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Abstract  iii 

ABSTRACT 

This study focussed on temporal and spatial changes in export productivity and 
terrigenous flux, in response to the varying oceanographic frontal system, in the 
Tasmanian Seaway since 500 ka. Four sites, drilled during ODP-Leg 189, were studied: 
Site 1168 (western Tasmanian margin), Sites 1170 and 1171 (Tasman Rise), and Site 
1172 (East Tasman Plateau).  
Downcore variations in geochemical proxy data allowed to reconstruct the position of 
the oceanographic frontal system in the Southern Ocean since 500 ka. The 
paleoproductivity was assessed from the accumulation rates of carbonate, organic 
carbon, excess barium and chlorins. For the first time chlorin was used in the Southern 
Ocean to reconstruct paleoproductivity. Siliciclastic material, by means of the 
aluminium, iron and titanium concentrations, was used as proxy for the supply of 
terrigenous matter. Their ratios provided evidence for the origin of the terrigenous 
material as being wind-blown dust.  
In general, the interglacial periods were characterised by less productivity and a lower 
terrigenous supply. The Subtropical Convergence was located south of 49°S during the 
interglacial isotopic stages 1 - 7. During marine isotopic stages 9 - 13, increased export 
productivity suggests a increased influence of Subantarctic Surface Water at the 
southern Site 1171. This indicates a position of the Subtropical Convergence and the 
zone of the westerlies more to the north.  
During the glacials the frontal system was shifted to the north. The Subtropical 
Convergence reached as far north as between 42°S and 39°S east of Tasmania and 
between 44°S and 40°30’S west of Tasmania during the glacials. Reduced productivity 
during marine isotopic stages 8, 10 and 12 at the southern Site 1171 suggests that the 
Subantarctic Front was located to the north of Site 1171. The high glacial productivity 
in the nutrient-rich Subantarctic Surface Water was mainly caused by an increased 
supply of iron, delivered by strengthened westerly winds. These results indicate that the 
“Iron Hypothesis” is applicable for the studied area. 
It can be concluded that strong glacial/interglacial changes have determined the 
variations in the oceanographic frontal system in the Tasmanian Seaway. In general, the 
frontal system in the study area shifted to the south since 500 ka. 
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KURZFASSUNG 

Im Mittelpunkt dieser Studie stand die Rekonstruktion von räumlichen und zeitlichen 
Variationen des ozeanographischen Frontensystems im tasmanischen Seeweg während 
der letzten 500.000 Jahre. Insgesamt wurden vier ODP-Bohrungen von Leg 189 unter-
sucht: Kern 1168 (westlicher Tasmanien-Graben), Kern 1170 und 1171 (Tasmanischer 
Rücken) sowie Kern 1172 (östliches Tasmanien-Plateau).  
Variationen in der Sedimentzusammensetzung spiegeln Verlagerungen des ozeanogra-
phischen Frontensystems wider und wurden anhand von geochemischen Proxies unter-
sucht. Akkumulationsraten von Carbonat, organischem Kohlenstoff, biogenem Barium 
und Chlorinen dienten der Abschätzung der Exportproduktivität. Erstmalig wurden die 
Akkumulationsraten von Chlorinen zur Rekonstruktion der Paläoproduktivität im Süd-
polarmeer einbezogen. Die Anteile siliziklastischen Materials, insbesondere Alumi-
nium-, Eisen- und Titan-Konzentrationen, wurden für die Bestimmung des Terrigen-
eintrags herangezogen. Die Elementverhältnisse geben Auskunft über den Transport des 
terrigenen Materials, das hauptsächlich durch die Westwinde eingetragen wurde.  
Die Interglaziale sind im allgemeinen durch geringere Produktivität und Terrigenzufuhr 
gekennzeichnet. Während der interglazialen Isotopenstadien 1 bis 7 lag die maximale 
Ausdehnung der Subtropischen-Konvergenz-Zone südlich von etwa 49°S. In den Isoto-
penstadien 9 bis 13 spiegelt eine gesteigerte Produktivität den verstärkten Einfluss Sub-
antarktischen Oberflächenwassers an der südlichen Station 1171 wider, was auf eine 
nördlichere Position der Subtropischen-Konvergenz-Zone und des Westwindgürtels 
hindeutet.  
Während der Glaziale war das gesamte Frontensystem, Subtropische-Konvergenz-Zone 
und Subantarktische Front, deutlich nach Norden verschoben. Östlich von Tasmanien 
lag die Subtropische-Konvergenz-Zone zwischen 42°S und 39°S, westlich von Tas-
manien zwischen 44°S und 40°30’S. Während der frühen glazialen Isotopenstadien 8, 
10 und 12 lag die Subantarktische Front nördlich der Kernstation 1171, worauf redu-
zierte Produktivitätswerte schließen lassen. Generell war die glaziale Bioproduktivität 
im nährstoffreichen Subantarktischen Oberflächenwasser um ein Vielfaches erhöht und 
wurde hauptsächlich durch die verstärkte Eisenzufuhr (Windeintrag) gesteuert, womit 
die gängigen Modelle der „Eisendüngung“ auch für das Untersuchungsgebiet gelten.  
Zusammenfassend lässt sich sagen, dass das ozeanographische Frontensystem im 
Tasmanischen Seeweg während der letzten 500.000 Jahre starken Schwankungen im 
Glazial-Interglazial-Wechsel unterworfen war, überprägt von einer langfristigen Süd-
wärtsverlagerung.  
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SAMENVATTING 

Het doel van deze studie was de reconstructie van de positie van oceanografische 
fronten in het gebied rondom Tasmanië gedurende de laatste 500.000 jaar. Dit gebeurde  
op basis van veranderingen die zich door de tijd heen in de terrigene aanvoer en de 
marine productiviteit voordeden. Vier sedimentkernen van ODP-Leg 189 werden 
onderzocht: Kern 1168 (westelijke Tasman Margin), Kernen 1170 en 1171 (Tasman 
Rise), en Kern 1172 (oostelijk Tasman Plateau). 
Veranderingen in de samenstelling van de sedimenten werden onderzocht met behulp 
van verschillende proxies, die variaties in het oceanografisch frontensysteem 
weergeven. Bij het bepalen ven de exportproducitvteit werd gebruik gemaakt van de 
accumulatie van carbonaat, organische koolstof, biogeen barium en chlorine. Nooit 
eerder werd chlorine als productiviteitsproxy in de zuidelijke Oceaan toegepast. De 
terrigene toevoer werd bepaald aan hand van de hoeveelheid siliciclastisch materiaal, 
gemeten door middel van de concentraties van aluminium, ijzer en titaan. De onderlinge 
verhoudingen tussen deze elementen geven aanwijzigen over het transportmechanisme 
van het terrigene materiaal, met name windtoevoer. 
De interglacialen worden over het algemeen gekenmerkt door een beperktere 
productiviteit en terrigene toevoer. Tijdens de interglaciale isotopenstadia 1 - 7 bevond 
de Subtropische Convergentie zich ten zuiden van 49°S. De toegenomen productiviteit 
tijdens isotopenstadia 9 - 13 weerspiegelt een versterkte invloed van subantarctisch 
oppervlaktewater over de zuidelijke locatie van kern 1171. Dit duidt op een meer 
noordelijke positie van de Subtropische Convergentie en de zone van westelijke 
winden.  
Tijdens de glacialen was het volledige frontensysteem duidelijk meer naar het noorden 
verschoven. Ten oosten van Tasmanië bevond de Subtropische Convergentie zich 
tussen 42°S en 39°S, ten westen van Tasmanië tussen 44°S en 40°30’S. De lagere 
productiviteit tijdens de glaciale isotopenstadia 8, 10 en 12 doet vermoeden dat het 
Subantarctisch Front ten noorden van de locatie van kern 1171 lag. De hoge glaciale 
productiviteit in het nutriëntrijke subantarctische oppervlaktewater werd voornamelijk 
veroorzaakt door extra toevoer van ijzer, aangevoerd door sterkere westelijke winden. 
Deze waarnemingen bevestigen dat de “ijzerhypothese” voor het onderzochte gebied 
van toepassing is. 
Samenvattend kan gesteld worden dat sterke glaciale/interglaciale veranderingen het 
oceanografische frontensysteem in het gebied rondom Tasmanië bepaald hebben. 
Gedurende de laatste 500.000 jaar heeft een algemene verschuiving van het 
frontensysteem naar het zuiden plaats gevonden. 
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1. INTRODUCTION 

The Southern Ocean connects the water masses of the major ocean basins: Atlantic, 

Pacific and Indian oceans. Therefore, it is one of the key areas influencing global 

climate dynamics. In the Southern Ocean, the Antarctic Circumpolar Current (ACC) is 

the main current. It surrounds the Antarctic continent without any barrier, and 

climatically isolates Antarctica. The ACC is driven by strong westerly winds, which 

also promote the development of the surface ocean frontal systems bounding the ACC. 

Three main fronts are defined: the Subtropical Convergence (STC) to the north of the 

current ring, the Subantarctic Front (SAF) within it and the Antarctic Polar Front (APF) 

to the south (Withworth, 1988). These frontal systems are highly dynamic today. On 

geological timescales, they were displaced to the north during glacial and to the south 

during interglacial periods (e.g. Howard & Prell, 1992; Francois et al., 1993; Connell & 

Sikes, 1997; Frank et al., 2000). The late Pleistocene frontal dynamics are well 

constrained in the Atlantic sector of the Southern Ocean (e.g. Peterson & Whithworth, 

1989; Brathauer & Abelmann, 1999; Frank et al., 2000). The paleo-dynamics of the 

system was addressed only by a few studies in the Indian and Pacific sectors of the 

Southern Ocean (Fig. 1). They mainly focus on the response of pelagic microfossil 

assemblages (Morley, 1989; Nees, 1997; Kawagata, 2001). Other papers considered the 

last glacial cycles, back to 

marine isotopic stage 6 (MIS 6) 

(Bareille et al., 1994; Howard & 

Prell, 1994; Ikehara et al., 2000).  

 

Fig. 1 View of the Australian sector of the Southern Ocean 
from outer space (Height: 2500 km). The white rectangle 
indicates the study area. 

The area around Tasmania is one 

of the few places in the Southern 

Ocean where well-preserved, 

continuous and carbonate-rich 

Cenozoic sediment successions 

are present at latitudes of 40-

50°S (Exon et al., 2001). They 

were explored during the Ocean 

Drilling Program Leg 189 in 

March-May 2000 (Exon et al., 

2001). Four of the ODP-Leg 189 
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sites were studied. Those sites were drilled in water depths from 2100 m to 2800 m off 

Tasmania (Fig. 2): Site 1168 lies on the western Tasmania margin, Sites 1170 and 1171 

on the Tasman Rise and Site 1172 on the East Tasman Plateau. This study focus on the 

dynamics of surface water productivity, variations in terrigenous supply, oscillations in 

subtropical and polar fronts, and changing strength of surface currents in the Tasman 

region as the result of climatic changes over the last 500 000 years.  

Fig. 2 Detailed map of the locations of the four studied sites. All sites were
drilled during ODP Leg-189. Site 1168 is situated west of Tasmania, on the
western Tasman Margin, sites 1170 and 1171 lies to the south, on the Tasman
Rise and site 1172 lies on the East Tasman Plateau. Map created by GMT
(http://www.aquarius.geomar. de/cgi-bin/map-cgi.pl). 
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1.1 Previous work in the study area 

Estimates of paleo-productivity and terrigenous supply are presented in this study. In 

pelagic sediments, the surface ocean productivity is often reflected in the carbonate 

content. Systematically lower carbonate content concentrations during the glacials were 

reported from sediment cores to the south of Tasmania (e.g. Martinez, 1994; Connell & 

Sikes, 1997). The total organic carbon (TOC) measured to the south of Tasmania shows 

a maximum during the Last Glacial Maximum (LGM) (Ikehara et al., 2000). Since the 

carbonate content can be influenced by dissolution or dilution, we used additionally 

proxies to constrain productivity changes, in particular organic carbon, chlorin-pigment 

and excess barium. A new proxy for the paleo-productivity is pigment concentrations 

(Harris et al., 1996). They correlate with the total organic carbon concentrations (e.g. 

Bishop, 1988; Emerson & Hedges, 1988). Excess barium is suggested as a paleo-

productivity proxy in the Atlantic Sector of the Southern Ocean by Gingele & Dahmke 

(1994) and by Nürnberg et al. (1997). Nürnberg et al. (1997) also demonstrated that 

sediment-geochemical studies are valuable in defining paleo-positions of oceanographic 

fronts. 

The Southern Ocean marine productivity is of particular importance for the global 

ocean because it comprises up to a third of the entire world’s ocean productivity (Berger 

& Herguera, 1992). However, the Southern Ocean is not as productive as expected from 

the abundance of nutrients (Landing & Bruland, 1987). The lack of iron, as stated in the 

iron hypothesis by Martin (1990), could be the reason for this discrepancy. In order to 

constrain this deficit and possible relationships, the terrigenous supply was quantified, 

by means of aluminium, iron and titanium concentrations and the percentage of 

siliciclastic material. Several studies reported a higher terrigenous flux in the Southern 

Ocean during glacial periods (Petit et al., 1990; Hesse, 1994; Lean & McCave, 1998; 

Latimer & Filippelli, 2001). For this terrigenous matter different sources are discussed. 

Latimer & Filippelli (2001) suggest that the iron flux has a hemipelagic origin. Hesse 

(1997) instead, discussed an eolian origin. In order to address this problem, we 

attempted to define the origin of the terrigenous matter for the Australian sector of the 

Southern Ocean. Observations from continental Australia suggest arid climatic 

conditions during glacials with intensification in frequency and velocity of winds that 

may cause this increase in terrigenous supply (e.g. Thiede, 1979; McTainsh & Lynch, 

1996; Okada & Wells, 1997). 
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The switch in wind pattern during the glacial periods effectively influenced the position 

of the frontal system. The studied cores are located around the present position of the 

STC. Marine productivity showed a maximum during glacial times in the Atlantic 

sector (e.g. Nürnberg et al., 1997; Latimer & Filippelli, 2001), the Indian sector (e.g. 

Prell et al., 1979; Morley, 1989) and the Pacific sector (e.g. Fenner et al., 1992; 

Kawagata, 1999) of the Southern Ocean. Late Pleistocene fluctuations of the position of 

the STC around Tasmania are roughly outlined by Passlow et al. (1997). Therefore, the 

reconstruction of glacial/interglacial variations of the STC since the last 500 ka is the 

main aim of the presented study. 

