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Abstract 

The effect of dust on the global climate results from processes in the atmosphere and in the 

ocean. On the one hand, dust in the atmosphere scatters or absorbs incoming sunlight (a direct 

influence on climate) or modifies cloud properties (an indirect influence on climate). On the 

other hand, dust can stimulate the marine productivity by supplying iron to the ocean (iron 

fertilization). Increased dust fluxes, especially during glacial periods, may have enhanced the 

marine productivity in the Southern Ocean, which was likely responsible for an atmospheric 

CO2 reduction of ~40 ppmv. Subsequently, the Southern Ocean is a crucial component of the 

global climate system.  

    Analyzing marine dust records deposited downwind of the major Southern Hemisphere dust 

source areas provides valuable information on paleoclimate changes in source areas 

characteristics (e.g. aridity, precipitation, wind) and within the dust transporting winds. Based 

on these analyses, this dissertation aims to contribute to a better understanding of paleoclimate 

changes inferred from the dust variability of marine dust records from the Southern Ocean. 

    To achieve this goal, four manuscripts are presented in chapters 3, 4, 5 and 6, which each 

utilizes different methodical approaches. A comprehensive set of sediment surface samples and 

sediment cores from the Pacific and Atlantic sectors of the Southern Ocean was used to conduct 

dust provenance, grain size and biomarker analyses. 

    Manuscript one (chapter 3) presents the first combined lithogenic flux and dust provenance 

analysis extracted from sediment surface samples from the Pacific sector of the Southern 

Ocean, which allows to better understand Holocene dust variability. The lowest lithogenic 

fluxes detected in open ocean surface sediments are interpreted as solely derived from 

atmospheric dust. The provenance analysis reveals that sources in central and southeast 

Australia dominate the dust supply to the Pacific sector of the Southern Ocean during the 

Holocene.  

    The second manuscript (chapter 4) aims to identify dust fluctuations over glacial-interglacial 

timescales. Grain size analysis were performed on two sediment cores located in the Pacific 

and Atlantic sectors of the Southern Ocean, respectively. The results reveal opposing grain size 

patterns with coarser glacial grain sizes in the Pacific sector compared to finer glacial grain 

sizes in the Atlantic sector. Additional iron and lithogenic flux records provide consistent 

results for both sectors with increased glacial values indicating that more dust was available in 

potential source areas. The inconsistent grain size patterns are the result of different responses 
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to glacial climate conditions in the source areas coupled with variations within the Southern 

Westerly Winds favoring or hampering the erosion of coarse dust particles.  

    A biomarker perspective on different terrigenous and marine proxies (dust, productivity and 

sea surface temperature) from the polar and subpolar zones of the Pacific sector of Southern 

Ocean is given in the third manuscript (chapter 5). Reconstructed sea surface temperatures 

reveal modern summer temperatures confirming that the analyzed surface samples are 

representative for the Holocene. The results inferred from n-alkanes and brGDGTs (organic 

tracers for terrigenous material) clearly reveal that the samples located in the open ocean were 

solely derived from atmospheric dust.  

    In the fourth manuscript (chapter 6), the Drake Passage throughflow is reconstructed using 

the sortable silt mean grain size as proxy for changes in bottom current speed. The results 

illustrate a substantial glacial throughflow reduction, which is consistent with a decrease of the 

Southern Westerly Winds core zone over Patagonia. The weakened winds reduce, in addition 

to other factors (e.g. sea ice), the strength of the Antarctic Circumpolar Current, which in turn 

affects the bottom current speed. The Southern Westerly Winds are the main dust transport 

medium in the Southern Hemisphere, so that changes within this wind belt can affect the long-

range dust transport. 

    Ultimately, this thesis advances the understanding of the Southern Ocean dust variability 

with implications for paleoclimate reconstructions and clearly illustrates the versatile 

application of dust analyses in paleoclimate studies. The combination of different methods, the 

large spatial coverage and the temporal resolution of the surface samples and sediment cores 

used provide a unique dataset for the Southern Ocean. 
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Zusammenfassung 

Die Beeinflussung des globalen Klimas durch Staub resultiert aus Prozessen in der Atmosphäre 

und im Ozean. Zum einen kann Staub in der Atmosphäre eintreffendes Sonnenlicht verteilen 

oder absorbieren (direkter Einfluss auf das Klima) oder aber die Eigenschaften von Wolken 

beeinflussen (indirekter Einfluss auf das Klima). Zum anderen kann der Eintrag von Staub in 

den Ozean die marine Produktivität durch die Zufuhr von Eisen anregen (Eisendüngung). Im 

Südozean haben erhöhte Staubflüsse besonders während glazialer Perioden die marine 

Produktivität erhöht und somit wahrscheinlich zu einer Reduzierung des atmosphärischen CO2 

von ~40 ppmv beigetragen. Folglich kann der Südozean als eine zentrale Komponente des 

globalen Klimasystems bezeichnet werden.  

    Durch die Analyse mariner Staubablagerungen, die in Hauptwindrichtung der potentiellen 

Quellregionen abgelagert wurden, können wichtige Informationen über paläoklimatische 

Veränderungen in den Quellregionen (zum Beispiel Trockenheit, Niederschlag und Wind) und 

innerhalb der staubtransportierenden Winde gewonnen werden. Basierend auf solchen 

Analysen soll diese Dissertation zu einem besseren Verständnis der Staubvariabilität im 

Südozean beitragen, um paläoklimatische Veränderungen nachvollziehen zu können.  

    Um dieses Ziel zu erreichen, werden in dieser Dissertation vier Manuskripte in den Kapiteln 

3, 4, 5 und 6, von denen jedes einzelne einen anderen methodischen Ansatz bietet, vorgestellt. 

Eine umfassende Zusammenstellung von sedimentären Oberflächenproben und 

Sedimentkernen aus den pazifischen und atlantischen Sektoren des Südozeans wurde 

verwendet, um Staubprovenienz-, Korngrößen- und Biomarkeranalysen durchzuführen.  

    Manuskript eins (Kapitel 3) zeigt die erste kombinierte Analyse von lithogenen Flüssen und 

Staubprovenienz, durchgeführt an sedimentären Oberflächenproben aus dem pazifischen 

Sektor des Südozeans, um die Staubvariabilität des Holozäns besser zu verstehen. Die 

niedrigsten lithogenen Flüsse wurden im offenen Ozean gemessen und stammen ausschließlich 

von Staub. Die durchgeführte Staubprovenienzanalyse zeigt, dass Zentral- und 

Südostaustralien den Staubeintrag in den pazifischen Sektor des Südozeans während des 

Holozäns dominiert haben.  

    Das zweite Manuskript (Kapitel 4) zielt darauf ab, Staubfluktuationen über glaziale-

interglaziale Zeitskalen zu identifizieren. Dazu wurden Korngrößenanalysen an zwei 

Sedimentkernen aus den pazifischen und atlantischen Sektoren des Südozeans durchgeführt, 

die zwei gegensätzliche Korngrößenmuster zeigen. Während glazialer Perioden kann der 

pazifische Sektor durch gröbere Korngrößen charakterisiert werden, während feinere 
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Korngrößen im atlantischen Sektor dominieren. Zusätzliche Messungen von Eisen- und 

lithogenen Flüssen zeigen für beide Sektoren einheitliche Ergebnisse mit erhöhten Werten in 

den Glazialen. Diese deuten auf eine erhöhte Verfügbarkeit von Staub in den potentiellen 

Quellregionen während glazialer Perioden hin. Die nicht einheitlichen Korngrößenmuster sind 

das Ergebnis unterschiedlicher Reaktionen auf glaziale Klimabedingungen der Quellregionen 

verbunden mit Variationen innerhalb der südlichen Westwinde, die die Erosion grober 

Staubpartikel entweder erlaubt oder verhindert haben.  

    Eine Biomarkeranalyse von verschiedenen terrigenen und marinen Indikatoren (Staub, 

Produktivität, Ozeanoberflächentemperaturen) aus den polaren und subpolaren Zonen des 

pazifischen Sektors des Südozeans ist Inhalt des dritten Manuskriptes (Kapitel 5). Eine 

Rekonstruktion von Oberflächenwassertemperaturen zeigt moderne Sommertemperaturen und 

bestätigt, dass die analysierten Oberflächenproben das Holozän repräsentieren. Die 

gewonnenen Ergebnisse von n-alkanen und brGDGT Analysen (organische Indikatoren für 

terrigenen Eintrag) zeigen, dass die Proben im offenen Ozean auf eine Staubherkunft deuten.  

    Im vierten Manuskript wird der Durchfluss durch die Drake Passage mit Hilfe der 

durchschnittlichen Korngröße des „sortable silt“ rekonstruiert, um Änderungen innerhalb der 

Bodenströmungen zu identifizieren. Die Ergebnisse zeigen eine substanzielle Abnahme des 

Durchflusses in glazialen Perioden, die mit einer Abnahme der Kernzone der südlichen 

Westwinde übereinstimmt. Die abgeschwächten Winde reduzieren, neben anderen Faktoren 

(zum Beispiel Meereis), die Stärke das antarktischen Zirkumpolarstroms und beeinflussen 

somit die Bodenströmungen. Da die südlichen Westwinde das hauptsächliche 

Transportmedium für Staub in der Südhemisphäre sind, können Änderungen innerhalb dieses 

Windsystems den Staubtransport beeinflussen.  

