms (further discussed in Chapter 5) 

which occur with frequencies at 100 kyr, 40 kyr and 23-19 kyr relating to the 

distance and shape of the Earth's orbit around the sun. 
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The following is a brief discussion of spectral analysis, estimates and plots before a 

discussion of the results. The analysis has been carried out using the SPECMAP 

Arand programs kindly given by Dr. Philip Howell, Brown University, Conneticut, 

USA. 

A signal varying with time (age), will oscillate with a period, T, and frequency, f. As 

discussed above, most 'real geological signals will be the sum of many components, 

which spectral analysis separates into the individual constituents. The results from 

spectral analysis may be plotted as variance 3  versus the frequency (and period). 

When a signal is made up of pure sine waves, or a combination of sine waves, the 

resultant spectrum is a series of vertical lines at the constituent frequencies. In 

geological signals this is rarely the case, and signals will be made up of data which 

does not occur regularly but is 'white noise', a random signal. Thus, when spectral 

plots of 'real' data are shown they are plotted as a curve with discrete peaks centered 

on the frequencies at which the dominant spectra occur. The log of spectral density 

(variance2/frequency) is plotted versus frequency, as this provides a method for 

checking the confidence interval (the plus or minus error bar) over the entire frequency 

range, generally 80%. The method used to evaluate the true spectrum from a given 

time series, transforming the data from the time domain into the frequency domain, is 

Fourier transformation. In brief, the Fourier transformation approximates the signal 

by a sum of sine waves of different frequencies. The first Fourier component, or first 

harmonic, is a sine wave with a period equal to the data length, N At (where N = 

number of points in time, t; and At = the regular time interval between each data point). 

The second harmonic is a sine wave best fitting the residuals, it has a period N At / 2, 

and so on to higher order harmonics. Using the Blackman-Tukey method (Jenkins 

and Watts, 1968) which uses a Fourier analysis of the auto-corelation or auto-

covariance function. This is defined by lagging the time series to a copy of itself and 

plotting the covariance or corelation factor calculated for each step of a defined lag 

interval against the number of lags. An increase in the number of lags increases the 

resolution of frequency information in the spectrum, but also increases the sampling 

error and therefore confidence interval; while a reduction in the number of lags has the 

reverse effect. When using this method it is therefore necessary to balance the output 

of uncertainty versus resolution. The results from a Blackman-Tukey time-series 

analysis of SPECMAP 8 180, are plotted in Figure 3.7. 

Variance is the average squared deviation from the mean. VAR = G2 = Z (x 1 -x)2IN 
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For an honest appraisal of the dataset, it is necessary to compare the resultant high-

frequency spectra, after time-series analysis, with a best estimate for 'background' 

periodicity. It is only those peaks that are elevated above the background record by the 

confidence interval (CI) that are statistically reliable. However, normally no such 

measure of 'background' periodicity is given, and instead it is left to the reader to 

consider which spectral peaks are statistically viable. Originally, SPECMAP 

suggested that a low-resolution record be measured, i.e. by using fewer lags (e.g. 

N/5—N/8) for background periodicity in which to compare with a higher resolution 

record. However, the choice of the low-resolution record is subject to 'red noise' bias 

(i.e. power at the low frequency end of the spectrum) and will accentuate some periods 

with respect to others, and the choice of a high resolution record is equally difficult. 

Deciding what the background periodicity should be is perhaps dangerous. 
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Figure 3.7. Spectral analysis results for SPECMAP. Spectral period analysed, 0-782 kyr; it = 2 

kyr; N = 392; Number of lags = 100. The lower limit confidence interval, CI, is shown valid for the 

whole range of frequencies (period = 1/f). For comparison, a second order polynomial expression of 

the resultant log (spectral density) [i.e. that given as the output of Fourier transformation via the 

Blackman-Tukey method] is shown for the background spectral periodicity, together with the lower 

limit error bars of the 80 and 95% confidence intervals. 

To try and give a more honest assessment of the datasets under study here, the spectral 

results from a high-resolution analysis are compared to a second order polynomial 

derived from the resultant spectral output after Blackman-Tukey analysis i.e. a 

quadratic curve-fit of the log of spectral density (Graeme Weedon pers. comm.; Steens 
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etal., 1991). The results from spectral analysis for SPECMAP 8 180, suggests that 

this method provides a better appraisal of the periods visually present in the dataset 

(Figure 3.7, see Figure 2.1). The lower limits for the 80% and 95% confidence 

intervals are given separately, but are combined in later figures. The spectral analysis 

shows discrete coherent peaks (valid at the 80% Cl) at periods of 100 and 23 kyr, as 

would be expected if global sea level were to be controlled by the Milankovitch forcing 

criteria: eccentricity and precession. The measurement of the 'background' spectral 

density should be treated with caution, it only provides a reference point which is itself 

problematic. In instances where there is no spectral density observed at the low-

frequency end of the spectrum, i.e. the long-term nature of the record is flat, or 

alternatively when the results record a high spectral density at the low-frequency end, 

then the polynomial is subject to bias at the low-end and the high-end of the spectrum 

respectively 4. 

Spectral analysis results 

Figure 3.8 shows the spectral results for the complete record of GeoB 1711 and 

Figure 3.9 gives the spectral results for the shorter records of PG/PC 12 and GeoB 

1706, although PG/PC 12 is possibly too short for a meaningful analysis to be carried 

out. A time interval of 0.9 kyr was chosen for all of the records 5 . All bandwidths 

and lower confidence intervals are shown for the high-resolution analysis, and spectral 

peaks are labelled with the time period of oscillation (kyr). All of the main planktonic 

foraminiferal abundances were analysed for the continuous 136 kyr record of GeoB 

1711 (Figure 3.8). All of the analyses indicate recurrent spectra at the 8 kyr period, 

within the 80% confidence interval constraint, and often within the 95% confidence 

limit, consistent with visual inspection of these records (Figures 3.4 and 3.6). 

Notably, Gg. bu!loides has discrete, spectra at 11.5 and 23 kyr periods, of which the 

11.5 kyr period is coherent at the 95% confidence interval. The spectral maxima at 

12.5 and 12 kyr periods in the sub-tropical and N. dutertrei spectral results may be 

considered analogous to the 11.5 kyr period recorded in the Gg. bulloides time-series 

within the levels of observation. It may further suggest that these peaks are 'real' in the 

sub-tropical and N. dutertrei time-series analysis, although they are not found to be 

Note that removal of the polynomial from the figures leaves a usual graph of log(spectral density) 
vs frequency as is used in most journal publications. 

Although with an average sample of interval of 650 years, the cores studied had periods of higher 
sedimentation which, with a constant sample interval of 5 cm, increased the time interval to an 
average of 900 years in these periods. 
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confident with respect to the polynomial for background periodicity. Their prononced 

nature alone, and visual correlation in the temporal domain would suggest that these 

peaks are real. 

Species abundances from cores PG/PC 12 and GeoB 1706 also have coherent spectral 

peaks at sub-Milankovitch periodicities, centered on 6, 11-12 and 15 kyr (Figure 

3.9). PG/PC 12, with a greater sedimentation rate than GeoB 1706 and GeoB 1711 

has only two discrete maxima, although this is largely due to the shortness of the 

record (67 kyr), at 6 kyr and 10-12 kyr. These periods of change are clearly obvious 

from visual inspection of the planktonic foraminiferal abundances (Figure 3.5). 

Although the analysed length of the record is short (87 kyr), visual inspection of the 

foraminiferal records for GeoB 1706 suggests a precessional effect in the period 

before 40 ka which is further supported by spectra at the -40--23 kyr period from the 

sub-tropical foraminifera abundance, coherent at the 95% confidence level. 
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Figure 3.9. PGIPC12 and GeoB 1706 spectral analysis results. Statistical information: PGIPCI2. 

Spectral period analysed, 1-67 ka; it = 0.9 kyr; N = 74; CI is shown for 50 lags. GeoB 1706. 

Spectral period analysed, 1-87 ka; At = 0.9 kyr; N = 96; CI is shown for 60 lags. For comparison, 
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Sub-Milankovitch cyclicity is discussed in greater detail in Chapter 5, but the recurring 

coherent spectral density at the 8 kyr and 11-12 kyr periods strongly suggests the 

influence from mechanisms fluctuating on a sub-Milankovitch periodicity. Hagelberg 

et al. (1994) and more recently McIntyre and Molfino (1996) have shown sub-

Milankovitch climate oscillation to be an important mechanism controlling eastern 

equatorial Atlantic oceanographic signals. The occurence of an 8 kyr and 11-12 kyr 

periodicity within faunal records from the South Atlantic, further suggests that sub-

Milankovitch processes influence the marine environment. The relative absence of the 

direct influence from the precessional band on the faunal records is suprising, 

considering its documented relative dominance on equatorial and low latitude climate 

and oceanography (imbrie et al., 1989, McIntyre et at., 1989, Mix and Morey, 1997, 

Schneider et al., 1995; 1997; in press), which is assessed further in Chapter 5. 

3.6. Temporal changes in nutrient supply as evidenced by variations 

in abundance of planktonic foraminifera 

The relative abundances of planktonic foraminifera can be divided into a series of 

discrete episodes described with respect to the dominant species present in that time 

slice. There are four types of episode characterising the variation of assemblages seen 

offshore Namibia (Table 3.2). 

N. pachyderma (s) Gg. bulloides N. pachyderma (d) Gr. inflata 

Episode A 
Episode B 
Episode C 
Episode D 

> 40%  
 > 20% each 

> 80% total  

I > 20% 

Table 3.2. Definition of episodes. Episode A, is dominated by N. pachyderma (s) when it is in 

abundances greater than 40% over all others. Episode B is not dominated by a single species, but 

consists of 20% each (or >) of N. pachyderina (s), Gg. bulloides and N. pachyderma (d). Episode C 

is dominated by two species, Gg. bulloides and N. pachyderma (d) both contributing to a total of 

—80% (or >) of the total assemblage. Finally, Gr. inflata dominates Episode D when it is in 

abundance greater than 20%. 
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Isotope 	 % N. pachyderma (d) 
Stages 	GeoB 1706 	0 10 20 30 40 50 60 
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Figure 3.10. GeoB 1706. Fluctuations in the relative abundances of the four major species of 

planktonic foraminifera with age. Isotope stages are given on the left for reference, whilst a schematic 

reference for episode dominance is given on the right. Episode A: Dominance of N. pachyderma (s) 

>40% over all others; Episode B: 20% each (or >) of N. pachyderma (s), N. pachyderma (d) and 

Gg. bulloides ; Episode C: Dominance of N. pachydernza (d) + Gg. bulloides both contributing to a 

total of -80%; and, Episode D: Gr. inflata> 20%. 

The graphic representation of the temporal variance in Episodes A–D (right hand side 

of Figures 3.10, 3.11 and 3.12) shows no obvious correlation with the glacial- 

interglacial pattern of the isotope stages (left hand side). N. pachyderma (s), which 

defines Episode A, has the greatest influence on the major fluctuations in the system, 

which could be demonstrated using principal component analysis. N. pachyderma (s) 

does not vary with the changes in the global hydrological cycle, described by 6180 

variations (Imbrie et al., 1984), but instead shows a higher frequency of change with 

abundance maxima throughout isotope stages 6-2, including interglacial stage 5. 
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Isotope GeoB 1711 	°° N. pachyderma (d) 	 % N. pachyderma (s) 
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Figure 3.11. GeoB 1711. Fluctuations in the relative abundances of the four major species of 

planktonic foraminifera with age. Isotope stages are given on the left for reference, whilst a schematic 

reference for episode dominance is given on the right. Episode A: Dominance of N. pachyderma (s) 

>40% over all others; Episode B: 20% each (or >) of N. pachyderma (s), N. pachyderma (d) and 

Gg. bulloides ; Episode C: Dominance of N. pachyderma (d) + Gg. bulloides both contributing to a 

total of -80%; and, Episode D: Gr. inflata> 20%. 

Previous investigations within the BCS have distinguished a good agreement with the 

distribution patterns of the planktonic foraminifera, nutrient levels and surface water 

hydrography (Giraudeau, 1993, Ufkes and Zachariasse, 1993, Ufkes, submitted). 

Giraudeau et al. (in prep.) found a similar pattern when they studied coccolith 

abundances in the same area. On the basis of factor analysis they correlated the 

abundances of coccolith species to the modern-day distribution of trophic areas. 
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Isotope PG/PC 12 	
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Figure 3.12. PGIPCI2. Fluctuations in the relative abundances of the four major species of 

planktonic foraminifera with age. Isotope stages are given on the left for reference, whilst a schematic 

reference for episode dominance is given on the right. Episode A: Dominance of N. pachydermci (s) 

>40% over all others; Episode B: 20% each (or >) of N. pachyderma (s), N. pachyderma (d) and 

Gg. bulloides ; Episode C: Dominance of N. pachyderina (d) + Gg. bulloides both contributing to a 

total of -80%; and, Episode D: Gr. inflata > 20%. 

A comparison of planktonic foraminifera (Figure 3.1) and coccolith distributions in 

Recent surface sediments (Giraudeau, 1993, Giraudeau et al., 1993, Giraudeau and 

Rogers, 1994), reveals a striking similarity to the modern-day trophic-level 

distribution (Figure 3.2), indicating a relationship between foraminifera type/number 

and nutrient levels within the Benguela upwelling system, similar to other oceanic 

settings (Reynolds and Thunnel, 1985; Kroon and Ganssen, 1989; Kroon, 1991). 

The fossil assemblages are thus best interpreted with respect to a temporally varying 

nutrient availability or supply. Episodes type A and D infer eutrophic (high) and 

relatively oligotrophic (low) nutrient levels respectively, when the observed modern-

day nutrient-foraminiferal relationship is applied. Eutrophic Episode A, would 

correlate with the trophic-situation presently occurring in the nearshore upwelling 

centres particularly intense off Lüderitz and further south in the SBR. The offshore, 

sub-tropical conditions of the SBR, would be representative of Episode D trophic 

levels. Episodes C and D would characterise intermediate, mesotrophic conditions, 

typical of the mixed zone offshore in the NBR and similar to the modern-day situation 

at the sites of GeoB 1706 and GeoB 1711. At the site of GeoB 1706, eutrophic 

conditions dominated the oceanographic setting during isotope sub-stage 6.4 and 

stages 3 and 2. At sites GeoB 1711 and PGIPC12, the planktonic foraminiferal record 
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similarly suggests upwelling conditions throughout stage 3 and into early stage 2. 

Both GeoB 1706 and GeoB 1711 core sites record sub-tropical, relatively oligotrophic 

conditions dominating late stage 5. 

3.7. Angola-Benguela Front migration, upwelling intensification or 

cold-water advection? 

A fluctuation in nutrient supply could be explained by three different conditions within 

the BCS. Firstly, an increase in upwelling intensity, which would have the effect of 

widening the zone of N. pachyderma (s) displacing further offshore the boundary 

between eutrophic and mesotrophic water masses (Figure 3.2) and therefore the 

boundary between the dominance of N. pachyderma (s) and other species (Figure 

3.1). Secondly, a physical shift of the ABF and corresponding trophic zones 

equatorwards, bringing increased nutrient levels to the north. Thirdly, a sporadic 

injection of cold, nutrient-rich water advecting from the Southern Ocean past Cape 

Town and along the eastern edge of the BCS. All of these conditions would be 

observed in the fossil record by a relative enhancement of the typical upwelling fauna, 

in particular N. pachyderma (s). An alternative hypothesis, an increase in the nutrient 

supply by poleward undercurrents from the Angola Basin, was postulated by 

Summerhayes et al. (1995a) and Struck etal. (1993) using the 8I 3C record of the 

surface dweller Gg. ruber, although no firm evidence for nutrient enrichment from the 

north has been proven. Ideally, a record of deep currents would be obtained using a 

deeper dwelling organism, or a benthic species, as a surface water species will record 

productivity and temperatures from many different sources, however, unfortunately 

this what outside the scope and time of this research. 

3.7.1. Temporal shifts of the Angola-Benguela Front 

The distribution of planktonic foraminiferal zones is linked to the oceanographic 

regimes which are presently occurring off the southwest African coast. The coccoliths 

and planktonic foraminifera (Giraudeau, 1989) seem to be responding primarily to 

nutrient availability, and thus upwelling intensification and/or advection of Southern 

Ocean surface waters. Jansen etal. (1997) recorded high abundances of 

N. pachydenna (s), within the Angola Basin, with maximum abundances throughout 

the last 160 kyr, and a peak in abundance during early isotope stage 3. The variation 

in planktonic foraminiferal abundances, was correlated to physical shifts of the ABF, 

67 



Ch.3. Planktonic foraminifera 

using a foraminiferal transfer function, the Benguela index [BI=2/3 x left coiling + 1/3 

x right coiling) N. pachyderna ], to record latitudinal movements of the ABF. The 

ABF is recorded to vary in response to changes in the intensity and position of the 

South Atlantic anticyclonic gyre (SAAG) and the sub-tropical convergence (STC). An 

equatorwards deflection of the ABF would produce a shift of the more eutrophic areas 

[dominated by N. pachyderma (s)] to the north, whilst a poleward shift would 

decrease the relative nutrient supply at the Walvis Ridge by moving the upwelling 

centers south. In the extreme case, a large poleward displacement of the ABF as far as 

GeoB 1706 could be possible, extending the southerly intrusion of warm Angolan 

water onto the Walvis Ridge. If the whole Benguela upwelling system were to move 

with the ABF, we would predict maxima of N. pachyderma (s) in the NBR at times of 

equatorward shifts. 

The Benguela index (BI; Jansen et al., 1997) defines the timing of proposed shifts of 

the ABF from records in the Angola Basin. Records from the Cape Basin which 

include increased abundances of the cold-water species N. pachyderma (s) do not 

correlate well (Figure 9 in Little et al., 1997a). The Benguela upwelling group [BUG 

= N. pachyderma (s) + Gg. bulloides] 'transfer function' (Figure 3.13) better 

describes the 'true" shifts of the ABF either side of the front and takes into account the 

abundances of the upwelling species Gg. bulloides, which is found to dominate 

upwelling zones in warmer waters (e.g. Indian Ocean; Brummer and Kroon, 1988, 

Kroon and Ganssen, 1989, Kroon et al., 1990). Indeed Gg. bulloides is always 

present in cores T89-32 (14°58.2S 10°41.6'E; Figure 1.1), T89-24 (8°54.7' S 

12°03.1' E) and GeoB 1008-3 which Jansen et al. (1997) used for their analysis, and 

it appears to fluctuate with N. pachyderma (s) at times of glacial cooling. However, 

both the BI and BUG transfer functions do not remove the glacial effect of increased 

upwelling intensity on the foraminiferal assemblages. The normalised BUG function 

(after removal of the 'best-fit' polynomial expression) gives a resultant upwelling 

intensity index which removes the long term glacial—interglacial trend superimposed 

on the upwelling variations, leaving perhaps a better guide to the actual ABF shifts 

(Figure 3.13). 

A comparison between the temporal fluctuations of the ABF with the BI and BUG of 

GeoB 1711 is shown in Figure 3.14. Although all three N. pachyderina (s) records 

provide an excellent correlation with the timing of ABF shifts, the records for core 

GeoB 1711 show different amplitudes as a result of the high abundances of 
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N. pachyderma (s) in the Cape Basin. The fluctuations of the BI 6  for GeoB 1711 are 

directly comparable to similar peaks at 60-70 kyr in stage 4, and 45-50 kyr and 

30-35 kyr in stage 3, as seen in T89-32 and T89-24 from the Angola Basin (Jansen 

et al., 1997). 
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Figure 3.13. Benguela upwelling group (BUG) transfer function, polynomial expression and resultant 

Benguela upwelling index (BUT) for core GeoB 1711. BUI = BUG - 'best fit' sixth order polynomial 

expression for normalising the data and removing the long term glacial—interglacial trend. 

6 Benguela index (B!) is dominated by the abundance of N. pachydenna (s) and N. pachyderma (d) the 
two cold-water planktonic foraminifera in the Benguela system. 
BI = (2/3 x left coiling + 1/3 x right coiling) N. pachyderma (Jansen et al., 1997). 

69 



I 	I'' 
ABF 

Poleward 

ABF Shifts: Latitude (°S) 
U) 	15 	12 	9 	6.5 

I (Stacked record) 
Jansen etal. (1997) 

M  VE 
I 	I 	I 	I 	I 

tO 	20 	3)) 	40 	50 	60 

Equatorward 	Benguela index (B!) 

BI (1711) 

Benguela upwelling group (BUG) 
0 	20 	40 	60 	80 

I 
A 

A 

Ch.3. Planktonic foraminifera 

0. 

20 

40 - 

60 
>. 

-4 

U 

80 - 

100 

120 

'4)) 

Figure 3.14. Comparison of the Benguela index (BI) 'transfer function' of Jansen ci al. (1997) (left) 

with data from GeoB 1711 (right). The BI is used to assess relative N—S (equatorward—poleward) 

movements of the ABF, derived from N. pachyderina abundances in five cores from the Angola-Zaire 

margin. Periods of increased Cape Basin upwelling intensity (maxima in BUG) broadly coincide with 

the timing of equatorward shifts of the ABF. The time interval (A) is dominated by Gg. bulloides 

abundances when N. pachvderina (s) is relatively absent, and describes 'warmer' upwelling comparable 

to the northern side of the ABF, while interval (B) is dominated by N. pachvderma (s) and indicates 

cooler' upwelling comparable to the southern side of the ABF. The Benguela index is given as (2/3 x 

left coiling + 1/3 x right coiling) N. pachyderma (Jansen et al., 1997). The BUG is given as 

(N. pachyderma (s) + Gg. bulloides). 
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Jansen et al. (1997) predict major equatorward shifts in isotope stage 4 and sub-stages 

3.3-3.1, and maximum poleward shifts in isotope sub-stages 6.3, 5.5 and stage 1. 

In addition, the ABF record shows a similar position in late isotope stage 6—early 

stage 5 to that of the Holocene. These shifts are mirrored in the N. pachyderma (s) 

records of GeoB 1706 and GeoB 1711. The normalised BUG transfer function is 

thought to better represent the "true" shifts of the ABF without the influence from the 

glacial-interglacial trend. A good correlation exists between the suggested ABF shifts 

(Jansen et al., 1997) and the upwelling index, and although there are differences, they 

are mainly related to discrepancies within the age models of the cores, particularly a 

small hiatus in core 189-32 during isotope sub-stage 5.2 which may 'correct' the 

anomaly at 100 kyr in GeoB 1711. GeoB 1706 records high abundances of N. 

pachyderma (s) in isotope sub-stage 6.4 correlating to an equatorward shift of the ABF 

not seen in the BI of the Angola Basin. 

Alkenone-derived SST estimates (Schneider et al., 1995; 1997, Summerhayes et al., 

1995b) indicate that the coolest period in the BCS and the Angola Basin is centred on 

the lower part of isotope stage 3, exactly when N. pachyderma (s) abundances are at 

their maximum (Figures 3.10, 3.11 and 3.12). Jansen etal. (1997) proposed the 

greatest equatorward shift of the ABF at this time based on a maximum of 

N. pachyderma (s) at site 189-32 (Figure 3.14). The implied temporal ABF 

movements are supported by a variety of data, primarily the general agreement of 

N. pachyderma (s) abundances, as seen in GeoB 1706, GeoB 1711 and PG/PC 12, 

GeoB 1028 (Schmidt, 1992), DSDP 532 (Oberhänsli, 1991) and 189-32 (Jansen et 

al., 1997), with alkenone-derived SSTs, which have been recorded by Schneider et al. 

(1995; 1997) and Summerhayes et al. (1995b). The seemingly anomalous, almost 

monospecific, assemblage at site GeoB 1706 in sub-stage 6.4, followed by a lack of 

N. pachyderma (s) in late stage 6, is corroborated by SST data from a core on the 

Angola Basin continental margin (GeoB 10 16) with a corresponding cool sub-stage 

6.4 and a warmer late stage 6 (Schneider et al., 1995). 

From cores on the Angola margin, the Walvis Ridge, the Congo fan and the equatorial 

Atlantic, Schneider et al. (1995; 1997), using alkenone-derived SSTs, indicated that 

the ABF has not shifted substantially in the last 200 kyr and has remained between 

12°S and 20°S. Jansen et al. (1997), however, recorded high N. pachyderma (s) 

abundances in cores between 6.5°S and 20°S implying larger movements of the ABF. 

The difference between the two datasets may be related to the habitat of the 
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coccolithophores from which the alkenones and SSTs are derived. The alkenones, 

and therefore SSTs, are dependent upon the biogeographic limits of coccolithophorids 

(review by Brassel, 1993). The coccolithophores respond to averaged temperature 

changes within the watermass they inhabit, and often co-vary with the global glacial—

interglacial regime (Miller et al., in press, and others therein) and not directly with 

upwelling (Ten Haven and Kroon, 1991, Emeis et al., 1995). N. pachyderma (s) in 

the BCS, however, is found in the cores of the upwelling cells (U kes and 

Zachariasse, 1993, UJkes, submitted), and records the immediate, intensification of 

upwelling seemingly unaffected by the glacial—interglacial pattern. N. pachyderma 

(s) records the maximum fluctuations of the ABF, while the coccolith-derived SSTs 

are measuring the averaged effect of the upwelling cell fringes and global glacial—

interglacial regime not the position of the upwelling cores themselves. Most likely it is 

the combined effect of the physical movement of the ABF and an increase in upwelling 

intensity which accounts for the planktonic foraminiferal variations seen in the Angola 

and Cape Basins. 

3.7.2. Equatorward advection of sub-Antarctic surface water 

Many of the previous studies in the BCS (McIntyre et at., 1989; Schneider et at., 

1995; Summerhayes etal., 1995b; Jansen et al., 1997) have discussed advection of 

Southern Ocean surface or intermediate waters as a result of equatorward shifts of the 

sub-tropical convergence (STC). Morley (1989) and Howard and Prell (1992), 

studied the movements of the STC, situated to the south of Cape Town, marking the 

boundary between cold, polar-waters from the Southern Ocean and warmer waters of 

the South Atlantic. Using planktonic foraminiferal and radiolarian evidence from cores 

in the southern Indian Ocean, they recorded maximum poleward positions of the STC 

in isotope stages 11, 9, 5 and 1, while maximum equatorward positions in isotope 

stages 12, 10, 8, 6 and 4-2. The movements of the STC can be described by a two 

end-member system (Figure 3.15): a) maximum poleward position of the STC, 

permitting the largest pulses of Indian Ocean water entry into the Atlantic, which is 

accompanied by maximum equatorward heat advection into the BCS and the maximum 

poleward position of the ABF; and b) maximum equatorward position of the STC, 

limiting the amount of Agulhas Current advecting into the Atlantic by formation of a 

thermal barrier or gradient off Cape Town. This may, in extreme cases, allow an 

increase in cold-water advection from either the South Atlantic Surface Water (SASW) 
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or the Antarctic Intermediate Water (AAIW) below, without necessitating an unlikely 

shift of the polar front (Shannon et al., 1989). 
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Figure 3.15. The movements of the STC can be described by a two end-member system: 

a) Interglacial, poleward position of the STC. permitting the largest pulses of Indian Ocean water 

entry into the Atlantic; and b) Glacial, equatorward position of the STC, limiting the amount of 

Agulhas Current advecting into the Atlantic by formation of a thermal barrier or gradient off Cape 

Town. Black arrows - cold currents, white arrows - warm currents. Size of arrows gives an indication 

of current strength. 

However, although the timing of events links well with the shifting of the ABF, it still 

does not conclusively argue for or against advection from the Southern Ocean. For 

further evidence, planktonic foraminiferal or SST data from the SBR are needed to 

record equatorward heat flux around and past the Cape of Good Hope, via the Aguihas 

Retroflection. 
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3.7.3. Southern Benguela core material (Cruise M34-1: Bleil and cruise 

participants, 1996) 

New core material and planktonic foraminiferal data were collected on the RN 

METEOR cruise M34-1 (January 1996). On-board sampling and foraminiferal 

analysis yielded the first conclusive evidence against cold-water advection from the 

south. Seven cores were recovered from varying water depths along three transects 

covering the Cape Basin from Cape Point to the Walvis Ridge. 

Core site (water depth, m) 	Core position 	Average abundance 	Maximum abundance 
Listed north to south 	 N. pachyderma (s) 	N. pachyderma (s) 

GeoB 1706 (980) 19'33.7 11'10.5 29.38 81.76 
GeoB 3608 (1972) 22'21,5 1212,0 28.72 84.75 

PGIPC12 (1017) 22'16,0 12°32,3 33.2 80.4 
GeoB 1711 (1967) 23'18.9 12°22.6 25.90 84.2 
GeoB 3606 (1785) 25°28,0 13'05,0 11.83 23.91 	(38.60) 
GeoB 3605 (1375) 31'26.7 15°17,8 6.04 21.28 	(36.07) 
GeoB 3604 (1514) 31'47,1 15'30,0 3.00 15.25 
GeoB 3603 (2840) 3507,5 17'32,6 0.85 4.00 
GeoB 3602 (1885) 3447,9 17 -45,3 1.99 8.47 (21.54) 

Table 3.3. Average and maximum relative abundances of N. pachyderma (s) for all cores analysed. 

Values for GeoB 3606, GeoB 3605 and GeoB 3602 are marked by single excursions (anomalies) to 

higher values; first number given is the second highest recorded abundance. Within the three most 

southerly (poleward) cores (GeoB 3602, GeoB 3603 and GeoB 3604), values of abundance only exceed 

10% four times in 30 metres of core sampled. Note that average relative abundances are much lower 

in the southern reaches of the Cape Basin and that there is a positive trend to higher values 

equatorward into the northern Cape Basin. 

The cold-water N. pachyderma (s) was found to be almost completely absent in 

continental-slope cores from 2000 and 3000 in off Cape Town for the last 200,000 

years (Figure 3.16). No obvious sign of selective dissolution was observed, and the 

other planktonic forms typical of the SBR were in great abundance, with significant 

numbers of tropical spinose forms presumably intruding around the Cape from the 

Indian Ocean. Generally the southern Benguela cores recorded a very similar story to 

those of the northern Benguela. Marine sediments in the north are dominated by 

eutrophic and mesotrophic planktonic foraminifera largely due to the proximity of 

coastal upwelling cells and the overall character of a diffuse, filamentous mixing zone 

provides a wide area of nutrient availability. 
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Figure 3.16. N. pachvdertna (s) abundance records for GeoB 1706, GeoB 3608. GeoB 1711, GeoB 

3606, GeoB 3605, GeoB 3604, GeoB 3603 and GeoB 3602 (given as % of total planktonic 

foraminifera). GeoB 1706, GeoB 1711 and GeoB 3602 are sampled at 5 cm intervals and have been 

dated and presented versus age (GeoB 1706, 0-160 kyr; GeoB 1711, 0-140 kyr: GeoB, 3602 0-

520 kyr). The other cores have been sampled on-board, at a sample interval of 20 cm and have not 

been dated, and are thus presented versus depth. Core details are given in Table 1 .1. average 

N. pachyderma (s) abundance is shown. Black circles indicate approximate core positions. 

In the southern part of the Benguela system, sediment records record lower numbers 

of eutrophic species as the coastal upwelling is restricted to a narrow band with little 
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communication and mixing with the offshore sub-tropical waters. In this environment 

Gr. inflata dominates in both the modern-day setting and the fossil record, with 

additional numbers of sub-tropical and tropical planktonic foraminiferal species 

wrapping around with the Agulhas rings and eddies as the sub-tropical convergence 

(STC) is forced southwards by an expansion of the tropical Hadley cells. 

Further information on the exact timing of abundance changes in the southern Cape 

Basin is not possible as stable oxygen-isotope age models have not yet been produced, 

and no ages assigned. However, GeoB 3608, located between the well dated cores 

GeoB 1706 and GeoB 1711, shows a very similar profile for N. pachyderma (s) 

abundances to those recorded in the cores either side, suggesting that this core passes 

into late stage 5 (core length 846 cm). 

A trend to higher maxima and average values is clearly obvious in a traverse from the 

southern Cape Basin to the north (Table 3.3). If northward advection was to play a 

major role in the planktonic foraminiferal variations seen in the Benguela upwelling 

system, then we would almost certainly see the highest abundances of the cold-water 

N. pachyderma (s) in the south of the region, not the almost zero abundances actually 

recorded. We would therefore conclude that the ABF shifts described, are responding 

primarily to changes in upwelling intensity via fluctuations in the BCS. 

3.7.4. Upwelling intensification via trade wind forcing 

McIntyre et al. (1989) used planktonic foraminiferal estimates of SST to estimate 

seasonality in the equatorial Atlantic. Seasonality maxima, largest summer-winter 

temperature range, are recorded at similar times to greatest upwelling intensity in the 

BCS, and broadly coincide with the relative shifts of the ABF (Jansen, et al., 1997). 

Trade wind zonality is strongly related to the seasonality at the equator (Mix et al., 

1986b; Imbrie et al., 1989; McIntyre et al., 1989; Little etal., 1995; Schneider etal., 

1995; Mix and Morey, 1997), and also contributes to most of the SST, 

palaeoproductivity and palaeoceanography variations within the BCS (Little et al., 

1995; Schneider etal., 1995; Summerhayes etal., 1995b; Jansen etal., 1997; Mix and 

Morey, 1997; Schneider et al., 1997; in press). The records of GeoB 1706 and GeoB 

1711 suggest intensification of upwelling in the northern Cape Basin coinciding with 

increased equatorial and Angola Basin upwelling, at times of increased trade wind 

intensity. There is no evidence in support of the advection of Southern Ocean water 
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across the STC, and equatorward heat advection, other than that from upwelling via 

the BCS, plays a minor if not insignificant role in equatorial and Angola Basin 

palaeoceanography. It is the injection of newly upwelled BCS waters, rather than 

advection of Southern Ocean water, which McIntyre et al. (1989) observed at the 

equator. The BCS is driven by atmospheric conditions controlling trade wind intensity 

and intensity over southwestern Africa (McIntyre etal., 1989; Schneider etal., 1995; 

1997; Mix and Morey, 1997). Figure 3.17. shows a graphical representation of the 

hypothesised extremes of a meridional and zonal trade wind system. 

•::"jt 	
INTERGLACIAL 	

Europhi. 	\1erphi 	..Oligotrophic 

Southward shift I 	MERIDIONAL 	 GLACIAL 
of the ABF 	 TE \I)I. \VI\I) 	 I 

ZONAL 
Northward shut 	 I R.•\I)I 11 WINDS 
of the ABF 

Upwellirig Centres 	 Upwelling centres 
and trophic areas 	 trophic areas shill 
shill POLEWARI)s 	 EQUATORWARDS 

Wanii (a) 
water : 	A. 

flJ)Ut 	 (b) 

STC' $._0" STC 

Figure 3.17. Sketch to show the hypothesised extremes of a dominant meridional (interglacial) and 

zonal (glacial) trade wind system on the hydrography and upwelling intensity of the Benguela 

upwelling system. Offshore hypothetical hydrographic situation resulting from trade wind intensity 

and direction modulation. Arrows indicate approximate net intensity and direction of trade winds. 

STC indicates approximate position of the sub-tropical convergence. 

Times of maximum abundances of N. pachyderma (s), eutrophic-upwel ling events, 

indicate maximum offshore divergence and associated upwelling intensity, at times of 

maximum trade wind intensity. This is recorded in the NBR sediment and planktonic 

foraminiferal record as a relative shift of the ABF equatorwards. During periods of 

trade wind intensity, the hydrography in the NBR will be similar to the modern-day 

situation offshore Luderitz, upwelling will intensify, there will be more offshore 
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transport of cool, eutrophic waters and the area suitable for N. pachyderma (s) will 

expand. Inversely, periods of reduced trade wind intensity resulting from a net 

meridional wind direction will reduce the upwelling intensity in the NBR, although at 

these times the overall upwelling productivity will be reduced. In the sediment record 

this is recorded as a relative shift of the upwelling centres and the ABF polewards and 

the hydrography of the NBR will return to the present-day situation with a diffuse 

mixing zone suitable for mesotrophic faunas. 

Summerhayes et al. (1995b) suggested that upwelling increased in stages 4 and 3, but 

declined into stage 2. This was attributed to an equatorward shift of the trade winds in 

stage 2, leading to a marked decrease in upwelling at site PGIPC12. However, the 

planktonic foraminiferal record of GeoB 1711, on the continental slope nearby to 

PG/PC 12, indicates that upwelling off Walvis Bay was intense throughout isotope 

stage 3 into early stage 2, with a decrease of intensity, from 15 ka to the modern-day. 

3.7.5. Timing of trade wind modulation 

The exact timing and forcing by trade wind intensification will be discussed in greater 

detail and with respect to previous research and a global perspective in Chapter 5. 

However, the results of spectral analysis for GeoB 1711, GeoB 1706 and PG/PC 12 

(Figure 3.8 and 3.9), suggests discrete maxima occurring on sub-Milankovitch time 

scales (i.e. cyclicity on a higher frequency than 19-23 ka). In particular, the 

complete 140 kyr record for GeoB 1711, shows recurrent spectral power at the 8 kyr 

and 11-12 kyr periods, and the lack of significant spectral power in the precessional 

band which dominates low latitude climate and oceanographic change (Imbrie et al., 

1989, McIntyre et al., 1989, Mix and Morey, 1997, Schneider et al., 1995; 1997, in 

press). 

N. pachyderma (s), the dominant species reflecting upwelling and hydrographic 

change in the Benguela system, shows coherent spectral density only at the 8 and 6 

kyr periods and probably also at the -12 kyr period, consistent with the other main 

species and the total sub-tropical species. In all cases the 8 kyr time period is within 

the 80% confidence interval. Gg. bulloides, also records coherent spectral power at 

the 8 kyr and -12 kyr period, but also registers coherent spectra at the 23 kyr period. 

The additional spectra from the Gg. bulloides analysis, suggests that Gg. bulloides is 

responding to another factor influencing change in the Benguela system. The 
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discrepancy most likely relates to the species ecology, and in particular, each species 

distribution and relative temperature and nutrient requirements. From the sedimentary 

record (Figures 3.11, 3.12, 3.13), it is seen that Gg. bulloides is always in abundance 

greater than 10%, while N. pachyderma (s) is regularly at, or near, zero abundance. 

Periods of intense upwelling, which stimulate high nutrient levels and corresponding 

high abundance of N. pachyderma (s), occur predominantly in the SBR, and in 

particular offshore Lüderitz, in the modern setting (Giraudeau et al., 1993; UJkes and 

Zachariasse, 1993). The rapid fluctuations in N. pachyderma (s) abundance reflect the 

increased nutrient levels via advection of deeper upwelled waters, which occurs via 

trade wind intensification on an 8 kyr and 11-12 kyr periodicity, while 

Gg. bulloides fluctuates with background productivity levels, with trade wind 

changes superimposed. 
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Figure 3.18. Spectral analysis of the Benguela upwelling index (BUI) and Benguela upwelling group 

(BUG) transfer functions. Spectral period analysed, 1-136 ka; it = 0.9 kyr; N = 151; CI is shown 

for 80 lags. In figure (a) and (c), a second order polynomial expression of the spectral density is 

shown for the background spectral periodicity, together with the lower limit error bar for the 80% 

confidence interval. In figure (b), a low resolution record is shown for comparison, as the polynomial 

would be biased against the high frequency spectra as a result of the missing 'red noise. (c) Enlarged 

section from (b). Red noise part of the spectrum is removed, 100 kyr power is missing due to 

normalisation of the dataset. 

From the record of GeoB 1711, the 23 kyr periodicity is clearly visible in interglacial 

stage 5 (Figure 3.11), at a time when N. pachyderina (s) is relatively absent from the 

sedimentary record, trade wind intensity is greatly reduced and the precessional 
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component of insolation is at its maximum amplitude (McIntyre et al., 1989). At this 

time, warm-waters from the Angola Basin may accentuate the precessional signal in 

the Benguela system. Indeed, from core GeoB 1706 on the Walvis Ridge, coherent 

spectral power occurs in the precessional band from both the sub-tropical foraminifera 

and Gg. bulloides, consistent with visual inspection, of which both faunal records 

indicate a relatively warm-water signal compared to N. pachyderina (s). 

Gg. bulloides, which dominates upwelling zones in environments with warmer sea-

surface temperatures (for example the Indian Ocean and Arabian Sea: Brummer and 

Kroon, 1988, Kroon and Ganssen, 1989, Kroon et al., 1990), is thought to record 

background productivity and upwelling changes in the absence of the intensity 

recorded in glacial periods by large N. pachyderma (s) abundances. The BUG 

transfer function and resultant upwelling index, incorporates the relatively warm-water 

and cold-water upwelling signals, Gg. bulloides and N. pachyderma (s) respectively, 

in an attempt to gain a better record of the shifts of the ABF and upwelling changes in 

the Benguela system. Spectral analysis of the BUG (unsmoothed) dataset shows 

coherent spectral density at the 100, 8 and 5 kyr periods, coherent with visual analysis 

of the record (Figure 3.14). Results for the BUI (smoothed with a 7 point weighted 

average), document spectral power at the 15, 8 and 5 kyr periods. In this instance, 

with the long term glacial—interglacial effect removed, the -16 kyr frequency 

observed in the BUG spectral analysis is now coherent as is expected from visual 

inspection of the record (Figure 3.14 and 3.15). The results suggest that the relative 

ABF shifts and corresponding trade wind and upwelling intensity vary on an 

approximately 8 and 15 kyr periodicity. 

Core GeoB 1711 provides a complete high resolution record for the last 140 kyr 

covering the entire last glacial period, at a time when the global climate was dominated 

by large ice sheets. At this time the external forcing from Milankovitch parameters 

was reduced as precession and eccentricity amplitudes decreased rapidly to a nadir 

within the last glacial. The results from GeoB 1711, GeoB 1706 and PG/PC 12 

suggest that sub-Milankovitch cyclicity dominates trade wind modulation during the 

relative absence of precessional forcing, which is at a maxima in interglacial stage 5 

(Berger, 1978; McIntyre and Molfino, 1996). In Chapter 5, the timing of upwelling 

and trade wind intensification is compared to other records of rapid marine and climate 

variability to investigate the forcing mechanisms behind these short-lived, high 

frequency climate changes. 
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3.8. Summary 

The planktonic foraminiferal records for GeoB 1706, GeoB 1711 and PG/PC 12 

illustrate that the abundance of the cold-water planktonic foraminifer, 

N. pachyderma (s), does not vary with the global glacial—interglacial pattern. Four 

species make up over 95% of the variation within the core, and enable the record to be 

divided into episodes characterised by specific planktonic foraminiferal assemblages, 

with meaningful ecological significance when compared to those of the modem-day. 

N. pachyderma (s), dominates the modern-day, coastal upwelling centres; Gr. inflata 

characterises the oligotrophic, offshore zone of the SBR; and together, Gg. bulloides 

and N. pachyderma (d) inhabit the mesotrophic areas of the mixed zone in the NBR. 

In the fossil record, the planktonic foraminifera are thought to be varying largely with 

changing nutrient supply, and the subsequent levels of primary productivity, according 

to local water hydrography and oceanography currently existing offshore Namibia and 

the west coast of South Africa. In cores GeoB 1706 and GeoB 1711, episodes of 

high N. pachyderma (s) abundances are interpreted as evidence of increased 

upwelling intensity, and the associated increase in nutrients. Periods of high 

N. pachyderma (s) abundance describe rapid, discrete events dominating isotope 

stages 3 and 2, the timing of which correlate to the temporal shifts of the Angola-

Benguela Front, situated to the north of the Walvis Ridge. The physical movement of 

the ABF cannot be disassociated from the increase in upwelling intensity recorded in 

the fossil record. The absence of high abundances of N. pachyderma (s) from the 

continental slope of the southern Cape Basin, conclusively rules out Southern Ocean 

surface water advection. 

Spectral analysis of the faunal records and Benguela upwelling index (BUI), 

demonstrates recurrent variability at the 8 kyr period, and relative intensification of 

upwelling, and the relative shifts of the ABF, on a 15 kyr period. Precessional climate 

forcing does not appear to influence the planktonic foraminifera inhabiting the 

Benguela Current system, or the relative shifts of the ABF. Upwelling intensification 

along the entire coast of western and southwestern Africa is generated by changes in 

the strength of the trade wind system, responding to similar shifts and intensity of the 

atmospheric and oceanic gyres controlling the position of the ABF. 
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Chapter 4. Palaeoproductivity proxies in the Benguela upwelling 

system - N. pachyderma (s), benthic foraminifera and 

total organic carbon (TOC) 

4.1. Introduction 

The biological productivity of the oceans is sensitive to changes in climate which can 

effect essential factors such as nutrient and light availability. In turn, ocean 

productivity may influence climate by regulating the partitioning of CO2 between the 

atmosphere and ocean. Productivity fluctuations therefore, are important in providing 

feedbacks to the climate system. It is vital that we gain an understanding of the 

'biological pump' which pulls carbon out of the surface waters and buries it at depth, 

essentially removing it from the carbon cycle. The efficiency of the pump depends 

largely on the biological removal and associated downward transport and burial of 

organic matter. Favourable sites for organic carbon removal and burial are on the 

upper continental slope, for several reasons: (1) the coastal setting results in high, 

pulsating productivity; (2) the shelf can supply additional carbon; and (3) settling and 

decomposition in the water column are of short duration and as a result a higher 

percentage of the carbon is buried. Several proxies have been used with a certain 

degree of success in identifying the dynamics of palaeoproductivity. Total organic 

carbon (TOC) content and variation of 5 13C of carbonate with time have proved the 

most useful techniques, but more recently transfer equations for reconstructing 

palaeoproductivity based on the deep-sea sediment record of planktonic foraminifera 

(overview by Sarnthein et al., 1992) have been used to supplement and support 

organic carbon measurements. Following the studies of Muller and Suess (1979) and 

Suess (1980), workers have based productivity estimates on the rates of organic 

carbon accumulation (Sarnthein et at., 1987; Sarnthein etal., 1988; Lyle et al., 1988; 

Lyle, 1988), the accumulation rates of siliceous fossils (Abrantes, 1991; Lyle et at., 

1988), the faunal composition of planktonic foraminifers and comparison with carbon-

based evidence (Mix, 1989b; Giraudeau, in prep.), and from the benthic/planktonic 

foraminifera ratio (Berger and Diester-Haass, 1988). 

Upwelling areas are regions of high primary productivity with a high input of 

planktonic skeletal material and organic matter to the underlying sea floor. These 

regions play a crucial role in controlling the oceanic carbon budget and atmospheric 

CO2 level (Sarnthein etal., 1988). The Benguela upwelling system is no exception to 
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this rule. Upwelled water is relatively enriched in nutrients and cooler than the 

displaced surface water (Dingle, 1995), and the sediments accumulating beneath the 

upwelling cells are dominated by an organic- and diatom-rich mud, containing up to 

22% organic carbon (Calvert and Price, 1971). The bottom sediments may also be 

organic-rich largely as a result of oxygen-poor bottom waters adversely affecting the 

benthos and preserving the organic carbon. However, below the oxygen-minimum 

zone the life conditions for benthos are greatly improved, as a consequence of high 

plankton production, and as a result large numbers of benthic foraminifera thrive. 

Both planktonic and benthic foraminifers favour upwelling-influenced regions. 

However, when the ratio of planktonic to benthic foraminifers is taken, one can see 

that benthic foraminifers increase more than planktonic foraminifers in fertile regions 

(for example N.W. Africa; Diester-Haass, 1978). The association with benthic 

foraminifers and high levels of primary productivity could be a useful tool for 

measuring past palaeoproductivity in coastal upwelling areas. 

The carbon cycle is a very complex system, but one of the major interactions is the 

utilisation of CO2 in the photic zone by marine phytoplankton. Photosynthesis, and 

the export of organic carbon from the surface waters of the ocean as either particulate 

or dissolved organic carbon, acts as a 'biological pump' which lowers the partial 

pressure of CO2 in the photic zone (Berger et al., 1989). Removal of carbon from the 

ocean-atmosphere system buried in marine sediments, although only accounting for a 

small fraction of the carbon in the global cycle, may reflect natural variations in the 

concentration of atmospheric CO2. Upwelling areas cover only a small portion of the 

ocean's surface, however they account for at least 10% of the total oceanic 

productivity (Berger et al., 1989) which is reflected in the TOC records of sediments 

at upwelling margins. 

Organic carbon contents are commonly used as a proxy for palaeoproductivity in 

upwelling areas (Muller and Suess, 1979; Sarnthein et al., 1987; 1988; 1992; Berger 

et al, 1989; Summerhayes et at., 1995b). Recent studies have concentrated on 

mapping the variation with respect to changing upwelling intensity and primary 

productivity levels (Schneider et at., 1994; 1995; Summerhayes et al., 1995b; Rutsch 

et al., 1995; Schmiedt, 1995). Organic carbon variability within the water column, is 

largely controlled by nutrient availability and primary productivity levels, which in 

turn is related to the remineralisation of organic matter in surface sediments. The 

debate as to whether past TOC records are a true representation of palaeoproductivity, 
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or are an artefact of preservation, diagenesis, erosion and re-suspension from bottom 

currents, and/or dilution from terrigenous debris from the neighbouring continent, will 

not easily be resolved. 

The two main aims of this chapter are: (1) to assess the relative use of planktonic 

foraniinifera, total organic carbon (TOC) content, and the benthic/planktonic 

foraminifera (B/P) ratio, as proxies for palaeoproductivity in the Bengela upwelling 

system; and (2) to examine the TOC signatures for evidence of sub-Milankovitch 

variability as is observed in the planktonic foraminiferal records, in the hope that this 

will provide a quick method for high-resolution analysis in other high productivity 

areas effected by rapid climate and oceanic instability. 

4.2. Materials and methods 

For the determination of TOC content, 100 mg aliquots of freeze-dried sediment 

samples were weighed in ceramic crucibles, wetted with a few drops of ethanol to 

suppress foaming during acidification, decalcified by addition of 6 M HCL, and dried 

on a hot plate at about 80°C. TOC was then determined by combustion in a LECO 

C/S -244 Elemental Analyser. The relative precision of the measurements, based on 

replicates and control analyses of lab-internal reference sediments, was better than 3%. 

TOC measurements have kindly been provided by Peter MUller, Fachbereich 

Geowissenshaften, Bremen University, Germany. 

4.3. Changes in the benthic/planktonic foraminiferal ratio 

Benthic foraminifera and the ö 1 3C signal of their tests, have long been used to 

reconstruct water depth, salinity, nutrient supply, and deep ocean circulation, but are 

now used more and more as palaeoproductivity indicators (A Itenbach, 1985; Lutze et 

at., 1986; Berger and Diester-Haass, 1988; Berger and Wefer, 1988; Altenbach, 1989; 

Herguera and Berger, 1991; Berger and Herguera, 1992; Berger et at., 1994), 

including the relative abundance of benthic to planktonic foraminifera (Diester-Haass, 

1978; Lutze, 1980; Berger and Diester-Haass, 1988). Many examples from modern 

and ancient settings demonstrate that high accumulation rates of organic matter on the 

seafloor underlie regions of high primary productivity, and are demarcated by high 

abundances of benthic foraminifera (Lutze and Coulbourn, 1984; van Leeuwen, 

1989). The rapid change in the fallout of organic carbon as a result of productivity 
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changes, both spatially and temporally, appears to be the primary cause for 

fluctuations of benthic foraminiferal numbers off northwest Africa (Altenbach and 

Sarnthein, 1989). The abundances of benthic foraminifera, record spatial and 

temporal changes of the fertility in the surface waters, governed largely by the 

expansion of the region of upwelling productivity and carbon flux (Lutze et al., 1986). 

PG/PC 12 % Benthic Foraminifera Isotope 
stages 

Ut 

I] 

all 

> 
6C 

Cz

0)  

0) 

-EIII 

120 

140 

160 
0 20 40 60 80 

GeoB 1706 % Benthic Foraminifera 

I 	I 	I 	I 	I 	I 	I 	I 	I 

0 	20 	40 	60 	80 

GeoB 1711 % Benthic Foraminifera 

Figure 4.1. Benthic/planktonic foraminiferal ratios for GeoB 1706, PG/PC 12 and GeoB 1711. 

% Benthic foraminifera indicates, the percentage of benthic foraminifera of the total foraminifera 

(planktonics + benthics). 

Berger and Diester-Haass (1980) found that the abundance of benthic foraminifera, 

relative to planktonic foraminifera (B/P ratio), is governed by the supply of food to the 

sea floor, which is a function of depth and proximity to the shelf. On the continental 

margin off northwest Africa the B/P ratio is a useful guide to palaeoproductivity, and a 

useful tool to qualitatively, if not quantitatively, measure the amount of organic matter 

delivered to the seafloor. The three records of benthic foraniiniferal relative abundance 

from the northern Cape Basin (Figure 4. 1), although showing differences, all have 

maxima (up to 90% benthic foraminifera) in the period late isotope stage 5—early 
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isotope stage 3. All three records show very rapid changes in the benthic/planktonic 

ratio of over 80% in less than 1-2 ka, presumed to be reflecting total 

palaeoproductivity. 

The geographical position of the three cores may account for the variations in exact 

timing of change in the B/P ratio. GeoB 1706, situated on the Walvis Ridge in the 

north of the Benguela system, records sustained maxima during isotope stage 6, late 

stage 5, early stage 4, and a prolonged although variable maximum throughout early to 

mid stage 3. GeoB 1706 does not record a relative change in the B/P ratio after 40 ka. 

GeoB 1711 and PG/PC 12, with core sites located on the continental slope off 

Namibia, record corresponding maxima in stage 4, early—mid stage 3, and also late 

stage 3 to mid stage 2. GeoB 1711, with the only complete record of oxygen isotope 

stage 5, records maxima during isotope sub-stages 5.4 and 5.2, although somewhat 

reduced relative to the maxima recorded later in stages 4 and 3. 

4.4. Total organic carbon (TOC) variability 

Upwelling, high productivity, and the low oxygen content in bottom waters, control 

the distribution and quantity of organic matter in the sediments of the Benguela 

system. Also, as off California, faecal pellets play a major role in the sedimentation of 

organic matter (Summerhayes, 1983), which is clear from the high numbers of faecal 

pellets preserved in the sediments. As described previously in section 1.6, the highest 

TOC abundance in Recent sediments is recorded in the diatom ooze on the inner shelf 

between Lüderitz and the Kunene River (Calvert and Price, 1971). 

Figure 4.2 shows the modem-day distribution of TOC on the continental shelf and 

slope of southwest Africa, with the highest TOC measurements in the diatom mud belt 

(Summerhayes et al., 1983). Slope sediments from beneath the offshore divergence 

belt are enriched in TOC at water depths of 500-1500 m, almost certainly as a result 

of shelf edge upwelling. Abundances of TOC are much greater in the northern 

Benguela region (NBR) than the southern (SBR), as a direct result of prolonged, year-

round, intense upwelling rather than the seasonal, although more intense, upwelling in 

the south. The region inshore of the orange river is also effected by dilution from 

terrigenous supplies further enhancing the differences between the NBR and the SBR. 