1.2 Research objectives 

As described above, the primary aim of the thesis was to provide insights in the 

changing oceanographic frontal system in the Australian sector of the Southern Ocean 

during the last 500 ka. A multi-proxy approach was conducted to reconstruct the first 

geochemical history in that particular area. Other major questions addressed during this 

thesis are following topics: 

• Assess marine productivity through time from various proxy data. 

• Identify glacial/interglacial paleo-indicator patterns. 

• Define sources, transport paths and forcing of the terrigenous supply. 

• Reveal the interplay between marine productivity and terrigenous flux; what is 

the role of iron fertilization due to dust supply? 

• Study of the glacial/interglacial variations in oceanographic front systems (e.g. 

Subtropical Convergence), and in the surface currents around Tasmania (e.g. 

East Australian Current).  
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2. GEOLOGIC AND OCEANOGRAPHIC SETTINGS 

2.1 Regional geological settings 

The continental slope west of Tasmania ranges from a depth between 200 m and 

4000 m with an average slope of 4°. The slope is underlain by continental basement. 

Oligocene to recent pelagic carbonates cover Upper-Cretaceous and Palaeogene shallow 

marine sandstone, siltstone and mudstone. They are widely distributed in the deep 

waters west of Tasmania. Between Australia and Tasmania, the Bass Strait forms a 

shallow shelf channel. This strait connects the Great Australian Bight and the Tasman 

Sea (Fig. 2). At present, nearly no sedimentation takes place on the continental shelf 

around Tasmania (e.g. Moore et al., 1992; Kawahata, 2002). 

The Tasmanian offshore region is build up of continental crust from three different 

regional areas: the East Tasman Plateau (Exon et al., 1997), the Tasmanian margin 

(Moore et al., 1992) and the South Tasman Rise (Hinz et al., 1985) (Fig. 2). The East 

Tasman Plateau (ETP) forms a flat circular platform at 2600 m below sea level. It is 

surrounded by oceanic crust and underlained by continental basement rocks. The top of 

the plateau is formed by a seamount, rising till 1800 m. It has developed as the result of 

hot spot volcanism. The plateau is covered by Oligocene to Holocene pelagic 

carbonates and Cretaceous to Eocene siliciclastic sediments (Nees, 1997). To the east 

and south, the margin of the ETP is steep and well outlined by a narrow channel (Royer 

& Rollet, 1997). The ETP is separated from southeast Tasmania, by the 3200 m deep 

East Tasman saddle. 

The South Tasman Rise (STR) is a large submarine plateau of continental origin. 

Though situated south of Tasmania, it is in fact part of the Australian continent. The 

STR is oriented northwest-southeast and rises to 1000 m below sea level. It is 

surrounded on three sides by Late Cretaceous and Palaeogene oceanic crust (Exon et al., 

1997; Royer & Rollet, 1997). The WNW-trending South Tasman Saddle, that separates 

the STR from Tasmania, is more than 3000 m deep and filled with sedimentary and 

volcanic deposits. The flanks of the STR are characterised by dominantly pelagic 

deposits that are reworked as slumps, mass-flow and gravity-flow deposits (Whitmore 

& Belton, 1997). The Tasman escarpment, the northernmost part of the Tasman 

Fracture Zone that extends south to Antarctica, dominates the western side of the STR. 

This scarp is up to 2000 m high (Connell & Sikes, 1997). It separates the area south of 
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the South Tasman Rise from the rough uncovered crust to the west. The fracture zone is 

related to Late-Cretaceous to Early-Cenozoic extensional tectonism (Exon et al., 1997). 

To the west of the Tasman Fracture Zone, the oceanic crust is characterised by 

numerous horst and graben features, which are east-west oriented. 

2.2 Oceanographic settings 

2.2.1 General overview 

Several global current systems meet at the study area, all at a specific water depth. The 

water masses are characterised by their oxygen concentration, temperature, salinity and 

density (e.g. Peterson & Whithworth, 1989). Table 1 provides an overview of present 

water masses, their abbreviations, and distinguishing marks. The different surface water 

masses, separated by oceanographic fronts are depicted in Figure 3. In contrary, 

Figure 4 shows the deeper water masses, discussed later in this chapter. 
Tab. 1 Characteristics of major water masses and fronts of the Southwest Pacific Ocean. 
PSU = Practical Salinity Unit; SuSuI = summer surface isotherm 
(Tchernia, 1980; Passlow et al., 1997; Cooke et al., 2002). 
 
 

Water Mass/Front Abbr. Depth 
[m] 

Temp 
[°C] 

σ-
Density 

Salinity 
[psu] 

Oxygen 
[ml/l] 

Subtropical Surface Water STSW 0-400 > 15 - - - 
Subtropical Convergence (Front) STC Separates STSW from SASW at 15° SuSuI 
Subantarctic Surface Water SASW surface 8-15 - - - 
Subantarctic Front SAF Separates SASW from CSW at 8° SuSuI 
Circumpolar Surface Water CSW surface 5-8 - - - 

Su
rf

ac
e 

w
at

er
 m

as
se

s 

Antarctic Polar Front APF Separates CSW from Antarctic Water, icebergs present 
Subantarctic Mode Water SAMW 400-600 6.0-10.0 26.8-27.2 34.0-34.2  
Antarctic Intermediate Water AAIW 600-1450 3.2-7.0 27.2-27.4 34.3-34.4 3.2-4.7 

Upper CPDWu 1450-2900 1.6-1.8 36.5-37.0 34.6-34.7 3.0-3.4 Circumpolar Deep Water 
Lower CDPWi 2900-seafloor 0.6-1.6 37.0-46.0 34.7-34.8 3.6-4.7 

North Atlantic Deep Water NADW - 0.6-0.9 - <34.7 - 

D
ee

p 
w

at
er

 m
as

se
s 

Antarctic Bottom Water AABW - -0.9 - 34.6-34.7 - 
The Antarctic Circumpolar Current (ACC) is the main global current, connecting all 

major oceans and influences different depth intervals in the southern hemisphere 

(Withworth, 1988). It is the most powerful current, driven by the strong westerly winds 

between 45° and 55°S (Gordon, 1988). There are no landmasses to slow down, break up 

or deviate this great continuum stretch of seawater. Due to minor density variations with 
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depth, the ACC is almost barotropic. Therefore pressure changes are able to reach the 

ocean floor and the influence of the current is noticeable also at striking depths. This 

means that the overall mass transport of the ACC contains also a vertical component 

(Rintoul, 1998).  

2.2.2 Frontal System 

The surface water masses are separated by frontal systems, with distinct oceanographic 

characteristics, forming in response to wind stress (e.g. Klinck & Smith, 1993; Hesse & 

McTainsh, 1999). As the wind pattern changes during glacial/interglacial periods, the 

surface water masses exhibit variations. During the glacial times, the fronts are situated 

more to the north than during interglacials (e.g. Ikehara et al., 2000; Klinck &Smith, 

1993; Lean & McCave, 1998). The fluctuations in the frontal system are studied here, 

therefore the present situation is described into detail. Actually all fronts in the 

Australian sector of the Southern Ocean lies more in the South as in the Indian Ocean 

(Tchernia, 1980; Orsi et al., 1995). From north to south, three fronts can be 

 

 

Fig. 3 Overview of the surface water masses and fronts in the Southern Ocean between Tasmania and
Antarctica. Modified after Rintoul (1998). The four studied sites are indicated. STC = Subtropical
Convergence; SAF = Subantarctic Front; APF = Antarctic Polar Front. 
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differentiated (Fig. 3). The northernmost is the Subtropical Convergence (STC, or 

Subtropical Front). It is the boundary between warm, saline, subtropical surface waters, 

driven by the southeast trade wind and cold, less-saline subantarctic surface waters 

driven by westerly winds (Rea & Bloomstine, 1986; Passlow, 1997). The STC is the 

northern boundary of the ACC, where Subantarctic waters prevails. In the Australian 

sector of the Southern Ocean, the STC separate the Subantarctic Current and the 

Tasman Current (Martinez, 1994). Between 43-47°S, the STC is displaced to the south 

when compared to the Indian Ocean (Tchernia, 1980; Creswell, 1987; Orsi et al., 1995). 

The STC is centred on 46°S and lies just south of the saddle between Tasmania and the 

southern Tasman Rise (Rintoul & Bullister, 1999). The STC shifts seasonally: in 

summer it follows the 15°C surface isotherm, in winter the 10°C surface isotherm 

(Garner, 1959). Remarkable is the close spacing of the isohalines within the STC 

(Villanoy & Tomczak, 1991). At the STC, a high seasonal phytoplankton production 

takes place, causing an enhanced biogene sediment flux to the seafloor (Francois et al., 

1993). 

The Subantarctic Front (SAF) marks the transition between subantarctic and antarctic 

water masses. It shows as well a seasonal variability. In the study area, the SAF is 

situated at 50-51°S, around 200 km south of the southern Tasman Rise (Rintoul & 

Bullister, 1999) (Fig. 3). 

The southernmost frontal system in the study area is the Antarctic Polar Front (APF, 

Antarctic Convergence) at 54°S and therefore 200 km to the south of the SAF 

(Rintoul& Bullister, 1999). It is delineated by a strong surface temperature gradient. 

This causes the sudden death of many planktic species. Therefore, there is a high flux of 

nutrients to the ocean. The APF and STC are particularly key components of the 

sensitive, climatically relevant Southern Ocean (Howard & Prell, 1992). 
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Fig. 4 Modern distribution pattern across a north-south transect to the east of Australia and
Tasmania (a), modified after Levitus (1982): the salinity (austral summer) (b); water temperature
(annual mean) (c); and dissolved oxygen (annual data) (d).  
The plots clearly show the formation of Antarctic Intermediate Water (AAIW) and Subantarctic Mode
Water (SAMW). Front structure of surface water is also visible. Water masses, currents, and Leg 189
sites are indicated.  
APF = Antarctic Polar Front; SAF = Subantarctic Front; STC = Subtropical Convergence 
CDW = Circumpolar Deep Water; AABW = Antarctic Bottom Water. 
Note: Depth scale in lowermost image (d) is different. 
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2.2.3 Water Masses 

Surface Water Masses 

Different surface water masses characterise the study area (Fig. 3). From north to south 

they show following marks. The nutrient-rich Subtropical Surface Water (STSW), 

situated between the STC and SAF. South of the STC, the cooler nutrient-poor 

Subantarctic Surface Water (SASW) is driven eastward across the South Tasman Rise. 

This is caused by the prevailing westerly winds as the northern part of the ACC. The 

SASW extend to great depths, sweeping the seabed even at 2000 m in certain places 

(Orsi et al., 1995). The well-ventilated and cool water of the Circumpolar Surface Water 

(CSW) is situated between the SAF and APF. The Antarctic Surface Water (AASW) is 

influenced by ice melting in the summer. Therefore the water mass prevails 

characteristics of low temperature and low salinity. The influence of the AASW can be 

traced within the upper 150 m of the water column. 

Intermediate Water Masses 

Two main intermediate water masses are differentiated in the study area, both are 

formed under the influence of the STC. The Subantarctic Mode Water (SAMW) is 

present at a depth from 400-600 m and is situated north of the SAF (Morris et al., 2001) 

(Fig. 4). The SAMW is an almost isothermal (8-10°C), 200 m thick and well 

oxygenated subsurface layer. It originates in the southeast Pacific Ocean between 43-

48°S (Kawagata, 1999).  

The most extensive and important water mass at intermediate depths in the world ocean 

is the Antarctic Intermediate Water (AAIW). It is formed along the APF and deepens 

away from the front down to 1500 m water depth (Tomczak & Godfrey, 1994). The 

AAIW has an oxygen saturation level of up to 95%, where the high-oxygen level 

originates south of the APF. In the study area, it is beneath the Australian Subantarctic 

Water. 

Deep Water Masses 

The Circumpolar Deep Water (CDW) lies beneath the AAIW and flows northward into 

the Pacific (Fig. 4). It is composed out of water from the Weddell Sea (45%), the Pacific 

and Indian Ocean intermediate water masses (30%) and deep water from the NADW 
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(25%) (Rutberg et al., 2000). Within the CDW, three distinct units are defined: the 

upper CDW (CDWu), the lower i CDW (CDWi) and the lower ii CDW (CDWii). 

The North Atlantic Deep Water (NADW) is formed in the North Atlantic Ocean, from 

where it flows down south through the Atlantic Ocean and rises in between 40° and 

50°S to become part of the ACC (Peterson & Whithworth, 1989). It is a young and 

high-oxygenated current. Remnants of the NADW are overlying the AABW (Rutberg et 

al., 2000). 

Bottom Water Masses 

The Antarctic Bottom Water (AABW) is formed by the vertical convection along the 

Antarctica continental shelf, caused by the freezing of sea ice (Tomczak & Godfrey, 

1994). It is mainly formed in the Weddell and Ross Sea. The cool and dense water sinks 

to the bottom and mixes with water of the ACC and the NADW (Kolla et al., 1976). 

After reaching the seafloor, the AABW flows northward and can be traced into all 

ocean basins, even in the northern hemisphere. In the study area, the AABW spreads 

deeper than 4000 m and shows a lower salinity, lower temperature and higher oxygen 

content, in comparison with the CPDW (Orsi et al., 1995; Harris et al., 1999). The 

studied sites are with a maximum depth of 2700 m above this bottom water masses. 

2.2.4 Surface currents 

The described water masses are present in the whole Southern Ocean. Apart from those 

water masses there are several local current systems in the study area (Fig. 5). The East 

Australian Current (EAC) dominates the present surface circulation in the western 

Tasman Sea. The EAC originates in the Coral Sea and runs southward along the east 

coast of Australia. It transports high temperature (20-26°C) and low salinity (35.4 -35.6) 

waters from the equatorial region in a narrow band, southwards into the Tasman Sea, 

sometimes as far as 42°S (Macaulay, 2000). The EAC is still present in a depth of at 

least 200 m. Beneath the EAC, there is a compensating northward current. The 

meandering EAC becomes unstable near Tasmania, and forms anti-cyclonic eddies. 

They usually mix the water column down to a depth of 400 m and may even affect the 

thermal structure down to 1300 m. 

The Leeuwin Current originates at the western Australian coast. It transports warm, low 

saline, and nutrient-depleted tropical waters from northwest Australia southward to 
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Fig. 5 This map is showing the surface currents around Tasmania. The Antarctic Circumpolar
Current is also indicated. The four studied sites are shown in red. 
ape Leeuwin and then turns eastwards into the Great Australian Bight. In the North, 

he Leeuwin Current is broad with a width of more than 200 km, but its depth is limited 

o only 50 m. Further south, it deepens and becomes a relatively narrow current with a 

hereas its width diminishes to less than 100 km. The Leeuwin Current is mainly 

riven by the prevailing westerly winds in winter (Godfrey et al., 1986). 

ithin the Australian Bight, the seasonally changing wind-induced current along the 

helf edge is composed of the Leeuwin Current in the western part. The Zeehan Current 

s the remnant of the Leeuwin Current, running down the Tasmanian west coast. It is 

bout 40 km wide and 50 m deep. During winter the Zeehan Current even rounds 

outhern Tasmania, moving up the east coast and merging with the remnants of the 

AC (Baines et al., 1983; Thompson & Veronis, 1983; Cresswell, 2000). Together they 
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are flowing into the Tasman Sea. In the summer period, the EAC and Zeehan Current 

converge off southern Tasmania before fading into the Southern Ocean. 