    Schließlich kann diese Dissertation zu einem besseren Verständnis der Staubvariabilität im 

Südozean hinsichtlich paläoklimatischer Rekonstruktionen beitragen und zeigt ebenfalls die 

vielseitige Anwendbarkeit von Staub als Indikator für paläoklimatische Änderungen. Die 

Kombination von verschiedenen Methoden, die große räumliche Abdeckung und die zeitliche 

Auflösung der verwendeten Oberflächenproben und Sedimentkernen verdeutlichen die 

Aussagekraft der Daten und bieten gleichzeitig einen einzigartigen Datensatz für den 

Südozean.  
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1 Introduction 

1.1 The Southern Ocean 

The main study areas of this thesis are the Pacific and Atlantic sectors of the Southern Ocean 

(SO) with a particular focus on the Pacific sector. In the following, the main oceanographic 

features of the study areas are described.  

    The SO is the most important connection between the Pacific, Atlantic and Indian Oceans. 

It completely encircles the Antarctic continent and is not interrupted by continental land masses 

(Fig. 1.1) (Talley et al., 2011). The southern boundary of the SO is marked by the Antarctic 

continent, whereas the definition of the northern limit can vary. The Antarctic Treaty defines 

60°S as the political northern boundary of the SO (Talley et al., 2011). From an oceanographic 

perspective, the SO well extends north of 60°S, where the northernmost limit of the Antarctic 

Circumpolar Current (ACC) defines the northern boundary of the SO (Fig. 1.1) (Talley et al., 

2011). The most widely used definition suggests that the SO ends at ~30°S and therefore 

comprises all important SO features in each of its ocean basins (Pacific, Atlantic and Indian 

Oceans) (Fig. 1.1) (Talley et al., 2011).  

    Located in the SO, the ACC is the world´s largest current system. With an estimated length 

of ~24.000 km it continuously flows eastward and completely encircles the Antarctic continent 

(Fig. 1.1) (Orsi et al., 1995). It extends through the whole water column from the surface ocean 

to the seafloor and transports 130-150 Sv (1 Sv = 106 m3/s) as revealed by measurements across 

the Drake Passage (e.g. Cunningham et al., 2003; Renault et al., 2011). The dimension of the 

ACC is well defined along its path through the SO, with the Subantarctic Front (SAF) and the 

Southern Antarctic Circumpolar Front (SACCF) defining its northern and southern limits, 

respectively (Fig. 1.1) (Orsi et al., 1995; Carter et al., 2008). The circumpolar flow of the ACC 

is affected by the continental landmasses of southern South America and Antarctica because 

parts of these landmasses (southernmost Patagonia and the Antarctic Peninsula) form the ~800 

km wide Drake Passage. While flowing through the Drake Passage, the ACC is restricted to its 

narrowest extend (Lamy et al., 2015). Additionally, the SO bottom topography influences the 

flow path, for example the Campbell Plateau (off southeastern New Zealand) and the Falkland 

Plateau (off southeastern southern South America) act as major constrictions to the flow (Fig. 

1.1) (Orsi et al., 1995; Carter et al., 2008). As part of the ACC, three eastward flowing and 

seasonally varying oceanographic fronts can be identified from north to south (Subantarctic 

Front; SAF, Antarctic Polar Front; APF, Southern Antarctic Circumpolar Current Front; 
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SACCF) (Orsi et al., 1995; Renault et al., 2011; Koenig et al., 2014). These ACC frontal 

systems are characterized by a strong eastward flow and strongly sloping isopycnals in the 

water column as well as by changes in water properties (e.g. salinity and temperature) (Carter 

et al., 2008; Talley et al., 2011). The general eastward flow is predominantly controlled by the 

strong Southern Westerly Winds (SWW) (Allison et al., 2010, and references therein). A 

substantial glacial decrease of the northernmost ACC flow in the Drake Passage is understood 

to have occurred in response to a glacial reduction in the core of the SWW (Lamy et al., 2010; 

Kohfeld et al., 2013; Lamy et al., 2015). However, the wind stress imparting eastward 

momentum in the ACC is partially counterbalanced by bottom stress driven pressure 

differences at oceanic ridges leading to a reduction in flow speed (Johnson and Bryden, 1989). 

However, the exact coupling of the SWW and the ACC intensity is not yet fully understood 

and model dependent (e.g. Allison et al., 2010; Hogg, 2010; Völker and Köhler, 2013). 

    The regions between the fronts are referred to as the Subantarctic Zone (SAZ; located north 

of the SAF), the Polar Frontal Zone (PFZ, located between the SAF and APF) and the Antarctic 

Zone (AZ; located between the APF and SACCF) (Fig. 1.1). The flow within these regions is 

eddy dominated without any preferred flow direction (Talley et al., 2011).  

    Although the ACC flow dominates the large-scale circulation in the SO, the cyclonic 

circulation of the Weddell and Ross gyres, located south of the ACC, are also crucial 

components of the SO circulation system as they are considered to be responsible for the 

formation of the densest waters in the SO (Orsi et al., 1995; Talley et al., 2011). The Weddell 

Gyre is located in the Atlantic sector of the SO and extends to ~20°E and is bounded to the 

west by a northward flowing boundary current along the Antarctic Peninsula. Its northern limit 

is marked by the Scotia Ridge (Fig. 1.1) (Orsi et al., 1993). The Ross Gyre of the Pacific sector 

of the SO extends from ~155°E to ~145°W, whereas its northern limit is strongly associated 

with the topography of the Pacific-Antarctic Ridge (Fig. 1.1) (Reid, 1986).  
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Figure 1.1: Overview map of the entire Southern Ocean. Colored lines refer to mean 

positions of major front systems (Orsi et al., 1995). STF: Subtropical Front, SAF: 

Subantarctic Front, APF: Antarctic Polar Front. SACCF: Southern Antarctic Circumpolar 

Current Front. Dark blue arrows indicate the direction of the SWW. White dashed arrows 

show the flow direction of the ACC. The map was generated using the Ocean Data View 

software (Schlitzer, 2015). 
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1.1.2 Southern Hemisphere climate variability and the role of the Southern Ocean 

Approximately 800.000 years of Southern Hemisphere climate history is trapped in Antarctic 

ice cores (e.g. Jouzel et al., 2007; Lambert et al., 2008; Lüthi et al., 2008). The climate signal 

extracted from the composition of air sealed in Antarctic ice reveals a strong correlation 

between atmospheric CO2 and Antarctic temperature records over the last eight glacial-

interglacial (G/IG) cycles (Fig. 1.2) (Jouzel et al., 2007; Lüthi et al., 2008). Atmospheric CO2 

records illustrate a distinct G/IG pattern, with maximum CO2 values of ~280 to ~300 ppmv 

(parts per million by volume) during interglacial periods compared to minimum atmospheric 

CO2 concentrations during glacial periods (~180 to ~200 ppmv). This is accompanied by 

synchronous changes in Antarctic temperature, with increased (interglacial) and decreased 

(glacial) temperatures, respectively (Fig. 1.2) (Jouzel et al., 2007; Lüthi et al., 2008). The 

driving mechanisms of the coupled G/IG atmospheric CO2-temperature fluctuations are not yet 

fully understood, but the interior ocean (which contains about 60 times more carbon than the 

atmosphere (Broecker, 1982)) is thought to be important for carbon storage. Several 

mechanisms that mediate the flux of carbon between the interior ocean and the atmosphere 

have been proposed. These include variations in sea ice cover, changes within the SWW, SO 

water mass stratification and biochemical processes (linked to variations in atmospheric dust 

input). Most likely, a combination of all these processes regulates the CO2-temperature 

relationship (Sigman and Boyle, 2000; Martínez-Garcia et al., 2009; Ronge et al., 2016).  
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Figure 1.2: ~800.000 years of climate history extracted from Antarctic ice cores. Orange 

line: Antarctic temperature anomaly calculated from the average of the last 1000 years 

(Jouzel et al., 2007). Green line: Antarctic CO2 (Lüthi et al., 2008). Both records were 

extracted from the EPICA Dome C ice (EDC) core in East Antarctica.  

 

    The modern Atlantic ocean consists of a meridional overturning circulation (MOC) system 

with an upper and lower cell, which are fed by North Atlantic deep water (NADW) and 

Antarctic Bottom water (AABW), respectively (Talley, 2013) (Fig. 1.3). Both cells are 

connected through mixing and upwelling in the SO around the Antarctic continent (Fig. 1.3) 

(Marshall and Speer, 2012; Talley, 2013). In particular, the upwelling branch of the MOC in 

the SO is thought to significantly affect the global climate system over G/IG time scales 

because it controls the communication between the deep and the surface ocean and therefore 

also controls the storage and release of carbon to the atmosphere (Fig. 1.4 a and b) (Huybers 

and Wunsch, 2010; Talley, 2013; Ronge et al., 2016). The relationship of atmospheric CO2 and 

upwelling was, for example, shown by Anderson et al. (2009). They found that increased 

upwelling rates in the SO correspond with deglacial warming in Antarctica and with increased 

atmospheric CO2 concentrations.  
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Figure 1.3: Schematic view of the global overturning circulation from a Southern Ocean 

perspective (from Talley, 2013). 