Piston cores from the continental slope, show that the NBR is consistently rich in 
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organic matter in water depths down to 2000 m (Bremner, 1983, Summerhayes, 

1983, Diester-Haass, 1985, Summerhayes et al., 1995b). 
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Almost all of the organic matter in samples from the continental slope and shelf off 

southwest Africa is amorphous, bacterially degraded, marine material, typical of high 

phytoplankton production (Bremner, 1983). The three cores treated in this study were 

recovered from two geographically distinct areas. GeoB 1706 was collected from a 

water depth of 1000 m on the Walvis Ridge, whilst PG/PC 12 and GeoB 1711 were 

collected from the Namibian continental slope from water depths of 1000 and 2000 m 

respectively. Although still beneath the active upwelling system, the Walvis Ridge 

acts as a natural barrier for mixing between the Angola and Cape Basins. GeoB 1711, 

the deepest and farthest offshore, records the extreme limits of the Benguela upwelling 

(Chapter 3) and may be the key to separating local and regional productivity effects. 

4.4.1. Productivity record from GeoB 1706 

The following is an assessment of the productivity records from GeoB 1706, 

PG/PC 12, and GeoB 1711, comparing the organic carbon record with the upwelling 

indicator, N. pachyderina (s), and the B/P ratio. The history of upwelling intensity 

given by the planktonic foraminifer N. pachyderma (s) largely correlates with the TOC 

content within the sediments, especially within the last 80 ka (Figure 4.3.). The 

abundance of benthic foraminifera has a relatively good correlation with TOC content 

before 60 ka, as would be expected if both were recording palaeoproductivity as 

previous workers have suggested, but after 60 ka the direct positive correlation breaks 

down. 

The TOC/N. pachyderma (s) correlation suggests additional input of TOC not directly 

related to upwelling intensity, if N. pachydenna (s) is recording the total upwelling 

input, at four intervals in the last 160 kyr (not including the hiatus, 125-90 ka): 

150-140 ka; 140-130 ka; 90-80 ka and 50-38 ka. At these times TOC content is 

greater than would be expected given the N. pachyderma (s) abundances alone. 

Interestingly, in the intervals before 60 ka, the B/P ratio is high, probably as a result 

of the increased TOC delivered to the sea floor, but suggesting that overall 

productivity is higher than expected. Although N. pachyderma (s) is not a useful 

indicator of productivity for all of the last 140 kyr due to its relative absence in the 

warm intergiacials, it is perhaps the best productivity indicator overall. At times when 

N. pachydenna (s) is low in abundance, different species of planktonic foraminifera 

e.g. Gg. bulloides, or indeed other primary and secondary producers, may account for 

the change in TOC content within the sediments. The discrepancies could also be 
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accounted for by changes lower in the food chain for example; and abundance of 

diatoms instead of coccoliths as the primary producers varying the habitat for grazers. 
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Figure 4.3. GeoB 1706: Total organic carbon (TOC) as a percentage of the total sediment (wt %) 

(black line) with % N. pachvderma (s), as a percentage of the total planktonic foraminifera, and % 

henthic foraminifera, as a percentage of the total foraminifera (benthics + planktonics). For the 

interval 50-40 ka a dashed line links the TOC curve either side of the 'anomalous' TOC content (see 

discussion in text). 

The 50-38 ka peak of TOC is 'anomalous' however, and is not accounted for by 

increased abundances of benthic foraminifera or with any other planktonic 

foraminiferal proxy (Figure 3.3). This will be discussed later in connection with the 

TOC record from PG/PC 12. Disregarding the 'anomalous' peak of TOC and 

assuming that it did not pass its ceiling value of 6%, which is maintained throughout 

the previous 110 ka, then an excellent correlation exists between TOC content and 

N. pachvderrna (s) abundances for the last glacial—interglacial cycle, where 
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N. pachyderma (s) dominates the surface waters in abundances up to 80% of the total 

planktonic foraminifera. Before the last glacial there is a good positive correlation 

between TOC and benthic foraminifera, particularly in the intervals 140-130 ka and 

90-80 ka. The relationship between all three productivity proxies at the base of the 

core is not understood. Maxima in both B/P ratio and N. pachyderma (s) abundance 

at this time, suggests an interval of intense upwelling and productivity and therefore an 

increased deposition of organic carbon should be expected. However, although 

organic carbon levels reach a maximum at 145 ka, they do not record a maximum at 

the peak of upwelling intensity at 160-150 ka. 

The N. pachyderma (s) abundances suggest that during the last glacial period when the 

Walvis Ridge was a site of intense upwelling, the greatest contributor to the TOC 

record was upwelling induced productivity. At times when the upwelling intensity 

was reduced, i.e. before 80 ka, the TOC record is primarily correlated to the B/P ratio, 

suggesting a site of reduced upwelling intensity with more oxygen available at the 

sediment-water interface suitable for benthic activity and increased numbers of benthic 

foraminifera. This 'switch' does not seem to have been an immediate process. 

Benthic foraminiferal abundances are high within the period of intense upwelling, 

40-60 ka, although there is not a good positive correlation with either TOC or 

N. pachyderma (s) abundances. Possibly oxygen-rich bottom waters still provided a 

suitable environment for benthos. At present the benthic foraminiferal record for the 

Walvis Ridge is poorly understood, the N. pachyderma (s) abundances seem to 

correlate to the TOC content of the sediments when N. pachyderma (s), and therefore 

upwelling intensity, are greatest, but other than recording the relationship of the B/P 

ratio, no firm conclusion can be made. A full assessment of individual benthic 

foraminiferal components, as undertaken by van Leeuwen (1989; Angola Basin), 

could probably extrapolate the relationships further. 

4.4.2. Productivity record from PG/PC 12 

PG/PC 12, from a water depth of 1000 in inshore of core GeoB 1711 on the 

continental slope offshore Namibia, records a higher average TOC content than GeoB 

1706. TOC is abundant in PG/PCI2, ranging from 4% near the core-top to 10% in 

the interval 50-40 ka in isotope stage 3. The core-top values reflect those of the 

modern slope sediments (Figure 4.2.), while the maximum down-core, approach 

those values found in muds from the inner shelf upwelling area (Bremner, 1981; 
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Summerhayes et al., 1995b; Figure 4.2.). As at core site GeoB 1706, during the last 

70 ka the TOC variation is largely governed by production relating to fluctuations in 

upwelling intensity, indicated by the abundance of N. pachyderma (s). However, 

there are seeming anomalies, although some of these may just relate to increased 

abundance of other upwelling species e.g. Gg. bulloides, at the expense of 

N. pachyderma (s). The increased TOC content in the period 50-38 ka seen in 

GeoB 1706, is also present in the TOC record for PG/PC 12, and in the TOC record, 

although less pronounced, for GeoB 1711 (Figure 4.5). 
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Figure 4.4. PGIPCI2: Total organic carbon (TOC) as a percentage of the total sediment (wt %) 

(black line) with % N. pachyderma (s), as a percentage of the total planktonic foraminifera, and % 

benthic foraminifera, as a percentage of the total foraminifera (benthics + planktonics).. 

The main sources of organic matter on the slope would have been deposition from: (1) 

the shelf edge upwelling system; (2) intensification and enlargement of the inner shelf 

upwelling cells, bringing primary and secondary production seawards; (3) periodic 

input from filaments and offshore currents; and (4) an increased rate of supply from 

the addition of re-suspended organic-rich muds from the inner shelf, by tidal or 

bottom currents. A net increase in production and/or re-suspension of organic material 

would enhance the accumulation of TOC further offshore. N. pachyderma (s) 

abundances from GeoB 1706, PG/PC 12 and GeoB 1711 indicate that upwelling 

intensity had already increased to its maximum levels, and did not increase further 

during the glacial period. With the present data available, this would suggest that the 

increased accumulation of organic carbon during mid-isotope stage 3 (- 50 ka) is 
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primarily a result of re-suspension and offshore deposition of organic material 

removed from the inner shelf high productivity belt. The use of N. pachyderma (s) as 

the upwelling productivity signal, is an attempt to remove the upwelling derived TOC 

signature. from the re-suspended TOC signal. 

Plate 4. 1. Scanning electron micrograph from a 'benthic productivity event' (high B/P ratio). 

Bolivinids largely dominate the assemblage. Note the presence of left coiling N. pachyderma. 

Sample taken from isotope stage 3, GeoB 1711. 

The record for benthic foraminifera (B/P ratio), does to a large extent follow the 

productivity from upwelling intensity, as indicated by N. pachyderma (s). The 

benthos are responding to increased food supply when upwelling at the surface 

provides cool, nutrient-rich waters suitable for primary productivity. Interestingly, the 

B/P ratio records two pronounced maxima in benthic foraminifera during 60-40 ka, 

certainly related to the timing of intense upwelling, but with abundances twice what 

they are in later intense upwelling episodes in late stage 3 and stage 2. As before, a 

similar 'anomaly is observed in GeoB 1706 and also in GeoB 1711. What is certain 

is that there was a benthic productivity event at approximately this time recorded 

throughout the northern Cape Basin from 1000 m water depth on the Walvis Ridge to 

2000 in water depth offshore Namibia. GeoB 1706 records two other related benthic 
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productivity events, seemingly not related to the surface water hydrography, during 

160-140 ka and 80-65 ka. At present there is not an unequivocable answer to these 

benthic events, possibly they relate to changes in the supply of oxygen-rich sub-

surface waters not just to upwelling intensity alone. Nutrient-rich water from a 

poleward undercurrent is an option, possibly with an origin in the Angola Basin, as 

previous authors have suggested (Hart and Currie, 1960; Shannon, 1985; Chapman 

and Shannon, 1985; Dingle and Nelson, 1993). This is likely to be oxygen-poor and 

may not sustain a large benthos. It is also possible that a nutrient- and oxygen-rich 

Antarctic water mass could influence the Benguela shelf and slope at this time, 

providing a more suitable environment for a rich benthos. It is reasonable to suggest 

that the species-type may be of importance to each of these benthic 'blooms'. Largely 

bolivinids dominate the assemblages (Plate 4. 1), which previous workers (Phleger 

and Soutar, 1973; Douglas and Woodruff, 1981; Bernhard, 1986; van Leeuwen, 

1989; Murray, 1991) have suggested represent high organic carbon contents and 

productivity levels, as are recorded here. However, the high abundances of benthic 

foraminifera still largely remain an enigma, and cannot be used as a quantitative guide 

to palaeoproductivity until they are better understood. 

4.4.3. Productivity record from GeoB 1711 

GeoB 1711 is the deepest, and farthest offshore, core studied here. The abundances 

of N. pachyderina (s) document the greatest intensity of upwelling and therefore trade 

winds, increasing the width of the upwelling dominated N. pachyderina (s) fields and 

increasing the offshore divergence of sub-tropical waters (Little et al., 1997a). This 

core site was chosen to record sedimentation away from the influence of continental 

shedding, dust input, re-suspension of organic matter, and bottom current erosion. 
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Figure 4.5. GeoB 1711: Total organic carbon (TOC) as a percentage of the total sediment (wt %) 

(black line) with % N. pachvderma (s), as a percentage of the total planktonic foraminifera, and % 

benthic forarninifera, as a percentage of the total foraminifera (benthics + planktonics). Correlation 

coefficient between TOC and N. pachvderrna (s), r, = + 0.729. 

The graphic correlation emphasises the overall trend between TOC and 

N. pachyder,na (s) abundances, and although there are a few anomalies these occur 

when N. pachyderma (s) is not dominating the assemblage, and therefore at a time 

when the upwelling intensity has dropped below maximum levels (interglacial stage 

5). At this time, TOC content is only between 1-2 % of the total sediment, reflecting 

much reduced productivity. This level of organic content may be reflecting the 

background primary productivity rather than the extra input from increased upwelling 

intensity in the last glacial period. 
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Figure 4.6. Spectral analysis for TOC in GeoB 1706, GeoB 1711 and PGIPC12. Statistical 

information: GeoB 1706. Spectral period analysed, 1-87 ka; At = 0.9 kyr; N = 96; CI shown for 60 

lags. GeoB 1711. Spectral period analysed, 1-136 ka; it = 0.9 kyr; N = 151; CI is shown for 80 

lags. PGIPCI2. Spectral period analysed, 1-67 ka; it = 0.9 kyr; N = 74; CI is shown for 50 lags. 

For comparison, a second order polynomial expression of the spectral density is shown for the 

background spectral periodicity, together with the lower limit error bars of the 80 and 95% confidence 

intervals. 

The number of benthic foraminifera in this core, is far below the levels recorded at the 

Walvis Ridge from GeoB 1706, or from the shallower record of PG/PC 12. Total 

relative benthic foraminiferal abundance has a maximum, i.e. large B/P ratio, of 80% 

at 65 ka, and 55% at 50 ka (Figure 4.5), but at all other times has relative abundances 

of less than 20%, low B/P ratio. Removing the influence of the large maxima between 

70-40 ka, the relative abundance of benthic foraminifera have an excellent correlation 

with TOC and abundance of N. pachyderina (s), with all of the maxima and minima in 

phase with those of TOC. It would seem that if the enhanced numbers of benthic 

foraminifera during 70-40 ka was 'anomalous' then benthic foraminifera, TOC and 

N. pachyderma (s) percentages could be used as proxies for productivity away from 

the immediate coastal upwelling situation. All proxies suggest that periods of 

increased upwelling stimulated increased productivity and an increased supply of 

organic carbon to the sea floor stimulating a thriving benthic community. 
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Figure 4.7. Cross-spectral analysis results between GeoB 1711 N. pachydenna (s) and GeoB 1711 

TOC (1-136 ka). Cross-spectral statistics: Sample time interval, At, = 0.9 kyr; Number of samples, 

N, = 151; Confidence level for the 80% non-zero coherency is indicated; Bandwidth for all analyses = 

0.16 cyclesIkyr. Spectral maxima are highlighted with the period of oscillation (kyr). Phase angle is 

given graphically below the cross-spectral results. Note TOC and N. pachyderrna (s) are in phase (0' 

within error margin) at the coherent periods of oscillation 12 and 6 kyr. 

Time-series analysis for TOC measurements, document pronounced spectral maxima 

at the sub-Milankovitch periods of 12, 9 and 6 kyr (Figure 4.6), while 

N. pachyderma (s), and other planktonic foraminiferal abundances in the NBR, 

record recurrent coherent spectral maxima at 8 and 12 kyr (Figure 3.8). The cross-

spectral analysis between N. pachyderma (s) and TOC for GeoB 1711, records 

coherency at the 12 kyr, and possibly 6 kyr, periods (Figure 4.7). Given the error 

margins on such a time-series analysis, the presence of an 8 kyr and 9 kyr periodicity 

within N. pachyderma (s) and TOC datasets respectively suggests that sub-

Milankovitch forcing 'controls' both datasets. TOC measurements do not record 

significant spectra in the precessional band (19-23 kyr), which are documented from 

organic matter records at the equator, in the Angola Basin and from the Congo Fan 

(Schneider et at., 1995; 1997). Similarly, results presented by Schneider et al. 

(1996), do not record coherent spectra in the precessional band from the Walvis Ridge 

(core GeoB 1028-5; 20°06.2'S 09'11. FE, water depth 2209 m) from a 400 kyr 

0 

.0 
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record, in agreement with the faunal and TOC records from within the Benguela 

Current (GeoB 1711 and PGIPC12), and from the Walvis Ridge (GeoB 1706), 

Figures: 3.8, 3.9, and 4.6. The TOC results, provide good supporting evidence that 

sub-Milankovitch periodicity is a true feature of the upwelling and productivity in the 

Benguela system and that precession appears to play a secondary if not minor role. 

TOC measurements may provide a quicker method for analysing climate and oceanic 

variability, away from the conflicting effects of re-suspension and continental 

shedding, than faunal population studies, although N. pachyderma (s) abundances are 

probably a more reliable method for cross-correlation between local core sites with 

possibly fewer influencing factors superimposed. 

4.5. Late Quaternary palaeoproductivity in the northern Benguela 

upwelling system 

Comparing the productivity records from GeoB 1706, PG/PC 12 and GeoB 1711 we 

find basic similarities between all three core sites. Overall there is a general positive 

correlation between increased TOC and increased N. pachyderma (s) abundances and 

an increased B/P ratio. TOC records from the Peruvian (e.g. Schrader, 1992), 

Californian (e.g. Summerhayes, 1983), and northwest African margins (e.g. Muller et 

al., 1983, Thiede and Junger, 1992) also suggest this overall correlation between 

productivity and offshore wind intensity with organic carbon content. In the Benguela 

system, as in most other upwelling systems, there is no linear correlation between 

measured TOC and the other palaeoproductivity proxies. The correlations suggest that 

N. pachyderma (s) abundances seem to be the most useful indicator for upwelling 

palaeoproductivity. However, at times of reduced upwelling intensity the correlation 

is not so clear (e.g. GeoB 1711 > 80 ka). Marine primary productivity contributes the 

largest percentage (90-95%; Summerhayes, 1983) to the TOC measured in the 

sediments, but proxies for primary or secondary productivity, such as N. pachyderma 

(s), do not necessarily reflect the total variation of TOC within the sediment record. 

As is the problem with the TOC sediment record, it results from the interplay of 

supply, sedimentation, re-suspension, terrestrial input, diagenesis and benthic activity, 

of which these components can never fully be quantified individually. Together with 

N. pachyderma (s), the TOC record for GeoB 1711 is the most useful indicator of 

upwelling and its influence on the palaeoproductivity record in the Benguela system. 

The variation in abundance of N. pachyderma (s), records maximum upwelling 

intensity away from the effects of re-suspension and the excellent correlation with 
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TOC, particularly in the glacial isotope stages 4-2, reflects an increase in organic 

carbon deposition over background productivity. 

The B/P ratio, although largely suggesting a direct relationship with N. pachyderma 

(s) abundance and TOC, does present problems, indicating that until more is known 

about the relative benthic foraminiferal contributions it is not suitable, as yet, as a 

palaeoproductivity indicator in the Benguela system. The positive trend between TOC 

and N. pachderina (s) abundances with the B/P ratio has two main problems: (1) 

relative absence of benthic foraminifera after 40 ka on the Walvis Ridge; and (2) a 

benthic productivity event during 60-40 ka. The relative lack of benthic 

foraminifera on the Walvis Ridge could reflect two things, firstly an increase in 

planktonic foraminifera relative to benthic foraminifera via a changing food or water 

supply, thus diluting the ratio, or secondly, a true lack of benthic foraminifera, 

reflecting a change in the benthic environment. The dilution of the B/P ratio would 

necessitate a huge increase in planktonic foraminifera abundance, which cannot easily 

be envisaged given that upwelling intensity is already at or near its maximum. While 

the reduction of benthic foraminiferal numbers, could be relatively easy to facilitate. A 

disruption to the benthic environment, for example decreasing the dissolved oxygen 

content, removing nutrient input to the benthic environment, or relatively deepening 

the depth of the oxygen-minimum zone via relative sea-level change, would have 

severe adverse effects to the benthic community, which is reflected in a very low B/P 

ratio (Figure 4.1). Dingle (1995) showed that in the present setting, the Walvis Ridge 

is the site of minimum oxygen content and the least hospitable for a thriving benthic 

community. The benthic oxygenation on the Walvis Ridge is largely controlled by the 

intensity of surface upwelling via primary productivity and the contribution of warm, 

saline, oxygen-poor water which impinges as a poleward undercurrent from the 

Angola Basin. Given the geographical location of GeoB 1706, an intermittent input 

from the Angola Basin provides the most logical explanation for the lack of benthic 

foraminifera from 40 ka to the present. 

The benthic productivity events recognised in the NBR between 70 and 40 ka, 

primarily at site GeoB 1711 but also present at sites GeoB 1706 and PG/PC12, 

suggest a favourable change in the benthic environment. The most likely cause of the 

environmental modification at the sediment-water interface, would again be a variation 

in oxygen levels. The greatest effects of the benthic change are observed offshore in 

the record for GeoB 1711, where normal benthic/planktonic ratios are below 15%, 
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whilst in the period 70-40 ka the ratio increases to almost 80% and there is an extra 

benthic productivity maximum associated with this centered on 65 ka not recorded in-

shore at site PG/PC 12, although it is recorded at site GeoB 1706 at 70 ka. The 

absence of the Angola Basin poleward undercurrent could produce this relative 

change, however, a more likely relative oxygen increase could come from an oxygen-

rich intermediate/deep water incursion from the south onto the Namibian continental 

slope and lower shelf. 

The organic carbon measurements from the offshore record of GeoB 1711, highlight 

the dominance of sub-Milankovitch periodicity in the Benguela system, and do not 

record significant, coherent spectra in the precessional band (19-23 kyr). Records 

from the Walvis Ridge (GeoB 1706, this paper; GeoB 1028, Schneider et al., 1997) 

show precession to be a minor control on faunal and productivity records, in contrast 

to the Angola Basin which is strongly influenced by the precession controlled trade 

wind/monsoon intensification (Mix et al., 1986a; 1986b, McIntyre et al., 1989, 

Schneider et al., 1995; 1997). Although the high resolution records are not long 

enough to measure the timing of variability conclusively, the absence of the precession 

component within the last 140 kyr is very apparent. Direct Milankovitch orbital 

forcing, in particular the precessional band, is not represented in the faunal and 

organic carbon records from the Benguela system and instead sub-Milankovitch 

forcing, primarily at the harmonic of precession (-12 kyr), dominates the organic 

carbon records. 

N. pachyderma (s) varies dramatically in isotope stages 3-2, with swings in 

abundance from 0-80% in all three NBR core records, particularly PG/PC 12 and 

GeoB 1711, which are away from the Walvis Ridge. During periods of upwelling 

intensification, lateral expansion of the upwelling fringes over the core sites generates 

immediate and dramatic responses from the planktonic foraminifera, recorded as rapid, 

large changes in N. pachyderma (s) abundance oscillating on an 8-9 kyr periodicity 

via trade wind changes. TOC however, records a smoother profile with less dramatic 

swings in organic carbon content in the sedimentary record, as excess organic carbon 

is either utilised or lost in the process of sedimentation. Both the planktonic 

foraminifera and TOC records from GeoB 1711, however, document recurrent 

periodicity at the 6 and 8-9 kyr periods. Although TOC may provide a quicker 

method for analysing sub-Milankovitch oceanographic change, N. pachyderma (s) 
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abundances record the immediate response to climate forcing and allow for a more 

accurate assessment of the forcing mechanisms 1. 

4.6. Summary 

The relative abundance of N. pachyderma (s), total organic carbon (TOC) content and 

the benthic/planktonic foraminifera ratio, indicate an overall positive correlation and 

contemporaneous variability. In the glacial isotope stages 4-2, there is an excellent 

correlation between N. pachyderma (s) abundances and TOC. During these intense 

upwelling phases almost all of the TOC in the sediments is derived from upwelling-

driven primary production. The offshore record of site GeoB 1711 is used as the 

indicator for maximum offshore divergence and shelf-edge upwelling, away from the 

interference and dilution from re-suspension of inner shelf organic matter. At this 

locality the correlation is particularly good with a correlation coefficient of + 0.729, 

and the benthic/planktonic (B/P) ratio also corresponds to the surface productivity. 

Anomalies between the B/P ratio and TOC are thought to represent a changing oxygen 

supply. The relative absence of benthic foraminifera from 40 ka to the present, in 

GeoB 1706 on the Walvis Ridge, is thought to indicate the presence of a warm, saline, 

oxygen-poor, poleward undercurrent impinging on the Walvis Ridge, making the 

benthic environment inhospitable for most organisms. In the Cape Basin at the site of 

GeoB 1711 and PG/PC 12, benthic favourable conditions are present between 70 

and 40 ka. This is thought to represent enriched oxygenation of the sediment-water 

interface, with a possible incursion of oxygen-rich intermediate/deep waters, such as 

the AAIW and/or AABW. 513C  measurements from cores in the Cape Basin further 

suggest that Southern Ocean water masses impinged on the Cape Basin during this 

time (Bickert and Wefer, 1997). 

The faunal and TOC records for GeoB 1711, record spectral maxima at sub-

Milankovitch periodicities, in particular at 12, 8-9 and 6 kyr. The faunal records are 

dominated by the rapid changes in N. pachyderma (s) abundance which records 

swings in abundance from 0-80% in all three NBR core records. During periods of 

upwelling intensification, lateral expansion of the upwelling fringes generates 

immediate and dramatic responses in N. pachyderma (s) abundance oscillating on an 

8 kyr periodicity via trade wind changes. TOC however, records a smoother profile 

1 Sub-Milankovitch forcing mechanisms are discussed in Chapter 5. 
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with less dramatic swings in organic carbon content in the sedimentary record. 

N. pachyderma (s) appears to exist in a state of equilibrium and a slight change in 

environmental conditions, probably via nutrient availability, stimulates an immediate 

and dramatic response. For future analysis, TOC contents may provide a quicker 

method for analysing climate and oceanic variability without the super-position of 

temperature dominance which effects faunal population studies. TOC variability 

reflects the change in upwelling intensification best expressed away from the coastal 

upwelling situation and from dilution and re-sedimentation, but the B/P ratio is not yet 

a suitable method for quantifying palaeoproductivity. N. pachyderma (s) abundance 

is probably the best proxy for palaeoceanographic and palaeoproductivity changes and 

may better record the timing and periodicity of climate instability in the Benguela 

Current system. 
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Chapter 5. South Atlantic upwelling events and sub-Milankovitch 

climate variability as observed by changes in the abundance 

of left coiling Neogloboquadrina pachyderma - links to 

trade wind forcing and North Atlantic Heinrich events 

5. 1. Introduction 

The abundance of the left coiling planktonic foraminifer, N. pachyderma (s), shows a 

higher frequency of change than would be expected if the Benguela upwelling system 

was dominated solely by the global glacial—interglacial cycles. These rapid events are 

investigated to ascertain the extent, cause and timing of South Atlantic—North Atlantic 

teleconnections in global oceanic and atmospheric linkages. The abundance of 

N. pachyderma (s) is used as the indicator of maximum trade wind intensity and 

corresponding offshore expansion of the coastal upwelling front (Little et at., 1997a). 

The planktonic foraminiferal record of GeoB 1711 is used in preference to the records 

from GeoB 1706 and PG/PC 12 which, as well as being either incomplete or too short 

in length, lie inshore of GeoB 1711 and do not give an indication of the maximum 

divergence of the upwelling front from its present position. The aim of this chapter is 

to assess the correlation of rapid oceanic events documented in the South Atlantic 

sediment records with the global records of similar short-lived climate variability 

recorded in previous marine, terrestrial and ice-core studies. 

Many authors have studied the well-defined rapid pulses of ice-rafted debris (IRD) in 

marine sediments during the last glacial cycle (Pastouret et at., 1975, Ruddiman, 

1977, Aksu and Piper, 1979, Fillon and Duplessy, 1980, Ruddiman et at., 1980, 

Motnia, 1983, Broecker, 1988; 1990, Jansen and Veum, 1990, Broecker et al., 1992, 

Bond et at., 1992, Duptessy et at., 1992, Bond et at., 1993, Grousset et at., 1993, 

Keigwin and Lehman, 1994, Mastin et at., 1995, Porter and Zhisheng, 1995, van 

Krevetd et al., 1996). These short lived 'Heinrich-events' (Bond et at., 1992) occur 

on sub-Milankovitch time scales at intervals of between 8-11 kyr, and are commonly 

associated with peak abundances of the Arctic/sub-Arctic fauna, as represented by 

N. pachyderma (s) (Bond et at., 1992, Broecker and Maier-Reimer, 1992, Bond et 

at., 1993, Grousset et at., 1993, van Krevetd et at., 1996; Elliot et at., 1997). Periods 

of cooling terminated by an abrupt warming, represent similar rapid climate changes in 

the Greenland ice cores (Broecker et at., 1990, Johnsen, 1992, Bond et at., 1993, 

Dansgaard et at., 1993, Grootes et at., 1993, Alley et at., 1993, Bender et al., 1994). 
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The ice-records suggest climate fluctuations at a higher frequency than Milankovitch 

orbital forcing, with more oscillations in the last 60 ka than are recorded in the 

N. pachyderma (s) and IRD records from the North Atlantic sediments (e.g. Bond et 

al., 1992; 1993). Dansgaard et al. (1993), showed that the 8 180 record from the 

GRIP ice core contains 23 interstadials within the last 120kyr, with 17 interstadials 

recognised between the LGM (last glacial maximum) and oxygen isotope-stage 4, 

compared with only 5 Heinrich events recognised in marine sediments within this 

period (Heinrich, 1988, Bond et al., 1992; 1993, Grousset et al., 1993). 

The Heinrich events are thought to be the result of fluctuations in the thermohaline 

convective conveyor which draws warm, tropical, saline-rich waters from the 

equatorial regions into the high latitudes of the North Atlantic via the Gulf Stream and 

North Atlantic Drift (Broecker and Denton, 1989, Berger, 1990, Broecker et al., 

1990, Bond et al., 1993, Paillard and Labeyrie, 1994). Previously, meltwater input 

from the large Laurentide ice sheets was thought to be the principal cause of 

disturbance to the thermohaline convection (Boyle et al., 1982; 1987, Broecker et al., 

1985, Watts, 1985, Broecker, 1988, Broecker and Denton, 1989, Berger, 1990, 

Broecker etal., 1990, Teller, 1990, Andrews et al., 1993, Bond et al., 1993, Paillard 

and Labeyrie, 1994), decreasing the salinity of the Gulf Stream, and therefore density, 

and lowering its potential to sink in the polar regions of the North Atlantic, thus 

reducing the rate of convective overturn and deep water mixing. The subsequent 

decrease in warm-water advection from the tropics is suggested to stimulate a rapid 

cooling and sudden ice sheet build up, with ice sheets expanding to their maximum 

seaward position before final collapse and release of icebergs into the North Atlantic, 

further cooling the surface polar waters (Johnson and Andrews, 1979, Paillard and 

Labeyrie, 1994). If this model is coupled with the Gulf Stream and the cross-

equatorial transfer of heat and moisture from the South Atlantic to the North Atlantic 

via the SEC, as previous models of oceanic convection suggest (Stommel, 1980, 

Gordon, 1986, Berger, 1990, Gordon et al., 1992, Berger and Kroon, 1995, 

Macdonald and Wunsch, 1996), then the impact of thermohaline changes on the 

conveyor could also be affected by changes in the rate of moisture input from the 

tropics at times of increased trade wind intensity (Ruddiman and McIntyre, 1981; 

Imbrie et al., 1989; Little et al., 1995; 1997a). An increase in moisture supply to the 

North Atlantic ice sheets, contemporaneous with a northern hemisphere cooling, 

would enhance rapid ice build-up and subsequent ice-sheet calving (MacA yea!, 1993a; 

1993b; Boulton and Payne, 1994), and would account for the anomalous warm-water 
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SSTs which prevail into the phase of maximum ice building in the northwestern sub-

tropical gyre and sub-polar ocean (Ruddiman and McIntyre, 1981). 

Occurrences of other Heinrich-type events outside the North Atlantic region (Broecker, 

1994, Thouveny et al., 1994, Porter and Zhisheng, 1995; Schmelzer etal., 1997) 

bring into question whether the discrete Heinrich events are wholly a North Atlantic 

phenomena or whether they should be considered with seasonality and insolation 

changes which dominate low latitude climate. If, as Berger and Kroon (1995) 

suggest, "seasonality is at the heart of Milankovitch forcing", can this be related to 

changes on the sub-Milankovitch scale, such as the Dansgaard-Oeschger cycles 

(Dansgaard et al., 1993, Grootes et at., 1993) seen in the Greenland ice cores? 

Should we be looking for a system which influences all three: seasonality, Heinrich 

events and sub-Milankovitch forcing. Mix et al. (1986a; 1986b), McIntyre etal. 

(1989) and Little et at. (1997a) have suggested that the trade wind system exerts a 

dominant control in the eastern equatorial and south eastern Atlantic and that this 

system forms an important link in Atlantic and global heat transfer. Here we examine 

the relative abundances of planktonic foraminifera in cores from the northern Cape 

Basin for evidence of short-lived climate events related to the trade wind system and 

their link to equatorial seasonality and Heinrich events. 

5.2. Background 

5.2.1. Global distribution of Heinrich Layers 

Rapid episodes of massive iceberg release (Heinrich events) into the North Atlantic 

Ocean during the last glaciation, have been associated with cold air temperatures over 

Greenland recorded from GRIP and GISP2 ice cores (Dansgaard-Oeschger cycles; 

Dansgaard et al., 1993; Grootes etal., 1993). Recent research has reported the 

occurrence of Henrich-type events, with a periodicity at Dansgaard-Oeschger cyclicity, 

outside of the North Atlantic IRD belt (Yiou etal., 1991, Broecker, 1994, Thouveny 

et al., 1994, Kennett and Ingram, 1995a; 1995b, Kotitainen and Shack!eton, 1995, 

Behi and Kennett, 1996, Charles et al., 1996, McIntyre and Molfino, 1996, Little et 

at., 1997a; Cayre et at., 1997; Schmelzer etal., 1997; Figure 5.1). Four of the 

youngest of these cold events (H 1—H4) have been recorded from several sites outside 

of the North Atlantic, but the full suite of Heinrich events (HI—H6) have been 
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recorded in only a few locations (Thouveny et al., 1994, Porter and Zhisheng, 1995, 

Little et al., 1997a). 
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Figure 5.1. Global distribution of published Heinrich events, the IRD belt and the iceberg track (after 

Broecker, 1994). [Data from: Broecker and Denton, 1990, Linsley and Thunel!, 1990, Yiou etal., 

1991, Bond etal., 1992, Dansgaard etal., 1993, GRIP, 1993. Grootes etal., 1993, Grousset etal., 

1993, Roberts, 1993, Broecker, 1994, Hageiberg etal., 1994, Thouveny etal.. 1994, Bond and Lotti, 

1995, McIntyre and Mo!flno, 1996, van Kreveld etal., 1996; Cavre etal., 1997; Schmelzer etal., 

1997.] 

Porter and Zhisheng (1995) compared magnetic susceptibility and grain-size variations 

in the Luochuan loess/palaeosol succession with North Atlantic Heinrich events, 

N. pachyderma (s) abundances and Greenland ice core 6180  variations. The grain-

size analysis in particular, showed an excellent correlation with Heinrich events in the 

North Atlantic, but also highlighted correlations with other events in the GRIP ice core 

and the N. pachvderma (s) abundances from core V28-31 (Bonder al., 1993). 

Dansgaard et al. (1993) and Grootes et al. (1993) present similar findings, with more 

'Heinrich-type' events than are present in the North Atlantic sediment records but are 

well documented in the Greenland summit ice cores. The Chinese loess grain-size 

fluctuations are a direct result of dust influx variability controlled by changes in the 

direction and intensity of the East Asian summer monsoon (Porter and Zhisheng, 

1995). Be/il and Kennett (1996) reported on rapid climate instability from ODP site 
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893 in the Santa Barbara Basin. Using a bioturbation index, they record 19 of the 20 

Dansgaard-Oeschger events, in the form of laminated sediments deposited under 

anoxic conditions. The authors use this as evidence to suggest that short-term events 

were not restricted to the North Atlantic region; similar events in the Gulf of California 

(Kennett and Ingram, 1995b) and preliminary oxygen isotope results from the Red Sea 

(Schmelzer et al., 1997), which record all of the interstadials in the last glacial cycle 

suggest that these events are a global phenomena. 

5.2.2. Forcing mechanisms 

Milankovitch orbital forcing 

The most important changes occuring on the time scale of 104_106  years are those 

related to the Earth's orbital parameters (Milankovitch, 1930, Hays et al., 1976, 

Imbrie and Imbrie, 1980, Imbrie et al., 1984; 1992; 1993a; 1993b). 

In the abscence of any other celestial bodies, the earth would describe an elliptic orbit 

with the sun as one of the foci. The shape and position of the ellipse would be fixed. 

Furthermore, if the earth were a perfectly spheroidal, homogeneous body its axis of 

rotation would have a fixed direction in space, and make a constant angle with the 

normal to the plane of the ecliptic 1•  The gravitational attraction of the other planets in 

the solar system disrupts the Earth's elliptic motion around the sun, but as the masses 

of the planets are small compared to the sun, the ellipse is only slightly disturbed. It is 

practical, therefore, to describe the motion of the Earth as an ellipse with orbital 

elements that vary slowly in time. 

The ellipse, and its temporal variation, is described using three orbital parameters: 

eccentricity, tilt (obliquity), and precession. The Earth's orbit through time is defined 

by the precession of the equinoxes (the time when the earth is nearest the Sun 

[perihelion] changes from January to July on a period of approximately 21kyr), the 

tilt, or obliquity, of the Earth's rotation axis (currently 23.4° but varying between 22-

24° on a time scale of 41 kyr) and changes in the eccentricity of the orbit of the Earth 

around the Sun (period of nearly lOOkyr). The other orbital elements necessary to 

describe the position and velocity of the Earth in space and that of its axis of rotation, 

vary on even slower time scales than eccentricity, tilt and precession. 

I Ellipse described by the Earth's passage around the sun. 

108 



Ch.5. Heinrich events 

It is necessary to understand how variation in the Earth's parameters can effect the 

Earth's climatic system. Of most importance is the amount of solar radiation received 

by the Earth and its variation with time. The direct effect from orbital changes 

affecting the climate system is actually very small. Eccentricity modifies the globally 

and annually averaged insolation recieved at the top of the atmosphere, of which the 

total change in insolation over the Quaternary is calculated to be about one part in a 

thousand over the same period (Held, 1982). 

Obliquity and precession have no net global and annual effect on insolation at all, they 

only change the contrast between the seasons. Importantly, for obliquity this change 

of contrast is the same in both hemispheres, for precession the contrast is largest in 

one hemisphere when it is smallest in the other. The precessional effect is the same at 

all latitudes within one hemisphere, while the obliquity effect increases with latitude. 

As a result, insolation changes due to obliquity might dominate at higher, polar-

latitudes, while precessional changes might dominate at lower, equatorial-latitudes. 

Sub-Milankovitch frequencies 

High-resolution climate records suggest that variability in the atmosphere and ocean 

occurs at higher frequencies than those of orbital forcing, i.e. cycling on a period less 

than 19-23 kyr. These higher frequencies are grouped as millenial or sub-

Milankovitch frequencies. Sub-Milankovitch frequencies are not known to have direct 

linear forcing mechanisms, unlike Milankovitch frequencies which are forced by 

changes in the Earths orbit. Evidence from high-resolution sediment records 

documents sub-Milankovitch frequencies in many localities over the world: the eastern 

equatorial Pacific (ODP site 846; Hagelberg et al., 1994); eastern equatorial Atlantic 

(ODP site 663; Hagelberg et al., 1994); the northeastern Atlantic (DSDP site 609; 

Hagelberg et al., 1994); the Red Sea (Schmelzer et al., 1997); and the South Atlantic 

(DSDP site 516F; Park et al., 1993); and in ice cores (Vostok, Yiou etal., 1991; and 

Greenland, Mayewski et al., 1994). Several studies have predicted that sub-

Milankovitch cyclicities should occur as a non-linear response to Milankovitch forcing 

(Wigley, 1976, Ghil and Le Treut, 1981, Le Treut and Ghil, 1983, Ghi!, 1984, Le 

Treut et al., 1988, Short et al., 1991, Crowley etal., 1992). Using a non-linear 

climatic oscillator model to which orbital forcing is applied, Ghil and Le Treut (198 1) 

and Le Treut and Ghil (1983) demonstrated that harmonic responses to precessional 
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forcing arise at 11.5, 10.4 and 9.5 kyr, where 75% of the variance in the 10-12 kyr 

band is non-linearly transferred from precession band variations (Hagelberg et al., 

1994). 

Le Treut and Ghil (1983) demonstrate that the peak at 10.4 kyr corresponds to the 

'combination tones of f1 + f2 (where f1 = 1/19, f2 = 1/23, f3 = 1/41 and f4 = 1/100 

cycles/kyr; Ghil and Childress, 1987) while the smaller peaks at 11.5 and 9.5 kyr 

correspond to 2f2 and 2f1 respectively. Yiou et al. (199 1) present an extra peak at 

14.1 kyr corresponding to the slightly different combination tone of f2 + f3 and Pisias 

and Rea (1988) describe combination tones of f2 + f4 and f3 + f4 for strong spectral 

density at the 28-31 kyr period. More recently, McIntyre and Molfino (1996) have 

proposed that the dominant sub-Milankovitch frequency in equatorial Atlantic sediment 

records is centered on 8.4 kyr, correlating to a combination tone harmonic from 

eccentricity and precession i.e. 2(f2 + f4). These harmonics (e.g. 2f1 or 2f2), as well 

as combination tones (e.g. f1 + f2), are only possible in the presence of system non-

linearities (Le Treut and Ghil, 1983). 

Short etal. (199 1) used an energy balance climate model to show the presence of 

oscillation at frequencies equal to precession harmonics. Their model predicts a 

surface temperature response to insolation forcing in equatorial regions where the 

twice-yearly passage of the Sun over the equator creates a precession harmonic of 

10-12 kyr, and also increases the 100 kyr and 400 kyr power spectrum (Crowley et 

al., 1992). Using the modelled present-day geography at low latitudes, the response 

of the monsoon system to the modelled forcing was an amplification of the non-linear 

components (Short etal., 1991, Crowley etal., 1992). In addition to these modelling 

studies, the non-linear climate response to Milankovitch forcing at 9.5-12 kyr has 

been suggested from a number of datasets (Molfino et al., 1984, Pokras and Mix, 

1987; Hagelberg etal., 1994; Park et al., 1993; Yiou et al., 1991; Mayewski etal., 

1994). 

Crowley et al. (1992) and later Hage!berg et al. (1994) discussed potential problems 

with interpreting time-series analyses on the basis of non-linearities in the recording 

system. Hagelberg etal. (1994) demonstrated that a clipped precessional system with 

a mean value of zero (thus only the positive values remain) produced extra power 

spectral peaks at 10-11 kyr and 50 kyr, the harmonics of the precessional and 

eccentricity indexes. These harmonics are an artefact of the clipping and represent 
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non-linearities in the recording system not non-linearities in the climate system 

(Crowley et al., 1992). The only way to be assured that high-frequencies exist within 

the time-series, is to detect them in the time domain as well as the frequency domain, 

i.e. before and after spectral analysis. 
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Figure 5.2. GeoB 1711. Abundances (% of total planktonic foraminifera) of the main planktonic 

foraminifera components, all against depth (cm). On the right hand side is a schematic representation 

of the interglacial—glacial oxygen isotope stages. 

5.3. Correlation of South Atlantic PS-events with equatorial 
seasonality and the Greenland 8180  ice-core record 

The changing down-core abundance of the cold-water planktonic foraminifer, 

N. pachyderma (s), records rapid oscillations in relative abundances between 0 and 

80% of the total planktonic foraminiferal assemblage (Figure 5.2). The 

N. pachyderma (s) records do not follow the glacial—interglacial regime described by 

the oxygen isotope profile, but instead show a higher frequency of change on a sub-

Milankovitch cyclicity with N. pachyderma (s) maxima describing discrete PS events 

(pachyderma sinistral) approximately every 8-10 kyr (PS events; Table 5. 1), 

although the spacing is not entirely regular. 
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The N. pachyderma (s) records off southwest Africa have been shown to vary 

primarily according to the local oceanographic and upwelling regime, which is driven 

by the intensity and direction of the southeast trade winds (Little etal., 1997a). The 

extent of the coastal upwelling cells at any one time will dictate the hydrography and 

therefore planktonic foraminiferal record. Owing to its geographical position, GeoB 

1711, at a water depth of 1967 m, is thought to reflect the maximum extent of the 

upwelling offshore and therefore the most intense upwelling and corresponding strong 

trade winds, while cores inshore of GeoB 1711 generally have broader maxima of 

N. pachyderma (s) reflecting a more sustained position below upwelling cells not 

reflecting the maximum intensity of trade winds (Little et al., 1997a). 

Pachyderma 	 Heinrich Sinistral 

	

Event Calendar 	Event 	Age.a  kyr 	Error 	Calendar 

	

Age, kyr 	 (+1-) 	Age .b kyr 

PSI 19.2-21.7 HI 13.65-14.99 	90-230 	15.59-17.25 

PS2 26.1-29.0 H2 20.37-21.77 	330-220 	23.64-25.25 

PS3 32.7-36.7 H3 26.57-29.57 	310-660 	30.60-33.80 

PS4 42.4 H4c 38-42 

PS5 53 H5c 50-52 

PS6 65-71 H6' 67d 

PS7 95 

PS8 111 

PS9 125 

aAnal yti cal age from Bond et al. [1992]. 
bAges converted to calendar years following the methods of Bard et al. (1990a; 1990b; 1993) after a + 400-
years correction for marine reservoir effect. 

cFrom  Grousset et al. (1993). 
dl-16 covers the whole of stage 4 (Bond et al., 1992) but peaks at 67 kyr. 

Table 5.1. Pachyderma Sinistral Events and Heinrich Events correlation. PS event calendar age 

ranges are taken as an average from cores GeoB 1711, PG/PC 12 and GeoB 1706. 

Upwelling events PS 1—PS9 punctuate the record for the last 140 kyr with an average 

spacing in the order of 10 kyr in the glacial stages 4-2 and with a longer –20 kyr 

spacing during interglacial stage 5 (Figure 5.3). The calendar ages for PS events 

PS1—PS9 and Heinrich events Hl—H6 are given in Table 5.1 with PS1—PS6 

correlating well with the timing of H 1—H6 in the North Atlantic with a consistent 3-

kyr phase lead of the southern hemisphere to the Heinrich events of the northern 
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hemisphere. Considering this lead, PS-events PS 1—PS6 in GeoB 1711 and 

PG/PC 12, correlate well to the six Heinrich events in the North Atlantic, within 

analytical and calendar age correction error margins. 

C. wuellerstorfi 5180 	 PGIPC12 % N. pachyderma (s) 
Isotope 
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Figure 5.3. Planktonic foraminifera derived oxygen isotope stratigraphy for GeoB 1711 versus 

calendar age (kiloyears before present). The 8180 age control points (asterisks) and 14C AMS age 

control points (solid circles) for GeoB 1711 are shown to the left of the 8 180 C. wuellerstorf1 record, 

and to the right of the % N. pachydernw (s) data for PG/PC 12. PS (pachyderma sinistral) upwelling 

events are highlighted on the GeoB 1711 and PG/PC 12 N. pachyderma (s) abundance data. Graphic 

representation of the isotope stages is given to the right of the figure. 

With regard to PS and Heinrich events preceeding H6 (PS6), there is no general 

agreement as to how many events exist and to their exact timing. Heinrich (1988) 

observed an 'extra' 5 events during interglacial stage 5 and more recently McManus et 

at. (1994) reported the occurrence of IRD deposits together with increased abundances 

0 

40 

I- 

80 

100. 

120 

140 

113 



Ch.5. Heinrich events 

of N. pachyderma (s) during interglacial stage 5. Heinrich events H1—H6 from 

sediment records in the North Atlantic are associated with peak abundances of 

N. pachyderma (s) and large fluxes of IRD principally at times of large ice sheets 

during global cooling, specifically during glacial isotope stages 4-2. During warmer 

interglacial periods, when ice sheets are near their minimum size and insolation is near 

a maximum, it is unlikely that fluctuations in ice sheet growth will be recorded in IRD 

and N. pachyderma (s) abundances, as ice sheets will never grow to a sufficient size 

to enable ice sheet calving or to produce "true" Heinrich events. The presence of PS 

events during interglacial stage 5 further supports the studies of Heinrich (1988) and 

McManus et al. (1994) for climate instability during non-glacial periods when high-

latitude climate amplification is not as pronounced. 

Using a similar graphic correlation to that used in previous Heinrich studies (Bond et 

al., 1993, Dansgaard et al., 1993, Grousset et al., 1993, Bender et al., 1994), tie-

lines have been drawn between the N. pachyderma (s) record of GeoB 1711 and their 

temporal equivalents in the GISP2 ice core. Additionally, the equatorial seasonality 

record derived from planktonic foraminiferal abundances at core RC24- 16 (5 '2.3'S 

10°11.5'W; McIntyre et al., 1989) is also correlated with the GeoB 1711 

N. pachyderma (s) record. Bender et al. (1994), using the stratigraphy of Dansgaard 

et al. (1993), correlated the 23 interstadials found in the GRIP ice core record to those 

in the nearby Greenland ice core, GISP2. The graphic correlation in Figure 5.4 

suggests that almost all of the 23 interstadials, particularly in the glacial stages 4-2 

(IS 1-1S20; Bender et al., 1994), can be found in the GeoB 1711 N. pachyderma (s) 

record as higher frequency maxima in N. pachyderma (s) abundances (NP events), 

and therefore cold events at site GeoB 1711, superimposed on the more dramatic 

changes in N. pachyderma (s) abundance (PS events). All of the NP events can also 

be found in the RC24- 16 seasonality record with cooler upwelling maxima occunng 

simultaneous with maximum eastern equatorial seasonality and therefore maximum 

seasonal SST variability between summer and winter extremes. Notably, it is the 

maxima in the % N. pachyderma (s) record, and hence cool intervals of increased 

upwelling intensity, that match 6180  maxima in the GISP2 ice core, and therefore 

warm atmospheric temperatures over Greenland (Figure 5.3). The N. pachyderma 

(s) abundances suggest that the pronounced PS events PS6, PS7 and PS8 record cold 

stages in a predominantly warm interglacial period, whilst PSI —PS5 record the base 

values in a cold glacial period punctuated by anomalously low % N. pachydenna (s) 

values. 
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Figure 5.4. Correlation between: (a) Greenland, GISP2 ice core (5180); (b) N. pachyderina (s) from 

GeoB 1711 (% of total planktonic foraminifera); (c) Equatorial seasonality (SC), McIntyre et al. 

(1989). The GISP2 8 180 data (Grootes et al., 1993) has been smoothed for graphic correlation [thick 

line; 21pt smooth < 70 kyr, 9 pt smooth > 70 kyr], with the original data (thin line) superimposed. 

N. pachyderma (s) maxima (PS-events) are labelled PS 1—PS8. The high frequency NP events in 

GeoB 1711 (dashed lines) are superimposed on the PS event stratigraphy, and are correlated to 

temporal equivalents in the GISP2 8 180 ice core record and equatorial seasonality (dashed lines). NP 

events are listed later in Table 5.2. 

The correlation suggests that the cold NP events within the GeoB 1711 and RC24- 16 

records, consistently lead the corresponding cold periods within the GISP2 
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atmospheric record, in the 14C constrained 0-45 kyr period, consistent with the 

findings of Bender etal. (1994) and Charles et al. (1996). Alternatively, cooling in 

the southern hemisphere is in phase with warming in the Greenland ice core record and 

vice versa. Statistical correlation between GeoB 1711 N. pachyderina (s) abundances 

and RC24-16 (seasonality) and GISP2 (I80  ice) gives coefficients 0.532 and -0.522 

respectively without taking any correlation into consideration. After accounting for a 

'typical' graphic correlation, which aligns cold events with cold events (i.e. a relative 

shift of the GISP2 data -3 kyr), the correlation coefficients improve to 0.651 and 

-0.714 respectively without a phase difference between any of the datasets. 
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Figure 5.5. GeoB 1711 spectral analysis results. Statistical information: Spectral period analysed, 

16-136 ka; it = 0.9 kyr; N = 134; CI is shown for 80 lags. For comparison, a second order 

polynomial expression of the spectral density is shown for the background spectral periodicity. 

Coherent spectral maxima are highlighted with the period of oscillation (kyr). 

The South and equatorial Atlantic lead the North Atlantic response documented by 

Heinrich layers and are opposing at the higher frequency scale of atmospheric 

response indicated by the interstadials IS 1-1S23. Supporting planktonic 

foraminiferal abundances from cores GeoB 1706 on the Walvis Ridge, and PG/PC 12 

on the continental slope demonstrate that with further AMS 14C control on the younger 

part of these records, the apparent lead visible in Figure 5.4 and calculated in Table 5.1 

is a true feature of the South Atlantic records. Indeed, Imbrie etal. (1989) showed 

that South Atlantic SST records consistently lead the North Atlantic SST response by 

3-kyr in the precessional cycle. The inter-hemisperic correlation, suggests that the 

cross-equatorial geostrophic/thermohaline flux plays an important role in northern 

hemisphere climate change. 
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Spectral analysis of the entire record for GeoB 1711, of all the main planktonic 

foraminiferal abundances for the last 140 kyr (Figure 3.8), indicates recurrent spectral 

power at the 8 and 11-12 kyr periods, generally within the 80% confidence interval 

constraints and consistent with visual inspection of the records (Figures 5.2). Figure 

5.5 presents the results of an iterative spectral analysis, with the Holocene removed 

from the records, as the large transition from high N. pachyderma (s) abundance to 

almost zero abundance at -15 ka was thought to disrupt the overall spectral 

assessment. The spectral analysis for the period 16-136 ka further amplifies the 

spectra at the 8 kyr period in all of the 'main' components of the Benguela system: 

N. pachyderma (s), Gg. bulloides and sub-tropical foraminifera. Gg. bulloides also 

records power at the 23 and 11 kyr periods as discussed in Chapter 3, but with the 

removal of the last 15 ka gives spectral maxima above the 95% confidence level. The 

continued recurrence of coherent spectral power above the 80% confidence level at the 

8 kyr period, indicates that sub-Milankovitch periodicity is a true feature of the 

records, and is the dominant forcing in the Benguela upwelling system. This was 

tested further, by varying the time interval (it) and the resolution of the spectral 

analysis (results not shown). In all cases the records showed spectral power centered 

on an 8 kyr period, and suggested that the spectral analysis and statistical results are 

robust. 

For comparison, the spectral signatures for the GISP2 8180 ice-core and the RC24-16 

record of equatorial seasonality are shown in Figure 5.6. The record of planktonic 

foraminifera derived equatorial seasonality for core RC24-16 has pronounced spectral 

power at the 23 kyr period, but no spectral power above the 80% confidence level for 

sub-Milankovitch periodicities, although they can be readily identified by visual 

inspection of the seasonality record (Figure 5.4). The GISP2 ice core record, with 23 

interstadials identified in the last 100 kyr (Dansgaard et al., 1993; Bender et al., 1994), 

records spectral power at the -5 kyr period at which the Dansgaard-Oeschger cycles 

are thought to occur, but not at any other sub-Milankovitch frequency. 

The relative mismatch between a consistent 8 kyr periodicity identified in faunal 

records from the South Atlantic, and the absence of the 8 kyr period in equatorial 

seasonality, are thought to result from the amplitude differences between the two sets 

of signals. N. pachyderma (s) appears to respond 'immediately' to oceanographic 

change in the Benguela system, and shows rapid swings in relative abundance. 

However, its relative disappearence from the record in warm, interglacial periods is 
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opposing to relative change in equatorial seasonality. Seasonality documents large 

differences between seasonal SSTs in the glacial stages without the large swings 

identified in the Benguela system, while it records greater amplitudinal changes in the 

warm interglacials. 
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Figure 5.6. Spectral density plots for RC24- 16 equatorial seasonality and GISP2 8 180. Statistical 

information: (a) RC24-16 (1-183 ka); it = 0.9 kyr; N = 203; (b) GISP2 (1-110 ka); it = 0.9 kyr; 

N = 121; A second order polynomial expression of the spectral density is given for the background 

spectral periodicity, together with the lower limit error bars of the 80 and 95% confidence intervals 

(CI). RC24- 16: CI for 90 lags and GISP2: CI for 60 lags. 