The Flinders current is a current beneath the Leeuwin and South Australian currents. It 

is flowing northwest and is the northern part of a large anticyclonic deep ocean gyre. 

This cold and nutrient-rich water can move onto the shelf when the Leeuwin Current 

weakens during summer (James et al., 2001).  
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3. MATERIAL AND METHODS 

3.1 Material 

Late-Quaternary sediments from four ODP-sites from Leg 189 in the Australian sector 

of the Southern Ocean were considered in this study. The campaign took place in spring 

2000 (Exon et al., 2001). Leg 189-Site 1168 is situated on the western Tasmania 

margin, Sites 1170 and 1171 on the Tasman Rise and Site 1172, on the East Tasman 

Plateau (Fig. 2; Tab. 2). The two northernmost sites (1168 and 1172) drilled during Leg 

189 are located in temperate (cool subtropical) waters north of the present-day position 

of the Subtropical Convergence (Fig. 2). The southern sites (1170 and 1171) 

investigated in this study are located in subantarctic waters between the Subtropical 

Front and the Subantarctic Front (Exon et al., 2001). The area drilled during Leg 189 

therefore lies, at present, north of and straddling the Subtropical Front and south to the 

region near the Subantarctic Front. The Polar Front lies farther to the south of our 

southernmost site. All cores are situated at present above the carbonate-compensation 

depth (Thunell, 1976; Tomczak & Godfrey, 1994; Exon et al., 2001). 

Though up to four holes were drilled at each site, only samples from the A-Hole were 

analysed. By using different series from shipboard and shore-based taken samples, a 

final resolution of 5 cm sample spacing was achieved over the uppermost 10 to 13 m of 

the cores (Tab. 2). For the main interpretation, only samples from the last 500 000 years 

(500 ka) were considered. 

Tab. 2 Location of the investigated cores, maximum sample depth and the number of investigated 
samples. 

Site Latitude 
[°S] 

Longitude 
[°E] 

Water depth 
[mbsl] 

Maximum sampling 
depth [mbsf] 

Number of 
samples 

1168A 42°36.581' 144°24.762' 2463 10.25 199 
1170A 47°09.044' 146°02.988' 2704 12.60 250 
1171A 48°29.966' 149°06.690' 2148 10.05 198 
1172A 43°57.585' 149°55.969' 2622 10.73 211 

 

Aboard of “RV Joides Resolution”, several measurements were directly performed. In 

this study, following shipboard data with a sampling of 2 cm are used: the lightness 

(L*) from spectrophotometer measurements, and the GRAPE density from multi-sensor 

core logging (Exon et al., 2001). The lightness is known to coincide with the amount of 

carbonate in the cores. A comparison between both parameters was performed. Each 
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150 cm, i.e. once per core section, the dry bulk density was measured and used here for 

accumulation rate calculations. The sediments consist mainly of nannofossil oozes with 

a high foraminifer content. 

3.2 Methods 

To reconstruct the glacial/interglacial changes in the Tasman Sea, different 

environmental proxies describing the paleoproductivity and terrigenous supply were 

used. For assessing paleoproductivity, the amount and accumulation rates of organic 

carbon, carbonate, chlorin, and Baexc were determined. Ti, Al, Fe and the calculation of 

the amount of siliciclastic material defined the terrigenous flux. This data were 

accomplished by shipboard logging data as mentioned above (Section 3.1). 

 

 
 
 
Fig. 6. Flow chart showing the different steps proceeded during the handling and analysis of the samples
for this study. For the hand-grounded material on the right side, the amount of sediment, necessary for
each analysis is indicated 
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The different steps performed during this study are shown in the flow-scheme (Fig. 6). 

First, the samples were divided into two parts: 

 One fourth of the material was freeze-dried and grinded in an agate motar for the 

chemical analysis. The concentration of organic carbon (TOC), total carbon 

(TC), pigments, and the elements Al, Fe, Ti and Ba were measured.  

 The other part (3/4) was also freeze-dried. Then it was weighed and washed 

through a sieve with a 63-µm mesh. The residues were dried, weighed again and 

the proportion of the coarse and fine (<63 m) material was assessed. 

3.2.1 Carbonate and organic carbon 

In this study, the determination of CaCO3 was done with the separation of the inorganic 

and organic carbon. First, the total amount of carbon (TC) was measured. Therefore, 5 

to 6 mg of freeze-dried, ground material was weighed into a tin vial. Second, for the 

determination of the organic carbon (TOC), 10 mg was weighed into a silver capsule. 

By adding a 10% HCl-solution to this capsule, the inorganic component reacted with 

the acid. The addition of HCl was repeated until visually no more CO2 was observed. 

The sample was dried by 70°C. The determination of the carbon was done with a 

CARLO ERBA NA 1500 CN analyser at GEOMAR. The vials were combusted at 

1000°C in a stream of oxygen. Helium was used as a carrier gas and the oxygen was 

removed. The reduced gases were separated by gas chromatography and registered with 

a thermal conductivity detector.  

The carbonate content was calculated using the following formula, : 

CaCO3 = 8.333 ⋅ (TC −TOC ) 

Results are given in weight percent of the whole rock. 

To reduce the errors due to the sample in-homogeneities and balance display variations, 

all samples were measured twice to produce an average value. Each run on the CN 

analyser consisted of 19 samples (double measurements), three blank positions, one 

internal standard sample, four measurements of Acetanilide (as the National Bureau of 

Standards certified standard reference) and four positions of soil standard, which are 

taken of the same source throughout all measurements. Linear regression of carbon 

versus area counts was computed (least-squares method) for the soil standard and 

Acetanilide to evaluate the variations of each run. The internal standard sample for TC 
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(n=77) gave a concentration of 11.29±0.023 % and for TOC (n=25) 0.228±0.014 %. 

The reproducibility of TC is 0.204 % and therefore around 2 %. For TOC it lies with a 

one-sigma value of 0.035 % by 15 %. 

The sand content of deep-sea carbonates is a sensitive indicator of changes in carbonate 

dissolution (Bickert, 1992; Broecker & Clark, 1999). The sand content (foraminifer 

shells) decreases as dissolution progresses (Haug & Tiedemann, 1998). The foraminifer 

proportion of the carbonate fraction is calculated by using the following formula: 

% coarse carbonate =
% coarsematerial

% carbonate
⋅100 

The percentage of siliciclastic material was calculated using the following formula: 

% siliciclastic material = 100 − (% carbonate+% TOC +% opal ) 

Opal has been analysed on about 50 samples from all four cores (according to the 

method of (Müller & Schneider, 1993). Unfortunately, the amount of opal in the sample 

was below the detection limit of the method (2% opal). Hence, the amount of is 

neglected in the formula above.  

3.2.2 Chlorin 

Chlorins largely reflect marine productivity, since terrestrially derived chlorophyll 

degradation products rapidly deteriorate and commonly do not contribute to the chlorin 

concentrations measured in the pelagic realm (pers. com. C. Schubert, EAWAG, 

Limnological Research Centre, Switzerland, January 2001). Chlorins do include a 

whole suite of degradation products of phytoplanktonic chlorophyll (Harris & Maxwell, 

1995). They are strongly criticized due to problems in preservation and remineralisation 

in the upper water column and after deposition. The main decomposition of chlorins in 

the sediment takes place in the upper centimetre and therefore soon after deposition 

(Schönfeld, 2001). However, from comparison with accepted proxies of 

paleoproductivity (e.g. Opal, TOC), it appears that chlorin concentrations in deep-sea 

sediments reliably reflect variations in primary productivity, although we do not know if 

the response is linear (Harris et al., 1996; Kowalewska et al., 1999). This primary 

productivity is mainly controlled by the availability of nutrients in the surface water. 

The chlorins in extracts of the sediments are entirely transformation products of 
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chlorophyll a and consist mainly of phytins and phorbides, which have similar 

characteristics in u.v./vis absorption spectra (Harris et al., 1996).  

The determination of chlorins is done on two probes of each 0.6 g grinded sample 

material (double measurements). The chlorins are extracted with acetone in three steps 

under sonication and subsequent centrifugation. The samples are cooled with ice after 

each extraction. The analysis is always done under low light conditions to prevent 

decomposition of the chlorins. Sediment extracts are measured with a TD-700 

fluorometer (GAT) immediately after the third extraction. Chlorophyll-a (sigma), which 

is acidified with 2 ml of hydrochloric acid, is used as a standard. Every twelfth 

measurement, an internal standard sample was measured to check the extractions and 

the drift of the fluorometer. For Site 1168, the internal standard (n = 26) gives a mean 

chlorin concentration of 113.63±4.49 ng/g. The internal standard sample of Site 1172 

(n = 26) gave a concentration of 403.55±7.59 ng/g. Hence, the reproducibility of the 

method is roughly 10 %. 

3.2.3 Major Elements and Barium 

The concentration of Al, Ti and Fe in pelagic sediments is considered as a proxy for 

continental input (Bareille et al., 1994; Duce & Tindale, 1991). Aluminium is bound in 

aluminosilicate minerals, which are mostly detrital, although some Al can be derived 

from oceanic volcanic rocks, hydrothermal exhalations and authigenic growth. Titanium 

is much less abundant than Al and restricted to certain minerals like ilmenite, rutile, 

titano-magnetite and augite. In many open-ocean environments Ti is dominantly hosted 

in aluminosilicate phases, added through eolian processes, and generally immobile after 

deposition (Murray et al., 1993; Murray & Leinen, 1996). Titanium can also be bounded 

to volcanic material. Iron in pelagic and semi-pelagic sediments is mainly bound to 

clays, and therefore to detritic components too, and present in authigenic minerals 

(Wedepohl, 1971). 

Barium in sediments is mostly present as barite, which is formed, when particulate 

organic matter is descending to the bottom through the water column (Dehairs et al., 

1980). Barite contributes up to 90 % of the total Ba concentration into the pelagic 

sediment, while clastic material provides an important source of Ba closer to the 

continent (Gingele & Dahmke, 1994). Dymond et al. (1992) estimate that around 70 % 

of the produced biogenic Ba in the water column, is lost to the bottom deposits by 
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dissolution. The amount of terrigenous Ba remains comparably constant. Biogenic 

barium (Baexc) allows estimations of export- and primary productivity (Francois et al., 

1995). Despite the unsolved problem of how barite particles were actually formed in the 

water column, Baexc bears a high potential to reconstruct changes in ocean surface 

productivity through time (e.g. Lea & Boyle, 1989; Dickens & Owen, 1994; Nürnberg 

et al., 1997; Schroeder et al., 1997; Frank et al., 2000). 

For the determination of the major and minor elements of the bulk sediment, the  

sediment samples were dissolved by acid digestion. One hundred gram sample material 

was weighed directly into Savillex Teflon cups. The digestion was performed by 

applying together 2 ml HF-suprapur (40%), 2 ml HNO3-suprapur (65%) and 3 ml 

HClO4-analytic (60%) at 185°C for 8 hours. Subsequently, the acid was evaporated to 

almost dryness, and the residues were dissolved by 1 ml HNO3 (65%), evaporated and 

then dissolved again with 1 ml HNO3 and 5 ml deionised water. The cups were closed 

and heated at 140 °C for another 4 hours. Finally, the Teflon cups were filled up to 25 

ml with deionised (Milli-Q) water and this solution was stored in pre-cleaned 

polyethylene bottles.  

Measurements were carried out on an ISA JOBIN YVON ICP-AES. Four reference 

levels calibrate the instrument. From the acid digestion, the solution was diluted 1:10 

with deionised yttrium-water. The yttrium (1:1000) in the water is used by the 

spectrometer as internal standard. It compensates irregular transport of the solution and 

voltage changes in the electric system. The used specific wavelengths of each measured 

element were for Al 308.215 nm, Ba 455.403 nm, Fe 238.204 nm and Ti 334.941 nm. 

Tab. 3 The results of the standard samples with their standard error of mean (SDM) and standard 
deviations (SD) (p = 0.01). The reproducibility is within the official range (Manheim, 1976; Govindaraju, 
1984). 

  This study Official 
  Mean SDM SD Mean SD 

Al2O3 (%) 2.28 0.045 0.34 2.35 0.3 

K
H

-2
 

n 
= 

58
 

FeO (%) 0.30 0.008 0.06 0.3 0.05 

TiO2 (%) 0.78 0.006 0.03 0.75 0.07 
Ba (µg/g) 478 7.59 36.44 480 41 

M
A

G
-1

 
n 

= 
23

 

FeO (%) 6.10 0.04 0.19 6.12 0.6 
 

To control the accuracy of the acid digestion, on every series of 30 cups, one sample 

was doubled, a blank and two samples of international reference material (KH-2 and 
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MAG-1) were added. Table 3 gives an overview of the measured and defined 

concentrations for those two standards (Manheim et al., 1976; Govindaraju, 1984). 

The reproducibility for the measurements at the ICP-AES is given by repeated 

measurements of an internal standard. After every tenth measurement, this standard was 

set in as a sample. For Al, the mean concentration of this internal standard (n = 79) was 

20.30±0.18 mg/l, for Ba 19.4±0.13 mg/l, for Fe 40.81±0.42 mg/l and for Ti 1.98±0.02 

mg/l. Therefore, all elements are roughly about ± 1 %. The doubled samples, prepared 

during the acid digestion, give further indications on the reproducibility. There is a good 

correlation for all measured elements as indicated by the correlation coefficient r (r > 

0.98; n = 72; p = 0.01) (Fig. 7). 

 
 
Fig. 7 The reproducibility of the ICP-AES analysis is proven by the duplicate measurements of 71
samples. The mean concentration of the two measurements is plotted against the standard deviation
for the elements aluminium (a), barium (b), iron (c) and titanium (d). The correlation coefficients r, as
well as the lines of zero deviation are shown for all four elements (n = 72; p = 0.01). 