 

    The glacial drawdown of atmospheric CO2 was enabled through the northernmost extend of 

sea ice coupled with equatorward shifted SWW and a pronounced SO water mass stratification, 

which favored the storage of carbon in deep water masses (Fig. 1.4 a) (e.g. Sigman et al., 2010; 

Ronge et al., 2016). Additionally, atmospheric dust in the glacial SO is considered to play a 

major role in the carbon storage through iron fertilization (see 1.2.2). 

    In contrast, the deglacial rise in atmospheric CO2 was enabled by a combination of reduced 

sea ice cover around Antarctica coupled with a southward expansion/shift of the SWW (e.g. 

Toggweiler et al., 2006; Skinner et al., 2010; Ronge et al., 2016). These factors may have led 

to enhanced upwelling of deep and carbon-rich water masses in the SO resulting in increased 

outgassing of CO2 to the atmosphere (Fig. 1.4 b) (e.g. Anderson et al., 2009; Skinner et al., 

2010).  
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Figure 1.4: Schematic view of water masses in the Southern Ocean illustrating the 

process of carbon storage and release to the atmosphere (modified from Ronge et al., 

2016). a: Glacial conditions. The northernmost extend of sea ice coupled with 

equatorward shifted SWW and a pronounced SO water mass stratification favored the 

storage of carbon in deep water masses resulting in a drawdown of atmospheric CO2. b: 

Deglacial conditions. Reduced sea ice cover around Antarctica coupled with a southward 

expansion/shift of the SWW resulted in enhanced upwelling of deep and carbon-rich 

water masses in the Southern Ocean. This process leads to increased outgassing of CO2 

to the atmosphere. SWW: Southern Westerly Winds. Abbreviations for water masses 

refer to the key of figure 1.3.  
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1.2 Atmospheric dust – a powerful tool for paleoclimate reconstructions 

Atmospheric dust responds rapidly to paleoclimate changes in potential source areas (PSAs) 

(e.g. aridity, precipitation) and variations within the dust transporting winds (e.g. SWW). 

Subsequently, the interpretation of the dust variability in marine dust records downwind of the 

major Southern Hemisphere PSAs has the capability to contribute to a better understanding of 

paleoclimate changes over G/IG timescales. A good knowledge of the dust provenance, the 

dust grain size patterns and the dust distribution in the Pacific and Atlantic sectors of the SO is 

a prerequisite to accurately infer past climate changes from marine dust records.  

1.2.1 Dust erosion, emission, transport and deposition in the Southern Hemisphere 

The global dust cycle is built on different processes including dust erosion, emission, transport 

and deposition. On a global 20-year average ~2323 Tg a-1 of dust is emitted into the 

atmosphere. Dust source areas in the Northern Hemisphere contribute ~90 % to the total global 

dust budget, with the largest amounts originating in northern Africa (Li et al., 2008). In 

contrast, the remaining ~10 % is supplied by Australian/New Zealand, South American and 

South African PSAs (Fig. 1.5) (Li et al., 2008). Australia and New Zealand are considered to 

be the predominant PSAs in the Southern Hemisphere supplying almost the entire Pacific 

sector of the SO with dust (Fig. 1.5). In total, Australian PSAs emit ~120 ± 8.4 Tg a-1 (20-year 

average) (Li et al., 2008). The second largest Southern Hemisphere PSA is South America 

covering the Atlantic sector of the SO and also large parts of East Antarctica (Fig. 1.5). The 

total amount of dust supplied from South American PSAs is 50 ± 3 Tg a-1 (20-year average) 

(Li et al., 2008). South African dust is predominantly distributed over the equatorial Atlantic 

and over parts of the Indian Ocean with a total emission of 34 ± 2.1 Tg a-1 (20-year average) 

(Fig. 1.5) (Li et al., 2008).  
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Figure 1.5: Major Southern Hemisphere PSAs and their contributions to the Southern 

Ocean (from Li et al., 2008).  

 

    Southern Hemisphere long-range dust transport is strongly associated with the SWW and 

variations within this wind belt are thought to affect the dust transport. Wind is an extremely 

size-selective transport medium resulting in a decrease of the dust grain size with increasing 

distance from the PSAs. However, prior to long-range dust transport several factors influence 

the availability of dust in the source areas. 

    Generally, dust erosion predominantly depends on the interaction of climatic conditions (e.g. 

aridity, precipitation), soil and terrain properties (e.g. vegetation cover) and wind stress in the 

PSAs. The erosion of dust is tightly coupled with forces holding the dust particles at the surface 

(erosion threshold): (1) the particle weight and (2) cohesion forces holding the dust particles 

together (Marticorena, 2014). Subsequently, dust emission only occurs when the erosion 

threshold, which depends on the surface roughness (e.g. vegetation, snow cover, pebbles, 

stones, salt crusts) in the PSAs, is reached (Maher et al., 2010; Marticorena, 2014). An 

increased surface roughness inhibits dust entrainment because it blocks the momentum induced 

by wind (Marticorena, 2014). Another crucial parameter that controls dust erosion is the soil 

!
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moisture. Depending on the salt content and the soil structure it can affect the erosion threshold 

(Maher et al., 2010). Subsequently, the main dust erosion areas are located in arid or semi-arid 

regions with low precipitation rates and almost no vegetation cover (Prospero et al., 2002). 

Dust erosion in the PSAs is controlled by different entrainment mechanisms, which are related 

to grain shape, grain size and grain density (Marticorena, 2014). The largest particles (> 1000 

µm) are transported through a creeping motion at the soil surface (Marticorena, 2014). In detail, 

three dust entrainment mechanisms can be described: (1) direct entrainment of dust particles 

by wind. However, this process requires very strong wind friction velocities (Loosmore and 

Hunt, 2000) (Fig. 1.6 a); (2) dust emission through the impact of salting grains that hit the 

surface (sandblasting). The impact of the salting particles brakes the cohesion forces and 

releases dust (Fig. 1.6 b) (Gomes et al., 1990); (3) disaggregation of salting particles (auto-

abrasion) (Fig. 1.6 c) (Warren et al., 2007). In field studies, it was shown that saltation is the 

most important process for dust entrainment (e.g. Sow et al., 2009) and particles ~ < 20 µm 

resulting from saltation processes can easily be uplifted by wind (Marticorena, 2014). 

 

 
 

 

a

b

c

Wind

<10 µm

~100 µm

~100 µm

<20 µm

<20 µm

Figure 1.6: Schematic illustration of 

dust erosion processes in the PSAs. a: 

Direct entrainment of dust particles 

through wind. b: Dust erosion through 

salting grains. Salting grains hit the 

surface and their impact releases dust. c: 

Disaggregation of salting particles. 

Single grains form aggregates and 

disaggregate when they hit the ground 

(modified from Marticorena, 2014). 
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    The atmospheric residence time of dust and its deposition is controlled by two processes: (1) 

dry deposition and (2) wet deposition. Dry deposition, largely controlled by gravitational 

settling (which depends on the grain shape, the grain size and the grain density), is the main 

removal process near to the PSAs (Zhao et al., 2003). In contrast, with increasing distance from 

the PSAs, wet deposition, driven by the presence of water (e.g. rain, snow), becomes 

increasingly important and can exceed the dry deposition by up to a factor of 10 (Zhao et al., 

2003). For the SO, simulations show that wet deposition processes make up ~90 % of the total 

deposition for dust that originates in Australian PSAs (Li et al., 2008).  

1.2.2 Atmospheric dust and its impact on the Southern Hemisphere climate 

The role of dust in the climate system is associated with processes occurring in the atmosphere 

and in the ocean. Once the dust is in the atmosphere, it can be transported for thousands of 

kilometers (Tsoar and Pye, 1987) and has the capability to affect the global radiative balance 

in two ways: (1) directly, by influencing the radiative properties of the atmosphere through 

scattering and absorbing incoming sunlight. Both, the absorbing and scattering properties of 

atmospheric dust particles leads to a warming of the atmosphere and cooling of the surface 

through blocking incoming sunlight (Maher et al., 2010); (2) indirectly, by modifying cloud 

properties (Fig. 1.7) through acting as cloud condensation nuclei and/or ice nuclei (Arimoto, 

2001; Sassen et al., 2003), which for example can affect precipitation patterns. 

    Furthermore, dust has the capability to influence the climate by supplying iron (Fe) to the 

ocean, which increases the surface ocean productivity (iron fertilization) (Fig. 1.7). In detail, 

the SO surface waters contain large amounts of macronutrients, such as nitrate and phosphate, 

but are simultaneously characterized by a limited biological productivity represented by low 

chlorophyll concentrations (Martínez-Garcia et al., 2009; Fischer et al., 2010; Martínez-Garcia 

et al., 2011; Martínez-García et al., 2014). Based on these properties, the SO is considered to 

be the world´s largest high-nutrient low-chlorophyll (HNLC) region, where the reduced 

biological productivity is thought to be a result of the scarcity of Fe (Martin, 1990). John H. 