The results presented in Figure 3.8 and Figure 5.5 should not be regarded as 

conclusive proof of high-frequency cyclicity, but are intended to show the increased 

spectral density in the planktonic foraminiferal variability. The proof for high-

frequency cyclicity is the visual inspection of the records themselves, which are 

highlighted further with a graphic correlation of the filtered records for 

N. pachyderma (s) versus the original dataset (Figure 5.7). 

The filtered signals from the N. pachyderma (s) record from GeoB 1711 (Figure 5.7) 

are used to further highlight the dominance of sub-Milankovitch cyclicity. The 8 kyr 

period was chosen for the sub-Milankovitch filter as it is expressed in all of the 

spectral analyses as the predominant period of forcing. The filters of the GeoB 1711 

N. pachyderma (s) record, show that the PS events are concordant with the 8 kyr 

maxima throughout the dataset but particularly in glacial stages 4-2, when the 

precessional effect is reduced. 
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Figure 5.7. Filtered signals of the N. pachyderma (s) record of GeoB 1711 (using the Analyseries 

package of Paillard, CFRILMCE). The filters are centered on 8, 23 and 41 kyr, with a bandwidth of - 

± 2 kyr, the sub-Milankovitch filter therefore utilises the frequency range 6-10 kyr. This figure 

demonstrates that the contributions from the sub-Milankovitch and precessional frequencies dominate 

late and early sections of the signal, respectively. The sub-Milankovitch filter shows a good 

correlation with maxima in N. pachyderma (s) particularly in the glacial stages 4-2 where the 

contribution from these frequencies noticeably increases. 

The precessional band filter (19-23 kyr) shows an inverse relationship to the sub-

Milankovitch filter, with the greatest component transferred from the interval before its 

nadir at 40-30 ka. The PS events before the glacial period align well with the 

precessional maxima with the only exception at 125 ka. The 41 kyr filtered record was 

largely stable throughout the last 120 kyr, i.e. amplitudes of the filtered record do not 

change, suggesting that there was not a strong influence from tilt on the faunal 

populations. PS events, at least for the glacial period 60-16 ka, are cycling on a sub-

Milankovitch frequency when precession is less dominant than during interglacial 

stage 5 (Berger, 1978b, McIntyre and Molfino, 1996). 
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Moreover, all sediment and ice records, in particular equatorial seasonality, show an 

interesting feature whereby the data show a clear change of the dominance of 

frequency at about 60-65 ka. Visual inspection of the seasonality record in 

particular, shows greatest amplitudinal variations in the earlier part of the record with 

an enhanced 23 kyr frequency, while the period between 65 and 15 ka has a much 

higher frequency of change (Figure 5.4 and 5.7). The variable frequency of change 

suggests that precession seems to be more dominant before 65 ka in the warmer global 

interglacial regime, but younger than this, the northern Cape Basin is affected by a 

higher frequency of change, at a time when the normal precessional variation, and 

insolation, is at its weakest (Berger et at., 1984) and the average global temperature is 

reduced. The change at 65 ka is also reflected in the GISP2 ice core, with an overall 

trend from longer term cycles before isotope stage 4 to shorter, higher-frequency 

change in the glacial stages 4-2 (Figure 5.4). 

The concentration of sub-Milankovitch oscillation at the 8 kyr period, is in the 

maximum glacial interval 16-62 ka. Spectral analysis for Gg. bulloides, indicates 

'extra' spectral power at the 23 kyr period not significant at the 80% confidence level 

in the N. pachyderma (s) record. This largely results from the on-off nature of the 

N. pachyderma (s) signal, relating to its ecology. N. pachyderma (s) records the 

maximum intensity of upwelling, associated with the highest levels of nutrients and the 

coolest SSTs, and fluctuates between 0 and 80%, and vice versa, in an interval of less 

than 5 kyr. This suggests that N. pachyderma (s) responds when the equilibrium 

situation ideal for its habitat is changed, primarily via nutrient availability and the 

relative shift of the upwelling front across the site of GeoB 1711. As discussed in 

Chapter 3, Gg. butloides does not respond in the same way, but records the 

intermittent change in upwelling intensification superimposed on longer term cycles 

identified as spectral power at the 23 kyr period. Precession is found to dominate 

climate change at the equator and within the Angola and Guinea Basins (McIntyre et al, 

1989; Schneider et al. 1995; 1997), and the intermittent intrusion of Angola Basin 

currents over the Walvis Ridge may provide the 23 kyr signal in the Gg. bulloides 

response to change. Unfortunately, the Walvis Ridge record (GeoB 1706) has a 

missing section during the period of maximum precessional control, and the 

hypothesis cannot be confirmed conclusively. However, sub-tropical foraminifera 

which will record the warmest SSTs on the Walvis Ridge, do contain spectral power at 

the 23 kyr period significant at the 95% confidence level, in agreement with visual 

inspection of the record for the last 80 kyr (Figure 3.6). This suggests that the 

120 



Ch.5. Heinrich events 

precessional influence at lower latitudes, may play a role in the faunal abundances via 

communication between the Angola and Cape Basins at the Walvis Ridge. 

Recent studies have used, and often rely, on cross-spectral analysis to prove the 

correlation and concordancy between two or more seemingly co-varying datasets in an 

attempt to draw conclusions about forcing mechanisms for the system under 

consideration. It was thought that the graphic correlation (Figure 5.4) would be ideal 

for cross-spectral analysis, and that mathematical analysis could resolve the complex 

integration between ice-core, seasonality and faunal population data. However, after 

numerous attempts using the full range of statistically viable input parameters 	N, 

Bw, No. of lags, time interval to be examined) it was realised that a range of results 

and phasing could be gained. Changing the time interval alone enabled varying levels 

of coherency between equatorial seasonality (RC24- 16) and planktonic foraminifera 

abundances at different periods (e.g. GeoB 1711 N. pachyderma (s) record from 1-

136 ka and without the Holocene, 16-136 ka). This also yielded a full range of 

phasing between the records at different periods of oscillation, (e.g. at the 23 kyr 

period the 1711 record could lead or lag by up to 4 kyrs, or be in phase with RC24-16 

seasonality). Similarly, the filtered signals from either record, centered at different 

periods with varying ranges of bandwidth and with varying time intervals assessed, 

resulted in a full spectrum of phasing, but consistently with the GISP2 6 180 ice record 

lagging the faunal abundances from GeoB 1711, GeoB 1706 and PG/PC 12, 

correlating with the visual inspection of the records. There are several reasons why 

cross-spectral analysis is not of use in this situation. Ralph Schneider (pers. comm.) 

suggests that the terminations of the N. pachyderma (s) maxima at 55 ka and 15 ka 

(GeoB 1711) will disrupt the primary signals that Fourier tranformation requires to 

assess co-correlation between the two datasets, introducing non-linearities in the 

recording system. Andrew McIntyre (pers. comm.) believes the geographical 

positioning and nature of the dataset acquisition used in the correlation, also provides 

many possibilities for a poor cross-spectral analysis. Cross-spectral analysis is not 

considered to be a useful method for quantifying correlation given the spectrum of 

results which can be achieved by varying the input paramaters. Visual inspection of 

the records (supported, but not proved by spectral analysis), and graphic correlation, 

as previously used as the main supporting argument for most Heinrich studies (Bond 

et al., 1993, Dansgaard et al., 1993, Grousset et al., 1993, Bender et al., 1994), 

although being subject to interpretation, is considered the most subjective and 

reasonable method of assessment between the different records when stratigraphic 
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control is provided using unrelated proxies. In this instance the upper part of all of the 

records are governed by AMS 14C dates and the lower core-sections using the 8 180 

isotope stratigraphy (foraminiferal abundances are not tuned for any periodicity). 

5.4. Correlation of palaeoceanographic proxies in the South Atlantic 

The N. pachyderma (s) abundances from the South Atlantic Ocean show a history of 

rapid events punctuating the last 140 kyr, temporally consistent with equatorial 

seasonality and with most of the events recognisable in Greenland ice records. As 

both northern and southern hemispheres are linked via the oceanic conveyor system, 

the correlation suggests that the cross-equatorial geostrophic/thermohaline flux plays 

an important role in northern and southern hemisphere climate change. Before 

discussing the implications for the North Atlantic, it is necessary to understand the 

forcing mechanisms behind the observed rapid changes in the Cape Basin and at the 

equator. 

Using planktonic foraminifera derived SSTs from sediment cores in the eastern 

equatorial Atlantic Ocean, McIntyre et al. (1989) concluded that the variations seen in 

the seasonality records were controlled by two separate factors. First is equatorial 

trade wind and monsoon-controlled divergence, which controls trade wind 

meridionality/zonality and, in turn, upwelling intensity. Second is the increased 

abundance of transitional and sub-polar fauna in the equatorial Atlantic, which led 

them to believe that heat advection from high southern latitudes also plays a significant 

role. Mix et at. (1 986b) suggested that glacial cooling and an enhanced seasonal cycle 

in the eastern equatorial Atlantic was due to stronger trade winds and equatorial 

upwelling linked to reduced monsoonal advection. These mechanisms were linked 

into a two end-member system (section 3.7.2., Figure 3.10): (1) furthest southerly 

position of the sub-tropical convergence (STC), permitting the greatest pulses of 

Indian Ocean water to enter into the Atlantic, accompanied by maximum northward 

heat advection into the Benguela Current; and (2) farthest northerly position of the 

STC preventing Indian Ocean water entry into the Atlantic by formation of a thermal 

barrier south of Cape Town and accompanied by equatorward advection of cold water 

from south of the STC. Equatorward advection of cold waters from the STC should 

be reflected in very high abundances of cold-water planktonic foranunifera as are used 

to describe cool SSTs at the equator. Cores taken from the southern Cape Basin, 

(Section 3.7.3.) show that the cold-water N. pachyderma (s) was almost completely 
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absent offshore Cape Town for at least the last 200,000 years, and in abundances less 

than 50% in the north of the SBR, even though it is in abundances of up to 90% in the 

NBR (Oberhänsli, 1991, Schneider, 1991, Schmidt, 1992, Jansen et al., 1997, Little 

et al., 1997a). If northward advection of cool Southern Ocean surface and 

intermediate waters was to be playing a major role in the planktonic foraminiferal 

variations seen in the Benguela upwelling system, then we would almost certainly see 

the highest abundances of the cold-water N. pachyderma (s) in the south of the region. 

Their absence strongly suggests against cold-water advection of sub-Antarctic surface 

and intermediate waters from the STC. 

A third possibility we must consider is the extension of the Benguela Current into the 

more northerly Angola Basin and equatorial Guinea Basin by the intensification of the 

along shore component of the Benguela Current in glacial periods (Gardner and Hays, 

1976, Morley and Hays, 1979, Diester-Haass, 1985, Pokras, 1987, Diester-Haass et 

al., 1988, Mix and Morey, 1997). This necessitates a westward deflection of the 

Benguela Coastal Current in the region of 0-5°S, and a shift from the present 

cyclonic gyre where the Benguela Current is deflected at 23°S. Recent studies do not 

indicate an intensification of the along shore component of the Benguela Current into 

the Angola or Guinea Basins (Jansen and Van Iperen, 1991, Schneider et al., 1995, 

Jansen et al., 1997, Mix and Morey, 1997). Schneider et al. (1996), by using SST 

records from the Angola Basin and on the Walvis Ridge, show that the Angola-

Benguela Front has remained between 12 and 20°S during the last 200 kyr and that the 

current cyclonic gyre centred on the Angola Basin has existed during this time. The 

relationship with N. pachyderma (s) abundances and the modern day upwelling 

situation strongly argue that upwelling in the Benguela System is dominated by the 

trade winds and that its fluctuation corresponds to the movements of the Angola-

Benguela Front (Little et al., 1997a). 

Direct along shore intensification of the Benguela Current into the Angola Basin is not 

significant, and instead, an intensification of equatorial upwelling coinciding with 

intensification of upwelling farther south in the northern Cape Basin should be 

considered. The result correlating to cold SSTs in the equatorial region and an 

increased annual SST range promoting increased equatorial seasonality (Mix et al., 

1986a; 1986b; Imbrie et al., 1989; McIntyre et al., 1989; Mix and Morey, 1997). 
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Figure 5.8. Correlation of short-term events in equatorial seasonality (McIntyre etal. 1989) and 

Gg. bul!oides (GeoB 1711). A graphic representation of oxygen isotope stages is given at the top. 

As expressed by the spectral analysis results (Figure 3.8 and 5.5), spectral power at 

the 23 kyr period in Gg. bulloides variability suggests an influence from the equatorial 

regions particularly at a time when N. pachyderma (s) fluctuations do not dominate the 

relative fauna! abundances. When Gg. bulloides abundance is compared to the record 

for equatorial seasonality it is clear that there is an excellent visual correlation (Figure 

5.8), except for the Holocene. The short-term variability identified in the 

N. pachyderma (s) fluctuations and correlated to intertadials in the GISP2 ice core, are 

identified in the record for equatorial seasonality and applied to the Gg. bulloides 

record. The only major discrepancy occurs in the Holocene, when Gg. bulloides 

abundances are less than expected, probably relating to ecology and food type/source. 

Notably, it is the seasonality maxima (upwelling maxima) that correlate to minimum 
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abundances of Gg. bulloides, as the upwelling in the Benguela is dominated by 

N. pachyderma (s). 

There was clearly an intensification of upwelling in the northern Cape Basin at regular 

intervals over the past 140 kyr (Little et al., 1997a), which was most intense during 

isotope stages 2 and 3, but was still active, although at a reduced intensity, during 

stages 4 and 5; similar planktonic foraminiferal analysis, agrees in most part with this 

assessment (Oberhänsli, 1991; Diester-Haass et al., 1992; Schmidt, 1992; Giraudeau 

et al., in prep.; Jansen etal., 1997). Upwelling intensity in the Benguela system 

correlates to maximum equatorial seasonality, and therefore greatest summer—winter 

temperature variations, as expressed by N. pachyderma (s). There is no evidence in 

support of the advection of sub-Antarctic waters from the STC, but instead there is 

ample evidence of extensive cooling associated with trade wind driven upwelling. It is 

the input of this latter type of cold upwelled water, simultaneous with Benguela coastal 

upwelling, which McIntyre et at. (1989) observed at the equator rather than advection 

of Southern Ocean surface waters. 

Trade wind zonality is strongly related to the seasonality at the equator, as McIntyre et 

at. (1989), imbrie et at. (1989), Schneider et at. (1995), Little etal. (1995; 1997a) and 

Mix and Morey, (1997) have suggested; but equatorward surface cold-water advection 

from the Southern Ocean, other than that from upwelling, plays a minor if not 

insignificant role. At times of maximum trade wind zonality, the eastern boundary of 

the South Atlantic Ocean and equatorial seasonality records, respond to increased 

upwelling intensity and relatively cooler SSTs. Equatorial seasonality could be further 

enhanced if offshore divergence of the Benguela Current intensified the direct input 

into the equatorial regions via the South Equatorial Countercurrent. Increased trade 

wind intensity along the entire eastern margin of the South Atlantic, should increase 

the divergence of warm surface waters away from the coastal upwelling cells and force 

tropical and sub-tropical waters across the equator via the South Equatorial Current. 

This will increase the equatorial pool of heat which can be transported to the high 

northern latitudes by the Gulf Stream and North Atlantic Drift. The BUI transfer 

function utilises the 'glacial' N. pachyderna (s) and the 'interglacial' Gg. bulloides as 

indicators of maximum upwelling intensity, and is thought to give the best qualitative 

guide to relative intensity and variability of upwelling in the Benguela system. 

125 



Ch.5. Heinrich events 

5.5. Teleconnections in the Atlantic Ocean and atmospheric circulation 

system 

Using the relative abundance of the coccolith species Florisphaera profunda, McIntyre 

and Molfino (1996) present a correlation between the millenial-scale pulses of IRD in 

the North Atlantic to those of F. profunda at three equatorial sites situated on the east 

side of the mid-Atlantic ridge: RC24-02 (0°34.0'N 13°39.0'W, at a depth of 3837 m); 

RC24-08 (1°20.0'S 1 1°54.0'W, at a depth of 3885 m); and RC24-17(5°3.0'S 

1001 LOW, at a depth of 3530 m). F. profunda is restricted to the lower euphotic 

zone, and in the equatorial Atlantic its abundance is controlled by the thermocline-

nutricline gradient (Okada and Honjo, 1973, Okada and McIntyre, 1977, MolfIno and 

McIntyre, 1990) which is a direct function of trade wind-forced current velocity. 

Temporal variations in the maximum abundance of F. profunda describe a sub-

Milankovitch cyclicity centered on the 8.4 kyr period, concordant with calendar ages 

for Heinrich events Hi, H2 and H3, and within reasonable error margins for H4 and 

H5. 

South Atlantic 	 Mid-equatorial Atlantic 

NP- 	PS- 	Calendar 	 F. profunda 	Calendar 

	

Event Event Age a  (kyr) 	 Minima Age (kyr) 

NPYD 13.23 la 13 
NP1 PSI 19.27 2a 19-21 
NP2 21.81 
NP3 PS2 28.76 3a 27-29 
NP4 PS3 32.74 
NP5 36.71 4a 37 
NP6 PS4 42.42 5a 43 
NP7 45 6a 45-50 
NP8 49 
NP9 PS5 53 7a 55 

NPIO 61 8a 60-65 
NPII PS6 65 
NPI2 71 9a 68-73 
NPI3 77 IOa 75 
NPI4 95 
NPI5 111 

a PS-Event centered about this calendar age. 

Table 5.2. Comparison of the contemporaneity of NP [Neogloboquadrina pachyderma (s)] events from 

the Benguela system with F. profunda maxima from the mid-equatorial Atlantic. NP events record 

the smaller scale oscillations superimposed on the PS event stratigraphy given in Table 5. 1, and 

graphically correlated to equatorial seasonality and the GISP2 interstadials in Figure 5.4 (dashed lines). 

NPYD = younger dryas recorded in N. pachyderma (s) abundances in GeoB 1711. 
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Maxima in F. profunda are interpreted as intervals of reduced trade winds (Molfino 

and McIntyre, 1990), largely coincident but with a slight phase lead (-500 years), with 

North Atlantic IRD maxima (Bond and Lotti, 1995). F. profunda maxima (trade wind 

meridionality) occur at approximately 8, 16, 25, 33 and 41 ka (calendar years from 

AMS 14C dating), with corresponding minima (trade wind intensity) at 13, 19-2 1, 

27-29, 37 and 43 ka from the record of RC24-08 and additional minima at 

approximately 45-50, 55, 60-65, 68-73, and 75 ka (calendar years from oxygen 

isotope stratigraphy) from the longer record of RC24-02. 

These rapid intervals of trade wind intensification are contemporaneous with the NP 

events recorded in core GeoB 1711, with the exception of NP 4 (32.74 ka); Table 5.2. 

NP events highlight the higher frequency variations in trade wind intensity, 

superimposed of the PS event stratigraphy, which are correlated with interstadials in 

the GISP2 ice core and similar events in the record of equatorial seasonality (Figure 

5.4). The mid-equatorial Atlantic records from RC24-08 and RC24-02 further suggest 

that increased trade wind zonality is the dominant forcing mechanism affecting 

equatorial and eastern South Atlantic faunal populations. The following is a 

discussion of the hypothesised forcing mechanisms required to produce the 

contemporaneity of phasing of the southern, equatorial and northern Atlantic climate 

signatures. 

From the correlation of F. profunda variability with North Atlantic IRD deposits, 

McIntyre and Molflno (1996) hypothesised a long-term El Niño-type mechanism to 

account for the cross-equatorial transfer of heat to higher northern latitudes. Strong 

zonal trade winds increase the net displacement of warm tropical and sub-tropical 

waters from the eastern equatorial belt to the Caribbean and Gulf of Mexico increasing 

the dynamic height in the Caribbean to -1 in above the Atlantic at the same latitude, 

and -2 in above the sub-polar North Atlantic. The increase in intensity is recorded by 

minima in F. profunda abundances, and corresponding maxima in N. pachyderma (s) 

abundances and equatorial seasonality (McIntyre et a!, 1989). The following decrease 

in trade wind intensity from GeoB 1711, decreases cross-equatorial displacement and 

'releases' the warm waters 'stored' in the Gulf of Mexico and Caribbean. As there is 

no direct oceanographic connection to the equatorial corridor, these warm saline-rich 

waters flow into the western boundary current and intensify the heat and moisture flux 

into the Gulf Stream and to the high latitudes of the North Atlantic. Although the 

F. profunda abundances most certainly reveal variations in trade wind intensity, it is 
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unlikely that warm-water will be stored' in the Gulf of Mexico without overflowing 

and enhancing the warm-water transport in the Gulf Stream at times of trade wind 

intensification. 

The N. pachyderma (s) records from GeoB 1711, GeoB 1706 and PG/PC 12 suggest 

another relationship between the ice-calving and subsequent IRD deposits which 

correlate to times of diminished trade winds (F. profunda maxima). During the period 

of increased trade wind and upwelling intensity in glacial stages 4-2, the 

N. pachyderma (s) record is punctuated by anomalous abundance minima. These 

periods of low percentage relative abundance of N. pachyderma (s) represent rapid 

short-lived warmer intervals at a time of glacial cooling, reflecting decreased trade 

wind strength as monsoonal winds increased over eastern and central Africa. Contrary 

to this, the cool NP events, which are thought to be typical for the eastern South 

Atlantic continental margin, correlate to warmer climate intervals in the Greenland ice 

records and sub-Arctic ocean SSTs (Ruddiman and McIntyre, 1981). The Benguela 

Current system could be regarded as the major component influencing cross-equatorial 

teleconnections between the South Atlantic and North Atlantic via the South Equatorial 

and the North Brasil Currents into the Gulf Stream, driven by variations in 

atmospheric conditions controlling trade wind intensity. Cold water resulting directly 

from intense trade wind-driven upwelling, will produce cold SSTs and lowered 

salinities along the entire eastern South Atlantic margin. Direct cross-equatorial 

transfer of this cooler water into the Gulf Stream, similar to that from hypothesised 

meltwater models, would have had an almost instantaneous cooling effect on North 

Atlantic records rather than a lead of 3-kyr as is implied from correlation with the 

timing of Heinrich events. With respect to northern hemisphere climate change 

indicated in the GISP2 record, it appears that southern hemisphere trade winds have 

been reduced at times of maximum cooling and vice versa, thus another hypothesis is 

required. 

The 14C constrained upper part of the four southern hemisphere records (Figure 5.3; 

Table 5. 1), suggests a 3 kyr lead of the southern hemisphere to the northern 

hemisphere. The variation of SST at 16 sites in the Atlantic Ocean (Imbrie etal., 

1989) produced the same result, and without exception, all coherent temperature 

responses south of the equator lead changes in ice volume in the precessional band 

(also recorded by McIntyre et al., 1989), and all coherent North Atlantic responses lag 

ice volume change. The greatest leads occur in the equatorial and South Atlantic, and 

128 



Ch.5. Heinrich events 

describe a 3 kyr phase lead to the changes in ice volume over the precessional band. 

The lagging warmth in the high latitudes of the North Atlantic were discussed by 

Ruddiman and McIntyre (1981; 1984) and can be explained using a model of feedback 

mechanisms to increase moisture flux to the high latitudes of the North Atlantic to 

accelerate iceberg growth. 

Ruiidiman and McIntyre (198 1) discuss the relationships between summer insolation, 

ice sheet build-up and moisture flux, and describe how moisture made available to the 

ice sheets in the North Atlantic Ocean forms a mechanism for the rapid growth and 

decay of Northern Hemisphere ice. The northwestern sub-tropical gyre and the sub-

Arctic ocean remain near their maximum SST into the phase of maximum ice building, 

creating optimal conditions for rapid ice growth by providing moisture due to the large 

temperature gradient between the atmosphere and ocean. The GeoB 1711 data set 

reinforces this relationship but suggests that enhanced cross-equatorial transfer of 

warm waters into the Gulf Stream at times of trade wind intensity, increases warm-

water advection to the higher latitudes of the North Atlantic and maintains the elevated 

SSTs into the phase of maximum ice building. Without very high resolution records 

the precise timing of events in the northern and southern hemisphere cannot be 

quantified conclusively, but the phase difference suggested by this and previous work 

(Imbrie et al., 1989; Charles et al., 1996; Abelmann et at., 1997) suggests a real lead 

of the South Atlantic Ocean. 

Boulton and Payne (1994) modelled mid-latitude northern hemisphere ice sheet growth 

and have suggested that Heinrich scale instabilities and ice calving could result from 

internal thermal instabilities as a result of changes in the basal boundary conditions of 

the ice sheets. A reduction in basal friction, leading to relatively rapid reduction in ice 

sheet thickness and eventual calving of icebergs, could result from an increase in the 

accumulation rate of snow, melting at the base of the ice sheet, and/or from an 

expansion of the ice sheet over a deformable surface. Modelled results suggest that ice 

sheet calving could occur approximately every 4 kyr, following a 2-3 kyr increase in 

the accumulation of snow, as is predicted by the 3-kyr lead of the southern Atlantic 

Ocean. Furthermore, Boulton and Payne (1994) believe that the basal geology beneath 

the margins of the Laurentide and European ice sheets will be susceptible to sliding 

and aid calving very similar to the modelled results. A relative increase in moisture 

supply to the atmosphere in the higher latitudes of the North Atlantic would be enough 

to create basal instability leading to a rapid ice-calving event and IRD deposit. 
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Figure 5.9. Schematic diagram illustrating the inferred seqence of events in a PS event. Intense zonal 

trade winds: As polar glaciation begins, increased thermal gradients drive stronger zonal trade winds, 

strong equatorial and NBR upwelling, and maximum cross-equatorial divergence of warm water. 

Associated with high abundances of N. pach'derma (s) and other upwelling species, and low 

abundances of F. profunda at the mid-Atlantic ridge. Strong winds are hypothesised to create a 

dynamic high in the Gulf of Mexico and Caribbean whilst excess warm water intensifies the net flux 

of moisture and heat to the high latitudes of the North Atlantic via the Gulf Stream. Elevated SSTs 

in the sub-Arctic ocean increase moisture supply and precipitation on the neighbouring ice sheets 

enhancing ice sheet growth and lateral expansion. Ice sheets expand latitudinally and approach basal 

friction equilibrium which inevitably leads to ice sheet instability and iceberg discharge. The increased 

supply of saline-poor, cold water from the ice sheets, together with the reduced cross-equatorial flow of 

warm, sub-tropical water, slows the rate of the thermohaline conveyor further accentuating North 

Atlantic cooling. 

Bond and Lotti (1995) used a high resolution record for the interval 10,000 to 38,000 

radiocarbon years ago covering Heinrich events H4—H 1 in the North Atlantic and 
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reported 13 ice-rafting cycles with an average duration of between 2000 and 3000 

years, correlating to the Dansgaard-Oeschger temperature cycles recorded in the 

Greenland Summit ice cores. The rapid intervals of IRD reflect an increase in the 

amount of glacial ice discharged into the North Atlantic Ocean every 2000-3000 

years in the cold glacial period. The findings from this research point to a dominant 

mechanism operating within the atmosphere that caused rapid oscillations in air 

temperatures above Greenland and a recurring internal process, such as basal sliding 

(Boulton and Payne, 1994), to produce icebergs calved from more than one ice sheet 

to alter the North Atlantic's heat conveyor. The resulting ocean surface coolings 

triggered further iceberg discharges and amplified the temperature shifts. The 

compositional data, derived from an analysis of the lithic fragments constituting the 

IRD deposits, do not rule out iceberg discharges from the Greenland, Barents or 

Scandinavian ice sheets, but suggest the greatest component came via the Gulf of St 

Lawrence (Bond and Lotti, 1995). 

The observations from the southern, northern and equatorial Atlantic can be 

collectively described using a model of oceanic response to trade wind forcing. 

During intervals of trade wind intensification (Figure 5.9) equatorial divergence is at a 

maximum, recorded by minimum abundances of F. profunda and maximum equatorial 

seasonality. Trade wind intensification increases upwelling intensity in the northern 

Benguela region shifting the system and ABF equatorwards, this is recorded as 

maximum abundances of the upwelling fauna along the entire coastal belt of the eastern 

South and equatorial Atlantic. There is a net increase in the cross-equatorial transfer of 

heat to the Gulf of Mexico and higher northern latitudes via the Gulf Stream, 

delivering warm saline water to the northwestern sub-tropical gyre and sub-polar 

ocean. At these high latitudes of the North Atlantic the large temperature gradient 

between the atmosphere and ocean, caused by the raised SST at a time of glacial 

cooling, provides increased moisture and precipitation onto the increasing ice masses. 

When the trade winds diminish, identified by maxima of F. profunda and equatorial 

seasonality, and minima of N. pachyderma (s), ice sheets have grown to their 

maximum latitudinal extent and become internally unstable (basal friction). As the 

hypothesised dynamic high in the Gulf of Mexico and Caribbean (McIntyre and 

MoiJino, 1996) is directly released into the Gulf Stream and not delayed, then the 

thermal gradient in the sub-polar North Atlantic is intensified, amplifying the ice sheet 

instability and accelerating iceberg calving into the North Atlantic. Iceberg release 
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further amplifies the temperature shifts recorded in the North Atlantic sediment records 

and the Greenland atmospheric records. 

Our observations, and the new record correlating marine sediment core and ice core 

records from the Southern Ocean (Charles etal., 1996), suggests millenial scale 

conveyor-belt' changes occur in all of the Earth's major ocean basins in both northern 

and southern hemispheres. The entire dataset is strongly suggestive of a globally 

linked atmosphere-ocean system varying via changes in trade wind intensity, linked to 

sub-Milankovitch climate variability derived from the insolation-linked precessional 

band. 

5.6. Summary 

Relative abundances of the cold-water planktonic foraminifera, N. pachyderma (s), 

record rapid upwelling events (PS events) punctuating the last 140 kyr, on a sub-

Milankovitch cyclicity between 8-10 kyr. Records in the equatorial Guinea Basin 

and the more southerly Angola and Cape Basins have also shown upwelling 

intensification to be the primary control on faunal and SST patterns. Correlation 

between N. pachyderma (s) abundances from the northern Cape Basin and eastern 

equatorial seasonality record (McIntyre et al., 1989), and F. profunda abundances on 

the equatorial Mid-Atlantic Ridge, suggests that the western margin of southern and 

equatorial Africa is dominated by fluctuations in trade wind intensity. Radiocarbon 

dating for the last 45 kyr permits a further correlation between PS events in the 

northern Cape Basin with Heinrich events of the North Atlantic, and suggests 

teleconnections in South Atlantic—North Atlantic and global heat transfer. 

Intense upwelling events on a sub-Milankovitch cyclicity occurred throughout the last 

140 kyr, in particular during the last glacial cycle (isotope stages 4-2), controlled by 

changes in intensity of the trade winds at times of maximum ice build-up and minimum 

solar insolation, and indicate a 3-kyr phase lead of the South Atlantic to corresponding 

changes in northern hemisphere sediment records. The increase in trade wind 

controlled offshore displacement of tropical and sub-tropical waters may have 

implications for the strength of equatorial transfer into the North Atlantic, via the South 

and North Equatorial Currents and the Gulf Stream, and for the global thermohaline 

conveyor and Atlantic convection. The tropical warm-water which is forced across the 

equator, is transported to the high latitudes of the North Atlantic into the phase of 
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maximum ice building. This intensifies the moisture gradient between the sub-Arctic 

ocean and the northern hemisphere ice sheets, increasing the rate of snow 

accumulation until eventual ice sheet collapse and iceberg calving. 

Furthermore, the sub-Milankovitch frequencies at which these rapid upwelling events 

occur have also been described for sediment cores within the Pacific (Kennett and 

Ingram, 1995, Behi and Kennett, 1996), northern (Hagelberg et al., 1994), and 

southern Atlantic Oceans (Park et al., 1993; Charles et al., 1996) and within the 

Greenland (Bender etal., 1994, Mayewski et al., 1994) and Vostok (Yiou etal., 

199 1) ice cores. The palaeoceanographic records analysed in this study demonstrate 

further, that high frequency sub-Milankovitch cyclicity is a global phenomenon and 

that cross-equatorial heat transfer via trade wind intensification may have serious 

repercussions for global climate. 
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Chapter 6. Surface circulation of the southern Benguela system and its 

relationship to variable warm water input from the Indian 

Ocean and movement of the sub-tropical convergence 

6. 1. Introduction 

Previous research in the Southern Atlantic Ocean and Southern Indian Ocean has put 

much emphasis on the temporal patterns and timing of shifts in the Antarctic Polar 

Front (APF) and the sub-tropical convergence (STC) with the timing of relative flux of 

the North Atlantic Deep Water (NADW) [Hays et al., 1976, Corliss, 1982, Imbrie et 

al., 1984, Oppo and Fairbanks, 1987, McIntyre et al., 1989, Morley, 1989a; 1989b, 

Howard and Prell, 1992, Charles et al., 1996]. The STC marks the boundary 

between the South Atlantic and the Southern Ocean and also represents the boundary 

between the Antarctic Circumpolar Current (ACC) and the South Atlantic anticyclonic 

gyre (SAAG) near to 40°S. Surface circulation and mixed-layer dynamics in this 

region are linked to southern high-latitude wind and sea ice fields, influencing cross-

equatorial surface heat flux and inter-hemispheric atmospheric mechanisms. The 

abundance of planktonic foraminifera are used to assess their suitability as 

palaeoceanographic and palaeoproductivity indicators with the anticipation that this 

will allow further insight into warm-water Indian Ocean input via the Agulhas 

Retroflection and its effect on Atlantic and global climate change. 

The objectives of this chapter were to assess the influence of sub-Milankovitch 

periodicity on warm-water input from the Indian Ocean, and its correlation with PS 

events in the NBR. However, the sedimentation rate offshore Cape Town was found 

to be much less than that for the NBR, and a suitable high resolution record could not 

be gained. Direct comparison between the timing of advection from the Agulhas 

Retroflection with respect to upwelling in the northern Cape Basin is thus not 

possible. Instead, this chapter analyses the longer term changes affecting South 

Atlantic and Indian Ocean communication. Is Milankovitch orbital forcing the 

dominant mechanism driving instability in faunal records, as seen in the equatorial 

Atlantic (McIntyre et al., 1989, Schneider et al., 1995; 1997)? Can we recognise 

relative shifts of the STC, or warm-water input from the Indian Ocean, in the 

variabilty of the planktonic foraminiferal abundances? The relative shifts of the STC, 

or warm-water advection, may have serious implications for the long-term nature of 

the thermohaline circulation. The addition of warm, saline-rich water to the conveyor, 
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which transports this heat to the high latitudes of the North Atlantic across the equator, 

will increase the oceans potential to sink and accelerate deep water production. 

Inversely, a reduction in the amount of water added to the system, will relatively 

decelerate deep water production and oceanic convection. The implications of this 

mechanism are far reaching as NADW production is considered probably the most 

important key to oceanographic change, including amplification of glacial—interglacial 

cycles, and therefore global warming and cooling, and initiation of carbonate 

dissolution or preservation (Luz and Shackleton, 1975, Crowley, 1985, Peterson and 

Prell, 1985, Farrell and Prell, 1989, Haddad and Droxler, 1996). This new core from 

the continental shelf offshore Cape Town, is in an ideal position to monitor warm- and 

cold-water input into the Benguela and oceanic system, and to test global 

teleconnections with NADW production and timing of dissolution and preservation 

cycles in the Atlantic and Pacific Oceans. 

6.2. Regional surface oceanography 

The STC marks the southern edges of the sub-tropical gyres with a surface expression 

of increased sea surface temperature (SST) and salinity located at about latitude 40°S 

(Figure 6.1). The STC is usually characterised as a zone of rapid SST change 

between the 10°C and 14°C winter isotherms, and between the 14°C and 18°C 

summer isotherms (Garner, 1959, Peterson and Whitworth, 1989, Howard and Prell, 

1992). In the South Atlantic at 30°S the boundary of the STC is defined by surface 

temperatures near 16°C. The warmer, more saline water to the north appears to have 

its source in the Brazil Current, the colder, fresher water to the south coming from the 

Falkland Current branch of the Antarctic Circumpolar Current (Webb, 1997). 

The Agulhas Current is the western boundary current of the southern Indian Ocean 

and is most intense between Durban and Port Elizabeth along the eastern coastline of 

southern Africa. It extends deeper than 2000 m and has surface speeds that often 

exceed 2 rn/s and a mean transport of about 100 million m 3/s. South of Africa, it turns 

abruptly eastwards in a tight retroflection loop, the southern part of which is known as 

the South Indian Ocean Current. The STC is very pronounced to the south of Africa 

where Agulhas Current water is forced into the system (Figure 6.1). 

There are a number of water masses present off the coast of southwestern Africa, 

including tropical and sub-tropical surface waters, thermocline water (comprising 
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South Atlantic Central Water, South Indian Central Water, and tropical Atlantic Central 

Water), AA[W, NADW, and AABW. The thermocline waters overlie the AAIW, the 

core of which lies at an average depth of 700-800 m in the southeast Atlantic 

(Shannon and Nelson, 1997) and somewhat deeper in the Aguihas Retroflection area. 

Valentine et al., (1993) have estimated that, on a volumetric basis, AAIW accounts for 

52% of the water masses above the 1500 m bathymetric contour off southern Africa. 

An input of relatively fresh and oxygen-rich AAIW enters into the Benguela Current 

from the southwest diluting the input of AAIW from the Indian Ocean, which has been 

estimated to be about 50% of the AAIW in the Benguela area (Gordon et al., 1992). 

Figure 6.1. Oceanography and bathymerry of the main mesoscale and larger features of circulation in 

the upper ocean layers of the southern Benguela upwelling system (modified from Lutjeharrns, 1997). 

A is an Agulhas ring, recently shed from the Agulhas retroflection (E), being encircled by an Agulhas 

filament. Bs are Agulhas rings drifting off into the South Atlantic. C is a cyclonic cold eddy forming 

part of the Agulhas Current causing an upstream retroflection (D) at the Agulhas Plateau. F is the 

retroflection of the East Madagascar Current. 

6.3. Southern Atlantic GeoB 3602 Chronostratigraphy 

GeoB 3602 is situated at a water depth of 1885 m on the continental slope offshore 

Cape Town (3447'9 S 17°45'3 E; Figure 1.1). Stratigraphic age control comes from 

the oxygen isotopes of the tests of the planktonic foraminifer, Gr. inflata, measured at 

the Fachbereich Geowissenschaften, Universitat Bremen, Germany. The oxygen 
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isotope record is correlated using the oxygen isotopic event classification for the 

Pleistocene provided by P re/i et al. (1986), and age assignments after Imbrie et al. 

(1984). The oxygen isotope record for GeoB 3602 is placed on the SPECMAP time 

scale for graphic correlation in Figure 6.2 and the isotope control points are given in 

Table 6.1. In addition to oxygen isotope stratigraphy, a preliminary nannofossil study 

detailed the absence of Emiiiana hwcieyi I  but the presence of G. lacunosa and large 

abundances of G. oceanica at the bottom of the core (Martin Cépek and Ralph 

Schneider, pers. comm.) making the core base at least 461 ka [G. lacunosa last 

appearence = 461 ka (oxygen isotope sub-stage 12.33); Thierstein et al., 1977]. The 

ages have been assigned by linear interpolation to depths that lie between listed isotope 

control points. 

Depth (m) Age (kyr) Events Depth (m) Age (kyr) Events 

CT 0.03 0 Present 5.43 287 8.5 

1.03 19 2.2 5.53 299 8.6 

1.18 53 3.3 5.73 310 9.1 

1.63 80 5.1 6.13 331 9.3 

3.03 122 5.5 6.43 341 10.2 

3.38 151 6.4 6.68 362 11.0 

3.63 171 6.5 8.33 423 12.0 

3.78 183 6.6 8.63 478 13.0 

4.08 205 7.2 8.88 491 13.12 

4.53 228 7.4 9.18 502 13.13 

4.88 249 8.2 9.68 513 13.2 

5.08 269 8.4 CB 9.88 524 14.0 

Table 6.1. Oxygen isotope control points for GeoB 3602. Age picks for GeoB 3602 were allocated 

using the oxygen isotope stratigraphy for GeoB 3602. Control points are from Imbrie etal. (1984); 

CT = core top; CB = core base. 

6.4. Planktonic foraminiferal records from the southern Benguela 

region, Cape Town 

The relative abundance of planktonic foraminifera in the South Atlantic core GeoB 

3602 are presented in Table 6.2. Of the twenty four planktonic foraminifera species 

identified in GeoB 3602, 78% of the overall downcore average abundance is 

accounted for by three species Gr. inflata, N. pachyderma (d), and Gg. builoides. 

The remaining, largely sub-tropical fauna, make up on average 19% of the total 

I First appearence of Emiliana huxleyi is 265 ka (Thierstein et al., 1977). 
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assemblage of which almost 7% is attributable to the spinose warm-water tropical 

species of Gg. ruber, Gs. sacculifer and Ge. siphonifera (Ge. aequilateralis). 

E,O GeoB 3602; Gr inflata (%) 	
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Figure 6.2. Oxygen isotope control points for GeoB 3602, and correlation with SPECMAP. Age 

control points are derived from Imbrie etal. (1984). 

Three species make up almost 80% of the total planktonic foraminifera abundance 

recorded offshore Cape Town. Gr. inflafa constitutes the largest average fraction of 

the fossil record, with a slightly smaller contribution from N. pachyderma (d) and 
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Gg. bulloides, with approximately 20% of the total fossil abundance from sub-

tropical and tropical species. Overall the species diversity of planktonic foraminifera, 

with an average abundance greater than 1%, is larger offshore Cape Town than it is 

nearer the equator in the NBR. The abundances of the main species, together with the 

sum total of sub-tropical species 2,  tropical spinose species 3  and total benthic 

foraminifera (as a percentage of the total foraminifera), are plotted against depth and 

given in Figure 6.3. 

Species Average (%) Maximum (%) 

Gr. inflata 30.8 53.5 
N. pachyderma (d) 26.1 65.0 
Gg. bulloides 21.5 42.1 
N. dutertrei 5.8 13.8 
Gs.ruber 5.0 11.9 
Gr. truncatulinoides 3.4 12.6 
Ga. glutinata 1.8 6.6 
N. pachyderma (s) 1.1 15.5 
Gs.saccultfer 1.0 5.9 
Gr. scitula 0.6 2.9 
Ge. siphonifera 0.6 2.7 
0. universa 0.5 3.9 
Gg. quinqueloba 0.5 3.7 
Gr. crassaformis 0.3 4.2 
P. obliquiloculata 0.2 1.9 
Gr. hirsuta 0.2 1.5 
Gr.menardii 0.2 1.4 
Gg. tenellus 0.1 2.9 
Gg. falconensis 0.1 1.4 
Gg. digitata 0.1 1.4 

Ge. calida 0.1 1.1 
Gg. conglobatus 2.0 
Ga. uvula 0.5 
Gg. rubescens 0.4 

Tropical spinose foraminifera 6.6 16.0 

Sub-tropical foraminifera 19.1 34.5 

Benthic foraminifera 3.8 31.4 

Table 6.2. Summary of downcore planktonic foraminiferal species abundances for GeoB 3602. 

2 Sub-tropical species = N. durertrei, Gs. ruber, Gr. truncatulinoides, Ga. glutinata, Gs. sacculifer, 
Ge. siphonifera, 0. universa, P. obliquiloculata, Gr. hirsuta, Gr. menardii, Gg. digitata, Ge. calida, 
Gg. conglobatus, Ga. uvula and Gg. rubescens 

Spinose species = Gs. ruber, Gs. sacculifer and Ge. siphonfera 
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Figure 6.3. GeoB 3602. Abundances of the main planktonic toraminifera as a percentage of the total 

foraminifera). sub-tropical species, tropical spinose species, and the ratio of benthic- planktonic 
foraminifera, all against depth (cm). 
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In the southern Indian Ocean, Gr. inflata is thought to be an indicator of the southern 

margin of the sub-tropical Gyre, most abundant during the interglacial oxygen isotope 

stages (Howard and Prell, 1992). Exceptions to this pattern occur in some intervals 

where carbonate dissolution has increased the abundance of the solution-resistant 

Gr. inflata. 

6180 GeoB 3602: Gr. inf7ata 	
Isotope 

2.5 	2 	1.5 	I 	0.5 	0 Stages 

.

I  

5 	10 	IS 	20 	25 	30 	35 

% Sub-tropical foraminifera 

Figure 6.4. Correlation of sub-tropical planktonic foraminiferal abundance (as a 	of the total) with 

6 180 Gr. inflata. Graphic representation of oxygen isotope stages is given to the right hand-side 

(interglacials - white; glacials - shaded). 

However, in core GeoB 3602 the thin-walled spinose foraminifera Gs. sacculifer, Gs. 

ruber and Ge. siphonifera show highest abundances generally coinciding with 

intervals of maximum abundance of Gr. inflata (Figure 6.3). This suggests that 
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dissolution does not play an important role in the relative abundance of the planktonic 

foraminifera. The total abundance of sub-tropical planktonic foraminifera, largely 

follows the glacial—interglacial changes described by oscillations in the 8 180 record 

(Figure 6.4). Differences between the records are roughly within the noise level of 

such fluctuations. 

% G  inflata 	 9 Gg. bulloides 

10 20 30 40 50 60 70 	 10 	20 	30 	40 	50 

I 	I 	I 	•I'II , I• 

80 70 60 50 40 30 20 10 

c N. pachvderma (d) 

Figure 6.5. Variation in abundance of the transitional assemblage (as a of the total) from GeoB 

3602. Note the excellent, but inverse, correlation of Gr. inflata with N. pach%derma (d). 

Sub-tropical planktonic foraminifera have highest abundances in the interglacial 

periods, up to a maximum of 34.5% during isotope stage 11, and to a low of –7% 

during the glacial interval of isotope stages 4-2. The abundance of sub-tropical 

foraminifera significantly influences the variability in the foraminiferal assemblage and 

alternates with the typical transitional fauna of Gr. inflata, Gg. bulloides and 

N. pachyderma (d) which form the greatest percentage of the planktonic foraminifera. 
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If the foraminifera were significantly affected by selective dissolution, then Gr. inflata 

should record an increase in abundance, supressing the sub-tropical fauna (Howard 

and Prell, 1992). If this was the case, the values for sub-tropical foraminiferal 

abundance would therefore be regarded as a low estimate. However, the recorded 

abundance of the transitional fauna in GeoB 3602, is typical for the modem-day 

planktonic foraminiferal distribution offshore Cape Town, and the higher abundances 

of sub-tropical and spinose planktonic foraminifera are considered representative for 

the modem-day Indian Ocean (Be and Hutson, 1977). The coincidence of high 

numbers of Gr. inflata and sub-tropical plankonic foraminifera during interglacial 

periods, further indicates that dissolution does not significantly effect the sedimentary 

record of GeoB 3602. The relative abundances of the transitional and sub-tropical 

fauna in GeoB 3602, correlate to the modem-day distribution levels of planktonic 

foraminifera in the SBR and northern Indian Ocean respectively. The mixture of sub-

tropical and transitional faunas suggests that during intergiacials there is an increased 

delivery of warm Indian Ocean water from the Aguihas Retroflection into the Benguela 

Current. 

The variation in abundance documented by Gr. inflata is followed with an inverse 

relationship with N. pachyderma (d), while Gg. bulloides documents far less dramatic 

swings with an average 22% abundance, with the exception of interglacial stage 5 to 

the present day (Figure 6.5). It is likely that if selective dissolution did affect the 

relative abundances of planktonic foraniinifera that Gg. bulloides would be affected 

first, due to its thin test and wall structure. 

Given the modem distribution of the faunal components dominated by Gr. inflata, 

Gg. bulloides, N. pachyderma (d), and the sub-tropical foraminifera within distinct 

water masses in the modem southern South Atlantic and Indian Ocean (Be and 

Tolderlund, 1971, Be and Hutson, 1977, Hutson, 1977, Kroon and Ganssen, 1989, 

Giraudeau, 1993: Little et al., 1997a), the down core changes in the abundance of 

these species groups document both the intrusion of warm-waters around Cape Town 

from the Aguihas Current, but also the local hydrographic conditions governing the 

southernmost reaches of the Benguela upwelling system. The maxima of sub-tropical 

foraminifera are interpreted as evidence of major warm-water input into the Benguela 

system largely at times of least global ice volume. Maximum warm water input is thus 

thought to have occurred during interglacial stages 11, 5 (including the isotope stage 

6/5 transition), and stage 1, where the abundance of sub-tropical foramimfera is 
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greatest. During interglacial stages 13, 9, and 7 the percentage of sub-tropical 

foraminifera is lower, suggesting slightly reduced amounts of warm-water wrapping 

around the southern tip of Africa. 

The variation in abundance within the typical transitional fauna off Cape Town, 

reflects localised hydrographic changes as seen in the NBR (Little etal., 1997a). 

Gr. inflata in the SBR is thought to reflect the strong thermal and hydrographic 

boundary between newly upwelled, cool, nutrient-rich waters and the displaced, 

warmer, nutrient-poor waters typical offshore Cape Town. Variations in the intensity 

of upwelling further north in the NBR will have a direct influence on the hydrography 

of the SBR (Little et al., 1997a). Small changes in the nature and extent of the nutrient 

supply and structure of the thermocline, are reflected in the relative abundances of 

Gr. inflata, N. pachyderma (d) and Gg. bulloides. 

In the modern setting, intense upwelling is only present seasonally in a narrow, 

coastal belt in the SBR (Giraudeau, 1993 [surface sediment]; Kate Darling pers. 

comm. [plankton nets]). The thermocline at these times is almost non-existent, as cool 

waters are advected from deep in the water column. Offshore in the SBR, there is a 

strong hydrographic/thermal boundary separating upwelled waters from sub-tropical 

to transitional waters. In the Recent transitional environment of the southern STC, 

there is a well developed, deep thermocline with abundant Gr. inflata, as the relative 

position of the STC southwards permits an increased input of warm Indian Ocean 

water entry into the Benguela system (Figure 3.17). During glacial periods, when 

trade winds have intensified as a result of the expansion of the atmospheric polar cells, 

the APF and STC are relatively northwards preventing Indian Ocean water entry into 

the Benguela system. Although upwelling is not as intense in the SBR as it is in the 

NBR, the thermal boundary between the upwelled waters and the offshore transitional 

waters is more diffuse. A shallow thermocline is developed, with fingers of upwelled 

water filtering offshore as in the modern-setting of the NBR. Upwelling intensity in 

the SBR is thought to be best interpreted using Gg. bulloides as is suggested for the 

Angola Basin and has been used in the Arabian Sea (Prell and Curry, 1981; Kroon 

and Ganssen, 1989; Kroon, 1991; Curry etal., 1992; Steens etal., 1992). 
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6.5. Discussion 

6.5.1. Comparison with previous studies 

Meridional shifts of the STC and APF have been discussed previously as the major 

factor affecting faunal and floral populations within Southern Ocean and southern 

Indian Ocean waters (Hays et al., 1976, Williams, 1976, Prell et al., 1979; 1980, 

Morley, 1989b, Howard and Prell, 1992). Howard and Prell (1992) presented six 

deep sea cores spanning the last 500 kyr from the southern Indian Ocean along a 

transect through the APF to the southernmost point of the STC (between 48°-42° 5). 

The results from Howard and Prell (1992), demonstrate that the palaeoceanographic 

history of the southern Indian Ocean, as recorded by the relative abundances of 

planktonic foraminifera, can be explained by the movement of the STC and APF, 

distributing water masses which vary the SST of the surface waters. In the southern 

Indian Ocean (Howard and Prell, 1992), a transitional assemblage made up almost 

entirely of Gr. inflata and Gg. bulloides varies inversely with the cold, polar 

assemblage N. pachyderma (s) which is prevalent in the Southern Ocean and increases 

in abundance in cores from successively higher latitudes. 

Howard and Prell (1992) found that polar species of planktonic foraminifera 

dominated the sediments when the core site was equatorward of the modern APF 

(46°N) during six glacial intervals of the past 500 kyr, isotope stages 12, 10, 8, 6, and 

2. Species typical of the sub-tropical gyre edges and STC have only been abundant 

poleward of 42°S at the early parts of interglacial stages, 11, 9, 5 and 1, which was 

interpreted as reflecting the meridional shifts of the boundaries of the STC and sub-

polar gyres (Figure 6.6). The most equatorward of these records, core E49-21 (SST - 

winter), shows that maximum poleward positions of the STC which correlate well 

with the maximum abundances of tropical spinose foraminifera from GeoB 3602 

indicating warm-water input from the Indian Ocean. The Cape Town record also 

suggests an additional poleward shift of the STC during interglacial stage 13. 

Similarly, all of the other cores studied by Howard and Prell (1992) and Morley 

(1989) provide further excellent supporting evidence that planktonic foraminiferal 

abundances from GeoB 3602 accurately record shifts of the STC. 
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Figure 6.6. Comparison of the planktonic foraminiteral-derived SST transfer function from E49-21 

(southern Indian Ocean Howard and PrelI. 1992) with abundance of tropical, spinose planktonic 

foraminifera (Gs. ruber. Gs. sacculifer and Ge. siphonifera). Graphic representation of oxygen isotope 

stages is given to the right hand-side (interglacials - white glacials - shaded). The anomalous SST 

maxima at approximately 160-130 ka in E49-21 are not seen in any of the other cores sampled in 

the transect through the STC and APF (Howard and PrelI, 1992). The higher sampling frequency in 

GeoB 3602 obviously describes more short-term SST oscillations than are suggested by the low-

resolution southern Indian Ocean core. 

Globorotalia ,nenardii (Parker. Jones and Brady), a tropical, warm-water, planktonic 

foraminifer has been suggested to be of particular importance for understanding the 

intrusion of warm-waters from the Aguihas Retroflection around the Cape of Good 

Hope (Schott, 1935, Berger, 1970). Schott (1935) found Gr. ,nenardii to 'disappear 

during glacial intervals in the Atlantic and re-appear in interglacials, primarily as a 

50( 
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result of SST change. However, the CLIMAP (1976) sea-level and temperature 

reconstruction suggests that temperatures are well within the range of the modern 

habitat of Gr. menardii. Why then, does Gr. menardii seemingly disappear in the 

southern Atlantic glacial ocean? Previously, it has been suggested that the delivery of 

warm-water around the Cape re-seeds the Gr. menardii population within 

intergiacials, during expansion of the central South Atlantic gyre (Berger et al., 1985, 

Berger and Wefer, 1997). Gr. menardii occurs in greatest abundance during 

interglacial isotope stages 13, 11, 9 and 5, with an anomalous peak in Gr. menardii 

abundances at 440 ka occuring as a result of the weak chronology in the low-

sedimentation glacial interval stage 12 (Figure 6.7). Gr. menardii is largely absent in 

stages 12, 10, 8, 4, and 3 but is certainly present during isotope stage 6 where there is 

a more reliable glacial isotope chronostratigraphy. Certainly the highest abundances of 

Gr. menardii correlate to maximum warm-water intrusion around the Cape as is 

recorded by sub-tropical and spinose foraminiferal numbers (Figure 6.6) and warmer 

SSTs (Howard and Prell, 1992), but the dataset does not conclusively argue for a re-

seeding during interglacials. The presence of Gr. menardii in glacial isotope stage 6, 

which does not record a major change in sedimentation rate similar to the other glacial 

periods, suggests that Gr. menardii is 're-seeded' from the Indian Ocean more 

regularly than during interglacials alone, but flourishes during times of maximum 

warm-water advection. When Gr. menardii is absent from the sediment record (e.g. 