Al, Ti, Fe and Ba were analysed at the same time. Al, Ti and Fe give are indicators for 

the amount of terrigenous material. To assess the percentage of terrigenous material, the 

Al and Ti concentration were normalised for the average crust, Al: 83.99 µg/g and Ti: 
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5.31 µg/g (Taylor & Mc Lennan, 1985). The Al/Ti and Fe/Al ratios can be used to 

differentiate between different sources of terrigenous material (e.g. Taylor & Mc 

Lennan, 1985; Latimer & Filippelli, 2001). 

In order to apply the Ba signal as a proxy for paleoproductivity the total barium was 

(Batot) corrected for the non-biogenic portion inferred by terrigenous material (Dehairs 

et al., 1980; Schmitz, 1987; Dickens, 2001). Two different ways of correcting for the 

non-biogenic portion were applied. 

In the first one, the Batot content was normalised by Ti or Al, which are assumed to 

represent the terrigenous portion. Following calculation is applied: 

crustupper
tottotexc Ti

BaTiBaa 





⋅−=B  

crustupper
tottotexc Al

BaAlBaBa 





⋅−=  

Where Baexc is the biogenic barium, Batot is the measured Ba, Titot (Altot) is the measured 

Ti (Al) content of the sample and (Ba/Ti)upper crust or (Ba/Al) upper crust represents the ratios 

of average upper crust. Local values for this ratios were missing. Therefore the values 

mentioned by Wedepohl (1971) and McLennan (1995) were used. The Ba/Ti-ratio for 

the upper crust amounts 0.126 and the Ba/Al-ratio 0.0065. By calculation the Baexc, the 

Ba deposited from a terrigenous source is also defined by the second part in the 

formula. 

The second way was to estimate the amount of ‘background’ barium (Babg) in contrast 

to the barium provided by discrete barium particles. The normative barite content in the 

sediment is estimated by adding up the four main sediment constituents to a Babg. The 

fixed barium values used for the calculations are 30 ppm for carbonate (Lea & Boyle, 

1989), 120 ppm for biogenic silica, 60 ppm for particulate organic matter (Riley & 

Roth, 1971; Martin & Knauer, 1973), and 400 ppm for terrigenous matter. TOC 

measurements were used as a proxy for organic matter. The calculation of the portion of 

siliciclastic material represented the amount of terrigenous matter. Whereby Gingele & 

Dahmke (1994) proved that in carbonaceous cores, the detrital correction has little 

effect on Banet values. 
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)100%400()100%60(

)100%120()100%30( 3

÷⋅+÷⋅+

÷⋅+÷⋅=

ticsiliciclasppmTOCppm

opalppmCaCOppmBabg  

After subtracting the Babg from the Batot content, the resulting ‘net’ barium 

concentration (Banet) was attributed to biogenic barite. 

bgtotnet BaBaBa −=  

3.2.4 Age model 

To reconstruct temporal variations, a stratigraphic framework is necessary. 

Concentrations of a single sedimentary component can be diluted or enhanced by the 

sedimentation rates. For this reason, ages should replace depths and sedimentation rates 

should be taken into account. Later changes provide information on variations in the 

accumulation rate of each proxy. A discussion of the different approaches to construct 

the stratigraphy, is presented by Nürnberg et al (submitted). 

The age model for Sites 1168 and 1170 is based on benthic oxygen isotope curves of the 

foraminifers (> 250 µm) Cibicidoides wuellestorfi and Cibicidoides mundulus. 

Accomplishing measurements on Uvigerina peregrina (Site 1168 only), and Uvigerina 

pygmea (Site 1170 only) were also taken into consideration. For selected depth intervals 

of Site 1168, stable isotope analyses were performed on planktonic species 

(Globigerina bulloides) from the 125-250 µm sediment fraction. The oxygen and 

carbon stable isotope analyses for Site 1172 were conducted on mixed benthic 

foraminifers of the genus Cibicidoides. The isotopic analysis of the sites were 

performed at different laboratories: Site 1168 at the Leibniz-Laboratory at the 

University of Kiel (Finnigan MAT 251 mass spectrometer), Site 1170 at GEOMAR 

(Finnigan MAT 252 mass spectrometer) and Site 1172 at the Lamont-Doherty Earth 

Observatory in New York (Optima mass spectrometer). The reproducibility for the 

measurements at both Kiel institutes was ± 0.08 ‰ for δ18O and ± 0.04 ‰ for δ13C. 

Reproducibility at the Lamont-Doherty Earth Observatory laboratory is better than 

0.08 ‰ and 0.06 ‰ for respectively δ18O and δ13C.  

For Sites 1168 and 1170, the oxygen isotope curves were graphically correlated with the 

stacked standard records from Imbrie et al. (1984), Martinson et al. (1987) and 

Shackleton et al. (1990). The nomenclature proposed by Prell et al. (1986) and 
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Tiedemann et al. (1994) was used to define the marine oxygen isotope events (MIS) at 

the sites. The age model of Site 1172 was established by correlating the measurements 

to the reference record of Shackleton et al. (1990).  

For Site 1171, oxygen isotope measurements are not available. Therefore, the high-

resolution lightness curve of that site was graphically correlated with the lightness data 

from Sites 1170 and 1172. By doing so, tie points were transferred from the two 

existing age models to that for Site 1171. They do not necessary match the standard 

oxygen isotope events. 

3.2.5 Sedimentation and accumulation rates 

Based on the age models described above, the sedimentation rates (SR in cm/kyr) for all 

sites were calculated using the following formula: 

AageBage
AdepthBdepthSR

−
−

=  

In order to calculate mass-based accumulation rates (AR in g/cm2 kyr) that are 

unaffected by depositional dilution, dry bulk densities (DBD; g/cm3) are necessary (van 

Andel et al., 1975). In this study, the DBD’s were calculated from the shipboard 

GRAPE density records, where GRAPE stands for the measurements done at the 

Gamma Ray Attenuation Porosity Evaluator on board of JOIDES Resolution. Those 

GRAPE density records show a clearly defined relationship to single DBD-

measurements (Fig. 8). The product of DBD and SR yields bulk accumulation rate (AR; 

g/cm2 kyr). In turn, individual elemental accumulation rates are calculated from:  

ARelement=
AR ⋅ weight % element

100
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Several empirical equations for estimating paleoproductivity (PaP) were obtained by 

directly comparing primary productivity production in surface waters with organic 

carbon accumulation rates in the underlying sediments. (Müller and Suess, 1979; 

Dymond et al. 1992; Sarnthein et al., 1992). The Sarnthein et al. (1992) approach 

appears to be best applicable to predominantly biogenic sediments in the pelagic 

environment (Bickert et al., 1992). Therefore, this equation was applied: 

 

Fig. 8 The shipboard data dry bulk density versus grape density (Exon et al. 2001) for sites 1168 (a),
1170 (b), 1171 (c) and 1172 (d). The correlation factor r is indicated for the four sites. In order to
calculate bulk accumulation rates for all analysed samples, the dry bulk densities assessed from the
grape density data were used. Therefore, the formula of the line of best fit - indicated in blue - is
applied (n = 25; p = 0.01). 

PaP = 61.39 ⋅ (TOC ⋅DBD ⋅ SR /10)0.25 ⋅ SRcf
−0.049 ⋅ z 015 

with PaP in gC/m2a and z in m for the water depth. SRcf represents the calculated TOC-

free sedimentation rate in cm/kyr: 

SRcf = SR ⋅(1−TOC ) /100 
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4. RESULTS 

An overview of the results of investigated proxies is given here to demonstrate existing 

correlations and differences. The northern Sites 1168 and 1172 show similar values and 

downcore variations and the southern Sites 1170 and 1171, both located on the Tasman 

Rise, show likewise values and downcore variations as well. Therefore, the description 

follows mainly this order of the sites studied. Figure 9 gives an overview of the 

presented and discussed cores in the study area. The number of analysed samples (n) is 

different at each Site: n1168 = 199; n1170 = 250; n1171 = 198; n1172 = 211 (Tab. 2). 

Geochemical and sedimentological parameters are on every sample analysed. Only the 

chlorin-concentrations were determined on a smaller subset of samples and n is 

mentioned separately. 

 

Fig. 9 Overview of the discussed cores in the study area: the studied sites
1168, 1170, 1171, and 1172 (red circles); the cores studied by Connell &
Sikes (1997) (blue squares) and indicated with green asteriks are cores
studied by: Hesse (1994, E26-4); Martinez (1994, E36-23); Passlow (1997,
E27-30; E55-6); Nees et al. (1999, FR1/94GC-3; MD88-779) and Ikehara et
al. (2000, TSP-2MC, -3MC, -2PC). 
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4.1 Carbonate, organic carbon, and coarse material 

4.1.1 Carbonate and organic carbon 

The analysed sediments exhibit high carbonate concentrations at all sites (Fig. 10; 

Tab. 4). This carbonate mainly constitutes of foraminifers and calcareous 

nannoplankton (Exon et al., 2001). The overall range is between 57.84 % (minimum of 

Site 1168) and 97.31 % (maximum of Site 1171).  

 

Tab. 4 Overview of the mean, maximum and minimum carbonate and total organic carbon (TOC) in 
weight-percentages for the studied sites. For Sites 1170 and 1171 no analyses (n.a.) of TOC were 
performed due to concentrations below the detection limt. 

Site CaCO3 [wt %] TOC [wt %] 
 Mean Min Max Mean Min Max 

1168 78.28 57.84 89.9 0.28 0.09 0.55 
1170 90.88 81.68 96.53 n.a.   
1171 94.75 89.02 97.31 n.a.   
1172 83.33 71.77 90.86 0.23 0.09 0.44 

 
 
The carbonate content is calculated from the measured total amount of carbon (TC) and 

the amount of organic carbon (TOC). The TOC measurements at the southern Sites 

1170 and 1171 did not to produce reliable results. Hence, the carbonate concentrations 

for these sites are only based on the TC-values. Disregarding the TOC at the southern 

sites, a maximal error of 4 % overestimation the carbonate concentration is inferred. 

This is deduced from the maximal TOC value measured in this study (0.55 % at Site 

1168), hence the highest measured value in a regional context. 

The northern Sites 1168 and 1172 show a lower carbonate content with the same 

variations around the mean carbonate concentration for each site (Fig. 10). The lowest 

concentration is at Site 1168 (78 %), then Site 1172 (83 %), followed by Site 1170 

(91 %), whereas the highest mean carbonate concentration occurs at the southernmost 

Site 1171 (94 %). The magnitude of the glacial/interglacial variations is influenced by 

the dilution of terrigenous material. During the glacial, the percentage of carbonate 

decreases, while the amount of detrital components, meaning the terrestrial input, 

increased in all cores studied (Section 4.4). The same observation is made by Connell & 

Sikes (1997), studying cores south of Tasmania. 
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Fig. 10 Downcore records of the concentrations of several proxies for the studied sites: 1168 (a),
1172 (b), 1170 (c) and 1171 (d). The shown records are the concentrations of CaCO3 (blue squares),
TOC (pink dots) and chlorin (green triangles). The amount of sand-sized material, particles larger
than 63 µm, is added as well (brown triangles). The sites are presented in couples of the northern
sites (1168 and 1172) and the southern sites (1170 and 1171). The marine isotope stages (MIS) are
indicated, interglacials are shaded. See next page for Sites 1170 (c) and 1171 (d). 
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Fig 10 continued: site 1170 (c) and site 1171 (d). 



4. Results  29 

A correlation between lightness (L*), given in Table 5, and carbonate concentrations is 

present for Sites 1170 (r = 0.81) and 1172 (r = 0.76). The correlation coefficient for the 

two other Sites (1168 and 1171) is 0.55 (Fig. 11) (p = 0.01). According to Nagao & 

Nakashima (1992), the L*-values of the spectro-photometrical analysis is expected to 

correlate with the carbonate content of pelagic sediments having a TOC-content of less 

than 0.6 %, with a correlation coefficient of 0.82. Measured TOC-concentrations in the 

study area show a maximum of 0.55 %, so within the proposed range. Anyhow, the 

correlation in this study is lower as expected. A problem of the measurements of the 

lightness is a direct comparison between the different instruments (Nagao & 

Nakashima, 1992).  

Tab. 5 Mean, maximum and minimum of coarse fraction (>63µm) and coarse carbonate, and the 
shipboard measured lightness (L*) for the studied sites. 

Site Coarse fraction > 63 µm [%] Coarse CaCO3 [%] Lightness (L*) 
 Mean Min Max Mean Min Max Mean Min Max 

1168 18.17 6.22 51.54 23.64 7.38 60.51 61.18 48.47 70.31 
1170 22.48 7.41 44.79 24.98 8.26 5.82 73.7 59.96 82.88 
1171 37.55 13.07 67.25 39.42 13.51 71.49 77.33 51.15 87.1 
1172 19.76 6.06 47.84 24.13 6.78 61.04 64.54 40.65 73.95 

 

 
 
Fig. 11 The percentage of carbonate (% CaCO3, dark blue squares) and lightness (L*, light blue)
plotted versus depth for the four studied sites: 1168 (a), 1170 (b), 1171 (c) and 1172 (d). The
correlation coefficient r is indicated (p = 0.01). 
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High carbonate concentrations are found in several other cores in the Australian Sector 

of the Southern Ocean (e.g. Martinez, 1994; Connell & Sikes, 1997). A carbonate 

content of 60 to 85 % during MIS 4-2, and a maximum of up to 90 % during MIS 1 and 

5 are described for several cores on the South Tasman Rise (Hesse, 1997; Nees et al., 

1999). Equivalent carbonate concentrations occur in the cores studied by Connell & 

Sikes (1997) to the south of Tasmania (Fig. 9), their range is between 60 and 85 % 

during the glacials and are typically around 90 % during the interglacials. This is in 

agreement with the values observed in this study. In the cores from the deep between 

the South Tasman Rise and Tasmania (2900 to 3500 m), the mean glacial amount of 

carbonate is 80 % and the glacial/interglacial variations are between 10 and 30 % of that 

mean carbonate concentration. Similar observations are made for the studied Sites 1168, 

1170 and 1172. Instead, the cores on the South Tasman Rise, retrieved from water 

depths shallower than 2700 m only show a variation of less than 5 % of the mean 

carbonate concentration and shallower cores show a higher mean carbonate 

concentration than the deeper ones. This observation is in accordance with the described 

carbonate measurements of Site 1171, situated at a water depth of 2148 m. At that site, 

the carbonate percentage is the highest among the studied cores through the entire time-

interval (mean of 94.75 %) and the variations are small (within 5 % of mean) (Fig. 10, 

Tab. 4).  