Martin (1990) suggested that elevated glacial dust fluxes to the SO would have increased the 

marine biological productivity and simultaneously the photosynthetic activity. As a result, 

carbon was removed from the atmosphere and stored in SO deep water masses resulting in a 

glacial drawdown of atmospheric CO2 (Fig. 1.7). The effect of large-scale iron fertilization on 

the marine productivity has been demonstrated using down core sediment records from the 

Subantarctic zone of the Atlantic sector of the SO. The results show that an increased nitrate 
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consumption (indicative for increased biological productivity) through marine phytoplankton 

corresponds with intervals of high dust fluxes (Martínez-García et al., 2014). 

    The iron fertilization is an effective way of drawing down atmospheric CO2 because carbon 

is sequestrated in the deep ocean and in the sediments. Carbon, which is transported to the deep 

ocean layers and sediments of the SO, can be sequestered for decades to centuries or even 

longer (Smetacek et al., 2012). In contrast, carbon stored within the winter-mixed layer (upper 

200 m) of the SO can be remineralized back to CO2 through microbes and zooplankton and 

would be released to the atmosphere within months (Smetacek et al., 2012). To ensure transport 

of organic matter to the deep ocean and sediments, the grain size and shape of atmospheric dust 

particles play a crucial role. Dust particles and the carbon containing organic matter form 

aggregates, so that the transport of organic matter towards the sediment is accelerated and the 

remineralization back to CO2 in the upper part of the ocean is prevented (ballasting effect) (Fig. 

1.7) (Stuut and Prins, 2014). In general, the whole mechanism of atmospheric CO2 removal 

from the atmosphere induced by iron fertilization and sequestration of carbon is referred to as 

“biological pump” (Fig. 1.7).  
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Figure 1.7: Schematic illustration of iron fertilization processes in the glacial ocean and 

dust related processes in the atmosphere (modified from Martínez-Garcia and Winckler,  

2014). The dust plume scatters and/or absorbs the incoming sunlight or affects the cloud 

properties. Increased glacial dust fluxes supply Fe to the ocean, which leads to an 

increased marine biological productivity and photosynthetic activity. As a result, carbon 

was removed from the atmosphere and stored in Southern Ocean deep water masses. This 

results in a glacial drawdown of atmospheric CO2. Dust particles and the carbon 

containing organic matter form aggregates, so that the transport of organic matter 

towards the sediment is accelerated and the remineralization back to CO2 in the upper 

part of the ocean is prevented (ballasting effect). 
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    Based on distinct similarities of Antarctic CO2, temperature and dust records (Jouzel et al., 

2007; Lambert et al., 2008; Lüthi et al., 2008; Lambert et al., 2012) with Fe records from the 

Pacific and Atlantic sectors of the SO (Fig. 1.8) (Martínez-Garcia et al., 2009; Lamy et al., 

2014), it was suggested that the process of iron fertilization in the SO was, along with other 

processes (see. 1.1.2), an important driver of the G/IG offset in atmospheric CO2 (80-100 ppmv 

in total) and likely responsible for an atmospheric CO2 reduction of ~40 ppmv during glacial 

periods (Fig. 1.8 b) (Kohfeld et al., 2005; Martínez-Garcia et al., 2009; Martínez-Garcia et al., 

2011). This corresponds with a ~25-fold increase in glacial Antarctic dust fluxes (Fig. 1.8 c) 

(Lambert et al., 2012) and a ~3-fold increase in glacial dust fluxes in the Pacific sector of the 

SO (Fig. 1.8 e) (Lamy et al., 2014). A biogeochemical model, which tested the impact of 

increased dust deposition rates on the marine biological productivity, suggests that the 

maximum dust input was only responsible for a < 30 ppmv reduction of atmospheric CO2 

(Bopp et al., 2003). Despite the discrepancy in the total amount of atmospheric CO2 removed 

from the atmosphere, these studies clearly illustrate that dust is a crucial component of the 

global climate system. 
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Figure 1.8: a: Antarctic temperature anomaly calculated from the average of the last 1000 

years (Jouzel et al., 2007). b: Antarctic CO2 (Lüthi et al., 2008).  c: Antarctic dust flux 

(Lambert et al., 2012). d: Fe record from the Atlantic sector of the Southern Ocean 

(Martínez-Garcia et al., 2009). e: Fe record from the Pacific sector of the Southern Ocean 

(Lamy et al., 2014). Light blue shadings refer to glacial periods. Numbers indicate the 

marine isotope stages. See chapter 4 for the location of the sediment cores PS75/056-1 

and ODP Site 1090. 
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1.3 Motivation and objectives of the thesis 

Current knowledge about the modern distribution of dust in the SO is largely based on 

modeling studies (Mahowald et al., 2006; Li et al., 2008; Maher et al., 2010; Albani et al., 

2014; Neff and Bertler, 2015) and on satellite observations (e.g. Prospero et al., 2002; Gaiero 

et al., 2013). However, most dust deposition models for the SO underestimate dust deposition 

rates and therefore, large discrepancies exist between model and sediment data (Fig. 1.9). 

Sediment based data that provide insights on the spatial and temporal distribution of dust in the 

SO are limited to a small number of studies (Chase et al., 2003; Bradtmiller et al., 2009; 

Martínez-Garcia et al., 2009; Martínez-Garcia et al., 2011; Anderson et al., 2014; Lamy et al., 

2014). For example, down core sediment records from the Pacific Sector of the SO document 

increased glacial dust supply accompanied by eastward decreasing lithogenic fluxes (Lamy et 

al., 2014). This observation is consistent with other studies, which similarly show increased 

lithogenic fluxes during the last glacial maximum (LGM) compared to the Holocene (Chase et 

al., 2003; Bradtmiller et al., 2009). In the Atlantic sector of the SO, dust variability 

reconstructions are restricted to a very few studies (Martínez-Garcia et al., 2009; Martínez-

Garcia et al., 2011; Anderson et al., 2014; Martínez-García et al., 2014). For example, 

Martínez-Garcia et al. (2009, 2011, 2014) used Fe, thorium (Th) and dust fluxes coupled with 

nitrate consumption data from a sediment core located in the eastern part of the Atlantic sector 

of the SO to estimate the coupling of dust and marine productivity. The results reveal the same 

G/IG dust accumulation pattern as the Pacific sector of the SO. Anderson et al. (2014) showed 

that lithogenic fluxes and paleo-productivity data from three sediment cores from the central 

Atlantic sector of the SO correspond with dust fluxes from the EPICA Dome C (EDC) ice core 

in East Antarctica.  
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Figure 1.9: Comparison between sediment (Lamy et al., 2014) and model derived (Albani 

et al., 2012b) lithogenic fluxes (g m-2 yr-1) in the Pacific and Atlantic sectors of the 

Southern Ocean. Note the eastward decrease in lithogenic fluxes in the Pacific sector of 

the Southern Ocean during glacial periods. In the Atlantic sector of the Southern Ocean 

lithogenic fluxes are generally higher compared to the Pacific sector.   
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Figure 1.10: LGM/Holocene ratios of lithogenic fluxes (g m-2 yr-1) (from Kienast et al., 

2016). It is noteworthy that large data gaps exist in the Pacific and Atlantic sectors of 

the SO. 

 

    As shown in figure 1.10, the availability of dust data sets is extremely scarce and large data 

gaps exist in the Pacific and Atlantic sectors of the SO. The main motivation for this thesis is 

to provide dust grain size, dust provenance and dust flux data in the Pacific and Atlantic sectors 

of the SO with the overarching objective to contribute to a better understanding of paleoclimate 

changes inferred from the dust variability of marine dust records from the SO. Based on this 

overarching objective the following general scientific questions arise.  

 

• Did the dust variability and provenance in the Pacific sector of SO change 

throughout the Holocene? 

• Did the dust input and grain size vary over G/IG cycles in the Pacific and Atlantic 

sectors of SO? 

 

To achieve the thesis objectives, four manuscripts are presented, which each reveals different 

approaches and methods (chapters 3, 4, 5 and 6).  

    Manuscript one (chapter 3) provides new geochemical data from the Pacific sector of the 

SO. This study provides a unique data set that covers the entire polar and subpolar zones of the 

Pacific sector of the SO and combines lithogenic fluxes and a broad range of provenance 

sensitive proxies (REE, Sr, Nd and Pb isotopes). The major objective of this manuscript is to 
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reconstruct modern dust fluxes and to identify the modern dust provenance areas to the Pacific 

sector of the SO. 

    Manuscript two (chapter 4) provides the first coupled down core records from the subpolar 

zones of the Pacific and Atlantic sectors of the SO combining down core grain size analysis, 

lithogenic fluxes and Fe records. The main objective of this study is to understand the large-

scale dust variability over G/IG cycles as consequence of changes in source area characteristics 

and the dust transporting SWW.  

    In the third manuscript (chapter 5) different biomarker analyses were conducted with the 

major objective to reconstruct modern dust variability, marine productivity and sea surface 

temperatures in the Pacific sector of the SO.  

    The major objective of manuscript four (chapter 6) is to reconstruct the Drake passage 

throughflow, which is linked to variations of the SWW. Considering that Southern Hemisphere 

long-range dust transport is tightly coupled to changes within the SWW the results of this study 

provide valuable information for dust transport to the Pacific and Atlantic sectors of the SO.  