Imbrie and al., 1973), it is suggested that the "Cape Valve" (Berger et al., 1985) is 

closed, denying warm-water flow to the South Atlantic. Does the STC converge on 

the Cape of Good Hope to 'shut off the Cape Valve at times of maximum northerly 

expansion of the APF, and if so, "is this why less heat is transported from the South 

Atlantic to the North Atlantic during glacials (Berger and Wefer, 1997)". 

Core GeoB 3602 is in an excellent position to assess the extent of closure of the Cape 

Valve during glacials. The planktonic foraminiferal record for GeoB 3602 indicates 

that the Cape Valve is never fully closed but instead reduces the warm-water advection 

from the Indian Ocean. Sub-tropical foraminifera only fall below 10% in abundance 

during six brief intervals, including interglacial stages 7 and 5, for the last 520 kyr. 

The tropical, spinose foraminifera also remain abundant, and never fall below 2% of 

the total planktonic foraminifera; Gr. menardii also, is not solely restricted to the 

interglacial intervals and is abundant intermittently throughout the core. It is most 

likely that Gr. menardii does not respond well to the reduced warm-water advection 

during glacial periods, probably related to its ecology. Gr. menardii may have 
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problems with its reproductive cycle, or the change in thermocline stratification. In a 

'Cape Valve open'—'Cape Valve closed' system the Cape Valve will never fully shut 

off the flow of Indian Ocean waters into the Atlantic. Eddies, rings and filaments will 

filter as off shoots from the main retroflection intermittently 'feeding' the Benguela 

system and providing suitable environments for sub-tropical and tropical species. 

During these intervals of an equatorward STC, Gr. menardii, Gs. sacculifer and 

Gs. ruber will be in lesser abundance, occupying small environmental niches until the 

conditions are warner once again. 

Isotope 
Stages 

I 	I 	I 	I 	I 	I 	I 	I 	I 

0 	 1 	 2 

Gr. menardii (%) 

Figure 6.7. Variation in abundance of Gr. menardii for the last 520 kyr. SPECMAP 5 180 stacked 

record is shown with the graphic representation of oxygen isotope stages given to the right hand-side 

(intergiacials - white; glacials - shaded) for comparison. 
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6.5.2 Ice age cycles and inter-hemispheric climate-ocean linkages 

The similarity between the ö180 profile from the South Atlantic GeoB 3602 record and 

the stacked SPECMAP reconstruction (Figure 6.1) is not suprising if the South 

Atlantic is responding primarily to the dominance of global ice volume changes. The 

cross-spectral analysis of SPECMAP with GeoB 3602 8180  further enforces the 

correlation, with coherency at the 95% level in all of the Milankovitch orbital periods 

(100, 40 and 23 kyr), with the exception of the 19 kyr band which is absent in the 

GeoB record largely as a result of the low-sedimentation rates within the glacial 

intervals (Figure 6.8a). Although not coherent with SPECMAP, the 8 180 record for 

GeoB 3602 shows coherent spectral power at the 10-11 kyr period, similar to that 

seen higher up in the NBR. Time series analysis of the relative abundance of sub-

tropical planktonic foraminifera shows dominant Milankovitch frequencies of the 

eccentricity and precessional cycles (centered on 21 kyr), but additional strong power 

at the 28 kyr period and at the harmonic frequencies of 15 and 10-8 kyr periods, of 

which the 15 kyr spectral power may be an artefact of the precessional variability 

(Figure 6.8b). The further presence of sub-Milankovitch frequencies, higher than the 

23 kyr period, cannot be assessed fully due to the relatively low resolution of the 

records. Interestingly however, the 31-28 kyr period which is above the 80% 

confidence interval, has been reported from late Quaternary South and Equatorial 

Atlantic sediment and TOC records ( Verardo and McIntyre, 1994, Berger and Wefer, 

1997, Bickert and Wefer, 1997, Wefer et al., 1997), and in central equatorial Pacific 

divergence and wind intensity (Pisias and Rea, 1988). The mechanisms controlling 

the generation of the 31-28 kyr periodicity are not fully understood, but may be a 

result of non-linear responses to the climatic system (Pisias and Rea, 1988). The 28 

kyr period observed in the foraminiferal record from GeoB 3602 could be an artefact 

of the time scale developed for this core reflecting errors in correlation of GeoB 3602 

8 180 to the SPECMAP stacked record. However, good agreement between the 

isotope records, especially in the interval between isotope stages 11-5 (Figure 6.2), 

argue against this possibility and the fact that this spectral component is found in 

several other oceanic sediment records suggests that this frequency component is real. 

As seen equatorwards in the Benguela system and equatorial Atlantic (Hagelberg et 

al., 1994; Little et al., 1997a; 1997b), non-linear interactions may produce strong 

powers in higher frequencies transferred from the Milankovitch orbital periodicities. 

An interaction between the 100 kyr eccentricity cycle and the 41 kyr tilt cycle, or the 

23 kyr precession cycle, could produce periods of 29 kyr and 30 kyr respectively 
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(Pisias and Rea, 1988). Given the latitude of core GeoB 3602 seemingly affected by 

the more 100 and 40 kyr dominated movements of the STC and APF, and with warm-

water input from the Indian Ocean, which at equatorial latitudes is strongly dominated 

by the precessional 23 kyr component (Kroon et al., 1990, Clemens et al., 1991, 

Weedon and Shimmield, 1991), it is not suprising that the sub-tropical forarniniferal 

input into the Benguela Current will record an interaction of these two signals. Due to 

the reduced sedimentation rates within the glacial periods it is not possible to 

accurately distinguish which of the two documented periodicities (29 or 30 kyr) that 

the system is responding to, but it does further suggest that the Benguela system 

responds to non-linear interactions transferred from Milankovitch orbital forcing. 
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Figure 6.8. GeoB 3602 cross-spectral and spectral analysis. (a) Cross-spectral analysis results for 

GeoB 3602 5 180 versus SPECMAP stacked 8180 isotope record (1-520 ka). Statistics: t = 1 kyr; 

N = 521; bandwidth and confidence interval, CI, are shown for 180 lags; coherency levels are shown 

for 80% and 90%. Coherent spectral maxima are highlighted with the period of oscillation (kyr). 

(b) Spectral analysis results for GeoB 3602 sub-tropical planktonic foraminiferal abundance (1-520 

kyr). Statistics: t = I kyr; N = 521; bandwidth and confidence interval, CI, are shown for 180 lags. 

Coherent spectral maxima are highlighted with the period of oscillation. 

6.5.3. South—North Atlantic heat transport via the Cape Valve: 

Implications for Atlantic and Pacific deep-sea dissolution during the 

Bruhnes Chron 

The relative shifts of the STC, or warm-water advection, as indicated by the 

correlation with SSTs from the southern Indian Ocean (Howard and Prell, 1992) and 
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from the variation in abundance of Gr. menardii, may have implications for global 

thermohaline circulation. The addition of warm, saline-rich water to the conveyor, 

which transports this heat to the high latitudes of the North Atlantic across the equator, 

will increase the oceans potential to sink and accelerate deep water production (Little 

et al., 1997b). Inversely, a reduction in the quantity of water added to the system, 

will relatively decelerate deep water production and oceanic convection. NADW 

production is considered probably the most important key to oceanographic change, 

including amplification of glacial—interglacial cycles, as discussed in Chapter 5, and 

the degree of carbonate dissolution or preservation (Luz and Shackleton, 1975, 

Crowley, 1985, Peterson and Prell, 1985, Farrell and Prell, 1989, Haddad and 

Droxier, 1996). 

The distribution, preservation, and accumulation of CaCO3 on the seafloor is largely 

determined by the balance between the biogenic production of CaCO3 in the 

supersaturated surface waters and its dissolution in the generally undersaturated deep 

waters. Although productivity determines the input of CaCO3 to the deep-sea, 

dissolution is the dominant control on CaCO3 preservation which is largely affected by 

the position of the lysocline, the depth at which carbonate dissolution rapidly 

accelerates (Berger, 1968, Berger, 1975). The degree of saturation of the abyssal 

waters acts as a first order boundary condition for carbonate preservation or 

dissolution, upon which is superimposed the effects of organic matter degradation 

within the sediments. The CO2 released by oxidation of organic carbon causes a 

decrease in the CaCO3 saturation of the pore waters, and thus an increase in CaCO3 

dissolution. Pumping CO2 out of the ocean, e.g. by increasing terrestrial biomass 

(Shackleton, 1977), would give rise to good preservation of CaCO3. Below the 

lysocline (approximately 3800m in the Indian Ocean), the progressive intensification 

of dissolution and the physical loss of carbonate from the sediments reflects the 

increasing degree of carbonate undersaturation of the bottom waters (Peterson and 

Prell, 1985). 

Fluctuations in CaCO3 dissolution are largely controlled by changes in the global mass 

balance of CaCO3 and ocean circulation, which in turn are mediated by global climate 

conditions. Core records demonstrate that the depths of the lysocline, the carbonate 

critical depth (CCrD) and the carbonate compensation depth (CCD) have changed 

significantly over geological time scales (Berger, 1968, Berger, 1973, Gardner, 1975, 

Luz and Shackleton, 1975, Crowley, 1985, Peterson and Prell, 1985, Farrell and 
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Prell, 1989). These changes, observed as fluctuations in CaCO3 preservation, are 

recorded in many deep-sea cores in the Pacific, equatorial and North Atlantic 

documenting changes in deep water circulation (Figure 6.9; fro example Farrell and 

Prell, 1989). 
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Figure 6.9. Bathymetric variations in CaCO3 preservation through time, as expressed by CaCO3, 

from 16 cores in the East Equatorial Pacific Ocean. The values were contoured with six isopleths at 

the 90, 80, 60, 40, 20 and 10% CaCO3 levels. If the % CaCO3 records are primarily the results of 

dissolution, and assuming the CaCO3 to non-CaCO3 sediment ratio was constant at 9:1, then these 

isopleth levels respectively represent apparent CaCO3 losses of 0, 56. 83, 93. 97, and 99%. The 

SPECMAP oxygen isotope stages are given above the plot (from Imbrie etal.. 1984) with the odd 

numbers referring to interglacial intervlas, and the CaCO3 event scale with the midpoints of the 

preservation maxima and minima marked by arrows. Preservation minima arrows are labelled by 

event name (from Farrell and Prell. 1989). 

Although not entirely conclusive, Crowley (1985) presents records from the North 

Atlantic which show dissolution to be relatively low during interglacials while 

conversely, the Pacific Ocean has dissolution maxima in the interglacials and 

preservation maxima in the glacials. More recently, from records in the Caribbean and 

western North Atlantic (Haddad and Droxier, 1996), show that shallow water 

(655m-1933m water depth) Bahama records resemble deep Atlantic carbonate 

records with dissolution during glacial isotope stages and preservation during 

interglacial isotope stages, for the past 200 kyr. Basin-basin fractionation of carbonate 

was proposed (Luz and Shackleton, 1975, Crowley, 1985) to explain the out-of-phase 

dissolution patterns between the Atlantic and Pacific (Crowley, 1983). This 
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fractionation was mediated by the production rate of the NADW which, in the present 

day accumulates CO2 oxidised from falling organic debris on its long journey to the 

Pacific via the Antarctic Circumpolar Current (AACC). As a result the Pacific Deep 

Water (PDW) is more corrosive to carbonate than the NADW (Broecker and Peng, 

1982). 

During interglacial periods, when there is an increased supply of warm, saline-rich 

water into the South Atlantic via the Cape Valve, cross-equatorial transfer delivers 

warm water to the Gulf Stream with an increased Indian Ocean component, which 

increases NADW production. Increased production of NADW intensifies bottom 

water transfer and dramatically reduces the residence time for bottom waters in the 

Atlantic Ocean. The AABW and AA1W are mixed with an intensified NADW creating 

an enhanced intermediate and bottom water circulation, and strong heterogeneity in the 

North and South Atlantic Oceans. Young NADW, concentrated with organic carbon, 

crosses the Atlantic Ocean bottom rapidly reducing its potential for carbonate 

dissolution and remaining largely un-corrosive. The Atlantic at this time has an 

enhanced preservation potential and maintains well preserved carbonate records. In 

the Pacific however, the NADW forms a greater component of the PDW, after its long 

journey within the AACC. When it mixes with the PDW it is of a different character 

than at the start of its journey, with greatly increased CO2 content increasing its 

corrosive potential and removing CaCO3 from deep water sediments. Pacific 

sediments thus record dissolution cycles during intergiacials, inverse to the Atlantic. 

During glacials (Figure 6. 10b), NADW production was slowed as less heat is 

transferred to the high latitudes of the North Atlantic, and less CO2 was pushed into 

the deep Pacific by the NADW (Boyle and Keigwin, 1985). The Atlantic becomes 

sluggish, even though surface currents are intense, but these deliver cooler, less 

saline, water to the high latitudes of the North Atlantic reducing their sinking potential. 

The residence time for NADW is increased in the Atlantic, as oceanic botton 

circulation is sluggish, increasing the disolution potential for the Atlantic, but 

decreasing the corrosive input into the PDW, increasing the Pacific's preservation 

potential. Thus in a simple context, the inverse nature of the Pacific and Atlantic 

basins (Gardner, 1975, Crowley, 1983, Crowley, 1985, Curry and Lohman, 1985, 

Haddad and Droxler, 1996) can be explained by basin-basin fractionation (Le and 

Shackleton, 1992) with basin-shelf fractionation only enhancing this relationship. 
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• CaCO3  Dissoution in Atlantic 

Figure 6.10. Schematic diagrams representing hypothesised Atlantic circulation during interglacial 

and glacial intervals. (a) Cape valve open: Changes in circulation reflect maximum warm-water 

advection from the Indian Ocean during an interval when expansion of the SAAG produces a retreat of 

the APF and STC. (b) Cape valve closed: Reduced warm-water advection from the Indian Ocean 

prodcues less favourable conditions for NADW production resulting in reduced surface and bottom 

ocean circulation and convecton. Adapted from Haddad and Drox1er(1996). 

The relationship between the deep sea dissolution cyles in the Pacific, preservation 

cycles in the equatorial and North Atlantic, and the warm-water input via the Aguihas 

Retroflection is more than just a coincidence. Basin-basin fractionation together with 

shelf-basin fractionation can account for the inverse relationship between the Pacific 

'dissolution cycles' and the Atlantic 'dilution cycles' ', but also suggest that these 

changes are a result of a varying NADW production. Together. the SST and faunal 

records from the Southern Ocean and southern Indian Ocean suggest that the Cape 

Valve has contracted and expanded largely with global ice-volume and sea level 

changes allowing warm-water intrusion into the Atlantic from the Indian Ocean. The 

Atlantic dilution cycles co-occur, although conversely, with Pacific dissolution cycles and are 
thought to reflect the increased supply of terrigenous materials from the continents during glacial, sea 
level low stands. 
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faunal record for GeoB 3602 documents the warm-water intrusion of Indian Ocean 

waters wrapping around the Cape of Good Hope into the Benguela Current at times 

when NADW production is intensified. Recent studies suggest that the South Atlantic 

leads the North Atlantic's response to climate change and NADW production (Charles 

et al., 1996, Abelmann et al., 1997, Little et al., 1997a; 1997b), and Imbrie et al., 

(1989) report that the precessional component of SST in the South Atlantic similarly 

leads the response of the North Atlantic. Although the faunal record for GeoB 3602 is 

not of high enough resolution to determine a lead-lag relationship with NADW 

production, in conjunction with the NBR data (Little et al., 1997a) the correlation 

suggests that input via the Agulhas Retroflection may play a major role in North 

Atlantic climate change, NADW production and global hydrographic control of the 

lysocline. 

6.6. Summary 

The planktonic foraminiferal record for GeoB 3602 illustrates that the changes in 

abundance of the total warm-water, 'sub-tropical' planktonic foraminifer are 

synchronous with the global glacial—interglacial regime. Three species make up over 

78% of the overall downcore average abundance, with sub-tropical planktonic 

foraminifera accounting for an average 19% of the assemblage of which almost 7% is 

attributable to the spinose warm-water tropical species (Gs. ruber, Gs. sacculifer, and 

Ge. siphonifera). These abundances are considered normal with respect to the 

modem-day transitional envionment offshore Cape Town and the tropical environment 

in the Arabian Sea, respectively (Be and Hutson, 1977). As recorded equatorwards in 

the northern Benguela region, and in the Angola and equatorial Guinea Basins, the 

variation in the abundances of planktonic foraminifera largely vary according to the 

local hydrography and upwelling intensity. 

The abundances of tropical, spinose planktonic foraminifera correlate well to the 

meridional shifts of the STC and APF within the southern Indian Ocean and Southern 

Ocean, indicating warm-water intrusion around the Cape of Good Hope largely during 

interglacials when the STC is in its most poleward position and the Cape Valve is 

open. However, the presence of Gr. menardii within glacial isotope stage 6 does not 

conclusively argue for re-seeding only during interglacials but suggests that 

Gr. menardii may be present most of the time, flourishing during times of maximum 

warm-water advection from the Indian Ocean. The Cape Valve closed situation does 
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not fully shut off the warm-water advection from the Indian Ocean, but eddies, rings 

and filaments filter off intermittently providing an environment suitable for 

Gr. menardii, Gs. ruber, and G. sacculifer. 

The strong power at the 28 kyr period is superimposed on the longer 100 kyr period 

of warm-water Indian Ocean advection into the South Atlantic. This spectral power 

has been suggested to be a further result of non-linear responses to the climatic system 

(Pisias and Rea, 1988), and is the result of interaction between the 100 kyr dominated 

STC and APF meridional shifts and the 23 kyr precession dominated monsoonal/trade 

wind fluctuations which affects the Benguela system and Indian Ocean upwelling. 

The co-occurring nature of deep-sea dissolution cycles in the Pacific, preservation 

cycles in the equatorial and North Atlantic, and the warm-water input via the Agulhas 

Retroflection suggests that all three are closely related to the production of NADW. 

NADW production is controlled primarily by the transport of warm, saline-rich water 

to the high latitudes of the North Atlantic which is affected by the warm-water, Indian 

Ocean component from the Cape Valve. The subsequent production rate of NADW is 

thought to be the main cause for disturbance to the thermohaline-conveyor and the 

residence time for bottom waters in the Atlantic and Pacific basins, affecting the 

hydrology of the lysocline. Fluctuations in the input of saline-rich water from the 

Indian Ocean, on the glacial-interglacial timescale, and in particular on the sub-

Milankovitch timescales suggested by Little et al. (1997b) in the Benguela system, are 

extremely important for NADW production and global ocean-climate linkages. 
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Chapter 7. Summary and conclusions 

7.1. Introduction 

The Benguela upwelling system, situated on the southeastern continental slope of 

Africa, is the site of intense, variable, upwelling and high productivity, recording 

amplified signals of climate change. The cores analysed in this study provide 

information from one of the key positions within the global geostrophic/thermohaline 

circulation controlling the atmosphere-ocean teleconnections via heat transfer to the 

high latitudes of the North Atlantic Ocean. Studies like this, of the glacial—interglacial 

change in a major component of the Earth's ocean-atmosphere-ciyosphere system, are 

essential to establish the natural variability of global climate so that meaningful models 

of future climate change can be developed. 

7.2. Upwelling variability via trade wind modulation 

In the modern setting of the BCS, the water mass types adequately describe the 

distribution of planktonic foraminifera, and allow the fossil assemblages to be 

interpreted with a meaningful ecological and hydrological significance. In the SBR, 

the offshore waters are typical of oligotrophic, transitional to sub-tropical conditions 

with much reduced nutrient and primary productivity levels of the inshore upwelling 

centres. Surface sediment studies (Giraudeau, 1993) show the offshore waters to be 

dominated by Gr. inflata while the inshore upwelling centres are dominated by 

N. pachyderma (s), and Gg. quinqueloba in the smaller size fraction (< 125pm). A 

distinct break between the two zones of foraminifera dominance correlate precisely to 

the hydrography of the region with a sharp thermal anomaly separating the offshore 

divergence zone and the newly upwelled waters of the coastal upwelling belt (Bang, 

1971). Results from plankton samples taken across a transect from Cape Town to the 

outer shelf and slope, revealed that the modern-day assemblage agrees with this 

assessment and further identified a concentration of sub-tropical planktonic foraminifer 

species at the thermal boundary (Kate Darling, pers. comm.), with Gr. inflata slightly 

further offshore and N. pachyderma (s) and Gg. quinqueloba in the inshore upwelling 

centre. 

To the north of the Benguela Current system, the hydrography, and resultant 

planktonic foraminiferal distribution, is more complex. The upwelled water in the 
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NBR is advected from a shallower depth than that from the SBR and does not produce 

a sharp thermal boundary zone (Barange and Pillar, 1992). The offshore zone of the 

NBR is characterised by a wide filamentous mixing domain with the inclusion of cold, 

nutrient-rich, filaments and eddies from the inshore upwelling centres. The mixing 

domain is dominated by Gg. bulloides and N. pachyderma (d) which both prefer 

relatively lower nutrient levels away from the upwelling filaments (Giraudeau, 1993). 

Inshore, the upwelled waters are dominated by N. pachyderma (s). 

The temporal fluctuations of the planktonic foraminifera enable the record to be divided 

into episodes characterised by particular planktonic foraminiferal assemblages which 

indicate the prevailing hydrological and upwelling conditions. The fluctuation of the 

foraminiferal abundances, in particular the N. pachyderma (s) record, suggests 

temporal shifts in the intensity of upwelling, and corresponding trophic domains, that 

do not follow the typical glacial—interglacial pattern, and instead describe the shifts of 

the Angola-Benguela Front (ABF), marking the boundary between the warm Angola 

Current and the cool Benguela Current, to the north of the Walvis Ridge (Jansen et al., 

1997). The normalised Benguela upwelling group (BUG) 'transfer function' better 

describes the shifts of the ABF either side of the front, than the Benguela Index used 

in the Angola Basin. The Benguela upwelling index (BUI) incorporates the cool-water 

upwelling species, N. pachyderma (s), and the warmer water upwelling species, Gg. 

bulloides, which is common in upwelling centres in more tropical climates (e.g. Indian 

Ocean; Kroon, 1991; Kroon and Ganssen, 1989). The BUI removes the effects of the 

long term glacial—interglacial trend which is superimposed on the upwelling 

variations, and is thought to better represent the 'true' shifts of the ABF and temporal 

changes in upwelling intensity. 

The shifts of the ABF and variability of upwelling in the Benguela system, were 

thought to be primarily controlled by advection of cold surface and/or intermediate 

waters from the Southern Ocean (Sumnerheys et al., 1995; Jansen et al., 1997). 

However, if northward advection was to play a major role in the planktonic 

foraminiferal variations seen in the Benguela Current, then we would almost certainly 

see the highest abundances of the cold-water, N. pachydenna (s) in the south of the 

region, not the almost zero abundances actually recorded (Table 3.3). McIntyre etal. 

(1989) used planktonic foraminiferal estimates of SST to estimate seasonality in the 

equatorial Atlantic. Seasonality maxima, largest summer-winter temperature range, are 

recorded at similar times to greatest upwelling intensity in the BCS. Trade wind 
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zonality is strongly related to the seasonality at the equator (Mix et al., 1986; imbrie et 

al., 1989; McIntyre et al., 1989; Little et at., 1995; Schneider et at., 1995; Mix and 

Morey, 1997), and also contributes to most of the SST, palaeoproductivity and 

palaeoceanography variations within the BCS (Litte et at., 1995; Summerhayes etal., 

1995b; Jansen et al., 1997; Mix and Morey, 1997; Schneider etal., 1995; 1997; in 

press). The records of GeoB 1706 and GeoB 1711 suggest intensification of 

upwelling in the northern Cape Basin coinciding with increased equatorial and Angola 

Basin upwelling, at times of increased trade wind zonality. There is no evidence in 

support of the advection of Southern Ocean water across the STC, and equatorward 

heat advection, other than that from upwelling via the BCS, plays a minor if not 

insignificant role in equatorial and Angola Basin palaeoceanography. It is the injection 

of newly upwelled waters, rather than advection of Southern Ocean water, which 

McIntyre et at. (1989) observed at the equator. Upwelling intensification along the 

entire coast of western and southwestern Africa is generated by changes in the strength 

and zonality of the trade wind system, responding to similar shifts and intensity of the 

atmospheric and oceanic gyres. 

7.3. Palaeoproductivity 

Upwelling areas are regions of high primary productivity with a high input of 

planktonic skeletal material and organic matter to the underlying sea floor. The 

Benguela upwelling system is no exception to this rule. Upwelled water is relatively 

enriched in nutrients and cooler than the displaced surface water (Dingle, 1995), and 

the sediments accumulating beneath the upwelling cells are dominated by an organic 

and diatom-rich mud, containing up to 22% organic carbon (Calvert and Price, 1971). 

The bottom sediments are so organic-rich largely as a result of oxygen-poor bottom 

waters adversely affecting the benthos and preserving the organic carbon. However, 

below the oxygen-minimum zone the life conditions for benthos are greatly improved, 

as a consequence of high plankton production, and large numbers of benthic 

foraminifera are able to thrive. 

The high-resolution palaeoproductivity records from the NBR indicate a general 

positive correlation between increased TOC contents and increased N. pachyderma (s) 

abundances, with an increased benthic/planktonic foraminifera (B/P) ratio. TOC 

records from the Peruvian (e.g. Schrader, 1992), Californian (e.g. Summerhayes, 

1983), and northwest African margins (e.g. Mutter et al., 1983; Thiede and Junger, 
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1992) also suggest this overall correlation between productivity and offshore wind 

intensity with organic carbon content. However, in the Benguela system, as in most 

other upwelling systems, there is no direct linear correlation between measured TOC 

and the palaeoproductivity proxies. In the glacial isotope stages 4-2, there is an 

excellent correlation between N. pachyderma (s) abundances and TOC. During these 

intense upwelling phases almost all of the TOC in the sediments is derived from 

upwelling driven primary production. The offshore record of site GeoB 1711 is used 

as the indicator for maximum offshore divergence and shelf-edge upwelling, away 

from the interference and dilution from re-suspension of inner shelf organic matter. 

TOC variability reflects the change in upwelling intensification, best expressed away 

from the coastal upwelling situation away from dilution effects, but the B/P ratio is not 

yet a suitable method for quantifying palaeoproductivity. N. pachyderma (s) 

abundance is probably the best proxy for palaeoproductivity and palaeoceanographic 

changes, and may better record the timing and periodicity of climate instability in the 

Benguela system. 

Time series analysis of the organic carbon record for GeoB 1711, positioned offshore 

and away from the main effects of continental dust input and re-sedimentation, 

documents pronounced, coherent, spectral maxima at the sub-Milankovitch periods of 

12, 9-8 and 6 kyr. The faunal records are dominated by N. pachyderma (s), which 

records large changes in abundance between 0 and 80% of the total abundance, 

responding to lateral expansion of the coastal upwelling cells. Organic carbon does not 

record these dramatic swings, and instead records a smoother profile. The analyses 

provide further supporting evidence that sub-Milankovitch forcing is a significant 

control on upwelling and productivity fluctuations in the Benguela system. Organic 

carbon measurements may provide a quicker method for analysing climate and oceanic 

variability without the superposition of temperature dominance which effects faunal 

population studies, but only when away from the conflicting effects of re-suspension 

and continental shedding. 

7.4. Global climate instability via trade wind forcing 

The cold-water planktonic foraminifer, N. pachyderma (s), shows rapid fluctuations 

in relative abundance, indicating changes in upwelling and trade wind intensity. The 

changing down-core abundance of N. pachyderma (s), records rapid oscillations in 

relative abundances between 0 and 80% of the total planktonic foraminiferal 
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assemblage. The N. pachyderma (s) records do not follow the glacial—interglacial 

regime, described by the oxygen isotope profile, but instead show a higher frequency 

of change on a sub-Milankovitch cyclicity with N. pachyderma (s) maxima describing 

discrete PS events (pachyderma sinistral) approximately every 8-10 kyr (Table 5.1). 

Upwelling events PS l—PS9 punctuate the record for the last 140 kyr, of which 

PSI —PS 6 have a good correlation with the timing of Heinrich events H 1—H6 in the 

North Atlantic with a consistent 3-kyr phase lead of the southern hemisphere to the 

Heinrich events of the northern hemisphere. 

The graphic correlation between PS events and the GISP2 ice core suggests that 

almost all of the 23 interstadials, particularly in the glacial stages 4-2 (IS 1-1S20; 

Bender et al., 1994), can be found in the GeoB 1711 N. pachyderma (s) record as 

maxima in N. pachyderma (s) abundances, and therefore cold events at site GeoB 

1711 (Figure 5.3). All of the short-term features of upwelling events PS 1—P58 can 

also be found in the RC24- 16 equatorial seasonality record with cooler upwelling 

maxima occuring simultaneous with maximum eastern equatorial seasonality and 

therefore maximum seasonal SST variability between summer and winter extremes. 

Notably, it is the minima in the % N. pachyderma (s) record, and hence warm 
intervals of reduced upwelling intensity, that match 8180  minima in the GISP2 ice core 

and minima in the equatorial seasonaltiy record. The N. pachyderma (s) abundances 

suggest that the pronounced PS events PS6, PS7 and PS8 record cold stages in a 

predominantly warm interglacial period, whilst PS 1—PS5 record the base values in a 

cold glacial period punctuated by anonamously low percentage N. pachyderma (s) 

values. 

The South and equatorial Atlantic lead the North Atlantic response documented by 

Heinrich layers and are opposing at the higher frequency scale of atmospheric 

response indicated by the interstadials IS 1-1S23. Supporting planktonic 

foraminiferal abundances from cores GeoB 1706 on the Walvis Ridge, and PG/PC 12 

on the continental slope demonstrate that with further AMS 14C control on the younger 

part of these records, the apparent lead of the South Atlantic is a true feature of the 

South Atlantic records, similar to previous published results (Imbrie et al., 1989; 

Charles etal., 1996; Abelmann etal., 1997). Further correlation with trade wind 

variability measured at the mid-equatorial Atlantic ridge (McIntyre and Molfino, 1996), 

shows the short-term instability in the Benguela system (NP events; -4--5 kyr), 

superimposed on the longer-term (10 kyr) PS events, to be represented by variations 
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in F. profunda abundances as well as interstadials IS 1-1S23 in the GISP2 and GRIP 

Greenland ice cores. The mid-equatorial Atlantic records from RC24-08 and RC24-02 

further suggest that increased trade wind zonality is the dominant forcing mechanism 

affecting equatorial and eastern South Atlantic faunal populations. 

Correlation between N. pachyderma (s) abundances from the northern Cape Basin and 

eastern equatorial seasonality record (McIntyre etal., 1989), and F. profunda 

abundances on the equatorial Mid-Atlantic Ridge, suggests that the entire eastern 

margin of the northern, southern and equatorial Africa is dominated by fluctuations in 

trade wind zonality and intensity. Radiocarbon dating for the last 45 kyr permits a 

further correlation between PS events in the northern Cape Basin, with Heinrich 

events of the North Atlantic and suggests teleconnections in South Atlantic—North 

Atlantic and global heat transfer. Maximum abundances of N. pachyderma (s) 

coincide with interstadials in the GISP2 ice core and further suggest that warm-water 

advection to the North Atlantic stimulates rapid ice sheet growth via moisture feedback 

mechanisms. 

Intense upwelling events on a sub-Milankovitch cyclicity occurred throughout the last 

140 kyr, in particular during the last glacial cycle (isotope stages 4-2), controlled by 

changes in intensity of the trade winds at times of maximum ice build-up and minimum 

solar insolation, and indicate a 3-kyr phase lead of the South Atlantic to corresponding 

changes in northern hemisphere sediment records. The increase in trade wind 

controlled offshore displacement of tropical and sub-tropical waters may have 

implications for the strength of equatorial transfer into the North Atlantic, via the South 

and North Equatorial Currents and the Gulf Stream, and for the global thermohaline 

conveyor and Atlantic convection. The tropical warm-water which is forced across the 

equator, is transported to the high latitudes of the North Atlantic into the phase of 

maximum ice building. This intensifies the moisture gradient between the sub-Arctic 

ocean and the northern hemisphere ice sheets, increasing the rate of snow 

accumulation until eventual ice sheet collapse and iceberg calving (Heinrich event). 
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7.5. Warm-water advection via the Cape Valve: Implications for inter-

hemispheric climate-ocean linkages 

The high abundances of sub-tropical and tropical planktonic foraminifera in the south 

of the Benguela Current system describe a different history of planktonic foraminifera 

diversity than at the Walvis Ridge or in the northern Cape Basin where trade wind 

driven upwelling dominates. Meridional shifts of the STC and APF have been 

discussed previously as the major factor affecting faunal and floral populations within 

Southern Ocean and southern Indian Ocean waters (Hays et al., 1976; Prell et al., 

1980; Morley, 1989a; Morley, 1989b; Howard and Prell, 1992). Previous studies of 

planktonic foraminiferal faunal abundances indicate that the meridional shifts of the 

STC and APF can be adequately described by the species typical of the sub-tropical 

gyre edges and the polar front. The correlation between SSTs, derived from the 

southern Indian Ocean records (Howard and Prell, 1992), and the abundance of 

tropical, spinose species from GeoB 3602, suggests that the Cape Town core records 

the mid-latitude affects of the STC and APF meridional shifts. Similarly, all of the 

other cores studied by Howard and Prell (1992) and Morley (1989) provide further 

excellent supporting evidence that planktonic foraminiferal abundances from GeoB 

3602 accurately record shifts of the STC. Sub-tropical planktonic foraminifera 

account for an average 19% of the assemblage of which almost 7% is attributable to 

the spinose, warm-water, tropical species (Gs. ruber, Gs. sacculfer, and Ge. 

siphonifera). These abundances are considered typical for the modern-day transitional 

envionment offshore Cape Town and the tropical environment in the Arabian Sea, 

respectively (Be and Hutson, 1977), and further suggest that the faunal fluctuations 

offshore Cape Town result from the largely interglacial advection of warm-waters via 

the Agulhas Retroflection. As recorded equatorwards in the northern Benguela 

region, and in the Angola and equatorial Guinea Basins, the variation in the 

abundances of the transitional planktonic foraminifera [Gr. inflata, Gg. bulloides and 

N. pachyderma (d)] vary according to the local hydrography and upwelling intensity. 

The relative shifts of the STC, or warm-water advection, as indicated by the 

correlation with SSTs from the southern Indian Ocean (Howard and Prell, 1992) and 

from the variation in abundance of Gr. menardii, may have serious implications for 

global thermohaline circulation. The addition of warm, saline-rich water to the 

conveyor, which transports this heat to the high latitudes of the North Atlantic across 

the equator, will increase the ocean's potential to sink and accelerate deep water 
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production (Little et al., 1997b). Inversely, a reduction in the quantity of water added 

to the system, will relatively decelerate deep water production and oceanic convection. 

NADW production is considered probably the most important key to oceanographic 

change, including amplification of glacial—interglacial cycles, and the degree of 

carbonate dissolution or preservation (Luz and Shackleton, 1975, Crowley, 1985, 

Peterson and Prell, 1985, Farrell and Prell, 1989, Haddad and Droxler, 1996). 

The co-occurring nature of deep-sea dissolution cyles in the Pacific, preservation 

cycles in the equatorial and North Atlantic, and the warm-water input via the Agulhas 

Retroflection is more than just a coincidence. Basin-basin fractionation together with 

shelf-basin fractionation can account for the inverse relationship between the Pacific 

'dissolution cycles' and the Atlantic 'dilution cycles' (Luz and Shackleton, 1975; 

Crowley, 1985; Farrell and Prell, 1989; Haddad and Droxier, 1996), but also suggest 

that these changes are a result of a varying NADW production. Together, the SST and 

faunal records from the Southern Ocean and southern Indian Ocean have suggested 

that the Cape Valve has contracted and expanded largely with global ice-volume and 

sea level changes allowing warm-water intrusion into the Atlantic from the Indian 

Ocean. The faunal record for GeoB 3602 documents the warm-water intrusion of 

Indian Ocean waters wrapping around the Cape of Good Hope into the Benguela 

Current at times when NADW production is intensified. Although the faunal record 

for GeoB 3602 is not of high enough resolution to determine a lead-lag relationship 

with NADW production, in conjunction with the NBR data (Little et al., 1997b) the 

correlation suggests that input via the Agulhas Retroflection may have serious 

implications for North Atlantic climate change, NADW production and global 

hydrological control of the lysocline. 

7.6. Short-term climate instability versus long term warm-water 

advection 

The high-resolution studies from the Benguela Current system, document sub-

Milankovitch climate instability during cool, glacial intervals when warm, saline-rich, 

surface water advection to the high latitudes is reduced, although surface currents and 

wind speeds are increased. Seemingly inverse to this, NADW production in glacial 

periods is reduced and bottom water oceanic convection is sluggish. The reduced 

delivery of warm-waters to the North Atlantic results from removing the supply of 

Indian Ocean waters in a closed Cape Valve situation. Although this may seem to 
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conflict with the rapid climate instability during glacial periods, it does not. The rapid 

climate instability described by the PS and NP events in the Benguela system correlate 

to similar events in the equatorial and mid-equatorial Atlantic, and the interstadials and 

Heinrich events of the Greenland ice cores and North Atlantic, document short-lived 

changes in the atmosphere-ocean system via trade wind modulation. The upwelling 

events in the Benguela, record the surface and intermediate water response to trade 

wind changes, while the interstadials in the Greenland ice cores record the 

atmosphere—ocean temperature contrast from the increased rate of delivery of warm-

water to the high latitudes of the North Atlantic. The Heinrich events, however, 

describe the resultant collapse of the ice sheets after a period of climate change and 

further amplify the North Atlantic cooling by slowing the rate of oceanic thermohaline 

convection, and thus are a result and amplifier of climate change not a cause. The 

short-term climate instability occurs at a time of overall sluggish bottom water 

circulation which may account for the super-conveyor' events recorded by the PS and 

resultant Heinrich events. If the system had an efficient and rapid bottom to surface 

communication, then possibly the rapid climate instability would not occur but would 

be equilibrated with longer-term changes. This may explain the enhancement of sub-

Milankovitch cyclicity within glacials and the dominance of more precession and 

obliquity forcing during periods of good bottom water circulation. 

During interglacials, when there is an increased supply of warm, saline-rich water into 

the South Atlantic via the Cape Valve, cross-equatorial transfer delivers warm-water to 

the Gulf Stream with an increased Indian Ocean component, which increases NADW 

production. Increased production of NADW intensifies bottom water transfer and 

dramatically reduces the residence time for bottom waters in the Atlantic Ocean. 

Although deep water convection is increased and there is good inter-basin exchange of 

waters, the increased insolation in the equatorial belt causes expansion of the Hadley 

cells and drives the inter-tropical convergence zone to higher latitudes, compressing 

the polar cells and thus reducing trade wind intensity. Surface water currents and 

offshore wind speeds are reduced, and the rate of cross-equatorial transfer and flux of 

warm-waters to the high latitudes of the North Atlantic is also reduced, although the 

potential to sink is increased due to the greater inclusion of Indian Ocean waters via the 

Cape Valve. 

With regard to short-term climate variability within interglacial periods, there is no 

general agreement as to what happened. Heinrich (1988) observed an 'extra' five IRD 
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events during interglacial stage 5 and more recently McManus et al. (1994) report the 

occurrence of IRD deposits together with increased abundance of N. pachyderma (s). 

Heinrich events Hl—H6 from sediment records in the North Atlantic are associated 

with peak abundances of N. pachyderma (s) and large fluxes of IRD principally at 

times of large ice sheets during global cooling, specifically glacial isotope stages 4-2. 

During warmer interglacial periods, when ice sheets are near their minimum size and 

insolation is near a maximum, it is unlikely that fluctuations in ice sheet growth will be 

recorded in IRD and N. pachyderma (s) abundances, as ice sheets will never grow to a 

sufficient size to enable ice sheet calving or to produce true' Heinrich events. The 

presence of PS events during interglacial stage 5 further supports the studies of 

Heinrich (1988) and McManus et al., (1994) for climate instability during non-glacial 

periods when high-latitude climate amplification is not as pronounced, although the 

increased spacing of these events (- 20 kyr) suggests that precession may play a more 

important role than it does during glacials when it is at a minimum. Indeed, the strong 

power at the 28 kyr period is superimposed on the longer 100 kyr period of warm-

water Indian Ocean advection into the South Atlantic. This spectral power has been 

suggested to be a further result of non-linear responses to the climatic system (Pisias 

and Rea, 1988), and is the result of interaction between the 100 kyr dominated STC 

and APF meridional shifts and the 23 kyr precession dominated monsoonal/trade wind 

fluctuations which affects the Benguela System and Indian Ocean upwelling. 

The significant high frequency, sub-Milankovitch, variation seen in all records from 

the Benguela Current system suggests that in the mid-latitudes in particular, the 

balance of the relative components from polar and equatorial regions determines the 

resultant forcing on the system. Sub-Milankovitch frequencies have also been 

recorded for sediment cores in the eastern equatorial Pacific (ODP site 846; Hagelberg 

et al., 1994), North Pacific (ODP site 893, Kennett and Ingram, 1995a; California 

margin, Thunell and Mortyn, 1995; ODP sites 882 and 883, Kotilainen and 

Shackleton, 1995), eastern equatorial Atlantic (ODP site 663; Hagelberg et al., 1994), 

the northeastern Atlantic (DSDP site 609; Hagelberg et al., 1994), the South Atlantic 

(DSDP site 5 16F; Park et al., 1993), the Southern Ocean, Charles et al., 1996); 

terrestrial sediment cores (Massif Central, France, Thouveny et al., 1994); and in ice 

cores (Vostok, Yiou et al., 1991; Bender et al., 1994, and Charles et al., 1996; and 

Greenland, Bender et al., 1994; Mayewski et al., 1994), and are an important element 

to understand further for future climate models. 
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The Benguela Current system could be regarded as the major component influencing 

cross-equatorial teleconnections between the South Atlantic and North Atlantic. The 

palaeoceanographic records analysed in this study demonstrate further that high-

frequency sub-Milankovitch cyclicity is a global phenomenon and that cross-equatorial 

heat transfer via trade wind intensification may have serious repercussions for global 

climate change. 
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Appendix 1.1. List of abbreviations used 

AABW Antarctic Bottom Water 

AACW Antarctic Central Water 

AADW Antarctic Deep Water 

AAIW Antarctic Intermediate Water 

AJW Arctic Intermediate Water 

ABF Angola-Benguela Front 

AC Angola Current 

AMS Accelerated mass spectrometry 

BCC Benguela Coastal Current 

BCS Benguela Current system 

BI Benguela index 

BOC Benguela Oceanic Current 

CCD Carbonate compensation depth 

CCrD Carbonate critical depth 

CI Confidence interval 

cm Centimeters 

DSDP Deep sea drilling project 

EUC Equatorial Under-Current 

ET Ekman transport 

F. Florisphaera 

Ga. Globigerinita 

Ge. Globigerinella 

GeoB Geowissenschaften Bremen 

Gg. Globigerina 

GISP2 Greenland ice-sheet project 

Gr. Globorotalia 

GRIP Greenland ice-core project 

Gs. Globigerinoides 

Hl-H6 Heinrich layers 1-6 

IRD Ice rafted debris 

ka Thousand years ago (date) 

kyr Kiloyear (interval) 

LB Luderitz boundary 

LGM Last glacial maximum 

m Meters 

M1W Mediterranean Intermediate Water 

My B.P. Million years before present 

N. Neogloboquadrina 

NACW North Atlantic Central Water 

NADW North Atlantic Deep Water 

NBR Northern Benguela region 

0. Orbulina 

P. Pulleniatina 

PDB Pee Dee belemnite 

PDW Pacific Deep Water 

PG/PC 12 Combined gravity and piston core 

PS-event N. pachyderma (s) event 

SAAG South Atlantic Anticyclonic Gyre 

SACW South Atlantic Central Water 

SASW South Antarctic Surface Water 

SBR Southern Benguela region 

SEC South Equatorial Current 

SECC South Equatorial Counter Current 

SST Sea surface temperature 

STC Sub-tropical convergence 

TOC Total organic carbon 

VOSTOK East Antarctica ice-core 

yrs Years 
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Appendix 1.2. Planktonic foraminifera classification 

Globigerina bulloides d'Orbigny, 1826 
Globigerinafalconensis Blow, 1959 
Globigerina quinqueloba Natland, 1938 
Globigerina rubescens Hofker, 1956 
Globigerina tenellus Parker, 1958 
Globigerinella ca/ida (Parker), 1962 
Globigerinita digitata Brady, 1884 
Globigerinita glutinata (Egger), 1893 
Globigerinita hunzilis (Brady), 1884 
Globigerinita siphonifera d'Orbigny, 1839 [Globigerine/la aequilateralis (Brady), 1839] 

Globigerinita uvula (Ehrenberg), 1861 
Globigerinoides conglobatus (Brady), 1879 
Globigerinoides pyramida/is (van den Broeck), 1876 
Globigerinoides ruber (dOrbigny), 1839 
Globigerinoides saccu/fer (Brady), 1877 
Globoquadrina altispira (Cushman and Jarvis), 1936 
Globo rota/ia inflata (dOrbigny), 1839 
Globo rota/ia crassaformis (Galloway and Wissler), 1927 
Globo rota/ia hirsuta (dOrbigny), 1839 
Globo rota/ia menardii (Parker, Jones and Brady), 1865 
Globorotalia scitu/a (Brady), 1882 
Globo rota/ia theyeri Fleisher, 1974 
G/obo rota/ia truncatu/inoides (dOrbigny), 1839 
G/obo rota/ia tumida (Brady), 1877 
G/oborota/ioides hexagona (Natland), 1938 
Neog/oboquadrina dutertrei (dOrbigny), 1839 
Neog/oboquadrina pachyderma (Ehrenberg), 1861 
Orhu/ina universa (d'Orbigny), 1839 
Pu//en iatina ob/iquilocu/ata (Parker and Jones), 1865 
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Appendix 2. Oxygen and carbon isotope measurements 

Appendix 2.1. Oxygen and carbon isotope data from GeoB 1706, using the 

planktonic foraminifer, Globorotalia inflata. 

Depth 
(cm) 

613C 
(%o) 

6180 
(%o) 

Depth 
(cm) 

613C 
(%o) 

6180 
(%o) 

Depth 
(cm) 

613C 
(%c) 

6180 
(%o) 

3 1.46 0.52 258 1.89 0.44 508 2.00 0.19 

8 1.12 0.33 263 2.18 0.45 513 1.98 -0.01 

13 0.91 0.34 268 2.06 0.34 518 1.70 0.15 

18 0.81 0.25 273 1.99 0.32 523 1.76 0.15 

23 0.88 0.46 278 2.00 0.33 528 1.99 0.10 

28 0.97 0.39 283 1.85 0.15 533 1.97 0.10 

33 1.31 0.19 288 1.62 0.16 538 1.72 0.12 

38 1.31 -0.02 293 1.94 0.49 543 1.87 0.08 
43 1.53 0.03 298 1.96 0.36 548 1.89 0.18 
48 1.18 0.03 303 1.87 0.44 553 1.67 -0.08 

53 1.01 0.30 308 1.93 0.34 558 1.67 -0.16 

58 1.21 0.01 313 1.93 0.38 563 1.52 0.06 
63 1.53 -0.01 318 1.94 0.22 568 1.80 -0.06 

68 1.87 0.01 323 2.12 0.51 573 1.74 -0.34 

73 1.65 -0.10 328 1.98 0.47 578 1.66 -0.04 

78 1.68 -0.05 333 2.04 0.31 583 1.78 -0.13 

83 1.87 -0.06 338 2.10 0.39 588 1.81 0.10 

88 1.83 -0.35 343 1.86 0.12 593 1.89 -0.09 

93 1.82 -0.19 348 1.93 -0.14 598 1.87 0.02 

98 1.93 0.02 353 1.85 0.12 603 1.91 0.12 

103 1.65 -0.23 358 1.86 0.20 608 2.02 0.00 
108 2.07 -0.10 363 2.01 0.29 613 2.05 0.10 
113 1.98 0.30 368 1.97 0.63 618 1.90 0.28 

118 1.99 0.04 373 2.13 0.39 623 1.95 -0.03 
123 2.27 0.05 378 2.12 0.12 628 2.05 0.23 

128 2.27 -0.13 383 2.20 0.44 633 2.31 0.45 

133 2.28 0.27 388 2.30 0.03 638 2.06 0.36 

138 1.75 -0.00 393 2.41 0.48 643 2.07 0.44 

148 1.85 0.42 398 1.93 0.42 648 2.08 0.34 

153 1.84 0.20 403 2.05 0.33 653 1.99 0.36 
158 2.26 0.37 408 1.89 0.33 658 1.84 0.29 

163 2.25 0.36 413 2.11 0.52 663 2.03 0.33 

168 2.24 0.42 418 2.00 0.31 668 2.05 0.73 
173 2.20 -0.01 423 1.84 0.36 673 2.08 0.39 

178 2.19 428 1.85 0.35 678 2.04 0.23 

183 2.14 0.23 433 1.87 0.33 683 2.00 0.37 
188 1.97 0.17 438 1.82 0.31 688 2.01 0.56 
193 1.92 0.23 443 1.80 0.44 693 1.71 0.57 

198 1.76 -0.22 448 1.90 0.40 698 1.56 0.52 
203 1.83 0.34 453 1.96 0.54 703 1.58 0.58 
208 2.06 0.23 458 2.07 0.38 708 1.73 0.67 

213 1.97 0.37 463 2.02 0.30 713 1.70 -0.10 
218 1.94 0.04 468 2.09 0.48 718 1.65 0.71 

223 1.88 0.04 473 2.17 0.43 723 1.55 0.70 

228 1.89 0.03 478 2.07 0.44 728 1.64 0.89 
233 1.70 0.15 483 1.85 0.25 733 1.54 0.97 

238 1.81 0.42 488 1.83 0.22 738 1.47 0.85 

243 1.94 0.43 493 2.00 0.29 743 1.29 0.60 
248 1.80 0.55 498 1.94 0.02 748 1.62 0.79 

253 1.75 0.03 503 2.04 0.24 753 1.52 0.80 
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Depth 813C 6180 Depth 613C 6180 Depth 613C 6180 
(cm) (%c) (%o) (cm) (%o) (%o) (cm) (%o) (%o) 

758 1.53 0.97 878 1.22 -0.41 998 2.18 0.02 

763 1.50 0.13 883 1.11 -0.26 1003 1.91 0.01 
768 1.47 0.44 888 1.28 -0.44 1008 2.05 -0.02 

773 1.55 0.30 893 1.42 -0.27 1013 2.05 -0.21 

778 1.42 0.49 898 1.15 -0.49 1018 2.22 -0.05 
783 1.55 0.53 903 1.40 -0.04 1023 1.91 -0.11 

788 1.59 0.38 908 1.42 -0.72 1028 1.96 -0.02 
793 1.54 0.45 913 1.74 -0.28 1033 1.93 -0.49 
798 1.58 0.60 918 1.88 -0.20 1038 1.90 -0.27 
803 1.46 0.24 923 1.99 0.05 1043 2.01 -0.15 
808 1.54 0.37 928 1.80 -0.35 1048 1.96 -0.48 
813 1.40 0.31 933 1.80 -0.43 1053 1.93 -0.32 
818 1.44 0.26 938 1.81 -0.16 1058 2.03 -0.04 
823 1.55 0.30 943 1.99 -0.19 1063 2.09 0.07 
828 1.64 0.39 948 2.00 -0.02 1068 2.13 0.04 
833 1.56 0.48 953 2.01 0.11 1073 1.95 0.11 
838 1.74 0.56 958 1.66 -0.21 1078 1.99 -0.21 
843 1.48 0.56 963 1.56 -0.45 1083 1.97 0.17 
848 1.12 0.12 968 2.21 -0.03 1088 2.01 -0.22 
853 1.37 0.36 973 2.00 0.00 1093 1.96 -0.39 
858 1.28 0.20 978 2.04 -0.15 1098 1.69 -0.10 
863 1.17 -0.26 983 1.79 -0.13 1103 1.83 -0.07 
868 1.45 -0.05 988 2.07 0.29 1108 1.85 -0.07 
873 1.18 0.16 993 2.28 0.02 

Appendix 2.2. Oxygen and carbon isotope data from GeoB 1711, using the 

planktonic foraminifer, Globorotalia inflata. 