Martinez (1994) observed a general increase in the carbonate preservation over the past 

500 kyr in the Tasman Sea. Also in other areas of the Southern Ocean, a long-term trend 

of increase in carbonate preservation over the past 500 ka is reported from deeper cores 

in the Atlantic Sector of the Southern Ocean by Howard & Prell (1994), and for the 

Pacific Ocean by Schroeder et al. (1997). These observations cannot be confirmed by 

the new data. In contrast, at Sites 1170 and 1172, there is an overall decrease in the 

carbonate concentration until the end of MIS 2. During MIS 1, a sudden increase in the 

carbonate concentration is found. Connell & Sikes (1997) states that older interglacial 

periods generally have slightly higher carbonate concentrations than during the 

Holocene. This trend is revealed at Sites 1168, 1170, 1172. At Site 1171, it is hard to 

see a general trend for this proxy due to the less changing carbonate concentrations.  

Close to Site 1168, Passlow et al. (1997) studied core E55-6 (38°51.2’S, 141°03.8’E, 

2346 m, Fig. 9) on benthic faunal and dissolution changes. They mentioned a 

dissolution event during MIS 4. In the carbonate percentage of MIS 4 at Site 1168, a 
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decrease of 85 % carbonate to 73 % carbonate was observed. This could be caused by a 

probably local dissolution event, but this cannot be further constrained by the studied 

proxies. An impressive increase in the TOC content (0.18 % to 0.36 %) at that site is 

present during MIS 4. Looking at the accumulation of carbonate and TOC, the SR 

overprints the pattern at MIS 4 and no change is present (Section 4.5). Moreover, in the 

Australia sector of the Southern Ocean, the present lysocline is situated at a depth of 

3400 m (Takahashi et al., 1980). Therefore the studied sites are situated above the 

present-day lysocline, resulting in a good carbonate preservation.  

At Site 1168, the TOC concentrations increase during almost all glacial stages: during 

MIS 10, 8, 4-2, and at the end of MIS 12 as well as at the beginning of the interglacial 

MIS 5 (Fig. 10). During the glacial MIS 6, the TOC-concentration stayed at the same 

level as during MIS 7 (0.3 %) The carbonate content shows always a minimum during 

those glacial phases. For Site 1172, the TOC values do not show these large variations 

during the MIS mentioned above for Site 1168. The TOC concentrations rather can be 

divided into two parts: a sudden decrease of 0.3 % to 0.12 % takes place at 345 ka. 

Before and after 345 ka, a linear increase can be observed. The carbonate concentrations 

at Site 1172 show minima during MIS 12, 10, 7, 6, at the end of MIS 5, and during 

MIS 2-4. Minima during the same MIS are revealed at Site 1170, except for MIS 12, 

where data are missing. At Site 1171, the carbonate content is between 97.31 % and 

89.02 %, and for the last 500 ka the minimum is even as high as 91.89 %. Therefore, no 

pronounced changes are visible. Ikehara et al. (2000) mentioned a TOC decrease at 

cores from the South Tasman Rise from the Last Glacial Maximum (LGM) to the onset 

of the deglaciation. This is supported by the measured TOC-concentrations at Sites 

1168 and 1172. 

4.1.2 Coarse fraction 

The temporal and spatial variability in the proportion of the sand-sized material exhibits 

a similar pattern as the carbonate concentrations (Fig. 10). Inspection of the coarse 

fraction under the dissecting microscope revealed that planktonic foraminifers dominate 

the component spectrum. The northern Sites 1168 and 1172 exhibit a smaller portion of 

coarse material (mean of 18.17 % and 19.76 % respectively) than the southernmost Site 

1171 (37.55 %). In the middle of the range, Site 1170 shows a mean of 22.48 % 

material coarser than 63 µm. This site has the smallest range (7.41-44.79 %) of all sites.  
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The amount of coarse carbonate is calculated from the carbonate percentage and the 

amount of coarse material within the sample (Section 3.2.1). Three Sites (1168, 1170 

and 1172) show almost the same mean coarse carbonate content of 24 % (Tab. 5). Only 

at Site 1171, there is a much larger content of almost 40 %.  

None of the sites show a consistent trend of increased or decreased portions of material 

larger then 63 µm linked to glacial/interglacial variations, except for the transition from 

MIS 11/10 (except Site 1170) and MIS 2/1 (Fig. 10). The records of Sites 1170, 1171 

and 1172 show an up-core increase during the studied time interval of 500 ka. At Site 

1168, the portion of sand-sized material does not show this increasing trend (Fig. 10).  

With more than 50 % of coarse material, Site 1168 displays a prominent maximum 

during MIS 11. This maximum is composed of reworked coarse biogenic carbonate of 

shallow water shells and corals, inferred from visual inspection of the sample residues, 

especially in the fraction coarser than 250 µm. Only during MIS 11 and only at Site 

1168, this material was observed.  

At Site 1168, an increase form 18 to 34 % of coarse carbonate takes place from 500 to 

350 ka, followed by a sudden decrease to 8 % at MIS 11/10 (Fig. 10). During MIS 9, a 

constant portion of coarse material of 20 % is present, decreasing to only 8 % during 

MIS 8, which is followed by an increase to 22 % (MIS 8/7). The portion of coarse 

carbonate remains between 22 and 13 % until the transition from MIS 2/1 where an 

increase of up to 45 % can be observed, directly followed by a decrease to 18 %. During 

MIS 1, the portion of coarse carbonate successively increased again to about 30 %.  

In general, Site 1172 reveals a linear increase with time in the portion of coarse 

carbonate (Fig. 10). At 500 ka, just 9 % of the carbonate exists of coarse material. Then, 

at the transition MIS 11/10, a spectacular increase to 33 % is present. At the beginning 

of MIS 9, a plateau of 17 % is reached and last till the beginning of MIS 7. The sudden 

change at MIS 10/9 coincides with a decrease in TOC. After an increase to 45 % in the 

middle of MIS 7, a slow decrease to 30 %, reached at the end of MIS 5, is observed. A 

high portion of coarse material of 60 % is present during MIS 4-2, followed by a 

decrease to 30 %.  

Site 1170 shows only small variability with a range of 10 to 20 % from 450 till 245 ka 

(Fig. 10). At the beginning of MIS 7, a distinct increase to 35 % can be seen. This 
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portion of coarse carbonate (30-40 %) stays until 20 ka (MIS 2/1), where it first 

increases to 50 % and then decreases to 30 %. At Site 1171, a decrease from 35 % to 

13 % takes place from 500 to 390 ka. A linear increase to 25 % (390 ka - 325 ka), 

followed by an increase between 325 and 317 ka to 46 % (during MIS 9) can be 

detected. Then two plateaus with more or less a constant coarse carbonate percentage 

are present: 55 % between 317 and 150 ka and 45 % between 150 and 30 ka. From 30 to 

12 ka, the portion of coarse material rises to a maximum value of 60 %, directly 

followed by a linear decrease to 40 % during MIS 1.  

In core E27-30 (45°04.0’ S, 147°13.7’E, 3552 m), located at the deep between 

Tasmania and the South Tasman Rise, downcore variations in the portion of coarse 

sand, do not appear to have a clear consistent trend of increasing or decreasing values 

linked to glacial or interglacial periods (Connell & Sikes, 1997). As these observations 

are made on the Tasman Rise, that paper suggests that different currents are dominant 

on various parts of the Tasman Rise (Connell & Sikes, 1997).  

4.2 Chlorin 

This study presents the first downcore records of chlorin for the Southern Ocean. The 

measurements of chlorin at the pelagic Sites 1170 and 1171 were difficult because the 

proper calibration for most of their samples was below the detection limit of the 

fluorometer. Therefore, just for half of the samples the amount of chlorin was 

determined at the southern Sites 1170 and 1171 (Tab. 6).  

Tab. 6 Mean, maximum and minimum concentrations of chlorin [ng/g]. Due to the low concentrations, 
close to the detection limit of the fluorometer, not all samples could be measured. The number of 
analysed samples is given. 

Site Chlorin [ng/g] 
 Mean Min Max 

Number of analysed 
samples (n) 

1168 416.7 35.7 1432.6 195 
1170 31.5 1.2 324.9 104 
1171 56.1 1.9 635.6 126 
1172 497.5 15.3 1619.2 205 

 
The chlorin-concentrations range from 1.2 to 324.9 ng/g for Site 1170. At Site 1171 the 

maximum even almost doubled to 635.6 ng/g. The concentrations of chlorin at the 

northern Sites 1168 and 1172 are clearly higher (mean of 416.7 and 497.5 ng/g 

respectively). These northern sites show a similar range in chlorin concentration: 35.7 to 

1432.6 ng/g for Site 1168 compared to 15.3 to 1619.2 ng/g for Site 1172 (Fig 10). 
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Even at Sites 1170 and 1171, where the measurements were close to the detection limit, 

distinct maxima in the chlorin concentration are present during MIS 10, 8, 6, 4 (Site 

1170) and MIS 10 and 6 (Site 1171) (Fig. 10). At Sites 1168 and 1172 substantially 

higher chlorin values are present during all glacials since MIS 13. The increase during 

MIS 8 at Site 1172 is not pronounced. At Site 1168 the chlorin concentration increased 

also at the beginning of MIS 5. 

In the present study, there is an evident similarity between the chlorin concentrations 

and the changes in TOC-concentration, by the visual comparison of the minima and 

maxima. The correlation coefficient is 0.72 for Site 1168 and 0.64 for Site 1172 

(p=0.01) (Fig. 12). By comparing TOC and chlorin, the differentiation into terrigenous 

and marine organic matter becomes possible (Kowalewska et al. 1999). The similar 

downcore variations of TOC and chlorin concentrations at Sites 1168 and 1172 support 

the contention of enhanced marine productivity at these positions during glacials. 

Variations in the oxygen content in the bottom water may influence the TOC 

preservation and hence the chlorin record as well (Harris et al., 1996).  

4.3 Barium 

 

Fig. 12 Relationship between organic carbon (TOC) and chlorin for the sites 1168 (a) and 1172 (b). The
blue line represents the linear regression, with the correlation coefficient r. 

The total Ba concentration is used to calculate the amount of biogene Ba and of 

terrigene Ba (Tab. 7, Fig. 13). Two different approaches for the calculation of biogene 

Ba were performed: via the concentration of Al and Ti (Baexc and Baterr), and via the 

calculation of the amount of ‘background’ Ba (Banet and Babg) (Section 3.2.3). The Batot 

concentrations do not differ very much at the four sites, but looking to the Baexc/Banet or 

Baterr/Babg, spatial and temporal changes are revealed.  
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Tab. 7 Mean, maximum and minimum concentrations of Ba and the calculated Banet- and 
Baexc-concentrations via Ti and Al in µg/g. 

Site Ba [µg/g] Banet [µg/g] Baexc via Ti [µg/g] Baexc via Al [µg/g] 
 Mean Min Max Mean Min Max Mean Min Max Mean Min Max 

1168 485 144 853 370 61 721 360 98 557 383 101 619 
1170 641 353 1159 571 292 1056 606 345 1061 609 345 1050 
1171 508 264 934 451 217 877 493 258 897 495 259 905 
1172 515 342 777 418 265 654 435 305 608 450 308 640 

 

Although the concentrations of Baexc are low, they show a remarkable difference from 

northern to southern sites. The closer the site is to Tasmania, the less Baexc is present 

(Tab. 7): 360 µg/g (Site 1168) < 435 µg/g (1172) < 493 µg/g (1171) < 606 µg/g (1170). 

The range is between 98 µg/g (minimum of Site 1168) and 1061 (maximum for Site 

1170). This implies that the amount of Baterr is lowest at the southern, pelagic sites.  

 

Fig. 13 Downcore records of the total concentration of barium (blue squares) and the calculated
excess (green triangles) and terrigenous (red diamonds) barium for the four studied sites: 1168 (a),
1170 (b), 1171 (c), 1172 (d). The interglacial stages are shaded. 

As can be seen in Table 7, the calculations of Baexc via Ti or Al differ from each other 

by less than 3 %, consist with Nürnberg et al. (1997). In the formula for the Banet 

calculation, the amount of opal is neglected, as the amount of opal was below the 

detection limit of the applied method. The calculations of the Baexc and Banet values 
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gave also the same amount of non-terrigenous Ba. Therefore, the downcore pattern runs 

similar (Fig. 14). This is quite an important result because the Baterr and Babg 

concentrations were determined with independent factors: the concentration of Ti and 

the Ba/Ti-ratio, and the carbonate and TOC content respectively. It indicates that the 

used average crust values for Ba/Ti (0.126) and Ba/Al (0.0065) are reasonable for this 

study. In the following, only the Baexc calculated by Ti is considered.  

A typical glacial/interglacial pattern of the Baexc-concentrations is not seen. The 

downcore records of the Baexc-concentration do not match with any of the other 

paleoproductivity proxies (Fig. 10,13). The changes in Baexc coincide with the changes 

in the amount of coarse carbonate for the pelagic Sites 1170 and 1171. The correlation 

coefficient between both proxies amounts to 0.73 and 0.70 respectively (p = 0.01). At 

Sites 1168 and 1172, the correlation coefficient is 0.21 and 0.45 respectively (p = 0.01). 

The high correlation between Baexc and TOC, mentioned by Gingele & Dahmke (1994) 

in sediment cores and by Wefer (1989) for sediment traps, cannot be seen in this study 

(r = 0.25; p = 0.01).  

 
Fig. 14 Downcore record of the concentration of biogene barium for the four studied sites: 1168 (a),
1170 (b), 1171 (c), 1172 (d). The Banet (blue cirlces) is calculated via the percentage of carbonate,
TOC and siliciclastic material. Whereas Baexc (red triangles) is computed by substracting Baterr
(calculated via the amount terrigenous Ti) from Batot. The interglacial stages are shaded. 
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4.4 Terrigenous elements: Al, Fe, Ti 

The amount of terrigenous material is low at all studied sites. The terrigenous (or 

siliciclastic) portion is mainly restricted to the silt and clay fractions, lithogenic particles 

larger than 63 µm were not found in the residues. The northern Sites 1168 and 1172 

show the highest Al, Fe and Ti-concentrations (988 and 628 µg/g Ti respectively) 

(Tab. 8; Fig. 15). In contrast, the southern Sites 1170 (278 µg/g Ti) and 1171 (117 µg/g 

Ti) show low concentrations.  

Tab. 8 Mean, maximum and minimum concentrations of the elements Al, Fe and Ti [µg/g], as well as the 
percentage of siliciclastic material, for the studied sites. 

Site Al [µg/g] Fe [µg/g] Ti [µg/g] Siliciclastic material [%] 
 Mean Min Max Mean Min Max Mean Min Max Mean Min Max 

1168 15762 6566 36065 8500 3389 17403 988 365 2353 2158 10.1 42.92 
1170 4891 1267 1356 2630 661 8099 278 62 773 9.12 3.47 18.32 
1171 2005 743 4399 1101 325 2558 117 45 292 5.25 2.69 10.98 
1172 10024 5145 21117 5510 2479 11707 628 294 1342 16.65 9.04 28.23 

 

Aluminium, Ti and Fe show a good correlation between each other for all Sites: r (Al 

versus Ti) ≥ 0.97; r (Al versus Fe) ≥ 0.88; r (Ti versus Fe) ≥ 0.89 (Fig. 16) (p = 0.01). 