1.4 Authors contribution 

A geochemical approach to reconstruct modern South Pacific dust fluxes and potential 

dust source areas (chapter 3) 

 

Authors: Marc Wengler, Frank Lamy, Torben Struve, Alejandra Borunda, Philipp Böning, 

Walter Geibert, Gerhard Kuhn, Katharina Pahnke, Jenny Roberts, Ralf Tiedemann, Gisela 

Winckler 

 

Publication status: Under review at Geochimica et Cosmochimica Acta 

 

The sediment surface samples were recovered during expeditions with R/V Polarstern (PS75, 

PS58, PS35) and R/V Sonne (SO213) without my contribution. For the uranium-thorium (U-

Th) series analysis of the SO213 samples, I performed the chemical treatment to dissolve the 

samples, all chemical steps to separate uranium (U) and Th from the matrix elements and the 

mass spectrometric analysis of the samples. The U-Th concentrations of the Polarstern samples 

were measured by Dr. Water Geibert and Dr. Sven Kretschmer. I calculated the Th-derived 

lithogenic fluxes for all samples (SO213, PS75, PS58, PS35).  



Introduction  

 20 

    For the provenance analysis, I performed all steps described in the manuscript including the 

chemical treatment to dissolve the samples and all chemical steps to separate rare earth 

elements (REE), neodymium (Nd), strontium (Sr) and lead (Pb) from the matrix elements. 

Additionally, I conducted the mass spectrometric analysis of the REE, Nd, Sr and Pb isotopes. 

I wrote the entire manuscript and all co-authors reviewed the draft version and contributed to 

the manuscript.  

 

Opposing dust grain size changes in the Pacific and Atlantic sectors of the Southern 

Ocean during the last 260 kyr (chapter 4) 

 

Authors: Marc Wengler, Frank Lamy, Alfredo Martínez-Garcia, Gerhard Kuhn, Jan-Berend 

Stuut, Ralf Tiedemann, Gisela Winckler 

 

Publication status: In preparation for Earth and Planetary Science Letters 

 

The sediment cores were recovered during expeditions with R/V Polarstern (PS75) and 

JOIDES Resolution (ODP Site 1090, Leg 177) without my contribution. I conducted all 

chemical leaching steps of sediment core PS75/056-1 to receive the terrigenous fraction for the 

grain size analysis. I developed a new method to obtain the terrigenous fraction from extremely 

opal-rich sediments (see chapter 4). Moreover, I performed the grain size analysis, the 

subsequent data analysis and calculation of the grain size statistics. The Fe and Th-derived 

lithogenic flux data were provided by Gisela Winckler from the Lamont-Doherty Earth 

Observatory. 

    The grain size data of ODP Site 1090 were provided by Alfredo Martínez-Garcia from the 

Max Planck Institute for chemistry.  
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A biomarker perspective on dust, productivity, and sea surface temperature in the Pacific 

sector of the Southern Ocean (chapter 5) 

 

Authors: Andrea Jaeschke, Marc Wengler, Jens Hefter, Thomas A. Ronge, Walter Geibert, 

Gesine Mollenhauer, Rainer Gersonde, Frank Lamy 

 

Publication status: Published in Geochimica et Cosmochimica Acta 

 

I conducted the U-Th series analysis of the SO213 samples including the chemical treatment 

to dissolve the samples, all chemical steps to separate U and Th from the matrix elements and 

the mass spectrometric analysis of the samples. The U-Th concentrations of the Polarstern 

samples were measured by Dr. Water Geibert and Dr. Sven Kretschmer. I calculated the Th-

derived lithogenic fluxes for all samples (SO213, PS75, PS58, PS35). Additionally, I wrote the 

section “Th and U isotope analysis and flux calculations” and contributed to the interpretation 

of the results and discussion during the writing and review processes.  

 

Glacial reduction and millennial-scale variations in Drake Passage throughflow (chapter 

6) 

 

Authors: Frank Lamy, Helge W. Arz, Rolf Kilian, Carina B. Lange, Lester Lembke-Jene, Marc 

Wengler, Jérôme Kaiser, Oscar Baeza-Urrea, Naomi Harada, Ralf Tiedemann 

 

Publication status: Published in Proceedings of the National Academy of Sciences of the 

United States of America 

 

I performed all chemical leaching steps of sediment core MR0806-PC9 to extract the 

terrigenous fraction for the grain size analysis. Additionally, I conducted the grain size analysis 

and calculated the grain size statistics. I contributed to the interpretation of the results and 

discussion during the writing and review processes.  
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2 Sediment material and methodology 

2.1 Sediment material 

Figure 2.1 shows all sediment samples that I used to produce the data provided in chapters 3, 

4, 5 and 6. The sample material that is not shown in figure 2.1 but is part of the studies presented 

in chapters 5 and 6 is described in the manuscripts, respectively. 

 

 
Figure 2.1: Overview map of the Pacific and Atlantic sectors of the Southern Ocean. The 

colored dots refer to sediment surface samples used in chapters 3, 4 and 5 for provenance 

analysis (black frame) and lithogenic flux calculations. The color codes refer to different 

expeditions with R/V Polarstern (PS75, 58 and 35) (Gersonde, 1995; Gersonde, 2001; 

Gersonde, 2011) and R/V Sonne (SO213) (Tiedemann, 2012). The dark grey squares refer 

to sediment core PS75/056-1 and ODP Site 1090 used in chapter 4 for grain size analysis. 

The pink square shows sediment core MR0806-PC9 used in chapter 6 for grain size 

analysis. Colored lines refer to the mean posit ions of the major front systems (Orsi et  

al., 1995). STF: Subtropical Front, SAF: Subantarctic Front, APF: Antarctic Polar Front.  

SACCF: Southern Antarctic Circumpolar Current Front. The map was generated using 

the Ocean Data View software (Schlitzer, 2015). 
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2.2 Methodology 

In the following, I describe the basis of the methods that I conducted to produce my data 

contribution to chapters 3, 4, 5 and 6. The methods that are not explained in the following but 

are part of the studies presented in chapters 5 and 6 were conducted by the co-authors and are 

described in the manuscripts methods section, respectively. 

2.2.1 230Th-normalized fluxes as tracer for dust input 

The 230Th isotope is important in paleoclimate studies because it can be used as a constant flux 

proxy allowing the reconstruction of sediment (dust) fluxes to the seafloor. A detailed 

description and application of this proxy is given in chapter 3. 

    The 230Th isotope is a product of the 238U decay series (Francois et al., 2004) with a half-life 

time of 75.548 ± 110 years (Cheng et al., 2013). It is produced by its parent isotope 234U through 

an α-decay (238U à 234Th à 234Pa à 234U à 230Th) (Francois et al., 2004). Continental 

weathering of crustal rocks is of essential importance for the use of the U-series in 

paleoceanographic studies because U exits as a minor element in most crustal rocks (Francois 

et al., 2004). In old crustal rocks, which are not affected by weathering, the U-decay series is 

in secular equilibrium, which means that the activity of the 230Th isotope is equal to the activity 

of the remaining isotopes within the U-decay series (Francois et al., 2004). However, during 

weathering processes, U isotopes are more mobile than Th isotopes, so that Th isotopes remain 

in the rocks (solid phase), whereas U isotopes are released into solution (Francois et al., 2004). 

Of the two U isotopes, 234U is more readily released into solution during weathering than 238U 

(Chabaux et al., 2003). As a result, seawater is enriched in 234U relative to 238U (activity ratio 

1.14) and depleted in 230Th. A fraction of 230Th called “detrital” Th is delivered to the ocean 

predominantly by dust input and particles reaching the ocean by rivers (Francois et al., 2004). 

The transport of U isotopes to the ocean is also associated with “detrital” U attached to mineral 

particles (Henderson and Anderson, 2003). However, the additions of both “detrital” 230Th and 

“detrital” U are of minor interest for using 230Th as a constant flux proxy (Chase, 2008).  

    In dissolved form, the U concentration in seawater reveals a conservative behavior and its 

concentration is proportional to seawater salinity (Francois et al., 2004). It is estimated that U 

has a residence time of ~320 - ~560 kyr in the water column before it is removed into marine 

sediments (Dunk et al., 2002; Henderson, 2002; Henderson and Anderson, 2003). Hence, U is 

well mixed in the seawater and produces 230Th at a uniform and well-known rate (β = 0.0267 
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dpm m-3year-1) (Francois et al., 2004). The production of 230Th from 234U in the water column 

can be calculated by multiplying the 230Th decay constant (l = 9.2174 * 10-6 yr-1) with the 234U 

activity (~2910 dpm m-3). In seawater, 230Th is extremely insoluble and highly particle reactive. 

Attached to sinking particles, 230Th is rapidly transported to the seafloor (scavenging) 

(Thomson et al., 1993; Francois et al., 2004). This results in a very low average residence time 

of 230Th in the water column of approximately 20 years (Henderson and Anderson, 2003). 