Depth 613C 6180 Depth 613C 6180 Depth 613C 6180 
(cm) (%o) (%o) (cm) (%o) (%o) (cm) (%o) (%o) 

1 0.67 1.08 81 0.47 1.01 201 0.60 2.44 
4 0.72 0.82 86 0.43 1.25 206 0.41 2.22 
7 0.65 0.76 91 0.20 1.43 211 0.58 2.41 

10 0.88 0.88 96 0.04 1.49 216 0.62 2.45 

11 0.63 0.46 101 0.22 1.42 221 0.46 2.27 
13 0.58 0.91 106 0.31 1.45 226 0.43 2.57 
16 0.78 1.10 111 0.47 1.37 231 0.63 2.52 
19 0.59 0.71 116 0.44 1.61 236 0.64 2.47 
21 0.60 0.90 121 0.20 1.65 241 0.30 2.38 
22 0.77 0.86 131 0.03 1.92 246 0.50 2.66 
25 0.70 0.81 141 0.37 1.97 251 0.74 2.83 
26 0.45 0.72 146 0.29 2.05 256 0.71 
31 0.55 0.85 151 0.32 2.00 261 0.86 2.70 
36 0.84 1.03 156 0.27 2.05 266 0.70 2.67 
41 0.28 0.76 161 0.53 2.49 271 0.62 2.59 
46 0.46 0.70 166 0.58 2.32 276 0.63 2.52 
51 0.50 0.81 171 0.53 2.84 281 0.87 2.69 
56 0.69 1.08 176 0.57 2.51 286 0.77 2.40 
61 0.49 0.87 181 0.53 291 0.92 
66 0.68 1.01 186 0.52 2.39 296 0.76 2.42 
71 0.63 0.91 191 0.66 2.37 301 0.42 2.14 
76 0.58 1.15 196 0.67 2.74 306 0.73 2.36 

Aix 



	

Depth 	613C 	6180 	Depth 	613C 	6180 	Depth 	613C 	6180 

	

(cm) 	(%) 	(%) 	(cm) 	(%o) 	(%) 	(cm) 	(%o) 	(%o) 

311 0.52 2.29 551 0.73 2.60 841 1.04 1.78 
316 0.64 2.40 556 0.79 2.65 846 0.93 1.68 
321 0.60 2.16 561 0.83 2.50 851 0.76 1.67 
326 0.60 2.10 566 0.79 2.52 856 0.75 1.73 
331 0.48 2.10 586 0.55 1.98 861 0.70 1.61 
336 0.44 1.97 596 0.56 1.81 866 0.66 1.71 
341 -0.02 1.83 606 0.63 1.77 876 0.69 1.63 
346 0.29 1.88 611 0.66 1.54 881 0.60 1.59 
351 0.28 2.03 616 0.43 1.37 886 0.48 1.73 
356 0.65 2.56 621 0.54 1.36 891 0.34 1.64 
361 0.49 2.63 631 0.70 1.48 896 0.24 1.67 
366 0.67 2.68 636 0.66 1.54 901 0.51 1.76 
371 0.50 2.88 646 0.99 1.48 906 0.32 1.60 
376 0.64 1.95 651 1.11 1.64 911 0.44 1.44 
381 0.59 2.16 656 1.12 1.59 921 0.41 1.34 
386 0.74 2.72 661 0.86 1.42 931 0.62 1.29 
391 0.82 2.86 666 0.79 941 0.25 0.83 
396 0.63 2.50 676 0.91 1.28 946 0.27 0.58 
401 0.71 2.27 681 0.89 1.40 951 0.21 0.72 
406 0.59 2.47 686 1.02 1.49 956 0.32 0.42 
411 0.66 2.42 691 0.65 966 0.11 0.48 
416 0.79 2.51 696 0.68 1.44 971 0.11 0.80 
421 0.84 2.65 701 0.84 1.41 976 0.14 0.53 
426 0.77 2.80 706 0.83 1.49 981 0.24 0.79 
431 0.68 2.35 711 0.84 1.50 991 0.04 0.63 
436 0.64 2.50 716 0.67 1.30 996 0.10 0.46 
441 0.78 2.66 721 0.69 1.42 1001 0.21 1.20 
446 0.62 2.36 726 0.75 1.32 1006 -0.05 1.12 
451 0.60 2.22 731 0.63 1.48 1011 -0.45 0.98 
456 0.64 2.22 736 0.87 1.68 1016 -0.38 1.21 
461 0.48 2.32 741 0.69 1.51 1021 -0.57 1.28 
466 0.51 2.31 746 0.89 1.66 1026 -0.40 1.11 
471 0.54 2.07 751 0.92 1.52 1031 -0.52 1.29 
476 0.52 2.14 756 0.93 1.46 1036 -0.42 1.01 
481 0.74 2.27 761 0.98 1.70 1041 0.01 1.22 
486 0.34 2.15 766 0.99 1.48 1046 -0.23 1.38 
491 0.38 2.27 776 1.03 1.60 1051 0.15 2.26 
496 0.10 2.24 791 1.01 1.44 1056 -0.05 1.80 
501 0.24 2.00 796 1.16 1.36 1061 -0.20 1.92 
506 0.15 2.04 801 1.03 1.39 1066 -0.17 1.68 
521 0.56 2.63 806 0.85 1.43 1071 0.17 2.30 
526 0.83 2.85 811 1.08 1.33 
531 0.68 2.44 816 0.91 1.49 
536 0.67 2.45 826 0.87 1.66 
541 0.84 2.65 831 0.97 1.67 
546 0.67 2.65 836 1.00 1.54 

A.x 



Appendix 2.3. Oxygen isotope data from GeoB 1711, using the benthic 

foraminifer, Cibicidoides wuellerstorfi. 

	

Depth 	8 180 	Depth 	8180 	Depth 	8 180 	Depth 	8180 

	

(cm) 	(%) 	(cm) 	(%o) 	(cm) 	(%o) 	(cm) 	(%o) 

1 2.49 251 4.25 501 3.70 751 3.57 
6 2.50 256 4.16 506 3.66 756 3.22 

II 2.24 261 4.08 511 3.84 761 3.47 
16 2.48 266 4.02 516 3.89 766 3.40 
21 2.48 271 3.86 521 3.98 771 3.33 
26 2.46 276 4.11 526 4.11 776 3.23 
31 2.30 281 4.08 531 4.21 781 3.24 
36 2.35 286 3.91 536 3.95 786 3.25 
41 2.39 291 3.87 541 4.06 791 3.07 
46 2.44 296 3.72 546 3.83 796 3.17 
51 2.48 301 3.91 551 4.11 801 3.26 
56 3.40 306 4.05 556 4.18 806 2.95 
61 2.64 311 3.80 561 3.99 811 3.23 
66 2.77 316 3.93 566 3.97 816 3.20 
71 3.05 321 3.84 571 4.11 821 3.10 
76 2.80 326 3.86 576 4.13 826 3.21 
81 3.26 331 3.76 581 3.98 831 3.13 
86 3.56 336 3.60 586 3.91 836 3.11 
91 3.39 341 3.70 591 3.56 841 3.07 
96 3.54 346 3.41 596 3.58 846 3.09 

101 3.43 351 3.63 601 3.60 851 2.98 
106 3.53 356 3.80 606 3.80 856 3.30 
111 3.65 361 3.82 611 3.41 861 3.10 
116 3.45 366 3.76 616 3.46 866 3.27 
121 3.27 371 3.86 621 3.24 871 3.25 
126 3.55 376 3.93 626 3.18 876 3.33 
131 3.96 381 3.94 631 3.37 881 3.28 
136 4.10 386 3.78 636 3.41 886 3.35 
141 3.76 391 3.81 641 3.42 891 3.41 
146 4.22 396 3.59 646 3.49 896 3.55 
151 4.31 401 3.88 651 3.32 901 3.61 
156 4.18 406 3.77 656 3.27 906 3.54 
161 4.30 411 3.71 661 3.05 911 3.36 
166 4.57 416 3.52 666 3.20 916 2.67 
171 4.39 421 3.67 671 3.32 921 3.29 
176 4.27 426 3.91 676 3.06 926 3.02 
181 4.08 431 3.85 681 3.16 931 2.66 
186 4.49 436 3.90 686 3.09 936 2.53 
191 4.50 441 3.87 691 3.04 941 2.40 
196 4.56 446 3.93 696 2.69 946 2.59 
201 4.51 451 3.62 701 2.89 951 2.88 
206 4.26 456 3.69 706 2.86 956 2.31 
211 4.41 461 3.80 711 2.99 961 2.33 
216 4.48 466 3.62 716 2.70 966 2.36 
221 4.45 471 3.83 721 3.04 971 2.38 
226 4.28 476 3.77 726 2.99 976 2.33 
231 4.55 481 3.64 731 3.39 981 2.30 
236 4.27 486 3.67 736 3.66 986 2.26 
241 4.21 491 3.62 741 3.55 991 2.34 
246 4.31 496 3.56 746 3.66 996 2.20 

A.xi 



	

Depth 	8 1 80 	Depth 	8 180 	Depth 	8 1 80 	Depth 	6 180 

	

(cm) 	(%) 	(cm) 	(%o) 	 (cm) 	(%) 	(cm) 	(%o) 

1001 2.23 1021 3.27 1041 2.85 	1061 	4.37 
1006 2.30 1026 2.91 1046 3.86 	1066 	4.34 
1011 2.79 1031 2.51 1051 4.32 	1071 	4.27 
1016 2.79 1036 2.76 1056 4.35 

Appendix 2.4. Oxygen and carbon isotope data from PG/PC 12, using the 

planktonic foraminifer, Globorotalia inflata. 

Depth 8 80 6 13 C Depth 8 1 80 6 13 C Depth 6 180 8 13 C 
(cm) (%o) (%o) (cm) (%) (%o) (cm) (%c) (%o) 

5 0.17 -0.48 182 2.31 0.09 367 2.08 -0.09 
10 0.69 -0.51 187 2.34 0.04 372 1.69 -0.67 
15 0.52 -0.66 192 2.17 -0.44 377 1.95 -0.34 
20 0.61 -0.57 197 2.32 0.04 382 1.93 -0.35 
25 0.66 -0.54 202 2.19 -0.23 387 1.95 -0.29 
30 -0.88 -0.56 207 2.24 0.08 392 1.87 -0.78 
35 0.67 -0.50 212 2.47 0.19 397 2.05 -0.31 
45 0.95 -0.63 217 2.24 -0.18 402 1.84 -0.08 
50 0.89 -0.39 222 2.40 0.49 407 1.81 -0.58 
55 0.49 0.17 227 2.30 0.03 412 1.53 -0.50 
60 0.82 -0.59 232 2.07 -0.15 417 1.64 -0.89 
65 0.72 -0.54 237 2.14 -0.04 422 1.36 -0.89 
70 0.96 -0.37 242 2.00 -0.04 427 1.10 -1.20 
75 0.81 -0.49 247 1.84 -0.15 432 1.65 -1.17 

113 2.01 -0.45 252 1.87 -0.07 437 1.60 -1.06 
124 2.17 -0.10 257 2.12 0.29 442 2.25 -0.33 
126 2.19 -0.16 262 2.95 -0.11 447 1.77 -0.76 
127 2.32 0.21 267 1.83 -0.41 452 1.99 -0.87 
129 2.23 -0.31 272 1.83 -0.37 462 1.32 -0.30 
130 2.43 0.08 277 1.97 -0.09 467 1.60 -0.70 
131 2.29 0.09 282 1.83 -0.35 472 1.30 -0.67 
132 2.13 0.49 287 1.71 -0.38 477 1.60 -0.87 
133 2.87 0.49 292 1.79 -0.41 482 1.78 -0.57 
134 2.72 0.26 297 1.63 -0.49 492 1.98 -0.66 
135 2.57 0.27 302 1.70 -0.25 497 1.92 -0.30 
136 2.66 0.38 307 1.92 -0.34 502 1.38 -0.31 
137 1.82 -0.04 312 1.44 -0.81 507 1.15 -0.67 
139 2.20 -0.04 317 1.69 -0.26 512 1.37 -0.40 
140 2.67 0.40 322 1.65 -0.67 517 1.43 -0.56 
141 2.68 0.37 327 1.62 -0.82 522 1.56 -0.93 
142 2.80 0.45 332 1.62 -0.82 527 1.72 -0.46 
147 2.63 0.32 337 1.63 -0.64 532 1.94 -0.33 
152 2.81 0.42 342 1.84 -0.51 537 1.59 -0.38 
162 2.71 0.11 347 1.75 -0.81 542 1.61 -0.83 
167 2.64 0.17 352 1.68 -0.31 547 1.76 -0.51 
172 1.56 -0.37 357 2.04 -0.29 552 1.54 -0.95 
177 2.63 0.31 362 1.91 -0.46 562 1.81 -0.55 

A.xii 



Depth 5 180 8 13 C Depth 5180 513C Depth 8180 513C 

(cm) (%o) (%o) (cm) (%o) (%o) (cm) (%o) (%o) 

567 1.78 -0.53 597 1.83 -0.55 627 1.84 -0.58 
572 1.82 -0.60 602 1.61 -0.19 632 1.78 -0.42 
577 1.97 -0.40 607 2.04 -0.23 637 1.67 -0.62 
582 1.67 -0.22 612 1.92 -0.49 642 1.91 -0.91 
587 1.61 -0.40 617 2.04 -0.28 652 1.27 -0.95 
592 0.83 -0.11 622 1.85 -0.73 

Appendix 2.5. Oxygen and carbon isotope data from GeoB 3602, using the 
planktonic foraminifer, Globorotalia inflata. 

Depth 8 180 8 13C Depth 8 180 8 13 C Depth 8180 813C 

0.03 0.95 0.97 2.18 1.37 0.89 4.38 1.08 0.53 
0.08 0.8 0.93 2.23 1.42 0.93 4.43 1.38 0.17 
0.13 1.13 1.21 2.28 1.09 0.7 4.48 1.03 0.08 
0.18 1.12 1.22 2.33 1.29 0.7 4.53 1.72 0.59 
0.23 1.18 1.17 2.38 1.26 0.59 4.58 1.22 0.55 
0.28 0.85 1 2.48 1.08 0.6 4.63 1.05 0.25 
0.33 0.89 1.04 2.53 1 0.67 4.68 1.5 0.09 
0.38 1.04 0.99 2.58 1.06 0.69 4.73 1.56 0.27 
0.43 1.3 0.94 2.68 1 0.3 4.78 1.37 0.21 
0.48 1.07 0.92 2.73 0.98 0.21 4.83 1.45 0.43 
0.53 1.43 0.78 2.78 0.48 0.49 4.88 1.82 0.34 
0.58 1.59 0.62 2.83 0.77 0.75 4.93 1.67 0.19 
0.63 1.14 0.68 2.93 0.58 0.58 4.98 1.3 0.26 
0.68 1.31 0.7 2.98 0.23 0.29 5.03 1.73 0.34 
0.73 1.82 0.64 3.03 0.69 0.66 5.08 1.93 0.17 
0.78 1.67 0.49 3.08 0.37 0.44 5.13 1.78 0.63 
0.83 1.87 0.49 3.13 0.67 0.41 5.18 1.44 0.93 
0.88 1.71 0.31 3.18 1.72 -0.02 5.23 1.17 0.76 
0.98 1.58 0.31 3.23 1.21 -0.04 5.28 1.05 0.71 
1.03 2.01 0.56 3.28 1.5 0.08 5.33 1.1 0.57 
1.08 1.8 0.44 3.33 2.12 0.34 5.38 0.86 0.6 
1.13 1.69 0.35 3.38 1.63 0.24 5.43 0.85 0.54 
1.18 1.47 0.36 3.43 1.89 0.18 5.48 1.14 0.6 
1.23 1.72 0.73 3.48 1.65 0.17 5.53 1.19 0.86 
1.28 1.53 0.46 3.53 1.56 -0.23 5.58 0.87 0.62 
1.33 1.69 0.42 3.58 1.46 -0.25 5.63 1.19 0.9 
1.38 1.68 0.59 3.63 1.28 0.09 5.68 0.87 0.81 
1.43 1.29 0.79 3.68 1.75 0.45 5.73 0.72 0.76 
1.48 1.31 0.94 3.73 1.6 0.56 5.78 0.88 0.53 
1.58 1.47 0.61 3.78 1.58 0.48 5.83 0.94 0.8 
1.63 0.8 0.76 3.83 1.01 0.38 5.88 0.89 0.82 
1.68 1.11 0.46 3.88 0.77 0.43 5.93 1.03 0.99 
1.73 1.29 0.67 3.93 0.93 0.75 5.98 0.98 0.76 
1.78 1.28 0.85 3.98 0.95 0.89 6.08 0.82 0.75 
1.83 1.42 0.89 4.03 0.85 0.63 6.13 0.67 0.7 
1.88 1.23 0.82 4.08 0.98 0.69 6.18 0.84 0.46 
1.93 1.32 1.02 4.13 0.81 0.55 6.23 1.39 0.5 
1.98 1.23 0.76 4.18 0.75 0.53 6.28 1.65 0.52 
2.03 1.1 0.39 4.23 0.91 0.56 6.33 1.73 0.38 
2.08 1.51 1.15 4.28 0.71 0.46 6.43 2.03 0.63 
2.13 1.1 0.83 4.33 1.14 0.36 6.48 2.13 0.42 

A.xiii 



Depth 	8180 	813C 	Depth 	8 180 	8 13 C 	Depth 	8180813C 

6.53 1.9 0.32 7.78 1.02 0.65 8.93 1.2 1.13 
6.58 1.71 0 7.83 0.91 0.74 8.98 0.94 0.84 
6.63 1.86 0.62 7.88 0.62 0.69 9.03 1.18 1.22 
6.68 1.44 0.4 7.93 1.18 0.95 9.13 0.87 1.19 
6.73 1.11 0.67 7.98 1.26 0.97 9.18 1.07 1.01 
6.83 1 1.25 8.03 1.27 0.82 9.23 1.17 0.97 
6.93 0.99 0.87 8.08 1.07 0.89 9.33 1.25 0.93 
6.98 1.03 1.22 8.13 0.9 0.48 9.38 1.49 1.04 
7.03 0.82 1.01 8.23 1.14 0.67 9.43 1.36 0.88 
7.08 0.95 1.12 8.28 1.19 0.29 9.48 1.33 0.98 
7.13 0.99 1.27 8.38 1.96 0.17 9.53 1.31 0.78 
7.18 0.86 1.04 8.43 2.36 0.71 9.58 1.8 1.07 
7.28 0.78 1.15 8.53 2.24 0.6 9.68 2.13 0.87 
7.33 0.75 0.95 8.58 2.02 0.65 9.73 2.08 0.87 
7.38 0.75 1.02 8.63 1.19 1.22 9.78 1.66 0.4 
7.48 1.88 0.57 8.68 0.88 1.19 9.88 1.39 0.97 
7.53 1.36 0.81 8.73 1.03 1.26 
7.58 0.82 1.02 8.78 0.9 1.11 
7.63 0.57 0.83 8.83 1 1.02 
7.68 0.97 1.01 8.88 1.41 0.8 
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Core records of planktonic foraminifera 

A.3. 



Appendix 3. High resolution planktonic foraminifera records 

Appendix 3.1. Numbers of planktonic foraminifera from GeoB 1706. Abbreviations are as 
follows: Fraction (1/) = fraction of sample counted to gain between 200 and 300 specimens (where 
possible); Depth (cm) = Depth of core sample; pachy (s) = N. pachyderina (s); bull. = Gg. bulloides; 
pachy (d) = N. pachyderma (d); inf. = Gr. inflata; quin. = Gg. quinqueloba; glut. = Ga. glutinata; crass. 
= Gr. crassaformis; univ. = 0. universa; scit. = Gr. scitula; Other = All species unidentified and with an 
average below 0.5% (see Table 3.1); Total = Total planktonic foraminifera specimens counted; Benthics 
= Total number of benthic foraminifera counted. 

Fraction 

(10 

Depth 

(cm) 

pachy. (s) bull. pachy. (d) inf. quin. glut. crass. univ. scit. Other Total Benthics 

32 3 II 69 83 15 I 6 28 19 2 17 251 24 

32 8 16 78 64 26 I 3 30 19 I 14 254 23 

64 13 9 127 74 28 1 5 24 24 I 14 307 23 

64 18 9 92 81 22 3 4 23 16 16 267 12 

64 23 31 152 146 46 3 5 34 7 I 21 449 16 

128 28 13 178 122 56 1 8 27 12 4 24 445 26 

128 33 14 175 137 37 3 4 20 11 2 19 423 9 

128 38 27 144 190 23 6 7 10 4 26 442 17 

512 43 26 109 139 14 3 14 6 2 15 335 9 

256 48 23 80 105 19 I 7 10 2 8 259 9 

512 53 15 73 92 18 I 1 4 2 I 9 216 13 

1024 58 21 113 130 27 I 3 4 4 3 17 323 10 

1024 63 30 71 79 15 4 5 3 4 I 9 223 4 

512 68 33 97 106 21 I 6 5 2 I 13 291 12 

512 73 39 124 119 14 6 7 8 19 341 6 

256 78 33 Ill 95 15 2 3 4 8 271 7 

512 83 53 113 55 9 3 3 4 2 I 9 252 II 

256 88 125 132 89 17 5 4 3 6 2 13 399 II 

512 93 103 101 101 9 5 6 I 3 2 331 16 

256 98 144 88 45 2 14 3 5 2 7 312 4 

512 103 121 41 37 I 18 17 2 1 27 275 9 

512 108 131 51 57 10 9 6 4 8 281 8 

512 113 89 21 40 3 3 9 I 2 1 6 178 II 

256 118 177 20 35 6 7 20 I 1 12 280 9 

512 123 123 37 21 9 16 18 3 3 5 239 16 

512 128 106 14 38 3 6 5 1 4 181 18 

512 133 158 23 33 I 8 9 I 2 I 236 27 

512 138 130 13 33 3 5 8 2 1 6 203 20 

512 148 172 48 105 6 14 14 2 2 6 372 8 

512 153 96 34 109 6 11 15 2 10 287 14 

512 158 95 47 103 7 13 13 2 I 14 302 3 

512 163 145 61 113 12 25 12 2 5 378 8 

512 168 76 27 76 10 10 9 I 2 2 217 6 

512 173 106 29 57 2 6 19 2 4 4 232 16 

512 178 78 18 64 3 12 19 I 5 202 13 

512 183 64 31 81 17 II 10 3 4 223 18 

512 188 120 37 56 6 8 6 5 2 I 242 18 

256 193 144 41 67 II 13 18 I 4 305 22 

256 198 80 22 29 5 7 7 8 1 162 II 

128 203 102 30 37 II 6 5 20 4 215 36 

128 208 153 52 79 20 10 21 4 16 9 366 53 

128 213 119 58 38 14 9 10 9 I 6 264 64 

128 218 150 88 85 47 15 14 7 10 2 8 429 55 

256 223 154 90 97 24 II 8 4 12 403 53 

256 228 93 32 36 34 4 21 3 2 2 12 242 7 

128 233 206 77 63 16 II 3 6 4 386 50 

128 238 222 50 50 8 10 3 2 I 5 356 37 

A.xv 



Fraction Depth pachy. (s) bull. pachy. (d) inf. quin. glut. crass. univ. scit. Other Total Benthics 

(Il) (cm) 

128 243 217 57 24 13 15 3 I 6 4 341 58 

256 248 118 33 21 13 4 11 2 I 4 208 6 

64 253 202 54 42 18 6 7 2 2 I 5 341 164 

256 258 197 47 19 18 5 8 3 2 I 301 81 

256 263 114 39 43 14 2 6 4 2 225 34 

512 268 162 26 25 6 12 16 3 I 3 18 276 33 

256 273 274 56 47 II 13 3 2 2 409 53 

128 278 104 23 30 10 3 6 2 2 181 131 

64 283 53 59 38 9 2 2 4 I I 2 171 103 

32 288 68 40 28 22 4 12 4 2 4 186 92 

32 293 119 16 16 3 6 I 6 4 171 188 

32 298 117 26 19 26 7 4 2 4 2 207 229 

16 303 81 5 21 5 3 1 2 119 331 

32 308 61 9 30 12 I It 3 3 133 141 

16 313 130 20 11 8 159 361 

32 318 94 26 19 it 6 4 4 164 200 

32 323 93 39 27 20 4 8 6 4 201 243 

8 328 62 29 33 32 32 7 6 2 207 201 

64 333 72 42 29 19 3 16 4 2 2 3 192 128 

128 338 65 61 32 25 I 14 4 3 7 3 210 75 

64 343 142 III 98 70 6 22 13 I 8 12 486 122 

128 348 65 52 48 32 2 29 1 7 II 250 41 

128 353 91 71 51 32 I 4 4 3 4 I 263 85 

128 358 90 87 49 46 3 II 5 I 4 6 302 118 

64 363 101 82 48 46 2 17 I 2 5 7 316 101 

32 368 76 42 24 60 8 8 2 4 10 238 251 

32 373 66 68 53 39 8 17 10 261 654 

64 378 46 26 16 13 3 9 I 114 457 

64 383 35 25 14 5 3 II I 5 99 455 

64 388 46 38 35 23 2 15 2 3 4 170 578 

32 393 28 21 12 3 3 7 I 3 78 884 

32 398 37 12 15 II 75 632 

32 403 26 22 10 3 I 5 2 69 517 

32 408 85 37 57 9 4 13 1 5 213 187 

32 413 48 25 8 3 I 8 2 2 3 100 407 

16 418 60 35 18 10 27 5 157 560 

32 423 34 16 13 6 2 5 2 78 417 

32 428 67 38 37 27 5 7 2 I 2 8 194 271 

32 433 76 22 II II 3 5 II 2 141 662 

32 438 83 49 49 15 I 6 I 5 209 730 

32 443 79 17 5 3 6 I 2 113 931 

32 448 70 20 8 5 12 I 8 126 429 

64 453 78 28 8 5 3 5 4 121 676 

32 458 159 26 12 3 4 13 2 7 226 1052 

64 463 53 10 2 4 5 2 76 428 

128 468 66 6 1 I 3 I 1 4 83 514 

64 473 III 27 4 1 I 8 6 3 252 553 

64 478 118 26 17 9 3 II I 3 I 2 193 689 

64 483 182 44 19 20 I II 6 4 289 302 

256 488 199 29 28 11 2 18 7 3 7 306 203 

256 493 160 45 41 22 6 7 1 3 2 6 294 181 

256 498 222 43 50 17 7 9 I 5 1 3 364 124 

128 503 159 32 50 10 3 10 I I 268 125 

128 508 113 14 35 14 2 7 4 3 2 9 206 77 

256 513 96 20 43 14 4 II I 3 I 3 196 143 

128 518 71 50 87 15 5 4 4 3 4 247 210 

228 523 70 27 28 17 4 6 1 153 270 

128 528 38 27 33 19 I 4 2 3 4 131 96 

64 533 13 54 112 23 I 8 1 I I 2 216 269 
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Fraction 

(10 

Depth 

(cm) 

pachy. (a) bull. pachy. (d) inf. quin. glut. crass. univ. scit. Other Total Benthics 

256 538 40 92 93 34 I 7 I 5 1 6 284 177 

32 543 15 140 201 49 5 4 3 4 423 257 

128 548 6 97 98 45 1 2 4 257 90 

32 553 19 113 165 54 1 6 2 1 2 367 225 

256 558 9 116 165 51 5 I 3 5 356 132 

256 563 13 142 66 47 I I I 10 I 283 22 

256 568 8 116 60 48 3 9 246 23 

256 573 14 182 81 62 I 5 I 2 31 10 393 24 

128 578 13 165 80 59 3 2 32 9 366 32 

256 583 10 135 71 62 2 2 2 15 3 305 23 

256 588 6 98 70 39 2 I I 3 2 227 16 

256 593 15 94 87 39 2 I 14 1 255 28 

512 598 6 73 46 20 3 I I 17 2 169 31 

256 603 14 77 142 25 3 2 I 8 3 275 38 

256 608 27 99 128 17 I 3 2 3 5 285 31 

512 613 17 79 95 19 5 5 2 222 48 

512 618 24 93 97 20 I 3 I 6 4 249 39 

128 623 37 85 109 17 6 6 I 261 17 

128 628 21 53 89 16 3 I 183 50 

512 633 23 49 102 9 3 3 2 3 1 195 8 

64 638 45 75 103 26 4 4 2 259 79 

32 643 35 65 54 21 1 I I 178 96 

64 648 30 22 31 18 1 2 104 241 

128 653 20 44 64 12 1 I 3 145 204 

128 658 12 21 36 6 1 3 79 285 

64 663 7 12 19 9 2 49 416 

32 668 20 27 33 35 2 5 6 1 129 771 

64 673 16 27 78 30 2 153 534 

64 678 22 29 15 22 2 I 1 92 409 

64 683 14 52 67 35 3 1 I 4 178 511 

64 688 10 22 44 28 I 10 1 117 477 

64 693 3 31 25 53 1 3 116 402 

64 698 4 43 53 78 2 2 2 2 186 317 

64 703 4 19 13 27 I 64 288 

64 708 14 26 45 41 7 6 2 6 147 344 

64 713 1 10 14 31 I I 58 379 

32 718 3 32 27 56 I I 3 2 I 126 244 

32 723 12 57 55 69 4 2 I I I 5 210 85 

32 728 8 23 58 81 I 7 2 4 184 86 

64 733 10 56 73 lOS 2 3 2 254 28 

128 738 4 34 18 83 1 3 I 144 21 

64 743 3 53 90 79 I 4 2 2 3 238 39 

64 748 5 80 99 90 I 5 7 8 4 300 17 

64 753 5 71 67 10.1 I 3 2 3 255 29 

64 758 2 24 55 79 2 I 163 20 

128 763 1 154 73 81 5 2 2 3 I 323 8 

64 768 154 128 79 2 2 4 3 I 14 387 23 

128 773 2 183 III III 4 8 I I 7 12 443 23 

64 778 15 176 120 116 5 3 I 12 449 22 

128 783 4 56 61 34 I 5 161 48 

32 788 2 88 74 55 I 4 2 I 3 230 84 

32 793 6 91 63 40 3 4 208 73 

16 798 4 60 59 57 3 2 3 188 198 

16 803 15 107 72 67 I 2 I 9 274 262 

32 808 2 73 43 52 I 2 2 2 177 64 

32 813 3 104 60 73 3 I 2 I 5 255 96 

32 818 4 55 50 24 3 I I 10 148 97 

32 823 3 59 49 24 I 2 3 4 145 84 
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Fraction 	Depth 	pachy. (s) 	bull. 	pachy. (d) 	inf. 	quin. 	glut. 	crass. 	univ. 	scit. 	Other 	Total 	Benthics 

	

(1/) 	(cm) 

32 828 2 61 57 40 1 4 3 7 175 168 

32 833 12 58 59 41 3 2 3 I 4 183 112 

64 838 9 101 82 57 1 3 5 6 265 54 

64 843 11 124 115 84 7 1 1 4 347 66 

64 848 4 68 74 32 2 3 1 3 187 23 

32 853 8 74 89 43 I I I 4 13 234 54 

32 858 19 99 66 43 2 2 1 6 240 102 

128 863 16 105 85 21 2 5 2 I 7 249 47 

256 868 13 100 78 16 4 2 2 6 222 16 
128 873 12 76 68 32 I I I 4 195 22 

128 878 16 146 137 57 2 6 3 20 387 26 

64 883 13 67 110 25 3 3 1 I 4 18 249 30 
256 888 9 45 85 25 4 4 6 23 206 tO 
128 893 21 128 226 81 3 10 7 1 3 28 515 32 
256 898 13 82 127 40 I 2 2 24 293 25 

64 908 II 88 62 52 3 7 28 255 33 
128 913 24 64 171 29 I 4 I 3 14 311 65 
256 918 23 32 98 10 2 3 I 14 169 86 
923 923 34 57 146 22 I I 3 I 3 9 268 77 
256 928 27 47 146 12 1 4 9 237 96 
128 933 27 55 159 21 3 2 1 8 268 158 
64 938 66 57 193 19 3 7 I 2 346 142 

256 943 71 43 152 15 2 I I I 5 286 136 
256 948 14 90 112 20 7 8 2 1 2 6 256 105 
128 953 30 80 149 16 4 I 2 4 6 286 158 
256 958 19 51 125 28 3 1 I 4 9 232 206 
256 963 20 45 86 19 2 5 172 102 
64 968 18 83 123 30 4 5 1 5 264 123 

256 973 17 61 III 10 2 3 204 III 
128 978 37 117 174 27 18 3 2 2 2 4 382 172 
128 983 16 155 157 27 Il 3 3 2 9 380 155 
256 988 38 113 III 31 10 6 5 I 10 315 87 
128 993 26 100 113 19 14 7 I 1 280 108 
256 998 23 96 151 21 II 8 3 3 4 316 132 
128 1003 12 88 149 24 15 7 I I I I 298 116 
128 1008 38 113 III 31 10 6 5 I 10 315 54 
256 1013 26 104 146 31 13 4 2 5 326 84 
256 1018 20 64 124 20 14 2 2 I 2 247 145 
256 1023 30 68 100 7 7 I 2 I 215 144 
128 1028 23 32 88 17 3 3 166 179 
256 1033 34 63 92 27 4 4 I 6 225 187 
256 1038 II 45 86 19 5 2 I 169 287 
256 1043 22 52 67 25 4 3 2 3 175 298 
256 1048 39 96 102 30 4 4 I 3 6 279 628 
256 1053 28 49 39 10 6 3 2 I 137 390 
256 1058 35 58 35 20 6 4 3 161 316 
256 1063 85 61 53 24 6 6 4 2 239 517 
256 1068 98 36 37 5 6 I 1 183 456 
256 1073 120 20 20 3 2 3 1 I 169 501 
256 1078 141 26 30 4 I I I 203 533 
256 1083 115 20 20 6 I 162 592 
128 1088 87 71 39 17 3 2 3 219 386 
256 1093 60 42 40 16 3 I 1 2 3 165 466 
256 1098 90 14 13 8 5 3 133 467 
256 1103 82 27 22 I 3 2 1 137 326 
128 1108 19 62 61 27 I 2 10 3 182 293 
256 1113 13 50 43 26 I 5 I I 139 227 
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Appendix 3.2. Numbers of planktonic foraminifera from GeoB 1711. Abbreviations are as 
follows: Fraction (1/) = fraction of sample counted to gain between 200 and 300 specimens (where 
possible); Depth (cm) = Depth of core sample; pachy (s) = N. pachyderma (s); pachy (d) = 
N. pachyderrna (d); bull. = Gg. bulloides; dut. = N. dutertrei; inf. = Gr. inflata; glut. = Ga. glutinata; 
quin. = Gg. quinqueloba; Other = All species unidentified and with an average below 0.5% (see Table 
3.1); Total = Total planktonic foraminifera specimens counted; Benthics = Total number of benthic 
foraminifera counted. 

Depth Fraction pachy. (s) pachy. (d) bull. dut. inf. glut. quin. Other Total Benthics 

(cm) (I) 

*1 512 6 229 19 10 2 2 II 268 

*4 412 6 201 17 16 6 5 3 7 254 2 

*7 512 3 151 22 14 5 1 10 13 206 2 

*10 512 3 229 24 37 4 3 9 300 

II 512 10 275 52 45 34 3 1 6 420 7 

*13 512 3 247 41 34 8 4 3 15 340 

16 512 8 291 32 52 9 3 2 15 397 6 

*19 512 3 241 36 41 7 2 3 10 333 

21 512 4 220 28 31 8 2 1 10 294 4 

22 512 4 231 38 44 7 3 2 20 329 

*25 512 161 31 19 9 I 2 12 223 2 

26 1024 6 189 34 29 5 1 10 264 3 

31 512 13 220 39 45 8 I 4 8 330 

36 512 4 209 63 52 20 6 3 14 357 

41 1024 5 150 46 32 5 I I I 240 3 

46 1024 7 204 39 29 15 2 8 296 2 

51 1024 3 225 71 51 12 I 3 3 366 2 

56 512 11 277 118 83 21 5 6 14 521 3 

61 1024 I 150 59 32 25 5 1 13 273 

66 1024 6 216 104 37 15 3 7 25 388 

71 1024 2 135 97 29 12 2 2 9 279 4 

76 1024 6 112 86 41 21 1 3 13 270 2 

81 512 0 143 114 61 38 6 3 18 365 

86 1024 II 128 66 33 20 4 II 262 

91 1024 I 167 67 41 40 7 3 25 326 3 

96 1024 24 146 71 31 31 4 6 7 313 

101 512 25 67 68 29 37 7 10 13 243 8 

106 512 53 44 92 34 25 4 7 9 259 8 

III 1024 32 42 68 21 24 3 6 6 196 3 

116 1024 31 71 127 25 19 3 6 8 282 2 

121 512 38 45 149 32 35 2 14 18 315 10 

126 1024 16 32 95 23 27 2 9 9 204 4 

131 512 9 35 96 23 29 3 5 8 200 5 

136 256 17 34 115 28 23 5 8 6 230 II 

141 256 II 19 45 14 10 2 2 7 103 19 

146 256 76 32 139 34 25 2 8 3 316 57 

151 512 143 78 163 54 19 16 II 473 66 

156 512 54 25 36 14 4 I 5 12 139 32 

161 256 197 55 46 28 8 4 15 17 353 61 

166 256 290 44 52 27 6 4 14 3 437 47 

171 256 266 30 30 Ii 3 I 18 6 365 57 

176 256 117 32 21 8 4 27 5 209 31 

181 256 204 33 23 12 2 I 12 I 287 47 

186 128 157 30 36 17 2 I II I 254 39 

191 128 183 40 24 14 2 I II 2 275 45 

196 256 226 48 18 37 7 4 23 4 363 29 

201 128 203 28 31 35 14 - 	 3 30 4 344 48 

206 128 223 64 32 26 9 I 18 7 373 42 

211 128 180 55 27 19 2 3 2 3 288 42 

216 128 282 66 32 II 4 8 13 15 416 50 
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Depth Fraction 	pachy. (s) 	pachy. (d) 	bull. 	dut. 	inf. 	glut. 	quin. 	Other 	Total 	Benthics 
(cm) 	(I) 

221 128 241 82 22 13 2 5 II 6 376 37 
226 256 71 30 26 8 I I 136 23 
231 128 198 56 22 14 1 3 23 5 317 
236 128 130 48 30 II 3 3 13 4 238 33 
241 128 124 53 34 16 8 3 15 3 253 38 
246 128 125 51 23 5 I II 6 216 46 
251 128 140 36 12 4 I I 5 194 26 
256 128 175 61 27 29 2 5 10 6 309 29 
261 64 146 51 37 II 4 2 8 2 259 74 
266 128 200 85 53 38 9 5 26 11 416 37 
271 128 104 50 73 37 6 6 13 6 289 35 
276 128 322 60 50 27 2 13 7 474 13 
281 128 317 30 39 22 2 1 6 I 417 34 
286 128 287 36 26 II 2 5 4 367 35 
291 128 163 33 25 7 2 5 2 235 20 
296 64 73 35 50 7 2 1 3 168 38 
301 32 107 49 43 II 4 2 14 10 230 45 
306 128 168 23 10 2 3 5 3 211 20 
311 128 215 26 31 8 3 3 II 2 297 40 
316 128 245 48 21 3 2 2 15 2 336 22 
321 128 171 35 21 5 I 5 14 3 252 16 
326 128 261 20 13 2 3 2 7 2 308 Il 
331 256 148 62 12 14 7 15 8 258 14 
336 256 41 75 58 51 4 7 10 8 246 9 
341 512 22 99 68 45 II 4 27 8 276 12 
346 256 101 68 38 17 9 4 17 9 254 22 
351 128 101 30 30 7 I 3 10 2 182 16 
356 128 237 74 24 14 2 3 22 5 376 26 
361 128 149 37 28 8 5 4 13 5 244 23 
366 128 197 50 24 14 1 18 1 304 24 
371 128 231 43 13 4 I 1 6 3 299 32 
376 256 145 26 6 3 2 I 5 2 188 13 
381 256 178 27 18 10 2 2 2 5 239 33 
386 128 187 31 8 8 1 5 I 240 49 
391 128 164 52 15 9 3 8 5 251 51 
396 128 81 64 42 15 3 2 II 8 218 40 
401 128 89 81 46 9 2 5 4 9 236 21 
406 128 119 76 30 8 6 2 7 5 248 42 
411 64 68 45 27 3 3 2 3 3 151 41 
416 128 65 50 19 10 4 2 14 2 164 63 
421 32 110 125 56 8 10 6 4 4 319 159 
426 32 52 51 31 5 5 1 1 145 192 
431 128 52 37 24 2 2 I 5 4 123 134 
436 64 96 50 II 12 2 2 10 3 183 156 
441 64 77 34 28 7 4 4 150 98 
446 64 90 42 29 28 3 4 9 196 101 
451 128 104 40 35 18 2 8 3 207 61 
456 64 107 32 35 15 1 17 8 207 82 
461 64 109 50 34 12 3 I 12 19 221 110 
466 64 172 41 26 12 3 3 23 5 280 170 
471 64 84 45 14 6 3 9 5 161 189 
476 64 85 75 14 9 4 3 9 1 199 171 
481 64 49 108 25 9 4 2 I 197 150 
486 64 53 126 39 I 6 5 4 9 234 147 
491 64 96 132 110 4 6 2 5 7 355 83 
496 64 71 135 78 II 15 3 II 10 324 56 
501 256 57 115 102 6 II I 20 4 312 50 
506 256 48 57 45 3 6 3 16 0 178 27 
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Depth 

(cm) 

Fraction 

(1) 

pachy. (s) pachy. (d) bull. dut. inf. glut. quin. Other Total Benthics 

511 128 42 99 55 13 II 6 2 226 51 

516 128 54 90 81 20 6 4 5 255 65 

521 64 91 119 75 21 4 12 5 322 61 

526 64 32 66 59 3 3 2 4 1 169 77 

531 16 15 73 73 9 II 1 0 182 372 

536 16 13 43 54 9 3 4 3 126 382 

541 32 19 45 41 2 6 I 3 I 117 360 

546 32 30 77 56 12 6 I 5 I 187 264 

551 32 19 40 46 14 6 6 - 	 5 5 136 209 

556 32 51 100 37 9 8 2 II 5 218 274 

561 32 67 72 29 3 2 9 4 182 249 

566 32 79 73 38 9 7 1 13 2 220 161 

571 32 68 82 47 8 3 1 9 3 218 160 

576 32 66 151 57 18 4 I 8 10 305 179 

581 32 125 212 67 34 5 I 28 4 472 108 

586 32 116 245 89 60 3 8 39 7 560 63 

591 64 26 133 40 5 2 5 5 211 32 

596 128 24 130 36 9 6 9 5 214 7 

601 128 26 117 44 2 1 9 2 199 8 

606 64 57 149 57 8 4 1 40 4 316 12 

611 256 70 158 69 16 7 6 26 4 352 7 

616 128 63 245 150 42 17 4 28 13 549 8 

621 256 33 159 65 6 4 4 12 8 283 4 

626 256 48 148 76 16 10 3 30 7 331 3 

631 512 19 102 44 26 8 5 8 2 212 I 

636 256 19 106 47 30 8 7 15 3 232 

646 256 22 83 14 9 6 1 20 5 155 5 

651 256 46 172 34 29 5 5 32 4 323 15 

656 256 27 96 41 17 6 3 32 4 222 1 

661 512 31 67 28 4 15 4 21 2 170 13 

666 256 25 78 62 24 38 3 12 10 242 4 

676 256 47 113 76 II 61 5 25 7 338 II 

681 256 7 41 44 6 47 6 12 3 163 5 

686 256 6 66 41 7 63 4 2 187 7 

691 128 9 127 110 45 110 13 5 5 419 40 

696 256 2 66 84 54 78 5 2 4 291 9 

701 256 7 72 69 29 63 3 6 0 249 8 

706 512 5 58 84 23 57 1 6 4 234 4 

711 256 9 57 93 46 73 2 31 12 311 

716 256 13 41 92 29 64 4 17 243 18 

721 512 7 37 108 19 35 4 18 13 228 8 

726 512 4 42 71 13 36 6 28 3 200 4 

731 256 14 49 lOS 33 35 3 18 10 257 9 

736 512 15 19 56 21 18 2 9 4 140 2 

741 256 19 28 106 16 37 1 17 2 224 17 

746 256 6 27 65 12 30 1 6 2 147 39 

751 128 5 13 45 5 43 I 2 3 114 35 

756 128 24 40 62 14 32 6 8 2 186 33 

761 32 34 54 72 26 37 16 II 10 250 60 

766 64 25 42 45 25 15 4 6 I 162 40 

771 64 51 58 63 65 14 7 9 16 267 38 

776 64 36 29 43 42 20 9 7 II 186 21 

786 64 77 35 65 35 18 5 9 235 37 

791 64 88 27 75 26 13 2 19 2 250 13 

796 128 120 28 92 45 15 7 22 7 329 18 

801 256 93 28 53 48 6 4 10 4 242 8 

806 128 69 42 93 53 12 5 9 7 283 18 

811 128 52 66 58 44 18 6 10 3 254 19 
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Depth 

(cm) 

Fraction 

(I) 

pachy. (s) pachy. (d) bull. dut. inf. glut. quin. Other Total Benthics 

816 128 40 85 48 29 10 6 3 4 221 12 

821 128 47 159 82 58 9 8 18 7 381 19 

826 256 21 127 40 29 3 3 16 4 239 6 

831 256 20 212 79 71 7 4 16 13 409 8 

836 256 36 122 38 30 7 3 19 5 255 9 

841 256 53 129 58 59 5 5 15 3 324 7 

846 512 30 73 38 16 2 10 9 169 10 

851 512 46 72 79 17 25 19 7 258 3 

856 512 15 51 83 12 22 4 8 8 195 2 

861 512 15 19 63 22 16 3 8 13 146 18 

866 256 31 53 81 8 13 5 7 191 10 

871 128 21 73 94 14 21 II 8 234 22 

876 128 17 67 82 9 II 3 3 6 192 12 

881 128 47 70 66 25 15 6 6 6 235 15 

886 256 29 36 54 19 7 6 2 151 10 

891 256 49 87 57 22 6 4 6 10 231 22 

896 128 79 72 53 Il 3 2 4 220 35 

901 128 99 42 16 4 1 2 5 164 56 

906 128 161 75 63 19 6 I 5 325 20 

911 128 64 164 76 27 4 4 6 4 345 21 

916 256 29 134 137 33 3 2 6 7 344 7 

921 256 31 163 88 15 5 I 6 10 309 16 

926 256 II 120 52 23 6 3 4 215 6 

931 256 17 72 50 32 14 4 2 7 191 10 

936 256 16 98 68 21 15 I 5 5 224 4 

941 256 14 61 88 29 32 I 6 9 231 4 

946 256 23 59 84 42 35 10 17 253 8 

951 256 12 70 81 19 26 3 7 211 15 

956 128 18 60 38 15 35 5 7 171 tO 

966 512 17 58 72 40 46 1 7 234 6 

971 1024 42 45 64 35 38 2 4 4 230 5 

976 512 71 61 110 63 37 7 7 349 15 

981 1024 31 12 56 42 28 1 5 170 

986 512 50 28 61 52 7 8 2 206 3 

991 1024 49 18 70 66 20 7 4 230 4 

996 1024 74 34 48 45 6 I 4 4 212 3 

1001 512 73 67 120 51 13 4 13 328 

1006 512 83 77 87 49 18 1 2 13 317 5 

1011 1024 27 66 49 29 II 3 4 11 189 2 

1016 512 46 82 108 54 6 3 5 12 304 6 

1021 1024 8 68 56 23 19 1 13 175 I 

1026 512 6 89 77 45 35 4 14 22 270 I 

1031 512 8 95 63 45 31 5 7 10 254 2 

1036 512 15 88 46 29 22 5 15 205 1 

1041 512 21 72 51 28 8 2 5 6 187 

1046 512 13 80 29 26 8 I 3 9 160 4 

1051 256 27 91 25 20 9 I 5 5 178 19 

1056 256 31 95 29 21 9 2 5 4 192 28 

1061 256 36 104 48 24 12 I 4 1 229 47 

1066 128 40 119 53 32 15 I 4 260 79 

1070 128 75 52 34 21 5 I 8 5 196 45 
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Appendix 3.3. Numbers of planktonic foraminifera from PG/PC 12. Abbreviations are as follows: 
Fraction (1/) = fraction of sample counted to gain between 200 and 300 specimens (where possible); 
Depth (cm) = Composite depth of core sample (PC 12 and PG 12 combined); pachy (s) = N. pachyderma 
(s); bull. = Gg. bulloides; pachy (d) = N. pachydenna (d); inf. = Gr. inflata; quin. = Gg. quinqueloba; 
glut. = Ga. glutinata; univ. = 0. universa; dut. = N. dutertrei; Other = All species unidentified and with 
an average below 0.5% (see Table 3.1); Total = Total planktonic foraminifera specimens counted; 
Benthics = Total number of benthic foraminifera counted. 

Depth Fraction 

(cm) 	(10 

Level pachy. 

(s) 

bull. pachy (d) inf quin. glut. univ. dut. Other Total Benthics 

3 128 0-5.5 10 44 116 15 2 4 10 7 II 219 8 

13 228 21.5-14.5 7 38 110 15 7 7 3 7 194 II 

24 128 22.5-25.5 14 37 71 18 2 6 6 I 6 161 14 

35 256 33.5-36.5 10 33 144 30 2 I 6 0 226 8 

46 256 44.5-48 13 67 146 30 4 2 1 2 265 4 

57 512 55.5-59 17 77 175 43 I I I 4 12 331 3 

68 256 66.5-70 15 134 159 49 49 8 2 8 10 434 4 
79 256 77.5-81 27 105 158 54 I 2 4 5 14 360 6 

113 32 0-3 88 109 152 33 4 22 2 3 2 405 36 
123 32 10.5-12.5 86 26 34 4 3 2 I 0 156 49 
133 8 20-22 97 56 130 21 3 2 4 2 4 319 73 
143 16 30-32 63 54 89 8 4 6 2 226 86 
153 16 40-42 182 24 59 2 6 2 3 278 98 
163 8 50-52 297 46 53 2 2 I 2 0 403 324 
173 32 60-62 270 28 34 6 24 3 I 2 2 360 178 
183 64 70-72 35 125 231 15 36 2 I 6 10 461 60 
193 32 80-82 28 58 125 13 14 2 2 5 247 38 
203 32 90-92 65 57 130 5 18 2 2 0 279 23 
213 16 100-102 65 57 130 5 18 2 2 0 279 23 
223 32 110-112 246 40 71 4 9 I 3 5 379 133 
233 32 120-222 202 57 113 6 25 4 25 0 422 43 
243 128 130-132 119 87 124 4 17 7 3 18 3 382 36 
253 228 140-142 230 36 67 3 9 2 II 1 359 18 
263 64 150-152 294 30 28 I 7 7 4 371 203 
273 64 160-262 236 44 58 3 19 2 I 4 2 269 25 
283 128 170-172 203 37 72 2 12 4 3 333 28 
293 128 180-182 223 85 70 3 16 I 3 8 4 413 6 
303 32 190-192 258 70 91 15 25 I 27 6 4 497 15 
313 128 200-202 87 64 125 30 16 4 17 3 5 352 7 
323 128 210-212 69 69 99 25 13 I 3 4 6 279 8 
333 64 220-222 228 33 38 4 6 2 I 2 314 20 
343 128 230-232 150 15 17 2 5 2 191 18 
353 64 240-242 145 15 19 2 5 1 187 148 

363 32 250-252 193 2 34 I 7 2 I 240 191 
373 64 260-262 117 17 25 2 I 0 162 243 
383 64 270-272 231 56 40 8 3 0 338 65 
393 32 280-282 115 II 14 I 4 I 2 4 I 153 62 
403 64 290-292 57 45 79 I 4 I I I 4 193 34 
423 64 300-302 61 42 46 2 I 2 3 1 158 22 
423 16 310-312 60 82 73 25 3 4 0 237 118 
433 16 320-322 22 59 56 5 4 I I I 149 130 
443 4 330-332 26 56 42 5 5 4 3 3 143 597 
453 16 340-342 60 41 43 12 5 2 4 I 168 429 
463 16 349-352 61 34 24 3 I 3 5 131 247 
473 16 360-362 108 25 52 8 2 5 I 3 3 207 340 
483 32 369-372 121 37 23 I 2 3 2 7 5 201 314 
493 64 389-392 141 44 28 6 10 I I 15 3 249 175 
503 64 400-402 69 60 60 II 19 1 16 3 239 328 
513 32 409-412 II 24 32 7 4 2 I 3 84 531 
523 128 420-422 20 168 143 24 3 3 2 6 9 378 43 

xxiii 



	

Depth Fraction 	Level 	pachy. 	bull. pachy (d) 	inf. 	quin. 	glut. 	Univ. 	dut. 	Other 	Total Benthics 

(cm) 	(Il) 	 (s) 

533 128 430-432 15 116 95 39 2 I 5 5 278 29 

543 256 440-442 7 122 128 17 4 I 12 3 294 

553 128 450-452 20 168 176 10 8 2 I 19 5 409 17 

563 32 460-462 II 122 75 25 7 2 8 5 255 21 

573 64 470-472 6 87 39 12 2 1 7 3 157 68 

583 16 480-482 25 100 59 13 2 3 6 208 41 

593 32 490-492 16 105 50 3 8 2 I 3 188 28 

603 32 500-502 14 III 91 12 15 4 2 13 7 269 16 

613 16 510-512 37 107 151 12 16 2 2 12 5 344 33 

623 8 520-522 39 139 80 17 32 4 6 II 2 330 39 

633 16 530-532 41 96 95 22 13 2 2 I 272 27 

643 32 540-542 32 64 62 14 10 2 6 190 25 
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Appendix 3.4. Numbers of planktonic foraminifera from GeoB 3602. Abbreviations are as 
follows: Fraction (1/) = fraction of sample counted to gain between 200 and 300 specimens (where 
possible); Depth (cm) = Composite depth of core sample (PC 12 and P012 combined); inf. = Gr. 
inflata; paéhy (d) = N. pachyderma (d); bull. = Gg. bulloides; dut. = N. dutertrei; sacc. = Os. sacculifer; 
ruber = Gg. ruber; trunc. = Gr. truncatulinoides; men. = Gr. menardii; univ. = 0. universa; pachy (s) = 
N. pachyderma (s); siph. = Ge. siphonifera; glut. = Ga. glutinata; quin. = Gg. quinqueloba; scit. = 
Gr. scitula; Other = All species unidentified and with an average below 0.5% (see Table 3.1); Ben. = 
Total number of benthic foraminifera counted. Spin. = tropical, spinose foraminifera; Trops = Sub-
tropical foraminifera; Total = Total planktonic foraminifera specimens counted. 