Since these three elements show good correlations, it may be concluded that they 

originated from the same source and were transported to the sediment by the same 

mechanism of transport (Latimer & Filippelli, 2001; Robert et al., 2001; Nürnberg et al., 

submitted). Due to the good correlation of Ti with the other elements of terrigenous 

origin and due to the immobility of Ti after deposition (Murray et al., 1993; Murray & 

Leinen, 1996), the Ti values are discussed preferably.  
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Fig. 15 The downcore records of the terrigenous elements Al (blue squares), Ti (brown dots) and Fe
(green triangles) and of the amount siliciclastic material (red diamonds) are shown for the four
studied sites: 1168 (a), 1170 (b), 1171 (c) and 1172 (d). Interglacial stages are shaded. 
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Although the absolute amount of deposited Ti is small, the downcore variations of the 

Ti-concentrations run similar with the TOC and chlorin concentrations. Therefore, 

higher Ti-concentrations are observed during most glacials. Even for Site 1172, where 

the correspondence is not that obvious, the Ti-content increased during MIS 12, 10, 6, 

2-4 and during the interglacial MIS 7. At Site 1168, an increase in the Ti-concentration 

is present during MIS 12, 10, 8, 4-2 and at the beginning of MIS 5. Sites 1170 and 1171 

exhibit higher Ti-concentrations during MIS 10, 6, 2-4 and during interglacial MIS 7. 

At Site 1171 there is also an increase in the Ti-concentration during MIS 9 and 8. 

 

Fig. 16 Relationship between the terrigenous elements Al-Ti (A) and Al-Fe (B) for the four studied sites:
1168 (a), 1170 (b), 1171 (c) and 1172 (d). The blue lines show the line of best fit. In addition, the
corresponding correlation factor r is given (p = 0.01). 

The Al/Ti and Fe/Al ratios (Tab. 9) are used to differentiate between different sources 

of terrigenous material (e.g. Taylor & Mc Lennan, 1985; Latimer & Filippelli, 2001). In 

the study area, the Al/Ti ratio (mol/mol) stayed almost constant over the studied time 

interval but is slightly different from site to site: lower at the northern sites (Site 1168: 

28.56; Site 1172: 27.31) than for the southern sites (Site 1170: 31.93; Site 1171: 31.00) 

(Fig. 17). The Fe/Al ratio is 0.27±0.02 (mol/mol) for the four sites and shows no 

systematic downcore variation (Fig. 17). 
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Tab. 9 Mean, maximum and minimum values for the Al/Ti and Fe/Al ratios [mol/mol], for the studied 

sites. 

Site Al/Ti [mol/mol] Fe/Al [mol/mol] 
 Mean Min Max Mean Min Max 

1168 28.56 22.79 33.45 0.27 0.19 0.44 
1170 31.93 19.86 36.09 0.26 0.18 0.49 
1171 31.00 39.09 21.01 0.27 0.16 0.49 
1172 27.31 24.79 34.57 0.29 0.21 0.34 

By comparing the trends of Al to the Ti/Al-ratio, scavenging of Al can be detected 

(Murray & Leinen, 1996) (Fig. 18). Visually, the downcore records of Al and Ti/Al run 

similar for all four sites, although the correlation coefficients are not good (r = 0.38 – 

0.58; p = 0.01). Therefore, scavenging was not important at the sites during the studied 

time interval. 

 
 
Fig. 17 Downcore record of the Al/Ti (a) and the Fe/Al (b) ratios for the studied sites: 1168 (blue
square), 1170 (green triangle), 1171 (brown dot) and 1172 (red diamond).  

Normalisation of Ti and Al-values produced the same downcore trends (Fig. 19). The 

values differ from each other by less than 0.5 %. This indicates that the normalisation 

with the used values for the average crust is reliable in the area. By comparing the 

normalised Ti-values with the calculated percentage of siliciclastic material, a good 

correlation for the three Sites 1168, 1170 and 1172 can be seen (r > 0.94; p = 0.01).  
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Fig. 19 Downcore records of normalised Ti (blue squares) and normailised Al (red triangles)
concentrations for the four studied sites: 1168 (a), 1170 (b), 1171 (c) and 1172 (d). The curves show a
similar pattern for both proxies as indicators for terrigenous supply. The correlation factor r is
indicated (p = 0.01). Interglacial periods are shaded. 

 
Fig. 18 Downcore records of the Al-concentrations (blue squares) and the Ti/Al-ratios (grey line) for the
studies sites: 1168 (a), 1170 (b), 1171 (c) and 1172 (d). As both records run similar, scavenging of Al can
be excluded (Murray & Leinen, 1996). Remark: the lower scale is the same for all sites, whereas the
upper scale is different. Interglacial stages are shaded. 
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4.5 Sedimentation and Accumulation rates 

4.5.1 Overview 

The sedimentation rates (SR) range between 1.36 cm/kyr (minimum of Site 1168) and 

3.67 cm/kyr (maximum of Site 1170) (Tab. 10, Fig. 20). There are several maxima, for 

instance 10.00 cm/kyr from 333 to 339 ka at Site 1170. They could be effected by 

insufficient sample resolution in combination with the densely spaced age control 

points, as discussed in Nürnberg et al. (submitted). Variations in SR are generally not 

considered as internal scatter and the age model has been produced as precise as 

possible. Long-term environmental changes in the study area are, however, not 

considered to have happened as sudden overturns within a few hundred years. To avoid 

the over-interpretation of the sudden changes in SR, a simple 7-point moving average 

SR-record was used to calculate the accumulation rates (AR) (Fig. 20).  

Tab. 10 Mean, maximum and minimum sedimentation rate (cm/kyr), as well as the mean, maximum and 
minimum dry bulk density (g/cm3). 

Site Sedimentation rate [cm/kyr] Dry bulk density [g/cm3] 
 Mean Min Max Mean Min Max 

1168 1.35 0.5 4.71 1.09 0.73 1.34 
1170 3.67 1.24 10 0.97 0.67 1.15 
1171 2.36 0.71 6.65 0.95 0.74 1.11 
1172 2.84 0.77 9.22 0.87 0.51 0.99 

 

Site 1170 shows the highest variability in the SR. The are higher than 2 cm/kyr during 

MIS 10 and 6 and at the transitions MIS 12/11, 9/8, 8/7 and 2/1. At Site 1171, there are 

large increases in the SR during the interglacials MIS 11 (SR > 2 cm/kyr) and 9 (SR > 4 

cm/kyr) and at the transition MIS 2/1 (SR > 2 cm/kyr). The SR at Site 1172 increases to 

3.4 cm/kyr during the glacials MIS 12 and 10. Also during MIS 11 and 6, the SR stays 

high (> 1.4 cm/kyr) at Site 1172. Site 1168 shows a less pronounced temporal 

variability in SR compared to the other three studied sites. Only during MIS 11 till MIS 

10 and at the transition MIS 2/1 the SR was clearly increased (>2 cm/kyr). Winnowing 

could have influenced the low SR at Site 1168. However the correlation between the 

Ti/Al and the Ti disagrees with that assumption (Murray & Leinen, 1996) (Fig. 18). 

Nees et al. (1999) denote a SR of 1 to 2 cm/kyr for core MD88-779 (47°50.69’S, 

146°32.75’E, 2260 m), situated directly to the south of Site 1170. This is markedly 

lower than the SR from this study. Core E26-4 (45°04.7’S, 160°04.2’E), situated to the 
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east of the study area and at a waterdepth of 478 m clearly above the studied cores, 

exhibits a SR of about 1.2 cm/kyr (Hesse, 1994). In this shallower core, slightly higher 

values occured between marine isotopic stages (MIS) 11 and 7. Connell & Sikes (1997) 

studied cores on the South Tasman Rise with a SR between 2 and 5 cm/kyr, which fit 

with the data from the presented study. Therefore, the SR in the entire Tasman Sea 

seems to be characterised by those values. 

 

Fig. 20 The downcore sedimentation rate (SR, blue), dry bulk density (DBD, green), bulk
accumulation rate (AR, brown) and 7-points moving average AR (AR smooth, red) records of the four
studied sites: 1168(a), 1170 (b), 1171 (c) and 1172 (d). The relation between the SR and AR is
indicated by the correlation factor r1 (p = 0.01). The correlation coefficient between the AR and DBD,
indicated by r2, does not show a correlation (p = 0.01). Therefore, the accumulation rates of the
individual proxies are most influenced by the SR. Interglacial stages are shaded. 

The calculation of the dry bulk densities (DBD), necessary for the assessment of the AR 

(Section 3.2.5), has an internal error of 8 % (Fig. 8). The range of the DBD for the 

studied sites is within typical values for deep-sea sediments: between 0.51 g/cm3 

(minimum of Site 1172) and 1.34 g/cm3 (maximum of Site 1168). The highest DBD are 

displayed at the western Site 1168 (mean of 1.09 g/cm3), whereas the eastern Site 1172 

shows the lowest values (mean of 0.87 g/cm3). The DBD of the southern Sites 1170 and 

1171 is largely similar (mean of 0.97 g/cm3 and 0.95 g/cm3 respectively). Connell & 
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Sikes (1997) studied cores on the South Tasman Rise. They found a DBD between 0.6 

and 1.2 g/cm3. The DBD of the studied cores is within the same range.  

Due to the low range in DBD of the sediments, the calculated AR mimics the SR curve 

(Dickens & Owen, 1994; Schroeder et al., 1997). This is indicated by the correlation 

coefficients between the SR - bulk AR and SR – DBD (Fig. 20). The correlation 

coefficient of the former two parameters is larger than 0.89, whereas r (SR – DBD) lies 

between 0.08 and 0.39.  

4.5.2. Accumulation rates of the individual proxies 

The variability in AR for the different proxies is displayed in Figure 21. As pointed out 

before, the remarkable changes are coupled with the variations in SR and in the 

concentration of the individual proxy. Although considerable variations in the absolute 

concentrations and dynamics of the different proxies are observed, the calculation of 

accumulation rates gives a similar pattern for all proxies.  

At Site 1168, the accumulation of the productivity proxies – represented by carbonate, 

TOC, chlorin and Baexc - and of the terrigenous matter – represented by Ti - was high 

during the glacials MIS 10, 8, 4-2 and at the transitions MIS 12/11 and 6/5. For the 

same proxies, the other near-land Site 1172 also reveals a higher accumulation during 

glacials MIS 12, 10 and 6. Site 1170, to the South, exhibits an increase in the 

accumulation of the described proxies during glacials MIS 10, 8, 6 and 2 and also 

during interglacial MIS 7. At the southernmost Site 1171, there is mainly an increase in 

the AR of the productivity proxies and the terrigenous matter during the older 

interglacials MIS 13, 11 and 9. An increase of the mentioned proxies is also observed at 

the transition MIS 2/1 at Site 1171. 

A minimum in the carbonate concentration is observed during most glacials at the 

studied sites, however, the carbonate accumulation rates are markedly elevated during 

these glacials (compare Fig. 10 to Fig. 21). This observation coincides with the study of 

Hesse (1997) from the west of Tasmania and the Tasman Rise. The similarity between 

the bulk accumulation rate and the carbonate accumulation rate reflects the fact that 

carbonate is the primary sediment component, due to high concentrations (Schroeder et 

al. 1997) 
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Fig. 21 Downcore record of the accumulation rates of different proxies for the studied sites: 1168 (a),
1172 (b), 1170 (c),1171(d). Due to the larger similarities between the northern sites 1168 and 1172,
and the two southern sites 1170 and 1171, the graphs are shown by these couples. See next page for
later two sites. 
The shown records are the accumulation rates of carbonate (CaCO3, blue squares), organic carbon
(TOC, pink dots), chlorin (green triangles), excess barium (violet dots), coarse material (brown
triangles) and titanium (red diamonds). The marine isotopic stages (MIS) are indicated. Interglacial
periods are shaded. 
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Fig 21 continued: site 1170 (c) and site 1171 (d).  
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The correlation coefficient of the AR of TOC and chlorin is even higher than for the 

pure concentrations (Site 1168 r = 0.91, Site 1172 r = 0.92; p = 0.01) (Fig. 22 and 12). 

Therefore, the variations in the chlorin concentrations and the accumulation of chlorins 

are interpreted as changes in the export productivity. The calculation of the 

paleoproductivity (PaP) based on the AR of TOC. Therefore they are only performed 

for Sites 1168 and 1172 (Section 3.2.5). The PaP varies between 70 and 170 gC/m2a. 

The PaP-signal runs similar with the changes in the AR of the different proxies: the 

highest PaP (170 gC/m2a) at Site 1168 was calculated at during MIS 2, whereas at Site 

1172, higher PaP (140 gC/m2a) was revealed during MIS 12 and 10. 

During times of high sedimentation, the portion of coarse carbonate is clearly increased 

(Fig. 21). Several reasons for this phenomenon can be assumed: either the planktonic 

foraminiferal productivity is higher, or there is likewise a higher production of other 

planktonic organisms, for instance coccolitophores (Howard & Prell, 1994; Broecker & 

Clark, 1999; Ruehlemann et al., 1999). At the studied sites, similar glacial/interglacial 

variations in the accumulation of the coarse carbonate have been observed (Fig. 21). 

The accumulation of the coarse carbonate reflects presumably the abundance of 

foraminifers. At Site 1168, the accumulation of coarse carbonate is high during MIS 12, 

10 and 4-2 and due to the large amount of redeposited coarse carbonate (52 %) during 

MIS 11. For Site 1172, the higher accumulation of coarse carbonate is present during 

MIS 12, 10 and 6. At Site 1170, higher accumulation rates of coarse carbonate during 

MIS 12, 10, 8, 7, 6 and 4-2 are observed, meaning mainly during glacial periods. A 

 

Fig. 22 Relationship between the accumulation rate of organic carbon (TOC) and the accumulation
rate of chlorin for the sites 1168 (a) and 1172 (b). The blue line represents thee regression line, with
the correlation coefficient r. See also Figure 11, where the absolute concentrations are compared.
Due to the fact that both proxies do correlate in this study, also chlorin can be used as an indicator
for paleoproductivity. 
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higher accumulation of coarse carbonate at Site 1171 took place during MIS 13, 11, 9, 6 

and 4-2, i.e. in early interglacials and later glacials. 