Sediment particles in the water column are assumed to contain a detrital fraction of 230Th 

approximately in a secular equilibrium with 234U. However, the total amount of 230Th in deep-

sea sediments near the sediment surface exceeds the amount supported by 234U. This fraction 

of 230Th is called 230Thxs (230-Thorium excess) and forms the basis for the 230Th-normalization 

method (Francois et al., 2004).  

    Through normalizing 232Th (common Th) concentrations to the flux of 230Thxs, dust fluxes 

to the seafloor can be calculated, which are unaffected by lateral sediment redistribution at the 

seafloor. Any correction for lateral sediment redistribution relies on the assumption that the 

lateral distributed and the vertically deposited sediment have identical Th concentrations, so 

that the flux calculation is not biased through lateral input (Geibert et al., 2005). In the remote 

open ocean, the 232Th isotope can be used as a dust proxy because particles derived from 

continents are the only known source of 232Th to the ocean (Brewer et al., 1980). The principle 

of this concept is that the upper continental crust is distinctly enriched in 232Th (10.7 ppm) 

(Taylor and McLennan, 1995) and that particles derived from crustal material, such as mineral 

dust, are close to 10.7 ppm.  

2.2.2 Radiogenic isotopes and rare earth elements as tracers for dust provenance 

For a detailed description of radiogenic isotopes and rare earth elements (REE) as dust 

provenance tracers see chapter 3. The reconstruction of the dust provenance to the SO allows 

to infer paleoclimate changes within the atmospheric circulation and conditions in the PSAs 

over G/IG timescales. 

    Radiogenic isotopes, such as strontium (Sr), neodymium (Nd) and lead (Pb) combined with 

REE, can be powerful tools to infer the dust provenance in the marine realm. The concept of 

extracting the concentrations of radiogenic isotopes (Sr, Nd, Pb) and REE from marine 

sediment samples relies on the assumption that the concentrations of these elements are 

representative of PSAs. Dust particles can be derived from mantle- (e.g. basaltic rocks, tephra 

and particles originating from these lithologies, weathered and eroded mafic particles) or 
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crustal-like compositions (e.g. soils, sediments). Depending on these two sources, radiogenic 

isotopes allow discrimination between different source lithologies (Grousset and Biscaye, 

2005).  

    The radiogenic 87Sr isotope is a decay product of the parent isotope 87Rb (rubidium) (b-

decay; half-life time 48.8 Gyr) (Dickin, 1995b). By contrast, 86Sr is not part of the radioactive 

decay process and therefore used for normalization. The main principle of the Rb-Sr isotope 

system in provenance analysis relies on the fractionation of both elements during partial 

melting of the earth´s mantle. Rb is more incompatible than Sr and therefore enriched in the 

melt and subsequently in the earth´s crust, whereas Sr remains in the mantle. As a result, the 

earth´s crust is characterized by higher Rb/Sr and consequently higher 87Sr/86Sr ratios, whereas 

the mantle has lower ratios (Okrusch and Matthes, 2005).  

    The same principle forms the basis for the use of the Sm-Nd isotope system as a tracer for 

atmospheric dust provenance. The radiogenic 143Nd isotope is produced from 147Sm 

(samarium) by an a-decay with a half-life time of 106 Gyr (Dickin, 1995c). Sm is enriched in 

the earth´s mantle and depleted in the crust. In contrast, Nd is enriched in the earth´s crust and 

depleted in the mantle. Because of the fractionation process between the two elements the 

mantle is characterized by higher Sm/Nd and consequently higher 143Nd/144Nd ratios compared 

to the crust. As Nd isotopes (143Nd/144Nd) are expressed in epsilon notation, εNd = 

[(143Nd/144Nd)sample/143Nd/144Nd)CHUR - 1] * 104, where CHUR is the Chondritic Uniform 

Reservoir (143Nd/144Nd = 0.512638) (Jacobsen and Wasserburg, 1980), this results in more 

radiogenic εNd values (more positive) for the mantle and least radiogenic εNd values (more 

negative) for the crust (Okrusch and Matthes, 2005).  

    The Pb isotope system is based on a radioactive decay chain, where U and Th produce three 

radiogenic Pb isotopes (238U à 206Pb, half-life time 4.47 Gyr; 235U à 207Pb, half-life time 

0.704 Gyr; 232Th à 208Pb, half-life time 14.01 Gyr) (Dickin, 1995a). 204Pb is not a product of 

the radioactive decay and therefore often used for normalization. In similarity to the Rb-Sr and 

Sm-Nd isotope systems, the Pb isotope ratios are diagnostic of different reservoirs (Okrusch 

and Matthes, 2005).  

    The use of REE as dust provenance tracer can be a valuable addition to the application of 

radiogenic isotopes to discriminate between PSAs, as they are characterized by similar 

chemical properties and low solubility during weathering processes (Piper, 1974; Klaver and 

van Weering, 1993; Taylor and McLennan, 1995; Munksgaard et al., 2003). The group of REE 

consists of the lanthanide elements from lanthanum (La) to lutetium (Lu) with increasing 
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atomic numbers from La to Lu (57-71) (Taylor and McLennan, 1995; Okrusch and Matthes, 

2005). Based on the atomic number the REE can be separated into light rare earth elements 

(LREE), middle rare earth elements (MREE) and heavy rare earth elements (HREE), so that 

variations within these groups can be diagnostic for different PSAs.  

    Under ideal conditions the geochemical signal from PSAs is inherited in the geochemical 

composition of dust particles and remains the same after deposition in the ocean (Grousset and 

Biscaye, 2005). However, grain size fractionation can affect the concentrations of radiogenic 

isotopes and REE. While it has been shown that Nd and Pb isotopes show only very little grain 

size dependency (Goldstein et al., 1984; Gili et al., 2016; Gili et al., 2017) the grain size effect 

on Sr isotopes needs to be considered. Sr isotopes tend towards substantially higher isotopic 

ratios in the fine fraction (Dasch, 1969), which is the result of weathering conditions in the 

source areas. During chemical weathering, 87Sr is released into solution from the source rocks 

because of the preferential breakdown of Rb-bearing phases (e.g. mica and K-feldspar) 

resulting in lower 87Sr/86Sr ratios in the source rocks and increased 87Sr/86Sr ratios in the fine 

fraction (Dasch, 1969; Blum et al., 1993; Blum and Erel, 1997). The grain size dependency on 

REE has exclusively been studied using concentrations (Honda et al., 2004; Feng et al., 2011; 

Gili et al., 2017) without taking ratios into account. Previous studies have shown that the grain 

size effects on REE concentrations may be dependent on the source region. While Asian 

surface sands showed large variations in REE concentrations with grain size, REE 

concentrations of Chinese dust and loess samples are almost grain size independent (Honda et 

al., 2004; Kanayama et al., 2005; Feng et al., 2011). Gili et al. (2017) found that southern South 

American surface samples have significantly lower REE concentrations within the fine fraction 

(< 5 µm) compared to the coarse fraction (< 63 µm). 

 

 

a b
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Figure 2.2: The procedures of the ion exchange chromatography described in chapter 3. 

a: Pb extraction. b: Separation of the alkaline earth metals (Sr from the REE). The 

chemical separation was conducted in a clean laboratory certified after ISO class 4-5 at 

the ICBM, University of Oldenburg. 

2.2.3 Grain size analysis as tracer for the past dust variability 

A detailed description of grain size analysis as dust tracer is given in chapter 4. Grain size 

analysis, in particular the mean dust grain size, can provide valuable information on 

paleoclimate changes. However, the application of grain size analysis as a paleoclimate proxy 

is scarce (at least in the SO). As a result, the dust grain size is not defined as a standardized 

unit. Several climatic processes control the dust erosion in PSAs, the subsequent transport in 

the atmosphere and the deposition of dust in the ocean (see 1.2.1). Subsequently, dust grain 

size analysis of marine sediments provides a coupled signal of changes in source area 

characteristics, wind forcing in the PSAs and variations within the dust transporting winds.  

    Additionally, grain size analysis of marine sediment samples can be used to reconstruct near 

bottom-current speed in deep-sea sediments through measuring the “sortable silt” fraction (e.g. 

McCave et al., 1995). This proxy is based on grain size analysis of the 10-63 µm fraction 

(sortable silt) because smaller particles tend to form aggregates (e.g. McCave et al., 1995). 

Changes in the sortable silt mean grain size (!!""") are considered to reveal variations in bottom 

current speeds, in as much as coarser !!""" indicates faster bottom currents and vice versa. Based 

on sortable silt analysis in the SO, it is possible to reconstruct a picture of past variations in 

ACC flow speed. This can be related back to changes in the position and intensity of the SWW, 

which in turn provides information on atmospheric dust transport. A detailed description of the 

sortable silt proxy is given in chapter 6. 
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Figure 2.3: The procedure to remove biogenic opal and CaCO3 from the samples 

described in chapter 4.  

 

 

Wet sieving of the 
organic matter free 
bulk sediment.

Collecting the < 63 µm fraction. Opal leaching of the < 63 µm fraction. 1 L glass 
beakers filled with ~1 g of sediment and 250 mL 
20 % NaOH. Glass beakers are placed on hot 
plates with magnetic sterring function under a 
ventilation hood. 

Rinsing of the samples using a centrifuge. 
The rinsing was repeated until the pH of 
the sediment was equal to the pH of the DI 
water. 