	

Fraction Depth 	lnf pachy bull. 	dut. sacc. ruber trunc. men. univ. pachy siph glut. quin. scit. Other Ben. Spin Trops Total 

(I /) 	(cm) 	 (d) 	 (s) 

8 3 198 70 36 28 13 36 20 2 2 5 3 4 2 I II 52 113 425 

8 8 213 76 45 22 14 26 26 2 7 6 2 4 1 2 I 15 42 109 453 

16 13 131 48 30 12 8 4 10 3 I 5 3 4 12 43 255 

16 18 117 33 56 5 9 II 10 3 2 6 2 2 22 44 255 

16 23 200 52 68 27 15 33 13 2 2 6 3 4 1 8 54 115 440 

16 28 181 46 75 22 17 26 16 3 9 6 1 2 13 52 104 409 

16 33 197 42 70 28 21 17 15 3 I 3 8 2 2 15 41 101 415 

32 38 III 50 58 18 10 7 5 I I 5 6 7 18 48 273 

16 43 176 32 60 29 6 17 17 2 3 1 10 2 4 4 16 24 95 373 

32 48 121 91 108 36 4 33 21 3 I 3 6 4 6 8 40 110 441 

64 53 121 64 86 25 4 14 II I I 5 3 4 3 8 23 68 347 

64 58 124 47 87 43 II II 12 1 6 4 I 3 6 4 28 94 363 

32 63 113 63 93 38 13 33 9 I 2 2 5 2 I 7 3 9 51 108 391 

32 68 71 46 93 29 12 17 9 5 2 7 6 2 3 36 88 302 

64 73 III 94 106 42 10 II 12 5 5 9 3 4 3 30 95 418 

64 78 115 96 83 36 1 18 17 2 4 9 4 I 4 28 92 391 

64 83 154 213 96 16 5 14 10 2 5 5 3 I 8 24 63 533 

128 88 145 178 75 25 2 12 12 7 II 6 I 1 4 25 85 488 

128 93 152 165 92 32 8 22 9 1 7 4 3 3 3 5 7 33 92 514 

256 98 133 135 42 25 5 15 15 3 1 3 8 3 23 79 390 

256 103 110 180 89 27 I II 12 4 7 2 2 4 19 66 452 

256 108 133 133 57 23 I tO 8 1 6 I I 2 I 2 8 12 54 381 

256 113 99 222 90 19 5 7 7 2 2 1 2 I I 9 14 46 466 

512 118 58 127 50 10 4 I 2 5 2 2 3 4 4 19 266 

256 123 72 108 71 5 7 2 1 5 4 2 3 3 7 24 287 

256 128 75 106 42 12 2 4 13 1 2 6 3 2 9 8 42 274 

128 133 126 114 77 7 I 13 II 1 2 2 2 I 3 16 39 359 

256 138 97 106 45 6 3 4 I 3 1 7 I I 5 4 28 282 

32 143 54 184 38 15 2 8 5 2 3 2 6 1 I 8 12 42 324 

32 148 31 271 53 12 1 II 4 I 2 2 9 2 6 I 9 14 51 417 

64 158 28 100 85 7 2 7 4 I 2 I I 10 9 25 240 

64 163 26 97 89 4 6 12 2 1 10 I 2 2 7 33 250 

64 168 38 79 102 12 I 10 3 2 1 5 2 9 II 34 256 

64 173 65 81 71 5 I 10 I 1 5 1 4 2 10 12 23 247 

64 178 81 108 129 12 2 37 12 6 2 23 2 I 2 II 41 90 420 

32 183 61 75 94 5 16 3 I 5 12 3 I 12 16 38 280 

16 188 153 67 107 1 2 19 31 2 4 I 2 26 21 59 392 

16 193 71 63 79 8 2 13 10 2 2 2 5 4 14 17 47 266 

16 198 129 56 135 3 1 27 II 3 2 15 5 2 31 30 72 400 

32 203 125 112 115 9 21 8 I 5 I 25 5 1 34 22 72 437 

16 208 140 92 169 13 10 21 12 2 2 I 18 4 6 1 35 32 83 502 

16 213 106 94 119 9 5 14 10 2 2 I 12 1 1 21 20 59 387 

16 218 88 80 151 4 3 13 13 I 10 3 7 2 3 4 17 19 50 393 

32 223 109 86 112 3 5 23 4 3 I 1 5 4 I 2 8 33 66 380 

64 228 68 56 125 5 3 23 17 1 I 6 6 3 1 3 27 60 320 

64 233 77 67 103 8 14 8 1 I 7 3 2 5 15 42 294 

64 238 53 63 117 5 I 14 12 2 3 2 1 3 1 3 18 37 278 

64 243 130 142 213 16 I 14 12 1 7 2 4 5 5 9 17 51 553 
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Fraction Depth Inf pachy bull. dut. sacc. ruber 	trunc. men. univ. pachy siph glut. quin. scit. Other Ben. Spin Trops Total 

(1/) (cm) (d) (s) 

64 248 64 53 100 5 2 10 13 I 2 4 I 6 I 3 13 44 266 

32 253 75 85 99 I 8 15 I 5 I 12 4 I 7 9 44 314 

32 258 92 III 191 20 5 27 30 I 2 5 II 2 6 5 37 109 514 

32 263 68 81 66 5 3 21 37 I 2 2 3 I I II 26 74 293 

16 268 77 47 59 7 2 15 25 2 I I 2 I 4 18 55 241 

32 273 82 67 112 II 35 25 1 I I I 2 8 36 77 342 

32 278 135 69 152 10 4 54 40 I 3 3 I 13 4 17 59 128 493 

32 283 151 42 105 5 2 32 20 2 1 7 5 3 41 75 374 

64 288 172 45 140 13 7 32 31 I 2 13 5 I 39 99 464 

64 293 93 32 91 13 18 26 15 3 5 8 1 9 49 86 306 

128 298 100 30 87 5 5 13 7 I 4 7 2 3 22 43 264 

64 303 145 57 120 27 6 19 14 I 3 5 19 I I 3 25 93 423 

64 308 185 91 132 17 13 35 21 I 5 2 6 26 1 I 5 54 129 544 

128 313 147 34 75 29 2 21 13 3 I 3 II I I 4 26 86 346 

128 318 141 53 87 10 II 33 14 3 9 14 3 I 1 5 53 93 383 

64 323 221 74 129 29 18 44 18 2 6 4 8 40 I 3 I 13 70 169 604 

256 328 107 56 71 6 7 22 II 2 7 8 I 2 36 64 301 

256 333 132 56 59 14 3 23 18 1 I 3 3 9 2 1 8 29 72 325 

256 338 179 72 61 10 II 21 15 3 2 3 7 II I I 3 39 82 400 

256 343 182 109 94 16 9 25 20 I 9 1 4 6 1 5 I 2 38 90 483 

256 348 166 79 50 8 2 13 5 3 4 2 4 I 9 17 38 339 

256 353 226 160 88 24 4 13 10 I 2 2 2 4 1 3 2 3 19 64 548 

512 358 138 79 45 6 4 6 8 I I I I 2 1 II 29 293 

512 363 99 68 57 7 4 14 12 2 1 2 1 19 43 268 

256 368 125 124 72 5 3 12 4 2 2 1 3 2 17 28 354 

128 373 129 168 74 13 6 4 17 I 7 I 3 3 5 II 47 429 

256 378 86 102 45 19 8 6 I 2 3 2 2 I 2 10 40 277 

64 383 93 108 43 9 2 9 4 1 2 1 3 1 I 12 29 277 

32 388 110 93 65 15 2 21 22 2 6 7 3 I 12 29 76 350 

32 393 103 84 70 12 I 19 II 2 2 5 3 2 3 22 53 317 

32 398 89 83 53 14 3 II 9 I I 1 12 I I 2 I 14 52 282 

32 403 100 87 56 19 14 4 4 6 1 7 I 2 1 15 51 303 

32 408 126 88 58 9 8 I I 3 3 3 9 I 3 II 25 312 

32 413 107 105 52 13 2 14 9 I 9 3 2 16 49 316 

32 418 128 141 74 18 3 19 20 I 3 8 I 6 2 4 5 23 71 430 

32 423 129 166 87 20 4 26 36 2 7 2 6 6 24 32 99 494 

32 428 136 167 83 26 1 28 30 I 6 3 4 2 4 26 32 97 497 

32 433 114 151 74 25 4 33 26 I 5 I 6 2 6 7 38 97 449 

32 438 69 lOS 48 II 14 22 3 3 3 2 14 51 281 

32 443 104 165 80 7 4 27 25 4 1 5 3 3 4 32 74 429 

128 448 114 60 54 12 17 II 2 2 1 6 3 5 18 49 283 

128 453 132 73 73 16 3 12 13 1 3 3 2 5 1 9 17 57 340 

256 458 144 58 43 5 7 8 15 I 5 I 1 8 3 3 10 16 51 304 

256 463 160 99 85 9 4 10 12 2 I 3 11 3 1 17 54 403 

128 468 158 135 93 17 6 21 II 2 3 I 4 25 3 I 12 31 91 483 

256 473 96 121 44 19 2 13 7 2 I 3 9 3 2 6 18 55 323 

256 478 86 94 77 14 4 13 12 I 5 2 7 19 3 2 3 24 75 339 

64 483 137 129 86 18 5 17 II 3 25 3 4 15 25 80 439 

256 488 97 106 76 10 I 16 15 4 4 2 12 3 I 14 19 60 347 

256 493 128 150 82 32 2 12 7 3 3 2 12 4 2 6 16 70 439 

256 498 123 92 64 II 2 II 8 2 3 8 3 10 16 46 329 

256 503 174 140 60 19 2 13 13 4 6 7 I I 13 21 62 442 

1024 508 186 72 39 14 8 II 4 9 4 32 8 42 348 

128 513 208 139 64 20 I 14 8 2 I 3 I 2 31 16 54 468 

256 518 153 III 50 17 3 II 8 1 I 14 I 14 15 59 375 

256 523 133 lOS 49 17 2 7 6 4 I 3 6 2 16 12 45 338 

64 528 141 188 108 20 1 13 7 I 2 I 8 I 2 10 15 53 497 

128 533 92 126 64 15 1 10 12 2 5 I 17 4 2 8 12 62 356 

A. xxvi 



Fraction 

(Il) 

Depth 

(cm) 

Inf. pachy 

(d) 

bull. dut. sacc. tuber 	trunc. men. univ. pachy siph 

(s) 

glut. quin. scit. Other Ben. Spin Trops Total 

256 538 69 103 44 4 5 6 3 1 1 8 5 19 239 

64 543 75 70 62 3 10 10 2 4 I I 5 15 10 28 245 

32 548 155 98 88 26 2 21 II 2 14 4 8 7 5 15 27 75 443 

32 553 167 124 75 39 1 13 14 1 II 2 7 3 7 16 77 457 

32 558 86 112 95 39 5 13 3 1 1 24 2 6 4 2 24 20 71 396 

32 563 147 93 76 39 3 15 7 1 2 31 3 4 9 3 I 	33 21 77 440 

32 568 87 68 56 22 I 5 5 1 6 18 3 3 17 6 43 276 

32 573 96 59 32 19 2 14 6 11 2 3 II 16 44 245 

32 578 63 122 55 22 I 24 7 5 6 1 1 3 3 15 26 63 315 

32 583 79 64 52 23 3 6 5 I 12 7 3 4 7 16 50 261 

32 588 72 101 53 25 2 5 6 1 6 1 I 5 15 8 40 278 

32 593 148 74 65 20 2 24 II 3 10 4 2 2 2 5 30 68 369 

32 598 86 37 40 17 3 14 6 3 1 20 I 8 8 3 6 18 53 247 

32 603 105 112 60 35 3 16 13 3 18 3 3 I 8 19 74 373 

32 608 72 87 64 34 17 12 1 16 I 4 8 2 13 18 70 319 

32 613 89 119 98 70 I 28 16 3 82 I 3 12 2 13 30 126 528 

32 618 91 125 78 33 5 27 10 2 28 I 2 6 8 33 85 413 

32 623 131 94 131 34 12 15 15 4 1 15 6 6 I 8 27 91 470 

32 628 146 II 160 32 6 20 22 2 I 32 9 7 12 26 96 456 

64 633 108 60 108 33 9 18 9 2 23 2 9 I I 3 	17 29 83 388 

128 638 70 38 94 20 I 14 6 2 14 I 4 4 I 10 16 51 273 

64 643 99 65 73 25 5 28 II 2 13 5 4 I 16 38 85 340 

128 648 164 75 86 25 3 12 15 I 3 2 5 2 21 17 68 399 

256 653 123 52 48 8 I 6 15 I 1 16 8 34 257 

512 658 146 69 47 18 2 7 10 I 2 2 3 15 9 41 308 

256 663 lii 80 54 14 1 8 9 3 2 I I I I I 	29 10 38 288 

128 668 92 121 69 20 3 6 4 I 8 4 2 35 9 44 336 

64 673 72 72 45 5 2 II 13 7 2 2 I 52 15 37 234 

8 678 91 38 63 19 2 12 4 3 2 3 1 I 18 16 47 246 

8 683 79 39 63 29 4 22 13 9 2 2 3 34 26 76 279 

8 688 71 30 56 20 1 17 16 3 3 5 21 21 62 222 

8 693 117 33 37 32 9 8 20 2 2 2 2 I I 86 19 82 274 

16 698 80 48 70 25 3 16 20 3 4 2 4 4 21 78 282 

8 703 101 65 53 14 2 25 23 I I 2 3 6 25 27 72 300 

8 708 86 65 54 30 3 26 28 I 5 3 I 12 6 28 30 112 326 

8 713 79 49 63 29 3 14 15 4 9 I 7 2 I 20 18 85 279 

8 718 59 58 46 21 4 20 19 2 10 5 I 3 2 2 39 25 87 259 

8 723 146 98 67 39 5 7 17 4 3 6 2 13 3 25 14 93 413 

8 728 68 47 42 17 4 19 24 3 I 2 14 6 I 37 25 87 252 

8 733 93 60 64 27 3 26 10 1 1 7 3 9 12 2 32 32 84 322 

8 738 91 63 71 30 3 26 23 2 3 7 2 7 4 I 33 31 104 341 

8 743 88 78 67 28 3 23 32 3 6 2 2 5 3 38 28 101 348 

32 748 255 124 120 34 I 12 12 1 7 6 3 I 28 19 84 584 

8 753 75 44 26 10 5 19 9 I 3 5 2 10 27 55 202 

8 758 88 82 52 23 4 31 20 12 4 45 35 92 318 

8 763 93 62 68 25 2 37 16 4 4 2 12 I 3 18 41 99 331 

8 768 98 87 68 26 I 44 21 2 3 1 3 4 4 3 8 48 109 370 

8 773 65 94 70 29 7 33 15 I I 3 3 6 I 10 43 102 337 

8 778 73 73 54 28 3 26 13 3 1 3 I 8 29 78 280 

8 783 92 78 47 26 20 14 2 1 2 4 9 21 65 288 

8 788 128 120 94 32 3 48 16 2 I 2 5 4 33 53 113 460 

16 793 58 105 39 17 I 21 13 2 2 3 I 5 1 I 21 23 63 270 

16 798 79 147 58 39 4 30 13 3 1 3 14 5 25 34 105 398 

16 803 59 154 61 19 3 34 13 2 4 I I Il 2 6 34 38 90 373 

16 808 71 143 58 35 2 27 7 4 5 1 II 4 30 30 89 370 

8 813 79 143 51 38 2 22 15 I 8 3 34 24 87 364 

32 818 48 90 47 22 4 18 3 I I 2 4 6 24 55 240 

16 823 68 76 66 34 6 20 5 I 4 2 I 1 18 26 77 289 

A. xxvii 



Fraction 

(1/) 

Depth 

(cm) 

Inf pachy 

(d) 

bull. dut. sacc. ruber 	trunc. men. univ. pachy siph 

(s) 

glut. quin. scit. Other Ben. Spin Trops Total 

64 828 46 57 74 17 2 16 8 2 I I 4 18 47 226 

64 833 121 102 120 41 22 9 1 1 1 I 8 4 23 87 435 

64 838 152 120 110 28 5 19 6 3 6 3 5 I 1 3 27 79 464 

128 843 184 86 III II 4 27 7 6 4 2 I 5 2 Ii 32 66 451 

256 848 130 67 61 II 2 14 6 I 8 I 4 I I I 17 51 311 

512 853 122 69 59 17 2 7 6 7 I 6 I 4 9 46 298 

256 858 119 102 95 21 2 7 8 2 1 2 6 10 41 359 

16 863 62 37 30 9 12 4 I 20 12 25 155 

8 868 81 33 35 17 I 18 5 1 6 I 10 19 49 200 

8 873 116 96 69 27 20 7 I 2 I 4 3 3 15 20 65 353 

8 878 110 97 80 24 4 16 II I I I 9 2 2 21 73 364 

8 883 75 93 46 10 3 9 7 2 I 4 5 2 6 13 34 257 

16 888 75 102 51 14 4 4 4 I I 2 3 2 2 5 8 32 266 

8 893 100 127 47 31 1 21 13 I I I I 3 3 16 23 76 354 

16 898 108 85 59 17 6 13 8 I 2 5 2 12 21 53 307 

8 903 88 78 36 17 5 19 7 2 1 3 3 14 25 52 260 

8 908 161 145 112 57 6 28 8 3 I I I II 2 13 35 119 541 

8 913 181 96 79 32 3 19 10 I I 3 1 3 7 22 70 431 

16 918 77 47 41 13 2 13 3 3 4 3 3 II 19 42 210 

16 923 151 86 59 31 II 21 6 3 2 1 2 7 3 6 33 85 392 

8 928 164 91 102 67 I 26 9 3 3 I 1 4 1 5 9 28 121 485 

16 933 101 54 55 30 5 25 1 I 3 1 2 15 30 69 283 

16 938 76 104 68 36 4 19 6 I 3 1 4 1 I 	18 26 73 328 

16 943 87 220 115 69 4 22 7 1 2 I 1 5 4 5 I 	17 27 115 548 

16 948 50 112 90 29 2 12 9 1 I 1 4 2 6 15 61 316 

16 953 105 238 110 58 2 II 9 2 1 2 3 4 I 2 2 	15 16 91 553 

16 958 61 129 154 46 8 10 3 2 2 3 3 5 4 6 18 21 79 436 

16 963 46 83 122 32 2 12 2 2 12 1 8 14 62 314 

16 968 76 128 79 34 2 II 5 3 I 3 2 1 2 3 27 15 62 353 

8 973 74 105 83 29 2 9 4 I I I I 5 1 1 13 12 54 319 

16 978 75 125 92 40 3 13 I I 3 1 2 6 19 63 358 

16 988 70 153 81 55 2 22 3 5 2 1 6 3 9 25 94 403 

A. xxviii 
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Appendix 4. Relative abundances of planktonic foraminifera from cores GeoB 3603-3608 (R/V Meteor M34/2) 

Appendix 4.1. Relative percentages of planktonic foraminifera from GeoB 3603. Abbreviations are as follows: Depth = Depth of core sample (cm); inf. = Gr. 

inflata; bull. = Gg. bulloides; dut. = N. dutertrei; pachy (d) = N. pachyderma (d); pachy (s) = N. pachyderma (s); men. = Gr. menardii; Tropicals = Tropical 

planktonic foraminifera (G. sacculifer + G. ruber + G. menardii + G. siphonfera + 0. universa). Sample sizes vary but were generally between 50 and 100 
specimens for a preliminary analysis. Data is plotted in Bled etal. (1996). 

Depth inf. bull. dut. pachy (d) pachy (s) men. Tropicals 

20 18.31 25.35 4.23 28.17 1.41 19.72 
40 16.67 23.33 1.67 36.67 3.33 16.67 
60 10.53 14.04 3.51 61.40 1.75 8.77 
80 35.38 20.00 40.00 1.54 4.62 

100 13.21 39.62 1.89 24.53 1.89 18.87 
120 46.15 7,69 5.77 28.85 11.54 
140 42.37 30.51 3.39 8.47 11.86 
160 12.73 23.64 41.82 1.82 14.55 
180 47.37 14.04 3.51 15.79 1.75 14.04 
200 30.65 25.81 3.23 12.90 3.23 24.19 
220 27.87 24.59 26.23 3.28 21.31 
240 29.03 12.90 4.84 30.65 1.61 16.13 
260 53.45 10.34 3.45 5.17 3.45 1.72 20.69 
280 40.3 14.93 20.9 2.99 14.93 
300 38.6 40.35 8.77 8.77 
320 31.67 16.67 25.00 1.67 3.33 18.33 
340 27.59 29.31 1.72 13.79 15.52 
360 29.09 32.73 3.64 12.73 18.18 
380 34.92 12.70 1.59 11.11 1.59 39.68 
400 51.56 14.06 3.13 9.38 1.56 18.75 
420 48.21 12.50 5.36 7.14 1.79 25 
440 35.09 17.54 3.51 24.56 17.54 
460 30.51 22.03 25.42 1.69 18.64 
480 33.33 25.76 1.52 22.73 15.15 
500 33.33 28.07 1.75 33.33 1.75 1.75 
520 35.19 16.67 3.70 12.96 1.85 27.78 
540 31,67 25 26.67 3.33 13.33 
560 46.15 13.46 26.92 1.92 9.62 

Depth inf. bull. dut. pachy (d) pachy (s) 	men. Tropicals 

580 63.64 7.27 5.45 10.91 10.91 
600 32.76 17.24 3.45 22.41 24.14 
620 25.33 26.67 25.33 4.00 18.67 
640 38.46 25 1.92 19.23 13.4.6 
660 32.73 9.09 5.45 10.91 40.00 
680 52.63 12.28 10.53 21.05 
700 29.23 20 7.69 23.08 3.08 16.92 
720 39.22 15.69 3.92 5.88 . 35.29 
740 14.81 22.22 3.70 50.00 9.26 
760 32 26 2.00 32.00 8.00 
780 50 11.54 3.85 26.92 7.69 
800 26.92 11.54 51.92 7.69 
820 53.7 27.78 16.67 1.85 
840 25 25 5.77 25.00 1.92 17.31 
860 35,29 27.45 3.92 13.73 17.65 
880 55.17 10.34 10.34 13.79 10.34 
900 38.18 7.27 1.82 27.27 1.82 21.82 
920 51.92 11.54 3.85 13.46 19.23 
940 57.69 11.54 25.00 5.77 
960 43.64 16.36 14.55 1.82 20 
980 53.57 16.07 1.79 12.50 14.29 

1000 55.32 4.26 6.38 4.26 29.79 
1020 32.69 13.46 5.77 11.54 32.69 
1040 25.93 20.37 16.67 11.11 25.93 
1060 31.15 21.31 8.20 27.87 1.64 8.20 
1080 32.14 19.64 1.79 28.57 17.86 
1100 25.76 34.85 7.58 19.70 1.52 9.09 
1120 36.54 25.00 3.85 28.85 5.77 



Appendix 4.2. Relative percentages of planktonic foraminifera from GeoB 3604. Abbreviations are as follows: Depth = Depth of core sample (cm); inf. = Gr. 
inflata; bull. = Gg. bulloides; pachy (d) = N. pachyderma (d); dut. = N. dutertrei, pachy (s) = N. pachyderma (s); Tropicals = Tropical planktonic foraminifera (G. 
sacculifer + G. ruber + G. menardii + G. siphonfera + 0. universa). All values are given as percentages of the total planktonic foraminifera. Sample sizes vary 
but were generally between 50 and 100 specimens for a preliminary analysis. Data is plotted in Bled etal. (1996). 

Depth inf. bull. pachy (d) dut. pachy (s) Tropicals 

20 67.21 8.20 11.48 3.28 9.84 
40 27.27 25.45 25.45 1.82 20.00 
60 19.67 14.75 44.26 21.31 
80 18.97 12.07 44.83 5.17 15.52 

100 7.84 27.45 54.90 1.96 7.84 
120 21.88 29.69 28.13 3.13 17.19 
140 11.76 30.88 51.47 1.47 4.41 
160 18.64 32.20 42.37 6.78 
180 9.26 22.22 53.70 1.85 3.70 7.41 
200 15.38 23.08 48.08 1.92 11.54 
220 15.15 42.42 27.27 1.52 13.64 
240 21.57 37.25 29.41 11.76 
260 27.27 30.91 30.91 1.82 3.64 5.45 
280 17.65 50.98 21.57 3.92 5.88 
300 29.63 25.93 27.78 0.00 3.70 12.96 
320 13.73 15.69 50.98 1.96 1.96 7.84 
340 12.96 22.22 31.48 1.85 1.85 16.67 
360 15.94 31.88 17.39 4.35 0.00 24.64 
380 37.68 18.84 7.25 2.90 5.80 26.09 
400 57.14 21.43 17.86 
420 14.52 24.19 38.71 11.29 11.29 
440 14.04 35,09 31.58 1.75 17.54 
460 13.33 26.67 46.67 1.67 11.67 
480 16.98 24.53 47.17 1.89 9.43 
500 21.43 19,64 42.86 14.29 
520 14.04 17.54 54.39 3.51 10.53 
540 12.50 12.50 58.93 1.79 14.29 
560 14.29 22.45 46.94 4.08 4.08 6.12 
580 20.00 12.73 34.55 3.64 3.64 20.00 

Depth inf. bull. pachy (d) dut. pachy (s) Tropicals 

600 12.07 29.31 44.83 6.90 3.45 
620 18.52 42.59 18.52 5.56 12.96 
640 33.33 19.44 33.33 1.39 2.78 8.33 
660 36.67 16.67 31.67 11.67 
680 14.29 10.20 61.22 6.12 6.12 
700 30.36 23.21 41.07 1.79 1.79 1.79 
720 17.91 25.37 23.88 5.97 25.37 
740 13.46 13.46 65.38 3.85 3.85 
760 13.04 11.59 52.17 7.25 7.25 
780 16.13 20.97 45.16 11.29 4.84 
800 27.42 25.81 45.16 1.61 
820 8.33 10.00 73.33 1.67 6.67 
840 8.47 13.56 54.24 15.25 1.69 
860 37.14 7.14 32.86 4.29 10.00 2.86 
880 11.11 9.26 70.37 1.85 1.85 1.85 
900 22.03 5.08 64.41 3.39 3.39 
920 46.88 6.25 32.81 1.56 4.69 6.25 
940 15.52 13.79 60.34 5.17 5.17 



Appendix 4.3. Relative percentages of planktonic foraminifera from GeoB 3605. Abbreviations are as follows: Depth = Depth of core sample (cm); inf. = Gr 

inflata; bull. = Gg. bulloides; pachy (d) = N. pachyderma (d); dut. = N. dutertrei, pachy (s) = N. pachyderma (s); Tropicals = Tropical planktonic foraminifera 
(G. saccu1fer + G. ruber + G. menardii + G. siphonifera + 0. universa). All values are given as percentages of the total planktonic foraminifera. Sample sizes 
vary but were generally between 50 and 100 specimens for a preliminary analysis. Data is plotted in Bled etal. (1996). 

Depth inf. bull. pachy (d) dut. pachy (s) Tropicals 

5 20.41 12.24 63.27 2.04 
20 29.23 21.54 27.69 3.08 1.54 15.38 
40 22.95 21.31 39.34 1.64 14.75 
60 10.71 21.43 57.14 7.14 1.79 
80 13.21 16.98 62.26 3.77 3.77 

100 19.40 23.88 43.28 2.99 7.46 
120 8.93 25.00 51.79 1.79 3.57 3.57 
140 5.08 23.73 55.93 5.08 6.78 
160 13.33 18.33 48.33 10.00 1.67 
180 31.03 36.21 13.79 1.72 15.52 
200 16.39 52.46 22.95 3.28 4.92 
220 23.73 38.98 30.51 1.69 1.69 
240 20.69 41.38 25.86 5.17 1.72 
260 38.71 17.74 17.74 3.23 1.61 20.97 
280 16.18 11.76 50.00 10.29 1.47 
300 11.48 16.39 34.43 14.75 1.64 
320 23.44 21.88 46,88 1.56 3.13 
340 20.34 30.51 38.98 1.69 5.08 3.39 
360 21.74 26.09 39.13 1.45 1.45 8.70 
380 29,82 19.30 38.60 1.75 5.26 
400 27.78 23.61 37.50 1.39 2.78 4.17 
420 5.88 17.65 50.98 1.96 3.92 15.69 
440 13.56 20.34 52.54 1.69 3.39 6.78 
460 13.46 11.54 51.92 3.85 9,62 1.92 
480 23.53 17.65 50.98 1.96 1.96 
500 19.64 0.00 60.71 5.36 12.50 
520 24.00 6.00 56.00 2.00 2.00 8.00 
540 41.27 6.35 39.68 4.76 1.59 4.76 
560 21,31 8.20 29,51 1.64 36.07 1.64 

Depth 	inf. 	bull. pachy (d) 	dut. pachy (s) Tropicals 

580 7.27 7.27 58,18 18,18 1.82 
600 14.29 11.11 49.21 11.11 9.52 
620 25.81 35.48 16,13 3.23 8.06 11.29 
640 12.50 16.07 51.79 1.79 5.36 12.50 
660 43.40 9.43 39.62 1.89 1.89 3.77 
680 5.36 16.07 55.36 1.79 14.29 5.36 
700 59.26 9.26 25.93 1.85 3.70 
720 29.69 9.38 28.13 15.63 12.50 
740 20.00 21.54 30.77 1,54 9.23 16.92 
760 8.51 12.77 36,17 4.26 21.28 6.38 
780 14.55 12.73 45.45 7.27 5.45 14.55 
800 25.45 16.36 43.64 3.64 5.45 
820 17.24 25.86 53.45 1,72 1.72 
840 17.24 8,62 46,55 5.17 10,34 5.17 
860 29.09 18.18 36.36 1.82 3.64 7.27 
880 38.78 8.16 44.90 4.08 0.00 4.08 



Appendix 4.4. Relative percentages of planktonic foraminifera from GeoB 3606. Abbreviations are as follows: Depth = Depth of core sample (cm); inf. = Gr. 

inflata; bull. = Gg. bulloides; pachy (d) = N. pachyderma (d); pachy (s) = N. pachydernia (s); dut. = N. dutertrei; Tropicals = Tropical planktonic foraminifera 

(G. sacculifer + C. ruber + C. menardii + C. siphonifera + 0. universa). All values are given as percentages of the total planktonic foraminifera. Sample sizes 

vary but were generally between 50 and 100 specimens for a preliminary analysis. Data is plotted in Bled etal. (1996). 

Depth inf. bull. pachy (d) pachy (s) dut. Tropicals 

20 1.89 28,30 52.83 16.98 
40 1.82 21.82 65.45 9.09 1.82 
60 7.14 23.21 58.93 5.36 
80 3.70 24.07 68.52 1.85 

100 9.43 26.42 60.38 1.89 1.89 

120 20.34 33.90 20.34 18.64 1.69 

140 22.00 24.00 32.00 16.00 4.00 

160 18.87 35.85 33.96 3.77 3.77 

180 15.38 23.08 48.08 3.85 9.62 

200 1.79 12.50 69.64 10.71 1.79 3.57 

220 1.89 15.09 66.04 9.43 5.66 1.89 

240 9.80 72.55 9.80 1.96 3.92 

260 57.89 38.60 
280 2.17 6.52 82.61 2.17 4.35 

300 19.57 56.52 23.91 
320 20.41 12.24 51.02 14.29 2.04 
340 11.11 7.41 64.81 14.81 
400 4.55 6.82 59.09 27.27 
500 1.59 46.03 28.57 17.46 4.76 
540 10.71 5.36 73.21 3.57 7.14 

560 4.00 6.00 82.00 8.00 
620 16.22 37.84 32.43 8.11 2.70 
700 15.56 37.78 37.78 



Appendix 4.5. Relative percentages of planktonic foraminifera from GeoB 3608. Abbreviations are as follows: Depth = Depth of core sample (cm); pachy (d) = 
N. pachyderma (d); pachy (s) = N. pachyderma (s); bull. = Gg. bulloides; inf. = Gr. inflata. All values are given as percentages of the total planktonic 
foraminifera Sample sizes vary but were generally between 50 and 100 specimens for a preliminary analysis. Data is plotted in Bled etal. (1996). 

Depth pachy (d) pachy (s) bull. inf. 

5 70.49 3.28 3.28 1.64 
20 56.00 2.67 10.67 8.00 
40 53.62 2.90 10.14 14.49 
60 46.03 3.17 26.98 12.70 
80 42.19 1.56 42.19 6.25 

100 34.29 2.86 38.57 15.71 
120 41.94 0.00 50.00 3.23 
140 34.67 2.67 41.33 14.67 
160 32.20 18.64 33.90 1.69 
180 9.52 74.60 9.52 
200 20.00 61.54 12.31 
220 21.13 59.15 5.63 4.23 
240 11.32 75.47 9.43 
260 37.70 34.43 18.03 1.64 
280 16.67 63.33 6.67 1.67 
300 43.55 20.97 17,74 3.23 
320 10.17 84.75 1.69 
340 26.15 52.31 15.38 1.54 
360 9.09 72.73 7.27 
380 17.24 68.97 5.17 
400 27.14 21.43 25.71 12.86 
420 11.29 62.90 9.68 3.23 
440 18.03 68.85 8.20 
460 25.49 60.78 1.96 
480 25.00 37.50 17.86 12.50 
500 20.37 31.48 29.63 7.41 
520 15.25 47.46 28.81 
540 16.07 48.21 19.64 3.57 
560 41.82 21.82 21.82 
580 15.49 16.90 57.75 2.82 

Depth pachy (d) pachy (s) bull. inf. 

600 51.56 1.56 37.50 3.13 
620 13.33 8.33 63.33 5.00 
640 31.48 18.52 44.44 3.70 
660 16.98 37.74 24.53 13.21 
680 37.50 7.81 37.50 4.69 
700 56.36 7.27 27.27 3.64 
720 32.88 6.85 39.73 15.07 
740 42.86 3,17 33.33 12.70 
760 64.91 5.26 12.28 10.53 
780 41.67 5.00 35.00 11.67 
800 19.72 5.63 25.35 45.07 
820 20.31 6.25 12.50 57.81 
840 33.33 1.67 13.33 50.00 
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Rapid palaeoceanographic changes in the Benguela Upwelling 
System for the last 160,000 years as indicated by abundances of 
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Abstract 

Two sediment cores retrieved from the continental slope in the Benguela Upwelling System, GeoB 1706 (19 337S 
II lOSE) and GeoB 1711 (23 18.9'S. 12 22.61). reveal striking variations in planktonic foraminiferal abundances 
during the last 160,000 years. These fluctuations are investigated to assess changes in the intensity and position of the 
upwelling centres off Namibia. Four species make up over 95% of the variation within the core, and enable the record 
to be divided into episodes characterized by particular planktonic foraminiferal assemblages. The fossil assemblages 
have meaningful ecological significance when compared to those of the modern day and the relationship to their 
environment. The cold-water planktonic foraminifer. Neogloboquadrina pachvdernia sinistral [\ pac/n'derma (s)]. 
dominates the modern-day, coastal upwelling centres, and Neoglohoquadrina pac/n'derna dextral and Glohigerina 
hulloides characterize the fringes of the upwelling cells. Glohorotalia inflata is representative of the offshore boundary 
between newly upwelled waters and the transitional, reduced nutrient levels of the subtropical waters. In the fossil 
record, episodes of high N. pachvderma (5) abundances are interpreted as evidence of increased upwelling intensity. 
and the associated increase in nutrients. The N pac/irdernia (s) record suggests temporal shifts in the intensity of 
upwelling, and corresponding trophic domains, that do not follow the typical glacial-interglacial pattern. Periods of 
high .V pachvderina (s) abundance describe rapid. discrete events dominating isotope stages 3 and 2. The timing of 
these events correlates to the temporal shifts of the Angola-Benguela Front (Jansen et al.. 1997) situated to the north 
of the Walvis Ridge. Absence of high abundances of N. pachvderma (s) from the continental slope of the southern 
Cape Basin indicates that Southern Ocean surface water advection has not exerted a major influence on the Benguela 
Current System. The coincidence of increased upwelling intensity with the movement of the Angola-Benguela Front 
can be interpreted mainly by changes in strength and zonality of the trade wind system. Elsevier Science B.V. All 
rights reserved. 

Kevit'ords: Benguela current: Upwelling: Nutrients: Trade winds: Planktonic foraminifera 
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I. Introduction 

Upwelling systems. and the associated enhanced 
primary and secondary productivity, make a sig-
nificant contribution to the total carbon reservoir 
in the ocean sediments (Shaffer, 1993). It is vital 
that a proper understanding of upwelling systems, 
their variability and driving mechanisms is gained 
to quantify the carbon sinks in the oceans. The 
southwest African margin is an excellent area to 
study upwelling dynamics as it is the site of intense 
upweliing and exceptionally high productivity. 
Offshore displacement of more oligotrophic sub-
tropical waters by the southeast trade winds allows 
the intense upwelling of cold, nutrient-rich waters 
into the surface layer. This stimulates extreme 
phytoplankton growth (Brown et al., 1991) in a 
narrow shoreward zone of eutrophy resulting in 
most of the surface sediments being of biogenic 
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Fig. I. Study area showing the continental shelf and slope 
bathymetry, and the locations of the Namibian continental-
slope core sites used in text: GeoB 1711, GeoB 1706. GeoB 
3608. GeoB 3606. GeoB 1028, DSDP 532. PC 12 and PC 16. 
Bathymetry of the southwest African coast is given in meters 
by Dingle and Nelson (1993). Inset shows position with respect 
to the African continent.  

origin. Recent surface Benguela sediment distribu-
tions are discussed by Calvert and Price (1983), 
Rogers and Bremner (1991). Giraudeau et al. 
(1993), Dingle (1995) and Summerhayes et al. 
(1995b). 

The aim of this study is to assess the variation 
of planktonic foraminifera to determine changes 
in the oceanography of the Benguela Upwelling 
System, in the expectation that this will enable us 
to assess the extent to which upwelling has changed 
temporally and spatially, and to determine what 
controls these changes. The high-resolution plank-
tonic foraminiferal records of cores GeoB 1706, 
southwest of Cape Fria (1933.7'S. 11 10.5'E, 
Fig. 1) and GeoB 1711, off Walvis Bay (23 18.9'S, 
1222.6E) are used to investigate the variability 
of palaeoceanography of the Namibian Margin 
for the last 160 kyr. Two main questions to be 
investigated are: (1) Can abundance variations of 
planktonic foraminifera be used to determine past 
changes of upwelling intensity in the Benguela 
Upwelling System? (2) To what degree is the 
Benguela Current System (BCS) influenced by 
cold-water advection from the Southern Ocean as 
has previously been suggested (Mcintyre et al.. 
1989: Giraudeau, 1993; Summerhayes et al., 1995b; 
Giraudeau et al.. 1997)? 

2. Regional oceanography 

The oceanography off South Africa. Namibia 
and southern Angola is controlled by the coastal 
branch of the Benguela Current forming the north-
eastern limb of the anticyclonic gyre of the South 
Atlantic. The hydrography of the Benguela 
Current System (BCS) has been described in detail 
by a number of workers (Shannon, 1985; 
Lutjeharms and Meeuwis, 1987: I.utjeharms and 
Stockton, 1987; Summerhayes et al., 1995b; 
Shannon and Nelson. 1997), and is summarized 
in Fig. 2. The Benguela Oceanic Current (BOC) 
is the equatorward drift of cool surface waters 
flowing from 34S (Cape Town) past southwestern 
Africa to 23S (Walvis Bay), where it diverges 
from the coast. Inside the shelf break, along the 
entire coastline, a component of the BOC moves 
equatorwards forming the Benguela Coastal 
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Fig. 2. Map outlining the major oceanographic features of the 

Benguela Current and neighbouring systems (after Shannon. 

1985; Lutjeharms and Stockton. 1987). Black arrows indicate 

cold-water currents, white arrows warm-water currents. The 

size of the arrows is relative to the intensity of the rcspectie 

currents. Core T89-32 (Jansen et al.. 1997) is shown for refer-

ence. Abbreviations are as used in the text: BOC= Benguela 

Oceanic Current: BCC=Benguela Coastal Current; .4C= 

Angola Current: A BF= Angola- Benguela Front. 

Current (BCC). The BCC continues northwards 
off Angola as far as 14 S (Meeuwis and 
Lutjeharms. 1990) where the line of upwelling 
centers terminates. The warm Angola Current 
(AC), forming the southeasterly limb of the South 
Equatorial Counter Current (SECC). flows pole-
wards off Angola until it meets the cold BCC 
between 18 and 14S at the Angola-Benguela 
Front (ABF). This is the mixing site of warm. 

Felatively nutrient-poor, waters from the north, 
and colder, relatively nutrient-rich, waters from 
the south. The front penetrates, at its greatest 
extent. 1000 km offshore. with a zone of maximum 
trontal development within the first 250 km from 
the shore (Meeuwis and Lutjeharms. 1990). The 
Font has a mean annual shift of 2-3 latitude, 
ith a general frontal NW-SE orientation 

I \leeuwis and Lutjeharms. 1990). To the south of 
he Benguela Upwelling System. a component of 
lie warm-water Agulhas Current enters from the 
Indian Ocean and forms a thermal barrier. 
lie Agulhas Retroflection. This has been observed 
rom satellite imaging (Duncombe-Rae. 1991) as 
series of dynamic eddies and rings from the east. 

:tFectively limiting the equatorward flow of cool, 
Subantarctic Surface Water (SASW ) filaments into 
the BOC (Shannon et al.. 1989). Movement of the 
thermal barrier, which is controlled by the rel-
ative position and intensity of the Subtropical 
Convergence (STC) and the Agulhas Current, 
ereates a variable supply of cold Subantarctic 
aaters and warm Agulhas waters into the BCS. 
Ihis has the effect of controlling the heat flux into 
the South Atlantic, and will possibly be recorded 
in the planktonic foraminiferal record by changes 
in abundance of temperature-dominated species. 

Coastal upwelling within the BCS varies with 
the seasonal extremes of summer and winter 
(Shannon, 1985). Upwelling intensity and the asso-
ciated primary productivity is high all year round. 
However, the seasonal signal has the effect of 
dividing the system into a Northern Benguela 
Region (NBR) and a Southern Benguela Region 
(SBR) (Dingle. 1995). This is seen in the modern-
day planktonic foramiiiileral distributions 
(Giraudeau et al.. 1993) and has been demon-
strated using benthic ostracoda (Dingle. 1995) and 
satellite imaging (Lutjeharms and Meeuwis. 1987). 
Seven major upwelling cells can be distinguished: 
Luderitz (25 S). Namaqua (29'S), Columbine 
(32S). Walvis (22S). Namibia (l9S). Peninsula 
(34; S) and Kunene (17 ) in order of decreasing 
intensity. A strong correlation was found between 
strength of offshore winds and level of upwelling 
intensity (Lutjeharms and Meeuwis. 1987). The 
boundary between the NBR and the SBR 
(Lüderitz Boundary. LB) is the site of maximum 
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upwelling intensity at 26-27"S (LUderitz), which 
has the coldest and the most persistent upwelling 
(Fig. 3). Upwelling in the area north of the LB 
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Fig. 3. Recent distribution of planktonic foraminifera in the 

study area, after Giraudeau (1993): N. paehvdertna (s) is found 
in eutrophic. cool upwelled waters: Gr. inflow  is found in rela-

tively oligotrophic, sub tropical conditions: and. N. paehrderma 

(d) and Gg. hulloides are found in the mixed. mesotrophic. sub-

tropical and upwelled waters typical of the offshore Northern 

Benguela Region (,VBR). The LUderitz Boundary represents the 

boundary between the Northern (NBR) and Southern Benguela 

regions )SBR). N. pac/irderina (s) includes only sinistral forms. 

whilst N. pachvderrna (d) includes all dextral forms of 

N. pachvderrna and all forms of N. duiertrei. 

(NBR) is predominantly a winter phenomenon, 
but the area is typified by year round high produc-
tivity and enhanced accumulation of phytoplank-
ton (Brown et al., 1991). Wind speeds are of 
medium intensity with a wide, oceanic, filamen-
tous, mixing domain (Lutjeharms and Stockton. 
1987). Surface sediments are rich in organics with 
a maximum in the inner-shelf belt of diatomaceous 
ooze (Bremner. 1983; Rogers and Bremner, 1991). 
In the Recent setting, the NBR has the lowest 
dissolved-oxygen, related to a poor oxygen source 
in the Angola Basin, and the highest marine 
organic carbon levels and sea surface temperatures 
(SSTs) (Dingle, 1995). Boyd et al. (1987) found 
late-summer poleward intrusion of surface and 
subsurface warm Angolan water south to Walvis 
Bay to be a common feature. 

The SBR has a highly seasonal upwelling regime 
with its maximum in summer, and a restricted 
mixing domain (Lutjeharms and Meeuwis, 1987: 
Giraudeau and Rogers, 1994). Offshore there is a 
strong thermal front between the cold, dense 
upwelled waters and the displaced subtropical 
waters. Seasonal variability in nutrient supply and 
low values of chlorophyll a (Giraudeau, 1993) are 
associated with the variable upwelling intensity. In 
the Recent sediments, the SBR has the highest 
dissolved-oxygen levels which support an abun-
dant benthic ostracod population (Dingle, 1995). 

The most recent review of the Quaternary 
upwelling history offshore Namibia was by 
Summerhayes et al. (1995b). Using geochemical 
and micropalaeontological analyses of a piston 
core (PGPCI2, see Fig. I) from the slope off 
Walvis Bay, they discussed the dynamics of upwell-
ing in the BCS during the last 70 kyr. They 
indicated that the most productive time interval, 
derived from organic carbon data, was during 
glacial stages 4-2. peaking in isotope stage 3. and 
coinciding with the coldest SSTs from alkenone 
data. Upwelling and organic matter flux was found 
to increase in stages 4 and 3, but decline into stage 
2, the Last Glacial Maximum (LGM). This was 
attributed to an equatorward shift of the trade 
winds in stage 2. leading to a marked decrease in 
upwelling at site PG/PCI2, northwest of Walvis 
Bay (Fig. 1). The primary control on the system 
is believed to be the precessionally controlled posi- 

20° 

25° 
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tion of the South Atlantic Anticyclonic Gyre 
(Summerhayes et al., 1995b) and corresponding 
variations in the upwelling-inducing trade winds. 
Aside from this primary control on productivity, 
Summerhayes et al. (1995a) suggest variations in 
the supply of nutrients into the system via subsur-
face waters which sank at the STC, and continued 
clockwise around the South Atlantic with the 
Equatorial Undercurrent (EUC) and through the 
Angola Basin to Namibia. 

Jansen et al. (1997) used planktonic foramini-
fera from three cores on the Angola—Zaire margin 
to reconstruct palaeo-positions of the ABF for the 
last 180 kyr. Using a low-resolution record, they 
suggest that the extreme latitudinal shifts of the 
BCS can be described by the 100 kyr (eccentricity) 
period and the meridional shifts by the 23 kyr 
(precession) component of the Earth's orbital 
parameters. Jansen et al. (1997) show strong equa-
torward shifts in stages 4 and substages 3.3-3.1, 
whilst the southernmost positions (similar to the 
present situation) were occupied in substages 6.3, 
5.5 and stage 1. In agreement with Sunimerhayes 
et al. (1995b), they associate the shifting of the 
ABF, and accompanying upwelling cells, to 
changes in position and relative intensity of the 
SAAG and corresponding southeast trade winds, 
with an additional component from advected 
Southern Ocean surface or intermediate waters. 

3. Modern-day distribution of planktonic 
foraminifera 

The variability of watermasses is important in 
any discussion of the distribution of planktonic 
foraminifera. Be and Tolderlund (1971) grouped 
planktonic foraminifera into five faunal zones, 
showing a bipolar and anti-tropical nature of 
preferred habitats with distinct faunas living in 
particular latitudinal zones, seemingly governed by 
the temperature regime. However, other studies 
brought the dominance of temperature into ques-
tion, with "typically" cold-water species such as 
Globigerina bulloides d'Orbigny being found in 
tropical upwelling areas (Thiede, 1975; Prell and 
Curry, 1981; Kroon, 1991), reinforcing the idea 
that species distribution is governed by nutrient  

levels and not by temperature (Reynolds and 
Thunnel, 1985). Three watermass types ade-
quately describe the BCS as observed by the 
modern distribution of planktonic foraminifera 
(Giraudeau, 1993) and satellite imaging 
(Lutjeharms and Stockton, 1987; Meeuwis and 
Lutjeharms, 1990). 

In the modern setting, Giraudeau (1993) 
mapped the distribution of planktonic foraminifera 
and found that the assemblages occur within 
oceanographically distinct zones or belts, from 
Cape Town to Cape Fria (Fig. 3). In the SBR, 
Globoro ta/ia inflata d'Orbigny mainly inhabits the 
offshore waters that are typical of a transitional 
system with lower nutrient levels and reduced 
primary productivity compared to the inshore 
upwelling cells. Inshore, the eutrophic, nutrient-
rich, cooler upwelled waters form an area much 
more agreeable to Neogloboquadrina pachyderma 

sinistral (Ehrenberg) [N. pachyderma (s)]. The 
sharp break between the two zones of foraminiferal 
domination correlates precisely to the hydrography 
of the SBR. Bang ( 197 1 ) studied the water struc-
ture between 29 and 32°S (SBR) and distinguished 
a coast-parallel coastal upwelling front over the 
continental shelf with a sharply defined thermal 
anomaly between an offshore divergence zone and 
the newly upwelled waters of the BCS. Barange 
and Pillar (1992) extended the observations north-
wards to 17S (NBR) and reported that the off-
shore divergence zone is a permanent feature 
independent of the wind stress. A "tongue" of 
warm, oxygen- and nutrient-poor, Angola Basin 
water filters into the northern BCS intermittently 
throughout the year (Boyd et al., 1987), further 
increasing the extent of the filamentous mixing 
domain in the NBR. As well as the offshore 
conditions in the SBR, Gr. inflata also inhabits the 
nutrient-poor, subtropical Angola Current fila-
ments injected into the BCS in the NBR. The 
offshore zone of the NBR is characterized by areas 
of mixed nutrient levels, suitable for 
Neog/oboquadrina pachyderma dextral (Ehrenberg) 
[N. pachyderma (d)] and Gg. bulloides. N. pachy-

derma (d) prefers the mesotrophic, but higher 
nutrient levels of the upwelled filaments, whilst 
Gg. bu/loides prefers the relatively lower nutrient 
levels away from the upwelling filaments 
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(Giraudeau, 1993). Nearshore waters, which 
upwell in this area, are of a shallower origin than 
in the SBR (Shannon and Nelson, 1997), and are 
less ideal for N. pachyderma (s) than the nearshore 
area to the south. 

Oberhänsli (1991) and Schmidt (1992) used the 
abundances of planktonic foraminifera as indica-
tors of past upwelling processes in the BCS. Both 
documented cold periods within early stage 6 and 
stages 4-2 from sites GeoB 1028 and DSDP 532, 
on the Walvis Ridge (Fig. 1) recorded by the 
greatest maxima of the cold-water species N. 
pachyderma (s). However, although both showed 
distinct peaks in the planktonic foraminiferal 
assemblages, the records were of too low a reso-
lution to ascertain a periodicity for the variations 
seen and to imply any forcing mechanisms for the 
system as a whole. Studies of U 7  (Schneider et al., 
1995) and organic matter in PG/PC12 
(Summerhayes et al., 1995b) reveal similar histor-
ies of cooling, suggesting that oceanographic varia-
tion may be related to an increased vigour of 
upwelling, not simply an introduction of cold 
water from the south. 

4. Materials and methods 

4.1. Sampling 

In this study, we used two gravity cores (GeoB 
1706-2 and GeoB 1711-4) both collected on 
METEOR cruise M20/2 (1991) from 980 in on the 
upper continental slope of the Walvis Ridge 
(19°33.7'S, 11°10.5'E) and 1967m on the 
Namibian continental slope off Walvis Bay 
(23°18.9'S, 12°22.6'E), respectively (Fig. 1). The 
core length of GeoB 1706 was 1113 cm, and of 
GeoB 1711 1066 cm. Sedimentology and further 
core characteristics are given in Schulz et al. 
(1992). Samples were taken at 5 c intervals 
throughout the core, allowing geochemical, micro-
paleontological and isotopic analyses to be carried 
out at a high resolution. Samples (10 cm') for 
geochemical study were freeze-dried and ground 
prior to analysis. Micropalaeontological samples 
(10 cm3) for foraminiferal work were originally 
wet-sieved for fractions greater than 63, 125, 250  

and 500 gm, but for comparative reasons foramini-
feral analysis was made only on the > 125 I.lm size 
fraction. Archived core material is kept at the 
Department of Geosciences, University of Bremen, 
Germany. 

4.2. Stable oxygen- and carbon-isotope analysis 

Tests of Gr. inflata and Cibicidoides wuellerstorfi 
Schwager were hand-picked under a binocular 
microscope from the 250-500 jim fraction to 
achieve an analytical weight between 0.05 and 
0.10 mg, composed of between 8 and 10 well-
preserved and clean specimens. Stable oxygen-
and carbon-isotope analysis was conducted on a 
Finnigan MAT 251 mass spectrometer using a 
KIEL automated sampling device. The tests of the 
foraminifera were reacted with concentrated ortho-
phosphoric acid at 75°C. Calibration to the stan-
dard Pee Dee Belemnite was via the NBS 18, 
NBS19 and NBS20 standards. Analytical precision 
for oxygen- and carbon-isotope analyses was 
+0.08 and +0.04%o, respectively. 

5. Oxygen-isotope stratigraphy and age model 

The planktonic foraminiferal isotope records for 
GeoB 1706 and GeoB 1711 were produced from 
the tests of Gr. inflata, and the benthic foramini-
feral oxygen-isotope record was produced from C. 
3vuellerstorfi. The oxygen-isotope records were sub-
sequently correlated with the stacked record of 
Imbrie et al. (1984) to obtain an age model for 
the cores. Nine isotopic events within the last 140 
kyr were identified in GeoB 1711 by using the 
benthic foraminiferal oxygen-isotope record, and 
eight events for GeoB 1706 by using the planktonic 
foraminiferal oxygen-isotope record (Table I). For 
further correlation between the two cores we used 
seven tie-lines between the two Gr. inflata records 
based on both the oxygen- and carbon-isotope 
profiles (Fig. 4). Correlation between the plank-
tonic foraminiferal isotope records revealed a 
period of non-deposition, or a hiatus, at site GeoB 
1706 during isotope substages 5.5-5.2. 

The GeoB 1706 foraminiferal isotope record 
illustrates the missing heavy values of ' 3C in 
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Table I 
Age control-points for the oxygen-isotope curves of GeoB 1706 
and GeoB 1711 (Imbrie et al., 1984) 

Isotope 
stage 

Depth (cm) 

GeoB 171 P GeoB 1706 

Age 
(kyr) 

1.1 18 6 
2.0 78 12 
2.2 191 153 19 
3.3 461 53 
4.2 556 65 
5.0 693 71 
5.1 686 80 
5.2 746 838 87 
Hiatus end 843 87.5 
5.3 821 99 
5.4 901 107 
5.5 981 122 
Hiatus Start 848 126.5 
6.0 873 128 
6.2 1071 993 135 
6.4 1068 151 

Time span for the hiatus comes from comparison with VO 
and ' 3C signatures of GeoB liii (Fig. 4) and the benthic 
foraminiferal isotope record of GeoB 1711 (Fig. 6). Depth 
measurements for GeoB 1711 are composite depths, and origi-
nal depth for GeoB 1706. 
Denotes benthic foraminiferal isotope record for GeoB 1711. 

isotope substage 5.3, and the missing light isotopic 
values of 8' 80 in isotope substage 5.5 compared 
to the record of GeoB 1711. In all stable oxygen-
isotope records from the Angola and Cape Basins, 
and the continental slope off southwestern Africa 
and equatorial West Africa (Schneider, 1991; 
Schneider et al., 1997), substage 5.5 values reach 
Holocene VO minima. The VO values for GeoB 
1706 in isotopic stage 5 are higher than the 
Holocene values. Detailed examination of carbon-
and oxygen-isotope signatures allow the hiatus to 
be best-fitted between the samples at 848 and 
843 cm in GeoB 1706, matching 126.5 and 87.5 
kyr, respectively, in GeoB 1711. Fig. 5 shows the 
carbon-isotope records of GeoB 1711 and GeoB 
1706 to directly compare the records adjusted for 
age. The maximum of VC in substage 5.3 is 
clearly missing, whilst the excellent correlation in 
early stage 5 marks the isotope substage 5.5 start 
of the hiatus. The 180  stratigraphy of the com-
plete benthic foraminiferal record (Fig. 6) further 

clarifies the missing section of sediment within 
mid-stage 5. Alkenone-derived SST data for both 
GeoB 1706 and GeoB 1711 reinforce the age model 
described (Muller, unpubl.), and further suggests 
the presence of a hiatus between substages 5.5 and 
5.2 in GeoB 1706. 

6. Results 

Twenty eight planktonic foraminiferal species 
were identified using the taxonomic concepts of 
Parker (1962) and the Neogene planktonic fora-
miniferal classification of Kennett and Srinivasan 
(1983). For the purpose of this paper all dextral 
neogloboquadrinids are grouped as N. pachyderma 
(d) including all adult forms of Neogloboquadrina 
dutertrei d'Orbigny, thus accounting for the prob-
lem of the N. pachyderma intergrades of Kipp 
(1976). Similarly, Mix and Morey (1997) grouped 
an "upwelling assemblage" of N. pachyderma (d), 
Gg. bulloides and N. dutertrei as we use here. In 
both cores, seven species have an average abun-
dance greater than 1%, and of those, four species 
(N. pac/zyderma (s), Gg. bulloides, N. pachyderma 
(d) and Gr. inflata) make up, on average, over 
95% of the total assemblage (Plate I). The relative 
abundances of planktonic foraminifera can be 
divided into a series of discrete episodes described 
with respect to the dominant species present in 
that time slice (Figs. 7 and 8). 