The range of the AR of Baexc for the studied sites is between 0.0005 g/cm2 kyr 

(minimum of Site 1168) and 0.022 g/cm2 kyr (maximum of Site 1170) (Fig. 21). This 

coincides with the AR of Baexc mentioned for core PS2082-1 (43°13’S, 11°44’E, 4610 

m) situated in the Subantarctic Zone (Nürnberg at al., 1997). In this core, the AR of 

Baexc ranges between 0.0006 and 0.007 g/cm2 kyr and glacial/interglacial variations are 

mentioned. Such variations can also be observed at the studied sites (Fig. 21). 

The AR of Ti is around 0.04 g/cm2 kyr during glacials and as low as 0.002 g/cm2 kyr 

during interglacials. Latimer and Filippelli (2001) studied the terrigenous flux to core 

E45-29 (44°53’S, 106°31’E, 3863 m) situated to the east of the study area. They 

reported an AR of Ti between 0.01 g/cm2 kyr and 0.0005 g/cm2 kyr, therefore with a 

larger range than seen in the studied cores. The increase in the flux of Ti for the four 

studied sites took place mainly at the same time intervals than the increases of the other 

proxies. This indicates a link between the terrigenous flux and the export productivity.  
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5. DISCUSSION 

5.1 Source and fluxes of terrigenous matter 

5.1.1 Al/Ti and Fe/Al ratios to identify the source of terrigenous material 

The Al/Ti and Fe/Al ratios can be used to identify the source type of detrital material, 

since different rock types have different ratios (e.g. Taylor & Mc Lennan, 1985; 

Latimer & Filippelli, 2001). Regarding the Fe/Al ratio, windblown dust exhibits an 

average of 0.28 (Pye, 1987); continental crust 0.84, i.e. fluvial input, and hydrothermal 

sources 1.61 (Taylor & McLennan, 1985). The Fe/Al ratio is 0.27±0.02 for all four sites 

and does not show any downcore variations (Fig. 17). Hence the terrigenous matter 

could be mainly derived from windblown dust. The Al/Ti ratio is slightly different at the 

four sites but the changes within one site are small (Fig. 17). The Al/Ti ratios exhibit 

values in a range from 21 to 36 (±1.3). According to Pye (1987), the Al/Ti ratio of 

windblown material is 21. Again, this points to dust as terrigenous source. For 

comparison, the Al/Ti ratio of average continental crust is 15.6, average upper crust is 

26.8, granites are even 40 but basalt or oceanic crust are lower than 10 (Taylor & 

McLennan, 1985). Both ratios (Al/Ti and Fe/Al) therefore suggest that continental dust 

could be the main source for terrigenous matter in the studied cores, and the terrigenous 

source did not change over the last 500 kyr (Latimer & Filippelli, 2001). 

Far from the shore, the terrigenous component of deep-sea sediments in general consists 

of eolian dust (Rea & Bloomstine, 1986). The South Tasman Rise is situated 330 km 

offshore and it is separated from the Australian continental margin by a 3200 m deep 

trough. Such topography largely prevents terrigenous supply via turbidity currents 

(Stein & Robert, 1985). The terrigenous sediment supply to Sites 1170 and 1171 thus 

must be attributed mainly to eolian dust. Only Site 1168 could be influenced directly by 

turbidity currents due to its position on the steep continental margin. But the correlation 

between the Baexc and the ratio of Ba/Ti (r = 0.72) reveals that turbidite deposition is 

unlikely (Murray & Leinen, 1996). Site 1172 is situated on the East Tasman Plateau, 

around 800 m higher than the depression separating the plateau from the continent. 

Therefore, a direct input from continental material can be doubted. As the Al/Ti and Ti 

downcore records show a similar pattern for all sites, sediment focussing, as transport 

mechanism of terrigenous matter, is excluded (Murray & Leinen, 1996) (Fig. 18). 
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Latimer & Filippelli (2001) stated that hemipelagic matter should be a source of 

terrigenous material in core E45-29 (44°53’S, 106°31’E, 3863 m), to the west of the 

study area. The overall driving force behind the increased terrigenous input during 

glacials may have been the sea level: a lowered sea level at the onset of glacial intervals 

caused an enhanced continental shelf denudation, suspension discharge and increased 

turbidite deposition (Schönfeld & Kudras, 1993). Consequently the hemipelagic input to 

the seafloor increased. Direct river inflow from the Australian continent over the 

Tasman Plateau is, on the other hand, less likely (Ikehara et al., 2000). This indicates 

that the input of material by rivers is not causing the permanent flux of terrigenous input 

presented in the samples of the studied sites.  

5.1.2 Fluxes of terrigenous matter 

To further constrain the potential source for the terrigenous material, the accumulation 

of siliciclastic material and of Ti were compared to the dust record of the Vostok ice 

core (Petit et al., 1999). Stacking 

the accumulation rates of the 

siliciclastic material and the Ti for 

the four studied sites, results in a 

clear glacial/interglacial variability 

(Fig. 23). Enhanced accumulation 

of Ti and siliciclastic material is 

present during transitions or 

glacials MIS 12/11, 10, 7/8, 6, 4-2. 

The stacked records match to the 

dust record of the Vostok ice core, 

revealing that eolian dust 

contributes to the glacially 

enhanced supply in the study area. 

The iron accumulation rates for 

Sites 1168, 1170 and 1172 are 5-

10 mg/cm2kyr during interglacial 

periods, and increased to 40 

mg/cm2kyr during glacial times. 

 

 

Fig. 23 Stacked records of the accumulation rates of Ti
(red diamonds) and siliciclastic material (blue squares)
normalized to unit variance for the studied sites 1168,
1170, 1171 and 1172. For comparison, the Vostok dust
record is shown (Petit et al., 1999). Interglacial stages
are shaded. 
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Such iron accumulation rates are comparable to glacial/interglacial variations described 

in South Atlantic and Southern Indian Ocean sites from similar latitudes (Kumar et al., 

1995; Latimer & Fillipelli, 2001). Site 1171 has an exceptional status due to the very 

low concentrations of terrigenous matter. Iron accumulation rates at that position are 2.5 

mg/cm2kyr during interglacials and up to 6 mg/cm2kyr during glacials. These 

concentrations compare to values reported by Murray et al. (1993) for the equatorial 

Pacific on comparable time scales. According to Ikehara et al. (2000), the eolian flux in 

the Tasman Sea increased during the glacials by a factor of 1.5 to 3 compared to the 

interglacials. The studied glacial/interglacial variations are within the same range. Duce 

& Tindale (1991) estimate the present eolian iron flux to about 0.1-1 mg/cm2kyr in the 

study area, which is much lower than the interglacial iron accumulation within the 

studied sites (minimum of 2.5 mg/cm2kyr). The iron flux mismatch between the 

sediment record and the measured modern iron fluxes was already mentioned in former 

studies (Murray et al. 1993; Kumar et al., 1995). Murray et al. (1993) discussed the 

possibility that eolian iron fluxes are generally underestimated, because dust storms 

were presumably not adequately considered.  

An increase in glacial dust deposition is mentioned by several authors (e.g. Petit et al., 

1981; Petit et al., 1990; Rea, 1994; Mahowald et al., 1999). Numerous modelling 

studies show similar observations (e.g. Lautenschlager & Herterich, 1990; Klinck & 

Smith, 1993; Mahowald et al., 1999; Latimer & Filippelli, 2001). Hesse (1997) found 

glacial peaks in the dust flux in the Tasman Sea. In the Indian Ocean, 3 to 5 times more 

dust entered the sediment during the glacial comparing to the interglacial periods (Rea, 

1994). According to Latimer & Filippelli (2001) the accumulation of iron in the 

southern Indian Ocean was ten times higher during glacial times and exceeded the 

estimated regional eolian flux by 50 times. The estimated fallout of dust at Antarctica, 

seen in ice-cores, is also much higher during glacial periods than during interglacials 

(1000 to 2000 ng/g in glacials, 50 ng/g in interglacials) (Petit et al., 1999). 

Although the entire southern hemisphere shows a very low dust input of a few 

mg/cm2 kyr (Rea & Bloomstine, 1986; Duce & Tindale, 1991), Australia is known as 

the largest contemporary dust source area in the southern hemisphere (Rea, 1994). The 

Cenozoic dust record of the southern hemisphere, described by Stein & Robert (1985), 

suggests an increase in aridity in the Australian source regions since 3 Ma. Australia has 

a dry-land climate with main south to southeasterly winds. In southeast Australia, the 
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westerly winds are known to carry dust eastward across the Tasman Sea and even as far 

as the New Zealand Alps (Collyer et al., 1984; Hesse, 1997; Stein & Robert, 1985). The 

eolian origin of the sediments is also indicated by the quartz content in deep-sea 

sediments from the Tasman Sea, which shows a distinct decrease from the Australian 

continent toward the east (Thiede, 1979).  

The increase in eolian supply during the glacials is in agreement with observations from 

Australia that suggest arid climatic conditions with an intensification in frequency and 

velocity of winds from the continental interior (Thiede, 1979; McTainsh & Lynch, 

1996). The model of Mahowald et al. (1999) predicts an expanded Australian source 

area of dust during the Last Glacial Maximum (LGM, around 18 kyr before present). 

Material of the continent Australia contributed dust to the south-western Pacific Ocean 

in general during the LGM with around three times more material than at present 

(Hesse, 1994). Galloway (1965) stated that during the LGM the late Quaternary desert 

environment in Australia was widespread. The zone of westerly winds shifted 

northward during the LGM (Thiede, 1979), and an increase of wind strength of about 

70 % for southern hemisphere westerly winds is suggested (Lautenschlager & 

Herterich, 1990). On the basis of aerosol content determinations in the Vostok ice core, 

Petit et al. (1981) suggested a wind strengthening of 50-80% for the subantarctic glacial 

ocean. Kutzbach & Guetter (1986) presented a west-wind drift movement of about 5°N 

during austral summer at LGM. Therefore, the enhanced flux of eolian material might 

have been not only due to the extensive arid continent Australia but are inferred by the 

glacially intensified westerly winds. However, Hesse & McTainsh (1999) demonstrated 

by the particle size distribution of eolian dust over the Tasman Sea, that mid-latitude 

westerly winds in the southern Australian region were similar during the Holocene and 

LGM. If so, the temporal variations in dust supply are linked to the varying expansion 

of source areas (Hesse & McTainsh, 1999).  

5.2 Iron Hypothesis 

 

If a higher productivity event takes place while there is an enhanced input of terrigenous 

material, the hypothesis of particulate iron influencing the primary productivity is 

proposed. This ‘Iron Hypothesis’ was the first time named by Martin (1990). It states 

that iron is a limiting factor for marine phytoplankton growth in vast areas of the 

oceans. The primary productivity in the Southern Ocean today is in the order of 7.4 x 

1013 g/a (Martin, 1990). 
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Martin et al. (1994) performed a test whereby they enriched the equatorial Pacific 

Ocean with iron. This caused a doubling of plant biomass, a threefold increase in 

chlorophyll and a fourfold increase in plant production. In the high-nitrate low-

chlorophyll (HNLC) ocean areas, a limited phytoplankton growth and biomass is 

characteristic. Sedwick et al. (1997) inferred from micronutrient water sample studies 

southwest of Tasmania, that today’s primary productivity within the Australian 

subantarctic region is limited by iron and silicate availability. Kumar et al. (1995) found 

biologically iron associated with glacially increased dust fluxes. Therefore they stated 

that relieved iron limitation induced an enhanced surface primary productivity. The 

phytoplankton growth is limited by the iron bioavailability as assured by Ikehara et al. 

(2000).  

In a further step, Broecker & Henderson (1998) proposed to invoke the oceanic nitrogen 

cycle in the control of glacial/interglacial changes in CO2 in order to explain the time 

lag between global atmospheric CO2 rise and the dust flux decrease in the Southern 

Ocean. Since iron fertilization fosters nitrogen fixation (Falkowski, 1997), the increased 

supply of fixed nitrogen to the ocean via enhanced dust flux might have caused 

increased surface ocean productivity during glacial times, which would allow a greater 

CO2 draw down in surface waters. Therefore, the changes in iron availability in the past 

Southern Ocean, causing an 

increased primary production 

and the export of TOC, could 

have had an effect on the 

atmospheric CO2-pressure in 

the glacial/interglacial times 

(Fig. 24).  

Although Fe is the fourth most 

abundant element in the 

Earth’s crust (Taylor & 

McLennan, 1985), the amount 

present in the ocean is low 

(smaller then 1 nmol/kg) (e.g. 

Landing & Bruland, 1987; 

Martin & Gordon, 1988; 

 

 

Fig. 24 Schematic overview of the ‘iron hypothesis’ and the
simplified feedback mechanisms in the climate system, as
indicated in this study. Dust, the strength of the biological
pump, CO2 and the state of the climate (influencing the
temperature and aridity of the source area of dust) are
involved. Modified after Martin et al (1994) and Ridgwell &
Watson (2002). 
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Martin et al., 1990; Mortlock et al., 1991). Iron depth profiles through the water column 

are depleted at the surface and enriched in deeper parts (Martin, 1990). Fulfilling the 

phytoplankton’s offshore demand for iron seems to be a problem. It appears that 

adequate Fe amounts are supplied to the oligotrophic gyres via long-range transport and 

fallout of Fe-rich atmospheric dust, originally derived from terrigeneous and arid 

regions (Duce & Tindale, 1991; Martin & Gordon, 1988). The wind speeds during the 

LGM were 1.3 to 1.6 times higher than today and the tropical areas were 5 times larger 

(Petit et al., 1981; Sarnthein et al., 1988). Accordingly, the Fe-enriched atmospheric 

dust load was 10 to 20 times larger during glacial times. Due to the drier environment in 

Australia, more dust was present for transport (Collyer et al., 1984; Goudie, 1983; 

Hesse, 1994; Hesse & McTainsh, 1999).  

The calculation of the 

paleoproductivity (PaP) by 

means of TOC gives an 

extra parameter to asses 

validity of the iron 

hypothesis for the study 

area. From Figure 25, it 

can be seen that an increase 

in the accumulation of 

terrigenous matter (by 

means of the AR Fe) 

causes an increase of the 

amount of export 

productivity. The 

correlation coefficient of 

0.77 between the PaP and 

AR Fe indicates a relation 
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p
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Fig. 25 Accumulation rate of Fe versus the estimated 
paleoproductivity (PaP) for sites 1168 (blue squares) and 1172 
(red diamonds). Paleoproductivity was calculated from TOC using 
the equation of Sarnthein et al. (1992). The correlation coefficient 
r is indicated. 
etween both factors (Fig. 25). The terrigenous supply is most likely important for the 

rimary productivity in the study area.  

owever, if the export productivity was only influenced by the eolian iron supply, an 

qually enhanced glacial productivity in the whole study area is expected. Distinct 

ifferences between the eastern and western sites (1172 and 1168 respectively) are 
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observed. This will be influenced by the position of the wind plume, orientated to the 

east of Australia, by the position of the westerly winds, and by the temporal and spatial 

variations in the surface hydrography. The East Australian Current can be strong 

enough to flow all over the East Tasman Plateau and push the STC more to the south. 