CaCO3 leaching with 1 mL 10 % HCl. The 
samples are placed for 24 hours on a shaking 
table under a ventilation hood.

Grain size analysis with a Beckman Coulter 
laser sizer LS13320, which resulted in 116 
size classes ranging from 0.04 to 2000 µm 
for every analyzed sample.
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Abstract 

We present the first comprehensive dust provenance and lithogenic flux data set extracted from 

surface sediments distributed across the entire polar and subpolar South Pacific. The dataset 

comprises 230Th-normalized lithogenic fluxes combined with rare earth elements (REE), 

strontium (Sr), neodymium (Nd) and lead (Pb) isotope data to determine lithogenic fluxes, 

sources and the spatial distribution of dust (< 10 µm) in the study area during the Holocene. 

We observe the highest lithogenic fluxes in surface sediments near New Zealand, which most 

likely indicate a combination of accumulated dust and riverine input from Australia/New 

Zealand. Similarly, high fluxes off West Antarctica are ascribed to sediment input from the 

nearby continental shelf and margin. In contrast, the lithogenic fluxes at sampling sites in the 

remote open ocean are derived from eolian input. Isotopic and REE data suggest that the Lake 

Eyre Basin is the most prominent potential source area (PSA) for dust distributed over the 

South Pacific during the Holocene. However, the Murray-Darling Basin in southeast Australia 

probably also contributed to the Holocene dust deposition in the South Pacific. Furthermore, 

based on our provenance analysis we cannot entirely exclude contributions of dust from 

southern South American PSAs.  

  

3.1 Introduction  

Recent studies have shown that dust plays a crucial role in modulating the global climate 

system (e.g. Tegen and Fung, 1994; Kohfeld and Harrison, 2001; Jickells et al., 2005). Dust 

either impacts the climate directly, by influencing the radiative properties of the atmosphere 

through scattering and absorbing light, or indirectly, by modifying cloud properties (Arimoto, 

2001; Sassen et al., 2003). Furthermore, dust is capable of influencing the climate through its 

effect on surface ocean productivity. According to the iron hypothesis (Martin, 1990), elevated 

dust fluxes to the ocean can enhance marine productivity in high-nutrient low-chlorophyll 

regions, such as the Southern Ocean (SO), resulting in a drawdown of atmospheric CO2. High-

resolution dust records from the SO seem to support the iron hypothesis, indicating higher dust 

deposition rates in glacials compared to interglacials, coupled with higher export productivity 

(Chase et al., 2003; Bradtmiller et al., 2009; Martínez-Garcia et al., 2009; Martínez-Garcia et 

al., 2011; Martínez-García et al., 2014; Lamy et al., 2014). 

    Current knowledge about the distribution of dust in the Southern Hemisphere is largely 

based on modeling studies, in particular in the Pacific sector of the Southern Ocean (Mahowald 

et al., 2006; Maher et al., 2010; Albani et al., 2014; Neff and Bertler, 2015). The entrainment 
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of dust in potential source areas (PSAs) strongly depends on climatic conditions influencing 

soil and terrain properties (Goudie, 2008; Maher et al., 2010) and on the strength of the 

prevailing southern westerly winds (SWW). The seasonally varying position and intensity of 

the SWW (Lamy et al., 2010) might have affected dust entrainment in PSAs and accumulation 

in the SO. 

    The 230Th isotope is insoluble in seawater and highly particle reactive and is transported to 

the seafloor attached to sinking particles (Thomson et al., 1993; Francois et al., 2004). Based 

on this concept, we reconstruct the spatial accumulation of lithogenic material in the Pacific 

sector of the Southern Ocean using the 230Th normalization method (Thomson et al., 1993; 

Francois et al., 2004). Furthermore, we complete our study with provenance sensitive proxies, 

including rare earth elements (REE), strontium (Sr), neodymium (Nd) and lead (Pb) isotopes. 

The isotopic composition of radiogenic isotopes strongly depends on the geological setting in 

the PSAs because terrigenous particles can be derived from source rocks with a mantle- or 

crustal-like composition (Grousset and Biscaye, 2005). On this basis, the use of radiogenic 

isotopes as dust tracers allows discrimination between different source lithologies (Grousset 

and Biscaye, 2005). We take advantage of this concept and conduct a provenance analysis to 

identify PSAs to the Pacific sector of the Southern Ocean. 

    Our dust provenance analysis can provide a powerful approach to reconstruct variations in 

the position and strength of the SWW, with implications for better understanding paleoclimate 

changes over glacial-interglacial timescales. 

 

3.2 Settings of potential Southern Hemisphere source areas 

3.2.1 Australia 

The Australian continent is characterized by extensive arid and semi-arid areas, which act as 

PSAs (e.g. McTainsh, 1989; Ekström et al., 2004). Modern dust entrainment in central and 

southeast Australia occurs predominantly in two major dust source regions; the Lake Eyre 

Basin and the Murray-Darling Basin (Fig. 3.5 d). The Lake Eyre Basin in central Australia is 

the most active dust storm area on the continent (McTainsh, 1989) (Fig. 3.5 d). The rivers in 

the Lake Eyre Basin can be characterized as ephemeral because they are mostly affected by 

monsoonal summer rains (McTainsh, 1989). Dust activity in the Lake Eyre Basin may occur 

anytime throughout the year, with highest dust entrainment activities during late spring and 

early summer (September - December), when precipitation rates are lowest (Ekström et al., 
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2004). Dust entrainment in the Lake Eyre Basin needs favorable atmospheric conditions (Tsoar 

and Pye, 1987; McGowan and Clark, 2008), such as the presence of sub-tropical cold fronts 

(McGowan and Clark, 2008). When such conditions affect the basin almost on a weekly cycle 

during late spring and early summer, they are shallow, mostly not exceeding 1000-1500 m in 

height with an increasing intensity at night (Reeder et al., 2000).  

    In addition to the Lake Eyre Basin, the Murray-Darling Basin in southeast Australia 

represents the largest river system on the continent, making it an important source of modern 

dust (McTainsh, 1989; De Deckker et al., 2010; Marx and Kamber, 2010) (Fig. 3.5 d). The 

Murray-Darling Basin is known as perennial system because the rivers originate in the 

relatively high rain fall regions (McTainsh, 1989). Because of the geographical extend of the 

Murry-Darling Basin, it experiences different rainfall seasonality, which ensures flowing rivers 

throughout the year (McTainsh, 1989). The Murray-Darling Basin is affected by seasonal 

flooding events leading to the accumulation of fine sediments in the floodplains of the Basin, 

which are vulnerable to dust entrainment (McTainsh, 1989). 

    After dust entrainment, long-range dust transport from both areas follows the southeast dust 

transport corridor, which describes the major dust transport direction over southeast Australia 

(Fig. 3.5 d) (Bowler, 1976; McGowan and Clark, 2008). The core of this corridor extends in 

southeasterly direction between 25°S and 50°S (Bowler, 1976; McGowan and Clark, 2008), 

after which the SWW continue to transport the dust across the SO (Fig 3.5 d).  

 

3.2.2 New Zealand  

New Zealand is located in the mid-latitudes between 34°S and 45°S and its climate is 

significantly affected by the northeast to southwest orientated Southern Alps (Marx et al., 

2005) (Fig. 3.1). In New Zealand, loess areas cover large parts of both the North and South 

Island. On the South Island, the majority of the loess areas, which are concentrated at the east 

coast, were derived from the Southern Alps during Quaternary cold-climate processes (e.g. 

freeze/thaw and glacial grinding) (Eden and Hammond, 2003). Because New Zealand is 

predominately under the influence of the prevailing SWW, the loess areas on the South Island 

might have acted as a modern PSA. Although the deposition of Australian-sourced dust at the 

east coast cannot entirely be excluded, locally sourced material dominates over Australian 

derived material (Marx et al., 2005; Marx and McGowan, 2005). Because of the geographical 

position of New Zealand´s South Island, which is almost perpendicular to the SWW, wind from 

Australia is forced to ascend the Southern Alps after crossing the Tasman Sea (Marx et al., 
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2005). As a result, the majority of atmospheric dust is removed from the airstream as it passes 

the Southern Alps (Marx et al., 2005), which leads to enhanced wet deposition of Australian 

sourced dust (Knight et al., 1995; Marx et al., 2005).  

 

3.2.3 Southern South America 

Southern South America can be subdivided into three main PSAs; the Puna-Altiplano Plateau, 

Central-Western-Argentina and Patagonia (Fig. 3.4 d) (Gili et al., 2016; Gili et al., 2017). The 

Puna-Altiplano Plateau is located in the central Andes and has a latitudinal extension of 1000 

km, a longitudinal extension of 200 km and an elevation of ~4000 m above sea level. The 

region is dominated by dried-out playas and alluvial fans with large amounts of silty sediments 

(Gaiero et al., 2003). The area is affected by the subtropical jet stream (Koch et al., 2006), 

which increases during austral winter resulting in numerous dust storms (Gaiero et al., 2003). 

Therefore, the Puna-Altiplano Plateau is considered as a region of significant dust entrainment 

and deflation (Prospero et al., 2002).  