There are four types of episode characterizing 
the variation of assemblages seen offshore 
Namibia. Episode A is dominated by N. pachy-
derma (s) when it is in abundances greater than 
40% over all others. Episode B is not dominated 
by a single species, but consists of ~! 20% each of 
N. pac/zyderma (s), N. pachyderma (d) and Gg. 
bulloides. Episode C is dominated by two species, 
N. pachydernia (d) and Gg. bulloides, both contrib-
uting to a total of 80% of the total assemblage. 
Finally, Gr. inflata dominates episode D when it 
shows abundances greater than 20%. The graphic 
representation of the temporal variance in episodes 
A-D (right hand side of Figs. 7 and 8) shows no 
obvious correlation with the glacial-interglacial 
pattern of the isotope stages (left hand side of 
Figs. 7 and 8). 
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Fig. 4. Oxygen- and carbon-isotope depth profiles for GeoB 1706 and GeoB 1711. Original isotope data (thin dark lines) is superim-
posed on a three-point average of the same data (broad shaded lines) to help visual correlation. The age control-points for GeoB 
1711 are shown to the right of the 180 record (these are derived from the benthic foraminiferal stratigraphy of Cibicidoides 
wuellerstorfi, Fig. 6). Tie lines (dashed lines), are derived primarily from the 8'0 signatures, and allow for detailed comparison in 
isotope stage 3. The tie lines have been applied to the VC records, and agree with the positioning of those in the ö' 80 records (see 
also Fig. 5). The oxygen- and carbon-isotope records highlight the absence of substages 5.5-5.3. The missing excursion to positive 
8' 3C values (substage 5.3) in GeoB 1711 and the missing excursion to Holocene, or lighter, VO values (substage 5.5) in GeoB 1706, 
are indicated by arrows. Age control-points are given in Table 1 and Fig. 6. 

N. pachyderma (s), which dominates Episode A 
and forms a substantial part of Episode B, is the 
second most abundant species. It shows the most 
notable fluctuations, with maxima over 20%, up 
to 60% in stages 3-2 and stage 6.4 of GeoB 1706, 
and similarly in GeoB 1711 with additional 
maxima in substages 5.5, 5.4 and 5.3. N. pachy-
derma (d), which makes up episodes B and C with 
Gg. bulloides, has an average abundance of 27% 
and is the most abundant species present. N. 
pachyderma (d) varies substantially with age,  

showing several maxima throughout the last 160 
kyr, and varying between 0 and 80% of the total 
planktonic foraminifera. With an average abun-
dance of 25%, Gg. bulloides records the third 
highest abundance in the core, commonly record-
ing rapid fluctuations from 10 to 50% throughout 
the last 160 kyr, relatively independent of glacial-
interglacial conditions. Episode D consists largely 
of Gr. inflata, which shows a gradual increase to 
its peak abundance in stage 5.1 before a drop to 
previous stage 6 levels. 
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Fig. 5. Carbon-isotope stratigraphy for GeoB 1706 and GeoB 
1711 with respect to age. Original data (dark thin line) is super-
imposed on a three-point average (broad shaded line). The 
excellent correlation of the two 6 13C records versus age clarifies 
the positioning of the hiatus boundaries in the interval of sub-
stages 5.5-5.2. The record shows an excellent correlation of the 
two datasets between stages 4-2, where are two records are 
linked using the O tie lines (dashed lines, Fig. 4). 

7. Discussion 

7.1. Planktonicforarninjfera and nutrient 
availability 

The planktonic foraminiferal records in the two 
cores under study are subdivided into episodes 
characterized by specific foraminiferal assemblages 
(Figs. 7 and 8). N. pachydernia (s), which domi-
nates Episode A, has the greatest influence on the  

major fluctuations in the system. N. pachyderma 
(s) does not vary with the changes in the global 
hydrological cycle, described by 180 variations 
(Imbrie et al., 1984), but instead shows a higher 
frequency of change with abundance maxima 
throughout isotope stages 6-2, including intergla-
cial stage 5 (Little et al., 1995). Previous investiga-
tions within the BCS have distinguished a good 
agreement with the distribution patterns of the 
planktonic foraminifera, nutrient levels and surface 
water hydrography (Giraudeau, 1993; Ufkes and 
Zachariasse, 1993; Ufkes, 1997). Giraudeau et al. 
(1997) found a similar pattern when they studied 
coccolith abundances in the same area. On the 
basis of factor analysis they correlated the abun-
dances of coccolith species to the modern-day 
distribution of trophic areas. A comparison of 
planktonic foraminiferal (Fig. 3) and coccolith dis-
tributions in Recent surface sediments (Giraudeau, 
1993; Giraudeau et al., 1993; Giraudeau and 
Rogers, 1994), reveals a striking similarity to the 
modern-day trophic-level distribution, indicating a 
relationship between foraminifera type/number 
and nutrient levels within the Benguela Upwelling 
System, similar to other oceanic settings (Reynolds 
and Thunnel, 1985; Kroon and Ganssen, 1989; 
Kroon, 1991). The fossil assemblages are thus best 
interpreted with respect to a temporally varying 
nutrient availability or supply (Figs. 7 and 8). 
Episodes type A and D infer eutrophic (high) and 
relatively oligotrophic (low) nutrient levels, respec-
tively, when the observed modern-day nutrient--
foraminiferal relationship is applied. Eutrophic 
Episode A, would be correlated with the trophic 
situation presently occurring in the nearshore 
upwelling centres, particularly intense off Luderitz 
and further south in the SBR. The offshore, sub-
tropical conditions of the SBR, would be represen-
tative of Episode D trophic levels. Episodes B and 
C would characterize intermediate, mesotrophic 
conditions, typical of the mixed zone offshore in 
the NBR, similar to the modern-day situation at 
the sites of GeoB 1706 and GeoB 1711. At the site 
of GeoB 1706, eutrophic conditions dominated the 
oceanographic setting during isotope sub-stage 6.4 
and stages 3 and 2. At site GeoB 1711, the 
planktonic foraminiferal record similarly suggests 
upwelling conditions throughout stage 3 and into 
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Fig. 6. Oxygen-isotope stratigraphy for GeoB 1706 and GeoB 1711 with respect to age. Planktonic foraminiferal records from Gr. 
inflata, for GeoB 1706 and GeoB 1711, highlight the hiatus in GeoB 1706 in isotope stage 5. Note that isotope values in GeoB 1706 
do not reach the light isotopic values of the Holocene, as seen in GeoB 1711. The benthic foraminiferal oxygen-isotope record of 
GeoB 1711 is shown for comparison. Isotope stages are given on the right hand side, and age control-points are identified (*) to the 
right of each isotope record. 

early stage 2. Both core sites record subtropical, 
relatively oligotrophic conditions dominating late 
stage 5. 

7.2. Angola—Benguela Front migration, upwelling 
intensification or cold-water advection? 

A fluctuation in nutrient supply could be 
explained by three different conditions within the 
BCS. Firstly, upwelling intensity, which would  

have the effect of widening the zone of N. pachy-
derma (s) displacing further offshore the boundary 
between eutrophic and mesotrophic watermasses 
[boundary between N pachyderma (s) and other 
species, Fig. 3]. Secondly, a physical shift of the 
ABF and corresponding trophic zones equator-
wards, bringing increased nutrient levels to the 
north. Thirdly, a sporadic injection of cold, nutri-
ent-rich water advecting from the Southern Ocean 
past Cape Town and along the eastern edge of the 

Plate I 

Photographs of the four main planktonic foraminifera from the Benguela Upwelling System. 
1-5. N. pachyderma (sinistral), scale bar= 200 pm—note extra bullae in 5, a common feature in the Benguela species. 
6-8. Gg. bulloides, scale bar= 500 pm—note large offset bullae in 7 and 8, again a common feature of the Benguela species. 
9, 10. N. pac/iyderma (dextral), scale bar= 300 lan. 
11, 12. N. pac/iyderma (dextral)–N. dutertrei intergrades, scale bar= 300 pm. 
13. N. dutertre, (adult, scale bar= 500 pm). All N. dutertei forms are included in N. pachyderma (d) counts. 
14-17. Gr. inflata, scale bar= 400 gm—note bullae in 14, and variance in wall structure similar to Globorotalja pun cticu/ata, in 15; 

however, three chambers in final whorl allows classification as Gr. injlata. 
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Fig. 7. Fluctuations in the relative abundances of the four major species of planktonic foraminifera with age. Isotope stages are given 
on the left for reference, whilst a schematic reference for episode dominance is given on the right. Episode A: Dominance 
of N. pachrlerma (s) >40% over all others: Episode B: 20% each (or >) of N. pachvderina (s). N. pae/ivclerma (d) and Gg. hulloides: 
Episode C: Dominance of N. pac/rvdernia (d) -- Gg. bulloide.s both contributing to a total of 80%: Episode D: Gr. in/!ail >20%. Sec 
text for discussion. 

BCS. All of these conditions would be observed in 
the fossil record by a relative enhancement of the 
typical upwelling fauna, in particular N. pacht -
derma (s). An alternative hypothesis, an increase 
in the nutrient supply by poleward undercurrents 
from the Angola Basin. was postulated by 
Summerhayes et al. (1995a) and Struck et al. 
(1993) using the VC record of the surface dweller 
Gg. ruher, although no firm evidence for nutrient 
enrichment from the north has been proven. 

The distribution of planktonic foraminiferal 
zones is linked to the oceanographic regimes which 
are presently occurring off the southwest African 
coast. The coccoliths and planktonic foraminifera  

(Giraudeau and Rodgers, 1994) seem to be 
responding primarily to nutrient availability, and 
thus upwelling intensification and/or advection of 
Southern Ocean surface waters. Jansen et al. 
1997) recorded high abundances of N. pachv-

derna (s), within the Angola Basin, with maximum 
abundances throughout the last 160 kyr. and a 
peak in abundance during early isotope stage 3. 
The variation in planktonic foraminiferal abun-
dances was correlated to physical shifts of the 
ABF in response to changes in the intensity and 
position of the South Atlantic Gyre and the 
Subtropical Convergence (STC). An equatorwards 
deflection of the ABF would produce a shift of 

S 
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Fig. 8. Fluctuations in the relative abundances of the four major species of planktonic foraminifera with age. Isotope stages are given 
on the left for reference, whilst a schematic reference for episode dominance is given on the right. Episode A: Dominance of N. 
pac/iyderma (s) >40% over all others; Episode B: 20% each (or >) of N. pachyderma (s), N. pachyderma (d) and Gg. bulloides; Episode 
C: Dominance of N. pachyderma (d) + Gg. bulloides both contributing to a total of 80%; Episode D: Gr. inflata >20%. See text for 
discussion. 

the more eutrophic areas [dominated by N. pachy-
derma (s)] to the north, whilst a poleward shift 
would decrease the relative nutrient supply at the 
Walvis Ridge by moving the upwelling centers 
south. In the extreme case, a large poleward dis-
placement of the ABF as far as GeoB 1706 could 
be possible, extending the southerly intrusion of 
warm Angolan water onto the Walvis Ridge. If 
the whole Benguela Upwelling System were to 
move with the ABF, we would predict maxima of 
N. pachyderma (s) at times of equatorward shifts. 

The temporal fluctuations in the two planktonic 
foraminiferal records correlate well with the shifts 
of the ABF, described by the Benguela Index 
(Fig. 9). The fluctuations of N. pachyderma (s) in 

GeoB 1706 and GeoB 1711 are directly comparable 
to similar peaks at 60-70 kyr in stage 4, and 45-50 
and 30-35 kyr in stage 3, as seen in T89-32 
(14°58.2'S, 10 -41.6'E; Fig. 2) and T89-24 (8°54.7'S, 
12'03. FE) from the Angola Basin. Jansen et al. 
(1997) predict major equatorward shifts in isotope 
stage 4 and substages 3.3-3.1, and maximum pole-
ward shifts in isotope substages 6.3, 5.5 and stage 
1, although not a major equatorward shift at the 
LGM. In addition, the ABF record shows a similar 
position in late isotope stage 6—early stage 5 to 
that of the Holocene. These shifts are mirrored in 
the Benguela Index records of GeoB 1706 and 
GeoB 1711, although there are differences, but 
they are mainly related to discrepancies within the 
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Fig. 9. Comparison of the Benguela Index transfer function of Jansen et al. (1997) (left) with data from GeoB 1706 and GeoB 1711 
(right). The Benguela Index function is used to assess relative N—S (equatorward—poleward) movements of the ABF, derived from 
N. pachydernia (s) abundances in five cores from the Angola—Zaire margin. High N. pachyderma (s) abundances indicate equatorward 
shifts of the ABF, and are highlighted for GeoB 1711 and GeoB 1706. The difference in temporal resolution between the Cape and 
Angola Basin records, probably results in some minor discrepancies, but overall the two records are in agreement. Periods of increased 
Cape Basin upwelling intensity broadly coincide with equatorward shifts of the ABF. The GeoB 1706 N. pachyderma (s) anomaly in 
isotope stage 6.4 is highlighted (*). The Benguela Index is given as (2/3 x left coiling+ 1/3 x right coiling) N. pachyderna (Jansen 
et al., 1997). 

age models of the cores. GeoB 1706 records high 
abundances of N. pachyderma (s) in isotope sub-
stage 6.4, and much higher abundances of N. 
pachyderma (s) in stage 2, in particular at the 
LGM, correlating to strong equatorward shifts of 
the ABF not seen in the Benguela Index of the 
Angola Basin (Fig. 9). 

Alkenone-derived SST estimates (Schneider 
et al., 1995, 1997; Summerhayes et al., 1995b) 
indicate that the coolest period in the BCS and 
the Angola Basin is centred on the lower part of 
isotope stage 3, exactly when N. pachyderma (s) 
abundances are at their maximum (Figs. 7 and 8). 
Jansen et al. (1997) proposed the greatest equator-
ward shift of the ABF at this time based on a 
maximum of N. pachyderma (s) at site T89-32 
(Fig. 9). The implied temporal ABF movements 
are supported by a variety of data, primarily the 
general agreement of N. pachyderma (s) 
abundances, as seen in GeoB 1706 and GeoB  

1711, GeoB 1028 (Schmidt, 1992), DSDP 532 
(Oberhänsli, 1991) and T89-32 (Jansen etal., 1997) 
with alkenone-derived SSTs, which have been 
recorded by Schneider et al. (1995, 1997) and 
Summerhayes et al. (1995b). The seemingly 
anomalous, almost monospecific, assemblage at 
site GeoB 1706 in stage 6.4, followed by a lack of 
N. pachyderma (s) in late stage 6, is corroborated 
by SST data from a core on the Angola Margin 
(GeoB 1016) with a corresponding cool stage 6.4 
and a warmer late stage 6 (Schneider et al., 1995). 

From cores on the Angola Margin, the Walvis 
Ridge, the Congo Fan and the equatorial Atlantic 
Schneider et al. (1995, 1997), using alkenone-
derived SSTs, indicated that the ABF has not 
shifted substantially in the last 200 kyr, and has 
remained between 12 and 20°S. Jansen et al. 
(1997), however, recorded high N. pachyderma (s) 
abundances in cores between 6.5 and 20°S implying 
larger movements of the ABF. The difference 
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between the two datasets may be related to the 
habitat of the coccolithophores from which the 
alkenones and SSTs are derived. The alkenones, 
and therefore SSTs, are dependent upon the bio-
geographic limits of coccolithophorids (review by 
Brassel, 1993). The coccolithophores respond to 
averaged temperature changes within the water-
mass they inhabit, and often co-vary with the 
global glacial—interglacial regime (Muller et al., 
1997, and others therein) and not directly with 
upwelling (Ten Haven and Kroon, 1991; Emeis 
et al., 1995). N. pac/tyderma (s) in the BCS, 
however, is found in the cores of the upwelling 
cells (Ufkes and Zachariasse, 1993; Ufkes, 1997) 
and records the immediate, intensification of 
upwelling seemingly unaffected by the glacial—in-
terglacial pattern. N. pachyderma (s) records the 
maximum fluctuations of the ABF, whilst the 
coccolith-derived SSTs are measuring the averaged 
effect of the upwelling cell fringes and global 
glacial—interglacial regime, not the position of the 
upwelling cores themselves. Most likely it is 
the combined effect of the physical movement of 
the ABF and an increase in upwelling intensity 
which accounts for the planktonic foraminiferal 
variations seen in the Angola and Cape basins. 

Many of the previous studies in the BCS 
(McIntyre et al., 1989; Schneider et al., 1995; 
Summerhayes et al., 1995b; Jansen et al., 1997) 
have discussed advection of Southern Ocean sur-
face or intermediate waters as a result of equator-
ward shifts of the Subtropical Convergence (STC). 
Morley (1989) and Howard and Prell (1992), 
studied the movements of the STC, situated to the 
south of Cape Town, marking the boundary 
between cold, polar-waters from the Southern 
Ocean and warmer waters of the South Atlantic. 
Using cores in the southern Indian Ocean, they 
recorded maximum poleward positions of the STC 
in isotope stages II, 9, 5 and 1, from planktonic 
foraminiferal and radiolarian evidence, whilst max-
imum equatorward positions were recorded in 
isotope stages 12, 10, 8, 6 and 4-2. The movements 
of the STC can be described by a two end-member 
system: (I) maximum poleward position of the 
STC, permitting the largest pulses of Indian Ocean 
water entry into the Atlantic, which is accompa-
nied by maximum equatorward heat advection  

into the BCS and the maximum poleward position 
of the ABF; and (2) maximum equatorward posi-
tion of the STC, limiting the amount of Agulhas 
Current advecting into the Atlantic by formation 
of a thermal barrier or gradient off Cape Town. 
This may, in extreme cases, allow an increase in 
cold-water advection from either the South 
Atlantic Surface Water (SASW) or the Antarctic 
Intermediate Water (AAIW) below, without neces-
sitating an unlikely shift of the polar front 
(Shannon et al., 1989). However, although the 
timing of events links well with the shifting of the 
ABF, as proposed by Jansen et al. (1997) and this 
paper, it still does not conclusively argue for or 
against an advectionally controlled system. For 
further evidence planktonic foraminiferal or SST 
data from the SBR are needed to record equator-
ward heat flux around and past the Cape of 
Good Hope. 

New core material and planktonic foraminiferal 
data (Little, 1997) were collected on the recent leg 
of the R.V. Meteor cruise M32/1 (January 1996). 
Onboard sampling and foraminiferal analysis has 
yielded the first conclusive evidence against cold-
water advection from the south. Seven cores were 
recovered from varying water depths along three 
transects covering the Cape Basin from Cape Point 
to the Walvis Ridge. The cold-water N. pachyderma 
(s) was found to be almost completely absent in 
continental-slope cores from 2000 and 3000 in off 
Cape Town for the last 200,000 years (cores GeoB 
3603 and GeoB 3602; Table 2). We are unable to 
report on the temporal fluctuations of the plank-
tonic foraminiferal abundances in these cores as 
oxygen-isotope age models have not yet been pro-
duced. No obvious sign of selective dissolution 
was observed and the other planktonic forms, 
typical of the SBR, were in great abundance with 
significant numbers of tropical forms, presumably 
intruding around from the Indian Ocean. A trend 
to higher maxima and average values is clearly 
obvious in a traverse from the Southern Cape 
Basin to the north (Table 2). Full datasets and 
complete planktonic foraminiferal analyses are 
given in Little (1997). If northward advection was 
to play a major role in the planktonic foraminiferal 
variations seen in the Benguela Upwelling System, 
then we would almost certainly see the highest 
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Table 2 
Average and maximum relative abundances of sinistral coiling N. pac/iyderma for all cores analysed 

Core site (water depth, m) 
listed north to south 

Core position Average abundance 
N. pachydern1a (s) 

Maximum abundance 
N. pachyderma (s) 

GeoB 1706 (980) 19°33.7'S, ll°l0.5'E 29.38 . 	 81.76 
GeoB 3608 (1972) 22°21.5'S, 12°12.0'E 28.72 75.47 
GeoB 1711 (1967) 23°18.9'S, 12°22.6'E 25.90 84.2 
GeoB 3606 (1785) 25°28.0S, 13°05.0'E 11.83 23.91 (38.60) 
GeoB 3605 (1375) 31°26.7'S, 15°17.8'E 6.04 21.28 (36.07) 
GeoB 3604 (1514) 31 -47. I'S, 15°30.0'E 3.00 15.25 
GeoB 3603 (2840) 35°07.5'S, 17°32.6'E 0.85 4.00 
GeoB 3602 (1885) 34°47.9'S, 17°45.3'E 1.99 8.47 (21.54) 

Values for GeoB 3606, GeoB 3605 and GeoB 3602 are marked by single excursions (anomalies) to higher values; first number given 
is the second highest recorded abundance. Within the three most southerly (poleward) cores (GeoB 3602, GeoB 3603 and GeoB 
3604), values of abundance only exceed 10% four times in 30 m of core sampled. Note that average relative abundances are much 
lower in the southern reaches of the Cape Basin and that there is a positive trend to high values equatorward into the Northern 
Cape Basin. Core characteristics for GeoB 3602-GeoB 3608 are given in Bleil et al. (1996). 

abundances of the cold-water N. pachyderma (s) 
in the south of the region, not the almost zero 
abundances actually recorded. We would therefore 
conclude that the ABF and trophic-area shifts 
described are responding primarily to changes in 
upwelling intensity via fluctuations in the BCS. 

7.3. Trade wind forcing 

McIntyre et al. (1989) used planktonic foramini-
feral estimates of SST to estimate seasonality in 
the equatorial Atlantic. Seasonality maxima, 
largest summer—winter temperature range, are 
recorded at similar times to greatest upwelling 
intensity in the BCS, and broadly coincide with 
the relative shifts of the ABF (Jansen et al., 1997). 
Trade wind zonality is strongly related to the 
seasonality at the equator (Mix et al., 1986; Imbrie 
et al., 1989; McIntyre et al., 1989; Little et al., 
1995; Schneider et al., 1995; Mix and Morey, 
1997), and also contributes to most of the SST, 
palaeoproductivity and palaeoceanography varia-
tions within the BCS (Schneider et al., 1995; 
Summerhayes et al., 1995b; Jansen et al., 1997; 
Mix and Morey, 1997; Schneider et al., 1997, 
submitted). The records of GeoB 1706 and GeoB 
1711 suggest intensification of upwelling in the 
northern Cape Basin coinciding with increased 
equatorial and Angola Basin upwelling, at times 
of increased trade wind zonality. There is no  

evidence in support of the advection of Southern 
Ocean water across the STC, and equatorward 
heat advection, other than that from upwelling via 
the BCS, plays a minor if not insignificant role in 
equatorial and Angola Basin palaeoceanography. 
It is the injection of newly upwelled BCS waters, 
rather than advection of Southern Ocean water, 
which McIntyre et al. (1989) observed at the 
equator. The BCS is driven by atmospheric condi-
tions controlling trade wind intensity and zonality 
over Southwestern Africa (McIntyre et al., 1989; 
Schneider et al., 1995, 1997; Mix and Morey, 
1997). Times of maximum abundances of N. 
pachyderma (s), indicate maximum offshore diver-
gence and associated upwelling intensity, at times 
of maximum trade wind intensity and zonality. 

Summerhayes et al. (1995b) suggested that 
upwelling increased in stages 4 and 3, but declined 
into stage 2. This was attributed to an equatorward 
shift of the trade winds in stage 2, leading to a 
marked decrease in upwelling at site PG/PC 12. 
The planktonic foraminiferal record of GeoB 1711, 
on the continental slope nearby to PG/PC 12, indi-
cates that upwelling off Walvis Bay was intense 
throughout isotope stage 3 into early stage 2, with 
a decrease of intensity and associated reduction in 
zonality of the trade winds, from 15 ka to the 
present. 

Trade wind zonality and intensification are 
intrinsically linked to global-atmosphere-cryo- 
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sphere changes for at least the last 160,000 yr. 
Planktonic foraminifera, SST and isotope records 
from sediment and ice cores in all of the world's 
major oceans (Yiou etal., 1991; Bond et al., 1992; 
Grousset et al., 1993; Park et al., 1993; Bender 
et al., 1994; Hagelberg et al., 1994; Mayewski 
et al., 1994; Kennett and Ingram, 1995; Little 
et al., 1995; BehI and Kennett, 1996; Charles et al., 
1996), record similar rapid, discrete events to those 
of the N. pachyderma (s) records of the BCS. The 
Benguela Upwelling system is in an important 
position that may influence cross-equatorial and 
inter-ocean heat flux. Further investigation into 
the timing and correlation of these global events 
is necessary to understand the complexity of cross-
equatorial and inter-ocean teleconnections. 

8. Summary 

The planktonic foraminiferal records for GeoB 
1706 and GeoB 1711 show that the abundance of 
the cold-water planktonic foraminifer, N. pachy-
derma (s), does not vary with the global glacial—in-
terglacial pattern. Four species make up over 95% 
of the variation within the core, and enable the 
record to be divided into episodes characterized 
by specific planktonic foraminiferal assemblages, 
with meaningful ecological significance when com-
pared to those of the modern day. N. pachyderma 
(s), dominates the modern-day, coastal upwelling 
centres; Gr. inflata characterizes the oligotrophic, 
offshore zone of the SBR; and together, Gg. bul-
bides and N. pachyderma (d) inhabit the meso-
trophic areas of the mixed zone in the NBR. In 
the fossil record, the planktonic foraminifera are 
thought to be varying largely with changing nutri-
ent supply, and the subsequent levels of primary 
productivity, according to local water hydrography 
and oceanography currently existing offshore 
Namibia and western South Africa. In cores GeoB 
1706 and GeoB 1711, episodes of high N. pachy-
derma (s) abundances are interpreted as evidence 
of increased upwelling intensity, and the associated 
increase in nutrients. Periods of high N. pachy-
derma (s) abundances describe rapid, discrete 
events dominating isotope stages 3 and 2, the 
timing of which correlate to the temporal shifts of  

the Angola—Benguela Front situated to the north 
of the Walvis Ridge. The physical movement of 
the ABF cannot be disassociated from the increase 
in upwelling intensity recorded in the fossil record. 
The absence of high abundances of N. pachyderma 
(s) from the continental slope of the southern Cape 
Basin conclusively rules out Southern Ocean sur-
face water advection. Upwelling intensification 
along the entire coast of western and southwestern 
Africa is generated by changes in the strength and 
zonality of the trade wind system, responding to 
similar shifts and intensity of the atmospheric and 
oceanic gyres. Similar rapid events in all of the 
world's oceans suggest global variations in cross-
equatorial and inter-ocean teleconnections. 
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Appendix A 

Oxygen-isotope data from GeoB 1711, using the 
benthic foraminifer Cibicidoides wuellerstorfi. The 
depth scale is the combined depths of the upper 
box core and the longer gravity core. The 613C 
and 6' 80 values are both parts per thousand (%o) 
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Depth 	 E 80 	 Depth 	 5180 	 Depth 	 6180 	 Depth 	 8180 

(cm) (%o) (cm) (%o) (cm) (%o) (cm) (%o) 
1 2.49 271 3.86 541 4.06 811 3.23 
6 2.50 276 4.11 546 3.83 816 3.20 
11 2.24 281 4.08 551 4.11 821 3.10 
16 2.48 286 3.91 556 4.18 826 3.21 
21 2.48 291 3.87 561 3.99 831 3.13 
26 2.46 296 3.72 566 3.97 836 3.11 
31 2.30 301 3.91 571 4.11 841 3.07 
36 2.35 306 4.05 576 4.13 846 3.09 
41 2.39 311 3.80 581 3.98 851 2.98 
46 2.44 316 3.93 586 3.91 856 3.30 
51 2.48 321 3.84 591 3.56 861 3.10 
56 3.40 326 3.86 596 3.58 866 3.27 
61 2.64 331 3.76 601 3.60 871 3.25 
66 2.77 336 3.60 606 3.80 876 3.33 
71 3.05 341 3.70 611 3.41 881 3.28 
76 2.80 346 3.41 616 3.46 886 3.35 
81 3.26 351 3.63 621 3.24 891 3.41 
86 3.56 356 3.80 626 3.18 896 3.55 
91 3.39 361 3.82 631 3.37 901 3.61 
96 3.54 366 3.76 636 3.41 906 3.54 
101 3.43 371 3.86 641 3.42 911 3.36 
106 3.53 376 3.93 646 3.49 916 2.67 
111 3.65 381 3.94 651 3.32 921 3.29 
116 3.45 386 3.78 656 3.27 926 3.02 
121 3.27 391 3.81 661 3.05 931 2.66 
126 3.55 396 3.59 666 3.20 936 2.53 
131 3.96 401 3.88 671 3.32 941 2.40 
136 4.10 406 3.77 676 3.06 946 2.59 
141 3.76 411 3.71 681 3.16 951 2.88 
146 4.22 416 3.52 686 3.09 956 2.31 
151 4.31 421 3.67 691 3.04 961 2.33 
156 4.18 426 3.91 696 2.69 966 2.36 
161 4.30 431 3.85 701 2.89 971 2.38 
166 4.57 436 3.90 706 2.86 976 2.33 
171 4.39 441 3.87 711 2.99 981 2.30 
176 4.27 446 3.93 716 2.70 986 2.26 
181 4.08 451 3.62 721 3.04 991 2.34 
186 4.49 456 3.69 726 2.99 996 2.20 
191 4.50 461 3.80 731 3.39 1001 2.23 
196 4.56 466 3.62 736 3.66 1006 2.30 
201 4.51 471 3.83 741 3.55 1011 2.79 
206 4.26 476 3.77 746 3.66 1016 2.79 
211 4.41 481 3.64 751 3.57 1021 3.27 
216 4.48 486 3.67 756 3.22 1026 2.91 
221 4.45 491 3.62 761 3.47 1031 2.51 
226 4.28 496 3.56 766 3.40 1036 2.76 
231 4.55 501 3.70 771 3.33 1041 2.85 
236 4.27 506 3.66 776 3.23 1046 3.86 
241 4.21 511 3.84 781 3.24 1051 4.32 
246 4.31 516 3.89 786 3.25 1056 4.35 
251 4.25 521 3.98 791 3.07 1061 4.37 
256 4.16 526 4.11 796 3.17 1066 4.34 
261 4.08 531 4.21 801 3.26 1071 4.27 
266 4.02 536 3.95 806 2.95 
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Oxygen- and carbon-isotope data from GeoB 1706, using the planktonic foraminifer Globorotalia inflata. 
The 613  and 180 values are both parts per thousand (%o) 

Depth 
(cm) 

680 

(%o) 

6 13C 
(%o) 

Depth 
(cm) 

6180 

(%o) 

6 13C 
(%o) 

Depth 
(cm) 

6 180 

(%o) 

6 13C 
(%o) 

Depth 
(cm) 

6 180 

(%o) 

6 13C 
(%o) 

3 1.46 0.52 283 1.85 0.15 558 1.67 -0.16 833 1.56 0.48 

8 1.12 0.33 288 1.62 0.16 563 1.52 0.06 838 1.74 0.56 

13 0.91 0.34 293 1.94 0.49 568 1.80 -0.06 843 1.48 0.56 

18 0.81 0.25 298 1.96 0.36 573 1.74 -0.34 848 1.12 0.12 

23 0.88 0.46 303 1.87 0.44 578 1.66 -0.04 853 1.37 0.36 

28 0.97 0.39 308 1.93 0.34 583 1.78 -0.13 858 1.28 0.20 

33 1.31 0.19 313 1.93 0.38 588 1.81 0.10 863 1.17 -0.26 

38 1.31 -0.02 318 1.94 0.22 593 1.89 -0.09 868 1.45 -0.05 

43 1.53 0.03 323 2.12 0.51 598 1.87 0.02 873 1.18 0.16 

48 1.18 0.03 328 1.98 0.47 603 1.91 0.12 878 1.22 -0.41 

53 1.01 0.30 333 2.04 0.31 608 2.02 0.00 883 1.11 -0.26 

58 1.21 0.01 338 2.10 0.39 613 2.05 0.10 888 1.28 -0.44 

63 1.53 -0.01 343 1.86 0.12 618 1.90 0.28 893 1.42 -0.27 

68 1.87 0.01 348 1.93 -0.14 623 1.95 -0.03 898 1.15 -0.49 

73 1.65 -0.10 353 1.85 0.12 628 2.05 0.23 903 1.40 -0.04 

78 1.68 -0.05 358 1.86 0.20 633 2.31 0.45 908 1.42 -0.72 

83 1.87 -0.06 363 2.01 0.29 638 2.06 0.36 913 1.74 -0.28 

88 1.83 -0.35 368 1.97 0.63 643 2.07 0.44 918 1.88 -0.20 

93 1.82 -0.19 373 2.13 0.39 648 2.08 0.34 923 1.99 0.05 

98 1.93 0.02 378 2.12 0.12 653 1.99 0.36 928 1.80 -0.35 

103 1.65 -0.23 383 2.20 0.44 658 1.84 0.29 933 1.80 -0.43 

108 2.07 -0.10 388 2.30 0.03 663 2.03 0.33 938 1.81 -0.16 

113 1.98 0.30 393 2.41 0.48 668 2.05 0.73 943 1.99 -0.19 

118 1.99 0.04 398 1.93 0.42 673 2.08 0.39 948 2.00 -0.02 

123 2.27 0.05 403 2.05 0.33 678 2.04 0.23 953 2.01 0.11 

128 2.27 -0.13 408 1.89 0.33 683 2.00 0.37 958 1.66 -0.21 

133 2.28 0.27 413 2.11 0.52 688 2.01 0.56 963 1.56 -0.45 

138 1.75 -0.00 418 2.00 0.31 693 1.71 0.57 968 2.21 -0.03 

148 1.85 0.42 423 1.84 0.36 698 1.56 0.52 973 2.00 0.00 

153 1.84 0.20 428 1.85 0.35 703 1.58 0.58 978 2.04 -0.15 

158 2.26 0.37 433 1.87 0.33 708 1.73 0.67 983 1.79 -0.13 

163 2.25 0.36 438 1.82 0.31 713 1.70 -0.10 988 2.07 0.29 

168 2.24 0.42 443 1.80 0.44 718 1.65 0.71 993 2.28 0.02 

173 2.20 -0.01 448 1.90 0.40 723 1.55 0.70 998 2.18 0.02 

178 2.19 453 1.96 0.54 728 1.64 0.89 1003 1.91 0.01 

183 2.14 0.23 458 2.07 0.38 733 1.54 0.97 1008 2.05 -0.02 

188 1.97 0.17 463 2.02 0.30 738 1.47 0.85 1013 2.05 -0.21 

193 1.92 0.23 468 2.09 0.48 743 1.29 0.60 1018 2.22 -0.05 

198 1.76 -0.22 473 2.17 0.43 748 1.62 0.79 1023 1.91 -0.11 

203 1.83 0.34 478 2.07 0.44 753 1.52 0.80 1028 1.96 -0.02 

208 2.06 0.23 483 1.85 0.25 758 1.53 0.97 1033 1.93 -0.49 

213 1.97 0.37 488 1.83 0.22 763 1.50 0.13 1038 1.90 -0.27 

218 1.94 0.04 493 2.00 0.29 768 1.47 0.44 1043 2.01 -0.15 

223 1.88 0.04 498 1.94 0.02 773 1.55 0.30 1048 1.96 -0.48 

228 1.89 0.03 503 2.04 0.24 778 1.42 0.49 1053 1.93 -0.32 

233 1.70 0.15 508 2.00 0.19 783 1.55 0.53 1058 2.03 -0.04 

238 1.81 0.42 513 1.98 -0.01 788 1.59 0.38 1063 2.09 0.07 

243 1.94 0.43 518 1.70 0.15 793 1.54 0.45 1068 2.13 0.04 
248 1.80 0.55 523 1.76 0.15 798 1.58 0.60 1073 1.95 0.11 

253 1.75 0.03 528 1.99 0.10 803 1.46 0.24 1078 1.99 -0.21 

258 1.89 0.44 533 1.97 0.10 808 1.54 0.37 1083 1.97 0.17 

263 2.18 0.45 538 1.72 0.12 813 1.40 0.31 1088 2.01 -0.22 

268 2.06 0.34 543 1.87 0.08 818 1.44 0.26 1093 1.96 -0.39 

273 1.99 0.32 548 1.89 0.18 823 1.55 0.30 1098 1.69 -0.10 

278 2.00 0.33 553 1.67 -0.08 828 1.64 0.39 1103 1.83 -0.07 
1108 1.85 -0.07 
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Oxygen- and carbon-isotope data from GeoB 1711, using the planktonic foraminifer Globorotalia inflata. 
The depth scale is the combined depths of the upper box core and the longer gravity core. The VC and 

180 values are both parts per thousand (%o) 

Depth 
(cm) 

513C 

(%o) 

8180 

(%o) 

Depth 
(cm) 

8 13C 
(%o) 

8 180 
(%o) 

Depth 
(cm) 

6 13C 
(%o) 

8 180 
(%o) 

Depth 
(cm) 

8 13C 
(%o) 

6 180 
(%o) 

1 0.67 1.08 231 0.63 2.52 481 0.74 2.27 796 1.16 1.36 
4 0.72 0.82 236 0.64 2.47 486 0.34 2.15 801 1.03 1.39 
7 0.65 0.76 241 0.30 2.38 491 0.38 2.27 806 0.85 1.43 
10 0.88 0.88 246 0.50 2.66 496 0.10 2.24 811 1.08 1.33 
11 0.63 0.46 251 0.74 2.83 501 0.24 2.00 816 0.91 1.49 
13 0.58 0.91 256 0.71 506 0.15 2.04 826 0.87 1.66 
16 0.78 1.10 261 0.86 2.70 521 0.56 2.63 831 0.97 1.67 
19 0.59 0.71 266 0.70 2.67 526 0.83 2.85 836 1.00 1.54 
21 0.60 0.90 271 0.62 2.59 531 0.68 2.44 841 1.04 1.78 
22 0.77 0.86 276 0.63 2.52 536 0.67 2.45 846 0.93 1.68 
25 0.70 0.81 281 0.87 2.69 541 0.84 2.65 851 0.76 1.67 
26 0.45 0.72 286 0.77 2.40 546 0.67 2.65 856 0.75 1.73 
31 0.55 0.85 291 0.92 551 0.73 2.60 861 0.70 1.61 
36 0.84 1.03 296 0.76 2.42 556 0.79 2.65 866 0.66 1.71 
41 0.28 0.76 301 0.42 2.14 561 0.83 2.50 876 0.69 1.63 
46 0.46 0.70 306 0.73 2.36 566 0.79 2.52 881 0.60 1.59 
53 0.50 0.81 311 0.52 2.29 586 0.55 1.98 886 0.48 1.73 
56 0.69 1.08 316 0.64 2.40 596 0.56 1.81 891 0.34 1.64 
61 0.49 0.87 321 0.60 2.16 606 0.63 1.77 896 0.24 1.67 
66 0.68 1.01 326 0.60 2.10 611 0.66 1.54 901 0.51 1.76 
71 0.63 0.91 331 0.48 2.10 616 0.43 1.37 906 0.32 1.60 
76 0.58 1.15 336 0.44 1.97 621 0.54 1.36 911 0.44 1.44 
81 0.47 1.01 341 -0.02 1.83 631 0.70 1.48 921 0.41 1.34 
86 0.43 1.25 346 0.29 1.88 636 0.66 1.54 931 0.62 1.29 
93 0.20 1.43 351 0.28 2.03 646 0.99 1.48 941 0.25 0.83 
96 0.04 1.49 356 0.65 2.56 651 1.11 1.64 946 0.27 0.58 
101 0.22 1.42 361 0.49 2.63 656 1.12 1.59 951 0.21 0.72 
106 0.31 1.45 366 0.67 2.68 661 0.86 3.42 956 0.32 0.42 
ill 0.47 1.37 371 0.50 2.88 666 0.79 966 0.11 0.48 
116 0.44 1.61 376 0.64 1.95 676 0.91 1.28 971 0.11 0.80 
121 0.20 1.65 381 0.59 2.16 681 0.89 1.40 976 0.14 0.53 
131 0.03 1.92 386 0.74 2.72 686 1.02 1.49 981 0.24 0.79 
141 0.37 1.97 391 0.82 2.86 691 0.65 991 0.04 0.63 
146 0.29 2.05 396 0.63 2.50 696 0.68 1.44 996 0.10 0.46 
153 0.32 2.00 401 0.71 2.27 701 0.84 1.41 1001 0.21 1.20 
156 0.27 2.05 406 0.59 2.47 706 0.83 1.49 1006 -0.05 1.12 
161 0.53 2.49 411 0.66 2.42 711 0.84 1.50 1011 -0.45 0.98 
166 0.58 2.32 416 0.79 2.51 716 0.67 1.30 1016 -0.38 1.21 
171 0.53 2.84 421 0.84 2.65 721 0.69 1.42 1021 -0.57 1.28 
176 0.57 2.51 426 0.77 2.80 726 0.75 1.32 1026 -0.40 1.11 
181 0.53 431 0.68 2.35 731 0.63 3.48 1031 -0.52 1.29 
186 0.52 2.39 436 0.64 2.50 736 0.87 1.68 1036 -0.42 1.01 
191 0.66 2.37 441 0.78 2.66 741 0.69 1.51 1041 0.01 1.22 
196 0.67 2.74 446 0.62 2.36 746 0.89 1.66 1046 -0.23 1.38 
201 0.60 2.44 451 0.60 2.22 751 0.92 1.52 1051 0.15 2.26 
206 0.41 2.22 456 0.64 2.22 756 0.93 1.46 1056 -0.05 1.80 
211 0.58 2.41 461 0.48 2.32 761 0.98 1.70 1061 -0.20 1.92 
216 0.62 2.45 466 0.51 2.31 766 0.99 1.48 1066 -0.17 1.68 
221 0.46 2.27 471 0.54 2.07 776 1.03 1.60 3071 0.17 2.30 
226 0.43 2.57 476 0.52 2.14 791 1.01 1.44 



M. G. Little etal. / Palaeogeography, Palaeoclimatology, Palaeoecology 130 (1997) 135-161 	 155 

Relative abundances of planktonic foraminifera from GeoB 1706. Abbreviations are as follows: N. pachy 
(s)=N. pachyderma (s); Gg. bull. = Gg. bulloides; N. pachy (d)=N. pachyderma (d); Gr. inf. = Gr. inflata 

Depth 	N. pachy (s) 	Gg. bull. 	N. pachy (d) 	Gr. inf. 	Depth 	N. pachy (s) 	Gg. bull. 	N. pachy (d) 	Gr. inf. 
(cm) 	(%) 	 (%) 	(%) 	 (%) 	(cm) 	(%) 	 (%) 	(%) 	 (%) 

4.38 27.49 33.07 5.98 288 36.56 21.51 15.05 
6.30 30.71 25.20 10.24 293 69.59 9.36 9.36 
2.93 41.37 24.10 9.12 298 56.52 12.56 9.18 
3.37 34.46 30.34 8.24 303 68.07 4.20 17.65 
6.90 33.85 32.52 10.24 308 45.86 6.77 22.56 
2.92 40.00 27.42 12.58 313 81.76 6.29 6.92 
3.31 41.37 32.39 8.75 318 57.32 15.85 11.59 
6.11 32.58 42.99 5.20 323 46.27 19.40 13.43 
7.76 32.54 41.49 4.18 328 29.95 14.01 15.94 
8.88 30.89 40.54 7.34 333 37.50 21.88 15.10 
6.94 33.80 42.59 8.33 338 30.95 29.05 15.24 
6.50 34.98 40.25 8.36 343 29.22 22.84 20.16 

13.45 31.84 35.43 6.73 348 26.00 20.80 19.20 
11.34 33.33 36.43 7.22 353 34.60 27.00 19.39 
11.44 36.36 34.90 4.11 358 29.80 28.81 16.23 
12.18 40.96 35.06 5.54 363 31.96 25.95 15.19 
21.03 44.84 21.83 3.57 368 31.93 17.65 10.08 
31.33 33.08 22.31 4.26 373 25.29 26.05 20.31 
31.12 30.51 30.51 2.72 378 40.35 22.81 14.04 
46.15 28.21 14.42 0.64 383 35.35 25.25 14.14 
44.00 14.91 13.45 0.36 388 27.06 22.35 20.59 
46.62 18.15 20.28 3.56 393 35.90 26.92 15.38 
50.00 11.80 22.47 1.69 398 49.33 16.00 20.00 
63.21 7.14 12.50 2.14 403 37.68 31.88 14.49 
51.46 15.48 8.79 3.77 408 39.91 17.37 26.76 
58.56 7.73 20.99 1.66 413 48.00 25.00 8.00 
66.95 9.75 13.98 0.42 418 38.22 22.29 11.46 
64.04 6.40 16.26 1.48 423 43.59 20.51 16.67 
46.24 12.90 28.23 1.61 428 34.54 19.59 19.07 
33.45 11.85 37.98 2.09 433 53.90 15.60 7.80 
31.46 15.56 34.11 2.32 438 39.71 23.44 23.44 
38.36 16.14 29.89 3.17 443 69.91 15.04 4.42 
35.02 12.44 35.02 4.61 448 55.56 15.87 6.35 
45.69 12.50 24.57 0.86 453 64.46 14.88 6.61 
38.61 8.91 31.68 1.49 458 70.35 11.50 5.31 
28.70 13.90 36.32 7.62 463 69.74 13.16 2.63 
49.59 15.29 23.14 2.48 468 79.52 7.23 1.20 
47.21 13.44 21.97 3.61 473 73.03 11.18 2.63 
49.38 13.58 17.90 3.09 478 61.14 13.47 8.81 
47.44 13.95 17.21 5.12 483 62.98 15.22 6.57 
41.80 14.21 21.58 5.46 488 65.03 9.48 9.15 
45.08 21.97 14.39 5.30 493 54.42 15.31 13.95 
34.97 20.51 19.81 10.96 498 60.99 11.81 13.74 
38.21 22.33 24.07 5.96 503 59.33 11.94 18.66 
38.43 13.22 14.88 14.05 508 54.85 6.80 16.99 
53.37 19.95 16.32 4.15 513 48.98 10.20 21.94 
62.36 14.04 14.04 2.25 518 28.74 20.24 35.22 
63.64 16.72 7.04 3.81 523 45.75 17.65 18.30 
56.73 15.87 10.10 6.25 528 29.01 20.61 25.19 
59.24 15.84 12.32 5.28 533 6.02 25.00 51.85 
65.45 15.61 6.31 5.98 538 14.08 32.39 32.75 
50.67 17.33 19.11 6.22 543 3.55 33.10 47.52 
58.70 9.42 9.06 2.17 548 2.33 37.74 38.13 
66.99 13.69 11.49 2.69 553 5.18 30.79 44.96 
57.46 12.71 16.57 5.52 558 2.53 32.58 46.35 
30.99 34.50 22.22 5.26 563 4.59 50.18 23.32 
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Depth 
(cm) 

N. pachy (s) 
(%) 

Gg. bull. 
(%) 

N. pachy (d) 
(%) 

Gr. inf. 
(%) 

Depth 
(cm) 

N. pachy (s) 
(%) 

Gg. bull. 
(%) 

N. pachy (d) 
(%) 

Gr. inf. 
(%) 

568 3.25 47.15 24.39 19.51 843 3.17 35.73 33.14 24.21 
573 3.56 46.31 20.61 15.78 848 2.14 36.36 39.57 17.11 
578 3.55 45.08 21.86 16.12 853 3.42 31.62 38.03 18.38 
583 3.28 44.26 23.28 20.33 858 7.92 41.25 27.50 17.92 
588 2.64 43.17 30.84 17.18 863 6.43 42.17 34.14 8.43 
593 5.88 36.86 34.12 15.29 868 5.86 45.05 35.14 7.21 
598 3.55 43.20 27.22 11.83 873 6.15 38.97 34.87 16.41 
603 5.09 28.00 51.64 9.09 878 4.13 37.73 35.40 14.73 
608 9.47 34.74 44.91 5.96 883 5.22 26.91 44.18 10.04 
613 7.66 35.59 42.79 8.56 888 4.37 21.84 41.26 12.14 
618 9.64 37.35 38.96 8.03 893 4.08 24.85 43.88 15.73 
623 14.18 32.57 41.76 6.51 898 4.44 27.99 43.34 13.65 
628 11.48 28.96 48.63 8.74 903 
633 11.79 25.13 52.31 4.62 908 4.31 34.51 24.31 20.39 
638 17.37 28.96 39.77 10.04 913 7.72 20.58 54.98 9.32 
643 19.66 36.52 30.34 11.80 918 12.37 17.20 52.69 5.38 
648 28.85 21.15 29.81 17.31 923 12.23 20.50 52.52 7.91 
653 13.79 30.34 44.14 8.28 928 10.84 18.88 58.63 4.82 
658 15.19 26.58 45.57 7.59 933 9.75 19.86 57.40 7.58 
663 14.29 24.49 38.78 18.37 938 18.97 16.38 55.46 5.46 
668 15.50 20.93 25.58 27.13 943 24.40 14.78 52.23 5.15 
673 10.46 17.65 50.98 19.61 948 5.30 34.09 42.42 7.58 
678 23.91 31.52 16.30 23.91 953 10.27 27.40 51.03 5.48 
683 7.87 29.21 37.64 19.66 958 7.88 21.16 51.87 11.62 
688 8.55 18.80 37.61 23.93 963 11.24 25.28 48.31 10.67 
693 2.59 26.72 21.55 45.69 968 6.67 30.74 45.56 11.11 
698 2.15 23.12 28.49 41.94 973 8.33 29.90 54.41 4.90 
703 6.25 29.69 20.31 42.19 978 9.59 30.31 45.08 6.99 
708 9.52 17.69 30.61 27.89 983 4.11 39.85 40.36 6.94 
713 1.72 17.24 24.14 53.45 988 11.69 34.77 34.15 9.54 
718 2.38 25.40 21.43 44.44 993 9.22 35.46 40.07 6.74 
723 5.71 27.14 26.19 32.86 998 7.19 30.00 47.19 6.56 
728 4.35 12.50 31.52 44.02 1003 3.99 29.24 49.50 7.97 
733 3.94 22.05 28.74 41.34 1008 11.69 34.77 34.15 9.54 
738 2.78 23.61 12.50 57.64 1013 7.85 31.42 44.11 9.37 
743 1.26 22.27 37.82 33.19 1018 8.03 25.70 49.80 8.03 
748 1.67 26.67 33.00 30.00 1023 13.89 31.48 46.30 3.24 
753 1.96 27.84 26.27 39.61 1028 13.86 19.28 53.01 10.24 
758 1.23 14.72 33.74 48.47 1033 14.66 27.16 39.66 11.64 
763 0.31 47.68 22.60 25.08 1038 6.51 26.63 50.89 11.24 
768 0.00 39.79 33.07 20.41 1043 12.29 29.05 37.43 13.97 
773 0.45 41.31 25.06 25.06 1048 13.68 33.68 35.79 10.53 
778 3.34 39.20 26.73 25.84 1053 20.29 35.51 28.26 7.25 
783 2.48 34.78 37.89 21.12 1058 21.74 36.02 21.74 12.42 
788 0.87 38.26 32.17 23.91 1063 35.27 25.31 21.99 9.96 
793 2.88 43.75 30.29 19.23 1068 53.26 19.57 20.11 2.72 
798 2.13 31.91 31.38 30.32 1073 70.59 11.76 11.76 1.76 
803 5.47 39.05 26.28 24.45 1078 68.78 12.68 14.63 1.95 
808 1.13 41.24 24.29 29.38 1083 70.99 12.35 12.35 3.70 
813 1.18 40.78 23.53 28.63 1088 39.19 31.98 17.57 7.66 
818 2.70 37.16 33.78 16.22 1093 35.71 25.00 23.81 9.52 
823 2.07 40.69 33.79 16.55 1098 67.67 10.53 9.77 6.02 
828 1.14 34.86 32.57 22.86 1103 58.99 19.42 15.83 0.72 
833 6.56 31.69 32.24 22.40 1108 10.27 33.51 32.97 14.59 
838 3.40 38.11 30.94 21.51 1113 9.29 35.71 30.71 18.57 
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Relative abundances of planktonic foraminifera from GeoB 1711. Abbreviations are as follows: N. pachy. 
(s)=N. pachyderma (s); Gg. bull. = Gg. bulloides; N. pachy (d)=N. pachyderma (d); Gr. inf. = Gr. inflata. 
The composite depth scale incorporates the upper box core (BC) and the longer gravity core 

Depth 
(cm) 

N. pachy. (s) 
(%) 

Gg. bull. 
(%) 

N. pachy. (d) 
(%) 

Gr. inf. 
(%) 

Depth 
(cm) 

N. pachy. (s) 
(%) 

Gg. bull. 
(%) 

N. pachy. (d) 
(%) 

Gr. inf. 
(%) 

BC 1 2.2 6.8 82.1 0.7 251 70.4 6.0 18.1 0.5 

BC 4 2.3 6.5 77.0 2.3 256 55.6 8.6 19.4 0.6 

BC 7 1.4 10.0 68.9 2.3 261 55.9 14.2 19.5 1.5 
BC 10 1.0 7.8 74.1 1.3 266 46.8 12.4 19.9 2.1 

II 2.3 12.2 64.6 8.0 271 35.3 24.7 16.9 2.0 

BC 13 0.8 11.5 69.6 2.3 276 66.9 10.4 12.5 0.0 
16 1.9 7.8 70.6 2.2 281 75.8 9.3 7.2 0.5 

BC 19 0.9 10.5 70.3 2.0 286 77.4 7.0 9.7 0.0 
21 1.3 9.2 72.4 2.6 291 68.8 10.5 13.9 0.0 
BC 22 1.1 10.9 66.2 2.0 296 42.7 29.2 20.5 1.2 

BC 25 0.0 13.2 68.5 3.8 301 44.6 17.9 20.4 1.7 

26 2.2 12.4 69.0 1.8 306 78.5 4.7 10.7 1.4 

31 3.8 11.5 65.1 2.4 311 71.9 10.4 8.7 1.0 

36 1.1 17.0 56.3 5.4 316 72.5 6.2 14.2 0.6 
41 2.1 19.1 62.2 2.1 321 67.1 8.2 13.7 0.4 
46 2.3 12.8 67.1 4.9 326 84.2 4.2 6.5 1.0 
51 0.8 19.2 61.0 3.3 331 55.6 4.5 23.3 0.0 

56 2.1 22.1 51.8 3.9 336 16.1 22.8 29.5 1.6 
61 0.3 20.6 52.4 8.7 341 7.7 23.9 34.9 3.9 
66 1.5 25.2 52.3 3.6 346 38.4 14.4 25.9 3.4 