This would bring a nutrient poor water mass over the East Tasman Plateau and over Site 

1172. On the western site of Tasmania (1168), also a strengthening of the Zeehan 

Current, or local upwelling influences the depositionary environment.  

5.3 The variability of the Southern Ocean frontal system since 500 ka 

In the following, changes in the oceanographic frontal system in the study area over the 

last 500 kyr will be discussed. Today, the Subtropical Convergence (STC) is situated in 

between the cores studied. This provides an excellent opportunity to constrain changes 

in the position of the STC and related processes. The changes in the paleo-latitude of 

the STC through the Quaternary, south and southeast of Australia are documented in 

several studies (e.g. Belkin & Gorson, 1996; Connell & Sikes, 1997; Dickens & Owen, 

1994; Fenner et al., 1992; Francois et al., 1993; Howard & Prell, 1992; Kawagata, 2001; 

Passlow et al., 1997; Peterson & Whithworth, 1989). Former studies are situated in 

deeper waters with carbonate dissolution (e.g. Howard & Prell, 1992), cover just the last 

two glacial periods (e.g. Connell & Sikes, 1997) or are based on faunal changes (e.g. 

Kawagata, 2001). In the this study, the time period is extended to six glacials, the 

studied sites are situated above the present-day lysocline and geochemical proxy data 

were the basis to define the position of the water masses and surface fronts. 

 

The STC displays enhanced primary production. Factors that may influence 

productivity changes are variations in oceanic circulation, changes in upwelling 

intensity or variations in nutrient supply due to eolian and/or fluvial input. With certain 

exceptions, export productivity was enhanced during the glacial stages at all studied 

sites. This could be related to the changing position of the frontal system in the 

Southern Ocean (Francois et al., 1993; Passlow et al., 1997). The export productivity 

was defined on hand of the variations in the accumulation of carbonate, TOC, chlorin 

and Baexc. If the STC was present to the north of a certain site, an enhancement or 

maximum in the accumulation of those export productivity proxies should occur 

(Fig. 26). During that time, nutrient-rich Subantarctic Surface Water (SASW) prevailed 

over that site. The increase in export productivity is additionally driven by the higher 

flux of terrigenous matter, i.e. iron fertilisation. The flux of terrigenous matter was 
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Fig 26 Downcore record for site 1171 (a) of the time-interval between 240 ka and 340 ka and site 
1172 (b) of the time-interval between 300 ka and 900 ka. The accumulation rates of carbonate (blue 
squares), chlorin (green triangles), Baexc (pink dots) and Ti (red diamonds) are shown. The fact that 
the accumulation of those proxies exhibits a maximum at site 1171 during interglacial MIS 9 (a) and 
at site 1172 during glacial MIS 10 (b), the position of the STC should be north of the sites during that 
particular time. The interglacials are shaded. 
 

efined by the accumulation of Ti (and Al, Fe). The increased flux of terrigenous matter 

ost likely points to the changing strength and direction of the zone of westerly winds.  

he variations in the accumulation of coarse carbonate were taken in consideration as 

ell. However, their changeability runs similar with the variations in the accumulation 

f the export productivity proxies and will be not considered in detail. Changes in the 

trength of the East Australian Current (EAC) and the Zeehan Current may have had an 

mpact on the regional productivity pattern.  
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The paleoceanographic situation in the study area since the last 500 ka is discussed from 

recent to older periods. First the interglacial (uneven MIS-numbers) and thereafter the 

glacial (even MIS-numbers) will be discussed.  

5.3.1 Interglacial periods 

Mainly during all interglacial periods in the study area, the SASW withdrew from the 

area around Tasmania. A low productivity and less terrigenous matter supply to the 

northern sites during interglacial times indicated that the STC retreated to the south and 

was situated around the Tasman Rise (Fig. 21). A similar pattern of the surface water 

masses and the oceanographic fronts is present during all the interglacials since 500 ka 

(Fig. 27-a,c,e,g,i,k). The export productivity and the terrigenous matter fluxes are low at 

Sites 1168, 1170 and 1172, except during MIS 5 at Site 1168, MIS 7 at Site 1170 and 

MIS 13 at Site 1172. The minima in the accumulation of the proxies point to the 

presence of the Subtropical Surface Water (STSW) over those sites. Also at Site 1171, 

the STSW is situated over the site during the later interglacials MIS 1, 5 and 7 (Fig. 25-

a,c,e), due to the low export productivity and terrigenous supply. But during the older 

interglacial periods MIS 9, 11 and 13, an increase in the accumulation rates (Fig. 21), 

points to the position of the STC over that site (Fig. 27-g,i,k). Therefore the maximal 

extend of the STC during interglacial times since 500 ka can be defined as 48°S.  

Exceptional are the circumstances at certain sites during three interglacial times: MIS 5, 

7 and 13 (Fig. 27-c,e,k). The increase in the accumulation of the export productivity and 

terrigenous matter during MIS 5 at Site 1168 is probably more a local phenomenon, 

rather than an indication of the STC position (Fig. 27c). This is also indicated by 

Passlow et al. (1997). That study mentioned a poleward excursion of the STC with 

respect to core E27-30 (45°04.0’S, 147°13.7’E, 3552 m) situated more to the south of 

Site 1168, during MIS 5. A possible explanation is upwelling along the margin of 

Tasmania as proposed by James et al. (2001).  

 

Fig. 27 a-k (next two pages) Overview of the presented descriptive model of the variability of the position 
of the Subtropical Convergence (STC), the Subantarctic Front (SAF) and the Subantarctic Surface Water 
(SASW) in between both frontal zones, since 500 ka. The four studied sites are presented. The changes in 
the accumulation of the export productivity (green snails) and terrigenous matter (orange wheels) proxies 
are used as the basis for the changes in the Southern Ocean palaeoceanography. The marine oxygen 
isotope events (MIS) were defined using the nomenclature proposed by Prell et al. (1986) and Tiedemann 
et al. (1994). 
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Fig. 27 a-f 
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Fig. 27 g-k (continued) 
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During MIS 7, the position of the STC changed (Fig. 27e). At Site 1170, a higher 

productivity and terrigenous flux was present. This is in opposite to Site 1171, where no 

indications for an increase in accumulation of productivity or terrigenous matter are 

observed (Fig. 21). Both sites are situated within 150 km of each other on the Tasman 

Rise. After these results, the STC most probably oscillates between both sites. The 

difference in the accumulation of the terrigenous matter between Sites 1170 and 1171 is 

presumably caused by the pattern of the westerly wind zone. It probably reached over 

Site 1170 but did not influence the southern Site 1171. As data are missing for MIS 13 

at Site 1170, it is hard to detect the northern extent of the STC during that interglacial 

period (Fig. 27k). Sites 1171 and 1172 exhibit a higher export productivity and 

terrigenous flux. The STC reached over the position of Site 1171, but it is uncertain if it 

reached as far north as Site 1172. The increase in the accumulation of Ti indicates that 

the input of continental material increased at Site 1171 and 1172. This induced a higher 

marine and export productivity, notable in the export productivity pattern (Fig. 21).  

5.3.2 Glacial periods 

The variability of the frontal system in the study area during the glacial periods is larger 

(Fig. 27-b,d,f,h,j). During glacial MIS 2-4, the accumulation of the export productivity 

proxies and the terrigenous matter proxies is high at Sites 1168, 1170 and 1171 (Fig. 

21). Therefore, it is concluded that the STC was present to the north of these three sites 

(Fig. 27b). At the west of Tasmania, the STC reached at least 42°30’S, being its 

maximal northern extent. To the east of Tasmania, at Site 1172, no increase in 

productivity and terrigenous flux is observed. After these results, the East Australian 

Current is probably strengthened during that time and influenced the surface water over 

the East Tasman Plateau. Therefore the STC was pushed away, more to the south. 

During the next glacial MIS 6 (Fig. 27d), the situation is the other way around: a larger 

flux of terrigenous matter and export productivity proxies to the east of Tasmania (Site 

1172), but not to the west (Site 1168) (Fig. 21). The zone of the westerly winds most 

likely did not reach latter site. The STC therefore reached at least 44°S to the east of 

Tasmania. This observation coincides with studies of cores close to the position of Site 

1172: core E36-23 (43°53.02’S, 150°03.02’E, 2521 m) (Martinez, 1994) and core 

FR1/94-GC-3 (44°15.38’S, 149°59.47’S, 2667 m) (Nees et al., 1999). The two southern 

sites studied (1170 and 1171) also show an increased productivity and terrigenous 

matter flux during MIS 6 (Fig. 21). Therefore, in whole study area, except for the west 
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of Tasmania, the SASW is present. During glacial MIS 8, the extension of the SASW is 

limited to the central part of the study area (Fig. 27f). Only at Site 1170, an increased 

flux in the studied proxies is present. Therefore the STC did not reach 44°S to the east 

nor 42°30’S to the west of Tasmania. These results agree with the study of Martinez 

(1994), who assessed short-time excursions of the STC into the southern Tasman Sea 

during the glacials MIS 6, 10 and 12, and not during MIS 8. In the southern part of the 

study area, the Subantarctic Front (SAF) is present between Sites 1170 and 1171, 

around 48°S. The SAF was situated at the same position during MIS 10. But to the 

north, the SASW extended and almost covered the whole study area as the two northern 

sites (1168 and 1172) exhibit an increase in the accumulation of the productivity and 

terrigenous matter proxies. The same northern extent was present during MIS 12. Since 

data at Site 1170 are missing for that time interval, the position of   the SAF cannot be 

more precise than to the north of Site 1171. 

A maximal extend of the STC and northern position of the SAF in the study area could 

be determined. The study of Martinez (1994) proved, that the STC never reached to 

39°S to the east of Tasmania and the study of Passlow et al. (1997) indicated that ODP 

Site 593 (40°30.47’S, 167°40.47’E, 1068 m) was also never reached by the STC. 

Therefore and with the data of this study, the maximal northern paleo-latitude of the 

STC during glacial times is between 39°S and 42°30’S to the west of Tasmania and 

between 40°30’S and 44°S to the east of Tasmania. During those glacials, the maximal 

northern extend of the SAF was between 47°S and 48°30’S.  
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6. CONCLUSIONS 

A multi-proxy study of ODP-Leg 189 sites from the Tasmanian Seaway (Southern 

Ocean) is presented herein. The studied sites were: Site 1168 to the west, Site 1172 to 

the east, and Sites 1170 and 1171 to the south of Tasmania. The downcore records over 

the last 500 kyrs provided insights in paleoproductivity, terrigenous supply and varying 

position of the oceanographic frontal system around Tasmania during 

glacial/interglacial changes. 

Carbonate, total organic carbon, biogene barium and chlorin were analysed and their 

accumulation rates were calculated to reconstruct paleoproductivity. Chlorin 

concentrations were assessed for the first time in the Southern Ocean. The chlorin and 

total organic carbon concentrations and accumulation rates displayed synchronous 

downcore variations, indicating that chlorin reflects export productivity for the study 

area. The high carbonate concentrations at all sites indicate a generally high calcareous 

nannoplankton and foraminifer production since at least 500 ka. The carbonate 

concentration at the southern Sites 1170 and 1171 reaches 98 %. An increased 

terrigenous input at the northern Sites 1168 and 1172 dilutes the carbonate content to 

about 80 %.  

Terrigenous matter was assessed by the analysis of the aluminium, titanium and iron 

concentrations and by the calculation of the amount of siliciclastic material. The 

simultaneous variations in these proxies during the last 500 kyrs point to the same 

sources and pathways for terrigenous material. The ratios Fe/Al and Al/Ti indicate wind 

as the main transport mechanism. The records of the accumulation rates of the 

terrigenous matter match the dust record of the Vostok ice core, whereby all records 

show an enhanced terrigenous input during the glacials. This increased accumulation of 

terrigenous material is probably caused by an intensification of the atmospheric 

circulation during the colder periods. The enhanced input of terrigenous matter caused 

an increase in export productivity in the studied area by iron fertilisation. This link 

between the terrigenous supply and the paleoproductivity indicated that the “Iron 

Hypothesis” (Martin, 1990) is plausible for the Tasmanian Seaway. 

The reconstruction of the northern and southern boundary of the Subantarctic Surface 

Water (SASW) allowed describing the paleo-position of the Subtropical Convergence 

(STC) and the Subantarctic Front (SAF). The glacial/interglacial variations of the 
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studied proxies in combination with published data allowed establishing a scenario of 

the changing position of the oceanographic frontal system around Tasmania for the last 

500 kyrs.  

The interglacials were, in general, characterised by low productivity and small 

terrigenous supply. During MIS 1, 5, and 7 the STC was located  

south of 49°S. During MIS 9, 11 and 13 increased export productivity at the 

southernmost Site 1171 suggests an enhanced influence of the SASW, and the STC 

located to the north of that site. The other sites were not affected by the SASW during 

MIS 9, 11 and 13. During most glacials an increased paleoproductivity and terrigenous 

flux were observed in the whole study area. This indicates that the frontal system and 

the zone of westerly winds were shifted to the north. The STC was located between 

39°S and 42°S west of Tasmania and between 40°30’S and 44°S east of Tasmania. The 

SAF was only present in the study area during MIS 8, 10 and 12, when it crossed the 

southernmost Site 1171 as indicated by reduced paleoproductivity. On the long-term 

scale, the frontal system in the study area slightly shifted to the south since 500 ka. 

All previous approaches only were able to consider the last full glacial-interglacial 

cycle. The present study revealed the regularity of the frontal fluctuations throughout 

the late Pleistocene. This study showed that variations in geochemical proxies could be 

used to reconstruct the temporal and spatial variability of surface water masses. The 

described variations in the paleo-position of the frontal system in the region around 

Tasmania provide new insights in the surface water dynamics of the Southern Ocean 

circulation system. 
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APPENDIX 

 

 

A: Concentrations of analysed proxies  

 A 1 – A 5:  Site 1168A 

 A 6 –  A12:  Site 1170A 

 A13 – A17: Site 1171A 

 A18 – A23: Site 1172A 

 

B: Accumulation rates of analysed proxies 

 B 1  –  B 5:  Site 1168A 

 B 6  –  B12: Site 1170A 

 B13  –  B17:  Site 1171A 

 B18  –  B23:  Site 1172A 
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