71 0.7 33.7 46.9 4.2 351 54.9 16.3 16.3 0.5 

76 2.1 30.4 39.6 7.4 356 62.2 6.3 19.4 0.5 

81 0.0 29.8 37.3 9.9 361 59.8 11.2 14.9 2.0 

86 4.0 24.2 46.9 7.3 366 64.6 7.9 16.4 0.0 
91 0.3 19.1 47.6 11.4 371 76.5 4.3 14.2 0.3 

96 7.5 22.2 45.6 9.7 376 76.3 3.2 13.7 1.1 
101 9.8 26.6 26.2 14.5 381 73.0 7.4 11.1 0.8 
106 19.8 34.3 16.4 9.3 386 77.6 3.3 12.9 0.4 

III 15.8 33.7 20.8 11.9 391 64.1 5.9 20.3 1.2 

116 10.7 43.8 24.5 6.6 396 35.8 18.6 28.3 1.3 
121 11.4 44.7 13.5 10.5 401 36.3 18.8 33.1 0.8 
126 7.5 44.6 15.0 12.7 406 47.0 11.9 30.0 2.4 

131 4.3 46.2 16.8 13.9 411 44.2 17.5 29.2 1.9 
136 7.2 48.7 14.4 9.7 416 39.2 11.4 30.1 2.4 
141 10.0 40.9 17.3 9.1 421 34.1 17.3 38.7 3.1 
146 23.8 43.6 10.0 7.8 426 35.6 21.2 34.9 3.4 
151 29.5 33.7 16.1 3.9 431 40.9 18.9 29.1 1.6 
156 35.8 23.8 16.6 2.6 436 51.6 5.9 26.9 1.1 
161 53.2 12.4 14.9 2.2 441 50.0 18.2 22.1 2.6 

166 65.9 11.8 10.0 1.4 446 43.9 14.1 20.5 0.0 
lii 71.7 8.1 8.1 0.8 451 49.5 16.7 19.0 1.0 

176 54.7 9.8 15.0 1.9 456 49.8 16.3 14.9 0.0 
181 70.8 8.0 11.5 0.7 461 45.4 14.2 20.8 1.3 
186 61.6 14.1 11.8 0.8 466 60.4 9.1 14.4 1.1 
191 66.1 8.7 14.4 0.7 471 50.6 8.4 27.1 1.8 
196 61.6 4.9 13.1 1.9 476 42.5 7.0 37.5 2.0 
201 58.3 8.9 8.0 4.0 481 24.7 12.6 54.5 2.0 
206 58.7 8.4 16.8 2.4 486 21.8 16.0 51.9 2.5 
211 61.9 9.3 18.9 0.7 491 26.5 30.4 36.5 1.7 
216 65.4 7.4 15.3 0.9 496 21.3 23.4 40.4 4.5 
221 63.1 5.8 21.5 0.5 501 18.0 32.3 36.4 3.5 
226 51.8 19.0 21.9 0.0 506 27.0 25.3 32.0 3.4 
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Depth 
(cm) 

N. pachy. (s) 
(%) 

Gg. bull. 
(%) 

N. pachy. (d) 
(%) 

Gr. inf. 
(%) 

Depth 
(cm) 

N. pachy. (s) 
(%) 

Gg. bull. 
(%) 

N. pachy. (d) 
(%) 

Gr. inf. 
(%) 

231 61.5 6.8 17.4 0.3 511 18.4 24.1 43.4 4.8 
236 53.7 12.4 19.8 1.2 516 20.8 31.2 34.6 2.3 
241 48.4 13.3 20.7 3.1 521 27.8 22.9 36.4 1.2 
246 56.3 10.4 23.0 0.5 526 18.8 34.7 38.8 1.8 
531 8.2 40.1 40.1 6.0 811 20.2 22.6 25.7 7.0 
536 10.1 41.9 33.3 2.3 816 17.8 21.3 37.8 4.4 
541 16.1 34.7 38.1 5.1 821 12.1 21.1 41.0 2.3 
546 16.0 29.8 41.0 3.2 826 8.6 16.5 52.3 1.2 
551 13.5 32.6 28.4 4.3 831 4.7 18.7 50.2 1.7 
556 22.9 16.6 44.8 3.6 836 13.8 14.6 46.9 2.7 
561 36.0 15.6 38.7 1.1 841 16.2 17.7 	- 39.4 1.5 
566 35.6 17.1 32.9 3.2 846 16.9 21.3 41.0 1.1 
571 30.8 21.3 37.1 1.4 851 17.4 29.8 27.2 9.4 
576 21.0 18.1 47.9 1.3 856 7.4 40.9 25.1 10.8 
581 26.3 14.1 44.5 1.1 861 9.4 39.6 11.9 10.1 
586 20.5 15.7 43.2 0.5 866 15.7 40.9 26.8 6.6 
591 12.0 18.5 61.6 0.9 871 8.7 38.8 30.2 8.7 
596 11.0 16.4 59.4 0.0 876 8.6 41.4 33.8 5.6 
601 12.9 21.9 58.2 0.0 881 19.5 27.4 29.0 6.2 
606 17.8 17.8 46.6 1.3 886 19.0 35.3 23.5 4.6 
611 19.7 19.4 44.4 2.0 891 20.3 23.7 36.1 2.5 
616 11.2 26.7 43.6 3.0 896 35.3 23.7 32.1 1.3 
621 11.3 22.3 54.6 1.4 901 58.6 9.5 24.9 0.6 
626 14.2 22.5 43.8 3.0 906 48.8 19.1 22.7 1.8 
631 8.9 20.6 47.7 3.7 911 18.3 21.8 47.0 1.1 
636 8.1 20.0 45.1 3.4 916 8.3 39.0 38.2 0.9 
646 13.8 8.8 51.9 3.8 921 9.7 27.6 51.1 1.6 
651 14.1 10.4 52.6 1.5 926 5.0 23.7 54.8 2.7 
656 11.9 18.1 42.5 2.7 931 8.6 25.3 36.4 7.1 
661 18.0 16.3 39.0 8.7 936 7.0 29.7 42.8 6.6 
666 9.9 24.6 31.0 15.1 941 5.8 36.7 25.4 13.3 
676 13.6 22.0 32.8 17.7 946 8.5 31.1 21.9 13.0 
681 4.2 26.5 24.7 28.3 951 5.5 37.2 32.1 11.9 
686 3.2 21.7 34.9 33.3 956 10.1 21.3 33.7 19.7 
691 2.1 25.9 30.0 25.9 966 7.1 29.9 24.1 19.1 
696 0.7 28.5 22.4 26.4 971 17.9 27.4 19.2 16.2 
701 2.8 27.7 28.9 25.3 976 19.9 30.9 17.1 10.4 
706 2.1 35.3 24.4 23.9 981 17.7 32.0 6.9 16.0 
711 2.8 28.8 17.6 22.6 986 24.0 29.3 13.5 3.4 
716 5.0 35.4 15.8 24.6 991 20.9 29.9 7.7 8.5 
721 2.9 44.8 15.4 14.5 996 34.3 22.2 15.7 2.8 
726 2.0 35.0 20.7 17.7 1001 21.4 35.2 19.6 3.8 
731 5.2 39.3 18.4 13.1 1006 25.2 26.4 23.3 5.5 
736 10.4 38.9 13.2 12.5 1011 13.5 24.5 33.0 5.5 
741 8.4 46.9 12.4 16.4 1016 14.6 34.2 25.9 1.9 
746 4.0 43.6 18.1 20.1 1021 4.3 29.8 36.2 10.1 
751 4.3 38.5 11.1 36.8 1026 2.1 26.4 30.5 12.0 
756 12.8 33.0 21.3 17.0 1031 3.0 23.9 36.0 11.7 
761 13.1 27.7 20.8 14.2 1036 6.8 20.9 40.0 10.0 
766 15.3 27.6 25.8 9.2 1041 10.9 26.4 37.3 4.1 
771 18.0 22.3 20.5 4.9 1046 7.7 17.2 47.3 4.7 
776 18.3 21.8 14.7 10.2 1051 14.8 13.7 49.7 4.9 
786 31.6 26.6 14.3 7.4 1056 15.8 14.8 48.5 4.6 
791 34.9 29.8 10.7 5.2 1061 15.7 20.9 45.2 5.2 
796 35.7 27.4 8.3 4.5 1066 15.2 20.1 45.1 5.7 
01 37.8 21.5 11.4 2.4 1071 37.3 16.9 25.9 2.5 
06 23.8 32.1 14.5 4.1 
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Teller, 1990; Andrews et a!, 1993; Bond ci a!, 1993; Paillard 
and Labeyrie, 1994], decreasing the salinity, and therefore the 

density, of the Gulf Stream and lowering its potential to sink 

in the polar regions of the North Atlantic, thus reducing the 

rate of convective overturn and deep water mixing. The 

subsequent decrease in warm-water advection from the tropics 

is suggested to stimulate a rapid cooling and sudden ice sheet 

build up, with ice sheets expanding to their maximum seaward 

position before final collapse and release of icebergs into the 

North Atlantic, further cooling the surface polar waters 

[Johnson and Andrews, 1979; Paillard and L.abeyrie. 19941. If 

this model is coupled with the Gulf Stream and the cross-

equatorial transfer of heat and moisture from the South Atlantic 

to the North Atlantic, as previous models of oceanic 

convection suggest [Stommel, 1980; Gordon, 1986; Imbrie ci 
al., 1989; Berger, 1990; Gordon ci al., 1992; Berger and 
Kroon, 1995; Macdonald and Wunsch. 19961. then the impact 

of thermohaline changes on the conveyor could also be 

affected by changes in the rate of moisture and heat input from 

the tropics at times of increased trade wind intensity 

[Ruddiman and McIntyre, 1981: I,nbrie ci al., 1989; Little ci 
al., 1997]. An increase in moisture supply to the North 

Atlantic ice sheets, contemporaneous with a northern 

hemisphere cooling, would enhance rapid ice buildup and 

subsequent calving as ice sheets reach their maximum 
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Figure I. Map outlining the major oceanographic features of the 
southeastern and equatorial South Atlantic [after Shannon. 1985: 
Lutjeharm.c and Stockton. 1897; Schneider, 1991], with sediment core 
positions (solid circles) on the continental slope. Hydrography is 
summarized from Jansen et al. [1984], Shannon etal. [1987]. Stramma 
and Peterson [1989], Gordon and Bosley[1991]. 

latitudinal extent [Boulton and Payne, 1994], and would 

account for the anomalous warm water sea surface temperatures 

(SSTs) which prevail into the phase of maximum ice building 

in the northwestern subtropical gyre and subpolar ocean 

[Ruddiman and McIntyre. 1981]. 

The hydrography of the Benguela Current system ((BCS) 

Figure 1) has been described in detail by a number of workers 

[Shannon, 1985; Luijeharms and Meeuwis, 1987; Luijeharms 
and Stockton, 1987; Meeuwis and Luijeharms, 1990; 

Swnmerhayes ci al., 19951, with additional reviews of the 

regional oceanography given by Little ft al. [1997) (Cape 

Basin). Schneider [1991] (Angola Basin), and Peterson and 
Stram,na [1991] (South Atlantic). The oceanography off 

southwestern Africa is governed in the south by the warm-

water Agulhas Current entering from the Indian Ocean [Gordon. 

1986; Gordon ci al., 1992; Macdonald and Wunsch. 1996; 

Sch,niiz. 1996], in the north by the warm-water Angola 

Current and South Atlantic cyclonic gyre [Moroshkin et al., 
1970; Gordon and Bosley, 19911. and offshore Namibia and 

South Africa by the coastal branch of the Benguela Current. 

forming the northeastern limb of the anticyclonic gyre of the 

South Atlantic. Along the entire eastern and equatorial margin 

of the South Atlantic the coastal regions are characterized by 

seasonally variable upwelling generated by changes in the 

strength and zonality of the trade wind system. Meridional to 

zonal changes in trade wind direction generate greater offshore 

displacement of tropical and subtropical waters and the 

upwelling and intermixing of cooler, nutrient-rich waters, 

supporting a diverse plankton community. 

Materials and Methods 
Gravity core GeoB 1711-4 was collected on RJV METEOR 

cruise M20/2 (1991) from a water depth of 1967 m on the 

continental slope of the Cape Basin (23'18.9'S 12'22.6'E). 

Core length of GeoB 1711 was 1066 cm. Sedimentology and 

further core characteristics are given by Schulz ci al. (1992). 

Piston core PCI2, with its accompanying gravity core PGI2 

collected on RJV CHAIN cruise 115 (1973). was recovered from 

1017 m on the continental slope just north of Walvis Bay 

(22'16.0'S, 12'32.3'E). Core length of PCI2 was 620 cm 

with the bottom 82 cm discarded due to "flow in" and PG 12 was 

82 cm long. Combined (PG/PCI2) they represent at least 620 

cm of sediment record, with a small hiatus between the two 

sediment cores, confirmed using carbonate content profiles 

from four other cores near the slope of PG/PC 12 (PC 16. 4778. 

4804 and 4805) [Suenmerhayes ft al.. 19951. 

For a high-resolution study, samples were taken at 5-cm 

intervals along GeoB 1711 and at 10-cm intervals along 

PG/PC12, allowing geochemical, micropaleontological, and 

stable isotopic analysis to be carried out at an average sample 

interval of about 650 years. GeoB 1711 samples (10 cm 3 ) for 

foraminiferal counts and stable isotope measurements were wet 

sieved, before foraminiferal analysis was made on the >125- 

gm size fraction. GeoB 1711 archived core material is kept at 

the Department of Geosciences. University of Bremen, 

Germany. PCI2 and PGI2 were sampled and prepared 

separately. In October 1995 the cores were re-sampled at 10-

cm intervals for planktonic foraminifera, and the samples wet 

sieved for fractions >125-gm. Archived core material is kept 

at the Woods Hole Oceanographic Institution, Woods Hole. 
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Massachusetts, and archived forarniniferal samples are kept at 

the Department of Geology and Geophysics. Edinburgh 

University, Edinburgh, Scotland. 

A stratigraphic framework for the cores was gained by 

correlation of the planktonic oxygen isotope profiles (and 

benthic oxygen isotope profile for GeoB 1711) with the 

normalized SPECMAP standard record [lpnbrie etal., 19841. 
For GeoB 1711 the tests of Globorotalia inflaza dOrbigny and 
Cibicidoides wuellerstorfi Schwager were hand-picked under a 

binocular microscope from the 250-500 pm fraction to 

achieve an analytical weight between 0.05 and 0.10 mg, 

composed of between eight and ten well-preserved and clean 

Gr. inflata specimens and between two and four C. wuellerstorfi 
specimens. Stable oxygen and carbon isotope analysis was 

conducted on a Finnigan MAT 251 mass spectrometer at the 

Fachbereich Geowissenschaften, Bremen, Germany. The tests 

of the foraminifera were reacted with concentrated ortho-

phosphoric acid at 75'C. Calibration to the standard Pee Dee 

belemnite was via the NBSI8, NBSI9. and NBS20 standards. 

Analytical precision for oxygen and carbon isotope analyses 

was ±0.08% and ±0.04%c, respectively. The oxygen isotope 

records were subsequently correlated with the stacked record of 

Imbrie ci al. [19841 to obtain an age model for the cores. 

Eight stable isotope events between 45 and 140 kyr were 

identified from the benthic record for GeoB 1711 (Figure 2). 

Oxygen isotope analysis for PG/PC 12 was carried out using N. 
pachyderma specimens; detailed sampling and isotope 

analysis methodology and stratigraphy of PG/PCI2 is 

documented by Summerhaves et al. [1995]. 

For further chronostratigraphic control in both records, 

radiocarbon ages were measured on planktonic foraminifera 

extracted from selected sample intervals. Carbon dioxide 

generated from the samples by acid hydrolysis was reacted to 

form graphite using Fe/H 2  catalytic reduction at the 

Fachbereich Geowissenschaften, Bremen, Germany. Graphite 

was pressed into targets which were analyzed along with 

standards and process blanks on an accelerator mass 

spectrometer (AMS) at the Leibniz-Labor AMS facility. 

Christian-Albrechts-University, Kiel, Germany, following the 

procedures described in Nadeau el al. (1997). Analytical 

radiocarbon ages were calculated using 5568 (years) as the 

half-life of radiocarbon. The analytical 14C ages obtained 
must be corrected for the age difference between atmosphere 

and the surface ocean. For the low-latitude range the reservoir 

age is generally 400 years and is not likely to have changed by 

more than 100-200 years during the late Pleistocene Bard, 
1988; Bard ci al., 1990b]. We have corrected the analytical 

data ages for reservoir effect by + 400 years, and further 

calculated radiocarbon ages to calendar years according to Bard 
etal. [l990a, b] and Bard et al. [19931 (Table I). 

Results 
The changing downcore abundance of the cold-water 

planktonic foraminifera N. pachyderma (s) records rapid 

oscillations in relative abundances between 0 and 90% of the 

total planktonic foraminiferal assemblage (Figure 2). The 

N. pachyderma (s) records do not follow the glacial-

interglacial regime described by the oxygen isotope profile, 

but instead show a higher frequency of change on a sub-

Milankavitch cyclicity, with N. pachyderma (s) maxima 

describing discrete PS events (pachyderma sinistral) (Table 2). 

Table 1. Calendar Age Calculation 

Error Calendar Error 
Core 	 Deptha A ge .b kyr (+1-) 	Age. 0 kyr (+1-) 

PG/PC12d 	 10 	599 	75 	6.09 	93 

PG,PCI2d 	 45 	7.88 	40 	8.44 	49 

PG/PC12d 	 75 	10.50 	55 	11.69 	68 

PG/PC12d 	 113 	14.10 	55 	16.15 	67 

PG/PC I2e 	 142 	16.85 	80 	19.49 	95 

PG/PC I2e 	 167 	19.25 	85 	22.33 	101 

PG/PC12e 217 23.80 120 27.54 134 

PG/PC l2e 267 28.50 190 32.68 202 
GeoB 1711f1 116 12.68 70 14.39 87 

GeoB 1711 f2  191 17.14 120 19.84 144 

GeoB 171l 251 18.74 130 21.73 154 

GeoB 1711 f4  341 35.37 980 39.71 959 

'Composite depth (cm). 
bNO reservoir corrections or calibration to calendar years. 
'Ages converted to calendar years following the methods of Bard e 
al. [1990a, b], and Bard et al. [1993] after a 400-years correction 
for marine reservoir effect. 

dAge  from N. pachyderma right coiling specimens. 
eAge  from N. pachyderma left coiling specimens. 
tAge from Globororalia inflata specimens. Sample identification 
numbers: 1 K1A557: 2 1(1A556: 3 KIA555; 4K1A554. 

The N. pachyderma (s) records off southwest Africa have been 

shown to vary primarily according to the local oceanographic 

and upwelling regime, which is driven by the intensity and 

direction of the southeast trade winds [Little ci al., 19971. The 

extent of the coastal upwelling cells at any one time will 

dictate the hydrography and therefore planktonic foraminiferal 

record. Owing to its geographical position. GeoB 1711, at a 

water depth of 1967 m, is thought to reflect the maximum 

extent of the upwelling offshore and therefore the most intense 

upwelling and corresponding strong trade winds, while cores 

inshore of GeoB 1711 generally have broader maxima of 

N. pachyderma (s) reflecting a more sustained position below 

upwelling cells not reflecting the maximum intensity of trade 

winds [Little ci al., 19971. Upwelling events PSI-PS9 

punctuate the record for the last 140 kyr, with an average 

spacing of the order of 10 kyr in the glacial stages 4-2 and 

with a longer (-20 kyr) spacing during the interglacial stage 5. 

The calendar ages for PS events PSI-PS9 and Heinrich events 

Hl-H6 are given in Table 2, with PSI-PS6 correlating well 

with the timing of H1-H6 in the North Atlantic with a 

consistent 3-kyr phase lead of the southern hemisphere to the 

Heinrich events of the northern hemisphere. Considering this 

lead, PS events PSI-PS6 ip GeoB 1711 and PG/PCI2 

correlate well to the six Heinrich events in the North Atlantic, 

within analytical and calendar age correction error margins. 

With regard to PS and Heinrich events preceding 1-16 (PS6), 

there is no general agreement as to how many events exist and 

their exact timing. Heinrich [1988] observed an "extra" five 

IRD events during interglacial stage 5 and more recently 
McManus ci al.. [1994] reported the occurence of IRD deposits 

together with increased abundance of N. pachydenna (s) during 

interglacial stage 5. Heinrich events Hl-H6 from sediment 
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Trade wind forcing of upwelling, seasonality, and Heinrich 
events as a response to sub-Milankovitch climate variability 
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Abstract. Planktonic foraminifera recovered from two cores in the northern Benguela upwelling system reveal a history 
of rapid events with a variability at sub-Milankovitch frequencies during the last 140 kyr. The "cold-water" planktonic' 
foraminifer, left coiling Neogloboquadrina pachyderma (Ehrenberg), shows rapid fluctuations in relative abundance, 
indicating changes in upwelling intensity. The periods of high abundance in left coiling N. pachyderma are referred to as 
"PS events" (pachyderma sinistral) and indicate increased intensity and zonality of the South Atlantic trade winds 
controlling the Benguela upwelling system. The good correlation between PS events, the North Atlantic Heinrich events, 
and the Dansgaard-Oeschger cycles from the Greenland Ice Sheet Program (GISP2) ice core suggests large-scale global 
oceanographic or climatic teleconnections between the South and North Atlantic via the trade wind system. The 
radiocarbon constrained timing of PS events younger than 45 kyr indicates that the South Atlantic leads the North 
Atlantic's response to trade wind changes, particularly during isotope stages 4-2 when the Earth was dominated by large 
ice sheets. At times of increased trade wind strength, tropical and subtropical waters are forced across the equator 
enhancing the pool of warm water to be transferred to the high latitudes of the North Atlantic via the Gulf Stream and 
North Atlantic Drift, increasing the pull of the thermohaline convective conveyor. The increased supply of warm water to 
the polar regions of the northern hemisphere increases the ice-ocean moisture gradient and accelerates ice sheet growth, 
leading to eventual instability and collapse. 

Introduction 

Planktonic foraminifera collected from two cores in the 
Benguela upwelling system in the southeastern Atlantic Ocean 
are used to assess the South Atlantic influence on North 
Atlantic and global climate change for the past 140 kyr. The 
high abundances of the left coiling planktonic foraminifer, 
Neogloboquadrina pachyderma (Ehrenberg) (N. pachyderma 
(s)), fluctuate with a higher frequency of change than would be 
expected if the system was dominated by the global 
glacial/interglacial cycle [Little et al., 19971. These rapid 
events are investigated to ascertain the extent, cause, and 
timing of South Atlantic-North Atlantic teleconnections in 
global thermohaline/geostrophic circulation. Here we 
examine the relative abundances of planktonic foraminifera 
from cores GeoB 1711 and PGIPC 12 from the northern Cape 
Basin in the South Atlantic Ocean for evidence of short-lived 
climate events related to the southern hemisphere trade wind 
system and their link to equatorial seasonality and Heinrich 
events. 

Many authors have studied the well-defined rapid pulses of 
ice-rafted debris (IRD) in marine sediments during the last 
glacial cycle [Pasiouret et al., 1975; Ruddiman, 1977; Aksu 
and Piper, 1979; Fillon and Duplessy, 1980; Ruddiman et al., 
1980; Molnia, 1983; Broecker, 1988; Jansen and Veum, 
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1990; Bond et al., 1992; Duplessy et al., 1992; Bond et al., 
1993; Grousset et al., 1993; Keigwin and Lehman, 1994; 
Maslin etal., 1995; Porter and Zhisheng, 1995; van Kreveld et 
al., 1996]. These short-lived "Heinrich events' occur on sub-
Milankovitch timescales at intervals of between 8 and 11 kyr, 
and are commonly associated with peak abundances of 
Arctic/sub-Arctic faunas, as represented by N. pachyderma (s) 
[Bond et al., 1992; Broecker and Maier-Reimer, 1992; Bond et 
al., 1993; Grousset et al., 1993; van Kreve!d et al., 1996]. 
Periods of cooling terminated by an abrupt warming represent 
similar climate changes in the Greenland ice cores and suggest 
fluctuations at a higher frequency than Milankovitch orbital 
forcing with more oscillations in the last 60 ka than are 
recorded in either the N. pachyderma (s) or IRD records from 
the North Atlantic sediments [Broecker et al., 1990a; Johnsen, 
1992; Bond et al., 1993; Dansgaard et al., 1993; Grootes et 
al., 1993; Bender et al., 1994]. Dansgaard et al. [1993], 
showed that the 8180  record from the GRIP ice core contains 
23 interstadials within the last 120 kyr, with 17 interstadials 
recognized between the LGM (last glacial maximum) and 
oxygen isotope stage 4, compared with only five Heinrich 
events recognized in marine sediments within this period 
[Heinrich, 1988; Bond et al., 1992; Bond et al., 1993; 
Grousset et al., 1993]. 

The Heinrich events are thought to be the result of 
fluctuations in the thermohaline convective conveyor which 
draws warm, tropical, saline-rich waters from the equatorial 
regions into the high latitudes of the North Atlantic via the 
Gulf Stream and North Atlantic Drift [Broecker and Denton, 
1989; Berger, 1990; Broecker et al., 1990a; Bond etal., 1993; 
Paillard and Labeyrie, 1994]. Previously, meltwater input 
from the large Laurentide ice sheets was thought to be the 
principal cause of disturbance to the thermohaline convection 
[Broecker et al., 1985; Watts, 1985; Broecker, 1988; Broecker 
and Denton, 1989; Berger, 1990; Broecker et al., 1990a, b; 
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Figure 2. Planktonic foraminifera derived oxygen isotope stratigraphy 
for GeoB 1711 versus calendar age (kiloyears before present). The 

180 age control points (asterisks) and 14C AMS age control points 
(solid circles) for GeoB 1711 are shown to the left of the 8180 

C. wuellerstorfi record, and to the right of the % N. pachyderma (s) data 
for PG/PCI2. PS (pachyderma sinistral) upwelling events are 
highlighted on the GeoB 1711 and PG/PCI2 N. pachyderma (s) 
abundance data. Graphic representation of the isotope stages is given to 
the right of the figure. 

records in the North Atlantic are associated with peak 
abundances of N. pachyderma (s) and large fluxes of IRD 
principally at times of large ice sheets during global cooling, 
specifically glacial isotope stages 4-2. During warmer 
interglacial periods, when ice sheets are near their minimum 
size and insolation is near a maximum, it is unlikely that 
fluctuations in ice sheet growth will be recorded in IRD and 
N. pachyderma (s) abundances, as ice sheets will never grow 
to a sufficient size to enable ice sheet calving or to produce 
Heinrich events. The presence of PS events during interglacial 
stage 5 further supports the studies of Heinrich [1988] and 

McManus et al., [1994] for climate instability during non-
glacial periods when high latitude climate amplification is not 
as pronounced. 

Using a graphic correlation similar to that used in previous 
studies of Heinrich events [Bond et al., 1993; Dansgaard et al., 

1993; Grousset et al., 1993; Bender et al., 1994], tie-lines 
have been drawn between the distinct cool periods in GeoB 
1711 and their temporal equivalents in the GISP2 ice core 
[Figure 31. Additionally, the equatorial seasonality record 
derived from planktonic foraminiferal abundances at core 
RC24-16 (5 ° 2.3'S 10t1I.5W [McIntyre et cii. , 1989]) is also 

correlated with the GeoB 1711 N. pachyderma (s) record. 

Bender et cii. [1994] following the stratigraphy of Dansga.ard et 

al. [1993], correlated the 23 interstadials found in the GRIP ice 
core record to those in the nearby Greenland ice core, GISP2. 
The graphic correlation in Figure 3 suggests that almost all of 
the 23 interstadials, particularly in the glacial stages 4-2 
(IS1-1S20 [Bender et al., 1994]), can be found in the GeoB  

1711 N. pachyderma (s) record as maxima in N. pachyderma 

(s) abundances and therefore cold upwelling events at site 
GeoB 1711. All of the short-term features of upwelling events 
PSI—PS8 can also be found in the RC24-16 seasonality record 
with cooler upwelling maxima occuring simultaneous with 
maximum eastern equatorial seasonality and therefore 
maximum seasonal SST variability between summer and winter 
extremes. Notably, it is the minima in the % N. pachyderma 
(s) record, and hence warm intervals of reduced upwelling 
intensity, that match 8 180 minima in the GISP2 ice core and 
minima in the equatorial seasonality record (Figure 3). The 
N. pachyderma (s) abundances suggest that the pronounced 
upwelling events PS6, PS7 and PS8 record cold stages in a 
predominantly warm interglacial period, while PSI—PS5 
record the base values in a cold glacial period punctuated by 
anonamously low % N. pachyderma (s) values. The correlation 
suggests that the cold periods within the GeoB 1711 and 
RC24-16 records consistently lead the corresponding cold 
periods within the GISP2 record , in the 14C constrained 0-
45 kyr period, consistent with the findings of Bender et al. 

[1994] and Charles el al. [1996], or alternatively, warming in 
the southern hemisphere is in phase with cooling in the 
Greenland ice core record and vice versa. 

The South and equatorial Atlantic lead the North Atlantic 
response documented by Heinrich layers and are opposing at 
the higher frequency scale of atmospheric response indicated 
by the interstadials lSl-1S23. Supporting planktonic 
foraminiferal abundances from cores GeoB 1706 on the Walvis 
Ridge and PG/PCI2 (Figure 2) on the continental slope 
demonstrate that with further AMS 14C control on the younger 
part of these records, the apparent lead visible in Figure 3 and 
calculated in Table 2 is a true feature of the South Atlantic 

Table 2. Pachyderma Sinistral and Heinrich Event 
Correlations 

Pachyderma 	 Heinrich 
Sinistral 

Calendar Error Calendar 
Event 	Age, kyr Event 	Age,a  kyr (+1-) Age,b kyr 

PSI 	19.2-21.7 HI 	13.65-14.99 90-230 15.59-17.25 

PS2 	26.1-29.0 H2 	20.37-21.77 330-220 23.64-25.25 

P53 32.7-36.7 H3 26.57-29.57 	310-660 	30.60-33.80 

P54 42.4 114c  38-42 

P55 53 115 c  50-52 

PS6 65-71 H6c 67d 

P57 95 

P58 III 

P59 125 

4. 

PS event calendar age ranges are taken as an average from cores 
PG/PCI2 and GeoB 1711. 

aAflall age from Bond etal. [1992]. 
bAges converted to calendar years following the methods of Bard et 
al. [I990a, b], and Bard et al. [1993] after a +400-years correction 
for reservoir effect. 

-From Grousset etal. [1993]. 
dH6 covers the whole of stage 4 [Bond etal., 19921 but peaks at 67 

kyr. 

a 
80 	* stage 5.1 -6.86m 
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Figure 3. Correlation between (a) Greenland, GISP2 (6 180) ice core, 
(b) N. pachyderma (s) from GeoB 1711 (% of total planktonic 
foraminifera), (c) Equatorial seasonality (C) [McIntyre et at., 1989]. 
The GISP2 6 180 data [Grootes et al., 1993] have been smoothed for 
graphic correlation [thick line; 21pt smooth < 70 kyr, 9 Pt smooth > 70 
kyr], with the original data (thin line) superimposed. N. pachyderma (s) 
maxima (PS events) are labeled PSI—PS8. Interstadials in the GISP2 
ice core record are labeled IS I--1S23 (after Bender et al., 1994). 

records [Little, 1997; Little et al., 19971. Indeed, imbrie et al. 
[1989] showed that South Atlantic SST records consistently 
lead the North Atlantic SST response by 3-kyr in the 
precessional cycle. The interhemispheric correlation suggests 
that the cross-equatorial geostrophic/thermohaline flux plays 
an important role in northern hemisphere climate change. 
Moreover, all sediment and ice records, in particular equatorial 
seasonality, show an interesting feature whereby the data show 
a clear change of dominant frequency at about 65 ka. Visual 
inspection of the seasonality record in particular shows 
greatest amplitudinal variations in the earlier part of the record 
with an enhanced 23-kyr frequency, while the period between 
15 and 65 ka has a much higher frequency of change. The 
variable frequency of change suggest that precession seems to 
be more dominant before 65 ka in the warmer global 
interglacial regime, but younger than this, the northern Cape 
Basin is affected by a higher frequency of change, at a time 
when the normal precessional variation, and insolation, are 'at 
their weakest [Berger et al., 1984] and the average global 
temperature is reduced. The change at 65 ka is also reflected in 
the GISP2 ice core, with an overall trend from longer-term 
cycles before isotope stage 4, to shorter higher-frequency 
change in the glacial stages 4-2. 

Discussion 

Correlation of Paleoceanographic Proxies in the 
South Atlantic 

The N. pachyderna (s) abundances from the South Atlantic 
Ocean show a history of rapid events punctuating the last 140  

kyr, temporally consistent with equatorial seasonality, and 
with most of the events recognizable in Greenland ice records. 
Before discussing the implications for the North Atlantic, it is 
necessary to understand the forcing mechanisms behind the 
observed rapid changes in the Cape Basin and at the equator. 

Using planktonic foraminifera derived SST from sediment 
cores in the eastern equatorial Atlantic Ocean, McIntyre et al. 
[1989] concluded that the variations seen in the seasonality 
records were controlled by two separate factors. First is 
equatorial trade wind and monsoon-controlled divergence, 
which controls trade wind meridionality/zonality and, in turn, 
upwelling intensity. Second is the increased abundance of 
transitional and subpolar fauna in the equatorial Atlantic, 
which led them to believe that heat advection from high 
southern latitudes also plays a significant role. These 
mechanisms were linked into a two end-member system: (1) 
furthest southerly position of the subtropical convergence 
(STC), permitting the greatest pulses of Indian Ocean water to 
enter into the Atlantic, accompanied by maximum northward 
heat advection into the Benguela Current; and (2) farthest 
northerly position of the STC preventing Indian Ocean water 
entry into the Atlantic by formation of a thermal barrier south 
of Cape Town and accompanied by equatorward advection of 
cold water from south of the STC. Schneider et al. [1995] have 
also suggested that advection of cold surface waters from the 
Southern Ocean was directed to the equatorial Atlantic with a 
more offshore Benguela Oceanic Current at times of increased 
trade wind zonality and reduced monsoon intensity. 

Equatorward advection of cold waters from the STC should be 
reflected in very high abundances of cold-water planktonic 
foraminifera as are used to describe cool SSTs at the equator. 
Cores taken from the southern Cape Basin [Little, 1997] show 
that the cold-water N. pachyderma (s) was almost completely 
absent offshore Cape Town for at least the last 200,000 years 
and in abundances less than 50% in the north of the southern 
Cape Basin even though it is in abundances of up to 90% in the 
northern Cape Basin [Oberhansli, 1991; Schmidt, 1992; 
Jansen et al., 1997; Little et al., 1997]. If northward 
advection of cool Southern Ocean surface and intermediate 
waters was to be playing a major role in the planktonic 
foraminiferal variations seen in the Benguela upwelling 
system, then we would almost certainly see the highest 
abundances of the cold-water N. pachyderma (s) in the south of 
the region. Their absence strongly suggests against cold-
water advection of sub-Antarctic waters from the STC. 

A third possibility we must consider is the extension of the 
Benguela Current into the more northerly Angola Basin and 
equatorial Guinea Basin by the intensification of the along 
shore component of the Benguela Current in glacial periods 
[Gardner and Hays, 1976; Morley and Hays, 1979; Diester-
Haass, 1985; Pokras, 1987; Diester-Haass et al., 1988; Mix 
and Morey, 1997]. This necessitates a westward deflection of 
the Benguela Coastal Current in the region of 0'-5'S and a 
shift from the present cyclonic gyre where the Benguela 
Current is deflected at 23'S. Recent studies do not indicate an 
intensification of the along-shore component of the Benguela 
Current into the Angola or Guinea Basins [Jansen and Van 
iperen, 1991; Schneider et al., 1995; Jansen et al., 1997; Mix 
and Morey, 19971. Schneider et al. [1995], with SST records 
from the Angola Basin and on the Walvis Ridge, show that the 



LITFLE EF AL.: TRADE WIND FORCING OF HEINRICH EVENTS 
	

573 

Angola-Benguela Front has remained between 12' and 20'S 
during the last 200 kyr and that the current cyclonic gyre 
centred on the Angola Basin has existed during this time. 
Little et al. [1997] strongly argue that upwelling in the 
Benguela system is dominated by the trade winds and that its 
fluctuation corresponds to the movements of the Angola-
Benguela Front, marking the boundary of the Angola and 
Benguela Current systems. 

Direct along-shore intensification of the Benguela Current 
into the Angola Basin is not significant, and instead, an 
intensification of equatorial upwelling coinciding with 
intensification of upwelling farther south in the northern Cape 
Basin should be considered, the result correlating to cold SSTs 
in the equatorial region and an increased annual SST range 
promoting increased equatorial seasonality [Mix et al., 1986a, 
b; imbrie et al., 1989; McIntyre et al., 1989; Mix and Morey, 
1997]. Our data set clearly shows intensification of upwelling 
in the northern Cape Basin at regular intervals over the past 
140 kyr, in particular, the LGM and isotope stages 2 and 3; 
similar planktonic foraminiferal analysis, although at a lower 
resolution, agrees in most part with this assessment 
[Oberhansli, 1991; Diester-Haass et al., 1992; Schmidt, 1992; 
Jansen et al., 1997; Little et al., 1997; J. Giraudeau et al., 
manuscript in preparation, 19971. There is no evidence in 
support of the advection of sub-Antarctic waters across the 
STC, but instead there is ample evidence of extensive cooling 
associated with trade wind driven upwelling. It is the input of 
this latter type of cold upwe1ed water, simultaneous with 
Namibian coastal upwelling, which McIntyre et at. [1989] 
observed at the equator rather than advection of cold Southern 
Ocean surface waters. 

It seems that trade wind zonality is strongly related to the 
seasonality at the equator, as McIntyre et at. [1989], Imbrie et 

al. [1989], Schneider et al. [1995] and Mix and Morey [1997] 
have suggested; equatorward cold-water advection, other than 
that from upwelling, plays a minor if not insignificant role. 
At times of maximum trade wind zonality, the eastern boundary 
of the South Atlantic Ocean and equatorial seasonality records, 
respond to increased upwelling intensity and relatively cooler 
SSTs. Equatorial seasonality could be further enhanced if 
offshore divergence of the Benguela Oceanic Current 
intensified the direct input into the equatorial regions via the 
South Equatorial Countercurrent. Increased trade wind zonality 
along the entire eastern margin of the South Atlantic should 
increase the divergence of warm surface waters away from the 
coastal upwelling cells and force tropical and subtropical 
waters across the equator via the South Equatorial Current. 
This will increase the equatorial pool of heat which can be 
transported to the high northern latitudes by the Gulf Stream 
and North Atlantic Drift. 

Teleconnections in the Atlantic Oceanic and 
Atmospheric Circulation System 

During the period of increased trade wind and upwelling 
intensity in glacial stages 4-2, the N. pachyderma (s) record 
is punctuated by anomalous abundance minima. These periods 
of low % N. pachyderma (s) represent rapid short-lived warmer 
intervals at a time of glacial cooling, reflecting decreased trade 
wind strength as monsoonal winds increased over eastern and 
central Africa. Contrary to this, the cool PS events, which are 

thought to be typical for the eastern South Atlantic 
continental margin, correlate to warmer climate intervals in 
the Greenland ice records and subpolar ocean SSTs [Ruddiman 
and McIntyre, 1981]. The Benguela Current system could be 
regarded as the major component influencing cross-equatorial 
teleconnections between the South Atlantic and North Atlantic 
via the South Equatorial and the North Brasil Currents into the 
Gulf Stream, driven by variations in atmospheric conditions 
controlling trade wind intensity and zonality. Cold water 
resulting directly from intense upwelling will produce cold 
SSTs and lowered salinities along the entire eastern South 
Atlantic margin, enhancing seasonality at the equator. Direct 
cross-equatorial transfer of this cooler water into the Gulf 
Stream, similar to that from hypothesized meltwater models, 
would have had an almost instantaneous cooling effect on 
North Atlantic records rather than a lead of 3-kyr as is implied 
from correlation with the timing of Heinrich events. With 
respect to northern hemisphere climate change indicated in the 
GISP2 record it appears that southern hemisphere trade winds 
have been reduced at times of maximum cooling and vice versa. 
Ruddiman and McIntyre [1981] discussed similar results using 
SST data from the northwestern subtropical gyre and the 
subArctic ocean which remain near their maximum SST into 
the phase of maximum ice building, creating optimal 
conditions for rapid ice growth by providing moisture due to 
the large temperature gradient between the atmosphere and 
ocean. The GeoB 1711 data set reinforces this relationship but 
suggests that enhanced cross-equatorial transfer of warm waters 
into the Gulf Stream, at times of trade wind zonality, increases 
warm-water advection to the higher latitudes of the North 
Atlantic and maintains the elevated SSTs into the phase of 
maximum ice building. Without very high resolution records 
the precise timing of events in the northern and southern 
hemisphere cannot be quantified conclusively, but the phase 
difference suggested by this and previous work ([imbrie et al., 
1989; Charles et at., 1996] suggests a real lead of the South 
Atlantic Ocean. 

Boulton and Payne [1994] modeled midlatitude northern 
hemisphere ice sheet growth and have suggested that Heinrich 
scale instabilities and ice calving could result from internal 
thermal instabilities as a result of changes in the basal 
boundary conditions of the ice sheets. A reduction in basal 
friction initiating iceberg calving could result from an increase 
in the accumulation rate of snow. Modelled results suggest 
that ice sheet calving could occur approximately every 4-kyr, 
following a 2-3 kyr increase in the accumulation of snow, as 
is predicted by the 3-kyr lead of the Southern Atlantic Ocean. 
A relative increase in moisture supply to the atmosphere in the 
higher latitudes of the North Atlantic would be enough to 
create basal instability leading to a rapid calving event and 
IRD deposit [Boulton and Payne, 19941. We hypothesize that 
the intensification of the trade winds, increases cross 
equatorial flow and delivers more warm water into the tropical 
pool for delivery northwards. The increase in heat flux from 
the equator to the high latitudes of the North Atlantic via the 
Gulf Stream, leads to an increased accumulation of ice and 
increased thermal instabilities in the northern hemisphere ice 
sheets, as the ice-ocean moisture gradient is increased. This 
will result in rapid ice sheet calving and stimulate further 
moisture feedback mechanisms and further ice sheet collapse 
[Ruddiman and McIntyre, 1981]. 
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Our observations suggest millenial scale 'conveyor belt" 
changes occur in all of the Earth's major ocean basins in both 
northern and southern hemispheres. The entire data set is 
strongly suggestive of a globally linked atmosphere-ocean-
cryosphere system varying via changes in trade wind intensity 
and zonality, linked to sub-Milankovitch climate variability 
derived from the insolation-linked precessional band. 

Conclusions 

Relative abundances of the cold-water planktonic 
foraminifera N. pachyderma (s) record rapid upwelling 
intervals (PS events) punctuating the last 140 kyr on a sub-
Milankovitch cyclicity. Records in the equatorial Guinea 
Basin and the more southerly Angola and Cape Basins have 
shown upwelling intensification to be the primary control on 
faunal and SST patterns. Correlation between N. pachyderma 
(s) abundances from the northern Cape Basin and eastern 
equatorial seasonality record [McIntyre et al., 19891 suggests 
that the entire eastern margin of the South Atlantic is 
dominated by fluctuations in trade wind zonality and intensity. 
Radiocarbon dating for the last 45 kyr permits a further 
correlation between PS events in the northern Cape Basin with 
Heinrich events of the North Atlantic and suggests 
teleconnections in South Atlantic—North Atlantic and global 
heat transfer. Maximum abundances of N. pachyderma (s) 
coincide with interstadials in the GISP2 ice core and further 
suggest that warm-water advection to the North Atlantic 
stimulates rapid ice sheet growth. 

We hypothesize that intense upwelling events on a sub-
Milankovitch cyclicity occurred throughout the last 140 kyr, 
in particular during the last glacial cycle (isotope stages 4-
2), controlled by changes in intensity and zonality of the trade 
winds at times of maximum ice buildup and mimimum solar 
insolation and indicate a 3-kyr phase lead of the South Atlantic 
to corresponding changes in northern hemisphere sediment 
records. The increase in trade wind controlled offshore 
displacement of tropical and subtropical waters, may have 
implications for the strength of equatorial transfer into the 
North Atlantic, via the South Equatorial Current and Gulf 
Stream, and for the global thermohaline conveyor and Atlantic 
convection. The tropical warm water which is forced across 
the equator, is transported to the high latitudes of the North 
Atlantic into the phase of maximum ice building. This 
intensifies the moisture gradient between the subArctic ocean 
and the northern hemisphere ice sheets, increasing the rate of 
snow accumulation until eventual ice sheet collapse and 
iceberg calving. 

Furthermore, the sub-Milankovitch frequencies at which 
these rapid upwelling events occur have also been described for 
sediment cores within the Pacific [Kennett and Ingram, 1995; 
Behi and Kennett, 1996], northern [Hagelberg et al., 19941, 
and southern Atlantic Oceans [Park et al., 1993; Charles et al., 
1996] and within the Greenland [Bender et al., 1994; 
Mayewski et al., 1994] and Vostok [Yiou et al., 1991] ice 
cores. The paleoceanographic records analyzed in this study 
demonstrate further that high-frequency sub-Milankovitch 
cyclicity is a global phenomenon and that cross-equatorial 
heat transfer via trade wind intensification may have serious 
repercussions for global climate. 
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Southern oceans hold key to climate 
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F IE waxing and waning of ocean currents 
!most as far south as Antarctica may 
ave triggered regular growth spurts in Arc-
u ice sheets over the past 140 000 years. 
esearchers in Britain and Germany study-
ag fossilised protozoans in the southern 
\tlantic say that their finding may lead to 
etter predictions of the rate of global 

.varnhing. 
Many scientists believe that major cli-

• iate changes are triggered by events in the 
mrthern hemisphere alone. But in a study 
• he published in Paleoceanography, Mark 

L ittle and Dick Kroon of the University of 
dinburgh and their colleagues claim that  

that there may have been dramatic swin 
in the southern climate every 8000 to Ii! 
000 years. 

Not only are these sudden changes in stei 
with events in the far north, they appear to 
precede them by about 3000 years. Kroon 
admits that he cannot be sure about this. 
"They could be 7000 years behind," he 
says. "But at any rate there is a clear link 

How might they be linked? The ri 
searchers argue that the southern climtr 
swings may coincide with changes in th 
strength of the Benguela current that brinl 
cold, deep Antarctic water north along il 

eastern shore of the southern Atlant 
Ocean. This current grows stronger 
weaker depending on the strength 
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Cold storage: strong currents in the South Atlantic may build up i CL sheets i n the lar north 
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mate is not made in the North Atlantic 
10 many authors suggest". 
\t issue is the genesis of Heinrich events, 
ular surges and collapses of ice sheets 

occur in the northern hemisphere 
iv 8000 to 10 000 years. During an 
at, the ice sheets over North America, 

eenland and Eurasia grow when the cli-
ac is cold and when the sheets are sup- 

r ed with large amounts of moisture in the 
rn of snow. But eventually the ice sheets 

•:ome unstable and collapse into the 
ans, releasing vast flows of icebergs. 

ese icebergs carry boulders that end up 
the ocean bed. 

Now Little, Kroon and their colleagues 
on that similar cycles of rapid climate 
inge have occurred in the southern 

• antic Ocean. The researchers found their 
• dence in rock cores taken from the 

bed off the coast of Namibia. These 
es showed that at regular intervals, 

'eral polar species of protozoan known as 
•nktonic Forarninifera suddenly appeared 

Jisaptx 	 ealte' 

trade winds close to the equator. Whe 
strong trade winds blow aside surfun 
waters, the current strengthens as it well 
up to the surface. 

Little and Kroon believe that the perio 
strengthening of the cold southern currc 
revealed by the protozoans, pushes 
much water into the tropical Atlantic t 

it strengthens the Gulf Stream in the non  i. 
ern Atlantic. This current then transports 
large amounts of warm water from the 
tropics northwards. There, the meeting of 
warm water and cold air generates large 
amounts of extra precipitation—enougl' 
cause the rapid growth of the ice sheet 

"We can see here part of a gb 
phenomenon," says Little. The research 
say that if the oceans play as great a roli 
climate change as the results suggest, p1 
dictions about the impact of greenhou-
gas emissions may have to be revis€u 
"This seems to show that the oceans conrrr 
the world's climate as much as carbe° 
dioxide does," says Kroon. "That couhl 
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Extract from: EUG 9 (1997) Abstracts volume; Proxies 67/4B38 pp  613. 

European Union of Geosciences 9 

"Proxies in palaeoceanography and palaeoclimatology" 

STRASBOURG, FRANCE 

6714B38 
'HEINRICH-EVENTS' 114 THE Soum Amric 
OCEAN: IMPLICATIONS FOR CROSS-  
EQUATORIAL AND GLOBAL HEAT TRANSFER 
AND SUB-MILANXOVITCH CLIMATE 
VAmi1txrY 
Mark C. Little' (Mark. Little @glg.ed.ac.uk ). 
Dick Kroon' (Dirk.Kroon@glg.ed.ac.uk ) & 
Ralph R. Schneider-2  
(Rschneid@zfn.un i-bremen.de ) 

Geology and Geophysics. University of Edinburgh. West 
Mains Road. Edinburgh. EH9 31W. Scotland. U.K. 

Fachberetch Geowissenschaften, Universitat Bremen. 

Kiagenfurter Strasse. D-28359 Bremen. Germany. 

Changes in the abundances of planktonic foraminifera. 
recovered from sediment cores in the Benguela upwelling 
system, reveal a history of rapid upwelling events during 
the last 140.000 years. The cold-water planktonic 
foraminifer. left-coiling iVeogloboquadrina packvderma 
(Ehrenberg), records changes in abundance of over 50% in 
less than 5 kyr. These discrete episodes regularly punctuate 
the fossil record, and are referred to as PS-events, which 
can be correlated between cores in the Cape Basin. The tim-
ing of the PS-events suggests a sub-Milankovitch forcing in 
the order of 10 Lyr. and with AMS "C chronological con-
trol, suggests that the history of upwelling in the Benguela 
system reflects the equatorial seasonality record from core 

RC24-16. During the last 65 kyr when precessional forcing 
is weakest, in the glacial stages 24. the 10 kyr cyclicity is 
very pronounced in both equatorial and Cape Basin 
records. "C dates for the last 45 kyr in GeoB 1711. enable 
a good correlation with Heinrich-events Hl-H4 in the 
North Atlantic manne and ice-core records. The further dat-
ingot three cores in the northern Cape Basin (GeoB 1711. 
GeoB 1706 and PG/PC 12) reveals a constant 2-3 kyr lead 
of the South Atlantic upwelling record relative to the North 
Atlantic Heinrich-events and the GISP2 °O ice core 
record for at least the last 80 kyr. The similarity in timing 
of the PS-events with foraminifera-derived equatorial sea-
sonality and northern hemisphere Heinrich records, further 
suggests global teleconnections in the atmosphere-ocean-
cryosphere system. We suggest that we are recording evi-
dence for high frequency cycling driven by non-linear 
harmonics in the precessional band, as a result of changes 

in net global insolation and the resultant intensity of the 
Trade Wind system, affecting cross-equatorial and global 
heat transfer. 
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LATE QUATERNARY PLANKTONIC 
FORAMINIFERAL RECORD OF 
PALAEOCEANOGRAPHIC CHANGE IN THE 
BENGUELA UPWELLING SYSTEM FOR THE 
LAST 180,000 YEARS. 

Little, M.G., Department of Geology and Geophysics. 
Grant Institute, University of Edinburgh, West Mains 
Road, Edinburgh, EH9 3JW, Scotland, UK; Kroon, 
D.; Schneider, R.R.; Wefer, G. & Price, N.B. 

A new core from the Walvis Ridge (20 ° S, II ° E), 
Namibia reveals striking downcore variations in 
foram iniferal abundances. Fluctuations are 
investigated to assess changes in the intensity and 
position of the upwelling centres offshore Namibia 
during the last ISO kyr. 

Four taxa make up over 95% of the variation within 
the assemblage. and together with correlation and 
factor analysis allow the Late Quaternary to be divided 
into episodes of taxa dominance as seen in the 
modern-day distribution patterns. The episodes are 
interpreted as fluctuations in nutrient supply indicating 
changes in upwelling intensity. In the region south of 
27S the area consists of near shore intense upwelling 
centres dominated by Neogloboguadrina pachyderm.-, 
and a sharp thermal barrier separating oligotrophic, 
tropical waters dominated by Globorotalia inflata. 
The region north of 27°S has a narrow, near shore, low 
intensity, upwelling centre and an offshore, 
mesotrophic mixing domain dominated by 
Neogloboguadrina dutertrei and Globigerina bulloides. 

The foraminiferal record suggests shifts in the type 
and intensity of upwelling processes, and 
corresponding trophic domains, which do not follow 
the typical Glacial-Interglacial pattern. Fluctuations in 
the major components show a precessional cyclicity, 
and match well with the seasonality record of the N. 
Atlantic; whilst the shifts of the trophic domains 
correspond to movement of the equatorward Angola-
Benguela Front. An anomalous cool event between 53 
and 41 kyr, at a time of reduced upwelling intensity, 
can be explained by the advection of Subantarctic 
Surface Water into the Benguela system. Variations 
in position of the South Atlantic gyre and 
corresponding trade wind intensities are interpreted to 
be the main forcing mechanisms for the fluctuations 
seen. 
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An- und Ahschwellen von Schnee- und Eismassen auf der 
nordlichen Halbkugel einhergehen. haben ihren Ursprung in ei- 
ncr kUhien MeeresstrOmung aus dem Sudatlantik. Zu diesem 
n rge hn i s  gelangte cine deutsch-britische Forschergruppe, die in 

dimentproben vom Meeresgrund vor der Kuste des sUdafri- 
inischen Staates Namibia Anzahl und Alter fossilisicrter Em-

Liler untersuchten. Die Urtierchen erlauben Rtickschlusse auf 
ic Starke der Passatwinde. die offenbar ein Motor des Welt-
limas sind. Geowissenschaftler der Universitäten Bremen und 
dinburgh deuten die Befunde als Nachweis dafür, dali auch 

• ic Eismassen am Südpol entgegen vorherrschender Meinung 
Abständen von wenigen tausend Jahren plötzlich anwuch- 
n Oder abschmolzen und verantwortlich waren fur die In-

Lnslvierung der Passatwinde auf der Sudhalbkugel. Die un-
tcrschjedljche Starke der Passatwinde bewirkt, so die Forscher. 
cineVeranderung der Benguela-Meeresstromung, die sudpolare 
\Vassermassen in àquatoriale Breitengrade bringt. Dabei wird 
auch der Warmetransport uber den Aquator und in den Golf -
strom vei-starkt. Seine wärmeren Wassermassen treffen in nörd-
Ichen Breiten auf Kaitluft und sorgen so für erhohten Schnee-

tall und Vereisung. Die Bremer Forscher Ralph Schneider und 
Gerold Wefer sind deshalb uberzeugt. daLi die starke Vereisung 
auf der Nordhalbkugel auch im Sudozean verursacht wird. 
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