    Central-Western-Argentina is located between ~27°S and ~39°S and extends from the 

eastern flank of the Andes to the western slope of the Sierra Pampeanas (Gili et al., 2017). 

While northeasterly surface winds prevail in the austral summer, the austral winter is 

dominated by northwesterly winds. Katabatic winds (locally called zonda) occur in austral 

autumn-winter blowing from the west to east (Norte et al., 2008). These hot and dry winds 

dominate between 28°-37°S but also occur further south, where strong westerly winds cross 

the Andes producing a strong downslope airflow (Garreaud et al., 2013).  

    Patagonia, including Tierra del Fuego, covers the area between 38°S to 55°S. Due to its 

position in the mid-latitudes, the Patagonian climate is dominated by strong SWW throughout 

the year. As the SWW discharge most of their moisture at the western flank of the Andes, the 

winds leaving the eastern flank of the Andes are dry (Gaiero et al., 2003; Garreaud et al., 2013). 

This circulation pattern results in a strong east to west precipitation gradient across the Andean 

climate divide (Garreaud et al., 2013), which results in a moist western and dry eastern side.  
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3.3 Methods 

3.3.1 Sample Selection 

We analyzed sediment surface samples from across the Pacific sector of the SO recovered 

during several expeditions with R/V Polarstern (PS75, PS58, PS35) (Gersonde, 1995; 

Gersonde, 2001; Gersonde, 2011) and R/V Sonne (SO213) (Tiedemann, 2012) (Fig. 3.1). All 

samples were collected with a multicorer between 39°S to 70°S along a transect that extends 

from 175°E to 80°W. Within this longitudinal range, the study area is subdivided into western 

(175°E to 150°W), central (145°W to 107°W) and eastern parts (105°W to 80°W) (Fig. 3.1). 

Our sample transects extend across the Antarctic Circumpolar Current from the Antarctic Zone 

south of the winter sea-ice margin, across the Polar Frontal Zone into the sub-Antarctic Zone 

(Fig. 3.1). The surface samples are assumed to be representative of the Holocene because they 

are closely located to sediment cores that imply core top ages of < 11 kyr BP (Fig. 3.1) (Benz 

et al., 2016). Lithogenic fluxes were determined on the bulk sediment of 79 surface samples 

using the 230Th normalization method (Francois et al., 2004) (Fig. 3.2). Provenance analysis, 

including measurements of REE, Sr, Nd and Pb isotopes were performed on the < 10 µm 

fraction of 18 sediment surface samples (Fig. 3.1). The < 10 µm fraction typically becomes 

cohesive in nature and forms aggregates (McCave et al., 1995; Hall and McCave, 2000). 

Subsequently, this fraction is mostly unaffected by bottom current redistribution and we 

consider this fraction as representative for dust deposited in the South Pacific.  
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Figure 3.1: Map of the South Pacific with locations of surface samples recovered during 

R/V Polarstern and R/V Sonne expeditions. Green dots: Western South Pacific, Yellow 

dots: Central South Pacific, Red dots: Eastern South Pacific. The white frame highlights 

the samples that were used for provenance analysis. White numbers attached to the 

sampling locations refer to the station number, respectively. Small black dots highlight 

sediment cores with age models (Benz et al., 2016). Black numbers illustrate the core 

top age in kyr. See Benz et al., (2016) for detailed information about the age models. 

Colored lines refer to mean positions of major front systems (Orsi et al., 1995). STF: 

Subtropical Front, SAF: Subantarctic Front, APF: Polar Front. Mean extension of winter 

and summer sea ice (WSI and SSI) is indicated by white lines. Blue arrows indicate the 

flow direction of the Antarctic Circumpolar Current (ACC). White dashed arrows show 

the direction of the Southern Westerly Winds (SWW). The map was generated using the 

Ocean Data View software (Schlitzer, 2015). 

 

3.3.2 Uranium-Thorium methodology  

The 230Th isotope is a product of the 238U decay series (Francois et al., 2004) with a half-life 

time of 75.548 ± 110 years (Cheng et al., 2013). The parent isotope 234U produces (through α-

decay) the highly insoluble (in seawater) and particle reactive 230Th isotope at a uniform and 

well-known rate (β = 0.0267 dpm m-3 year-1). Attached to sinking particles 230Th is transported 

to the seafloor (Thomson et al., 1993; Francois et al., 2004). Sediment particles are assumed to 

contain a fraction of 230Th in a secular equilibrium with lithogenic 234U. However, the total 

amount of 230Th in deep-sea sediments near the sediment surface exceeds the amount supported 
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by 234U. This fraction of 230Th is called 230Thxs (230-Thorium excess) (Francois et al., 2004). 

This relationship forms the basis for the 230Th normalization method (Thomson et al., 1993). 

To determine the concentrations of Th and U isotopes, approximately 50 mg of freeze-dried 

bulk sediment was spiked with known amounts of 229Th and 236U. The sediment was digested 

in a CEM Mars X-press microwave system in 2 mL concentrated HCl, 3 mL concentrated 

HNO3 and 0.5 mL HF 40% (suprapur®). The resulting solution was evaporated to near dryness 

using the microwave Evapoclean accessory and redissolved in 1 M HNO3 in the microwave 

system. Three consecutive steps of iron precipitation were then applied to separate Th and U 

isotopes from the sample matrix. The precipitate that contained Th and U was dissolved in 3 

M HNO3 and passed through equilibrated 2 mL columns filled with Eichrom UTEVA resin for 

separation of Th and U isotopes from iron. Th and U isotopes were measured separately by 

sector-field ICP-MS (Thermo Element 2 equipped with an ESI Apex desolvator) in low-

resolution mode. External reproducibility was monitored using a certified reference material 

(UREM 11) and procedural blanks were run alongside the samples. Corrections for tailing from 
232Th (238U), mass bias and procedural blanks were applied as appropriate and considered in 

the error propagation. Propagated analytical uncertainties of 230Thxs are less than 5% (1σ). 238U 

was calculated from 235U using the natural isotope abundance. Supported 230Th was calculated 

according to Francois et al., (2004), using a 238U/232Th activity ratio of 0.4 ± 0.1 (Henderson 

and Anderson, 2003) for the majority of the samples. However, a 238U/232Th activity ratio of 

0.8 was used for 9 samples. This ratio was inferred from samples that showed no evidence for 

authigenic uranium in their 234U/238U ratio and in their U concentration. 230Thxs was used to 

calculate the preserved vertical lithogenic fluxes by multiplying the uniform 230Th production 

rate (β = 0.267 dpm m-3 yr-1) and the water depth divided by the 230Thxs concentrations (dpm g-

1) (Francois et al., 2004; Geibert et al., 2005; Martínez-Garcia et al., 2009; Lamy et al., 2014). 
232Th concentrations were used to determine the lithogenic fraction in the surface samples 

assuming an average 232Th concentration of 10 ppm for the upper continental crust. The 

lithogenic end-member of 10 ppm for the upper continental crust was inferred from the 

relationship of the measured 232Th concentrations vs. the sum of non-lithogenic fractions. In 

the following text, we refer to the sediment redistribution-corrected vertical lithogenic fluxes 

in short as lithogenic fluxes. The decay of 230Th was considered to be insignificant because our 

data set exclusively uses surface samples.  
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3.3.3 Grain size separation and leaching  

To extract the dust fraction from the bulk sediment samples, all samples were initially wet 

sieved to separate the < 63 µm fraction followed by Stokes-based separation of the < 10 µm 

fraction. To avoid aggregation, ammonia was added to the Atterberg settling tubes. The grain 

size separation was conducted at the Alfred Wegener Institute in Bremerhaven (AWI) followed 

by sequential leaching at the Institute for Chemistry and Biology of the Marine Environment 

in Oldenburg (ICBM, University of Oldenburg). All samples and certified USGS rock 

reference materials AGV-1 and BCR-2 were exposed to 5% H2O2 to remove organic material 

and acetic acid (pH = 5) to eliminate carbonate before Stokes-based separation. To ensure that 

all authigenic coatings and contaminant phases were completely removed, the samples were 

exposed to 1 M HCl overnight, rinsed with MQ and bathed again overnight in 0.03 M EDTA. 

A different leaching procedure was applied to the samples used for REE analysis after Stokes-

based separation of the < 10 µm fraction. Two consecutive steps with 13 mL of 0.02 M 

hydroxylamine hydrochloride (HH) were used to remove authigenic and contaminant phases. 

All leaching steps were repeated until no more chemical reactions between the reagents and 

the sediment were detected.  

 

3.3.4 Chemical separation of strontium, neodymium and lead isotopes  

All chemical and analytical processing, including digestion, ion exchange chromatography and 

mass spectrometric analysis was carried out at the ICBM in Oldenburg using ultra-pure 

reagents. Sample digestion and ion exchange chromatography were carried out in two 

individual batches. The 2σ external reproducibility (2SD) of our procedure was assessed with 

repeated analyses of USGS rock reference materials AGV-1 and BCR-2 included in each batch 

of samples. The sample digestion of ~50 mg of the freeze-dried sediment was first treated with 

aqua regia to remove any remaining organics and followed by HNO3-HF-HClO4 based pressure 

digestion at 180°C for 12 hours (e.g. Yokoyama et al., 1999). The resulting clear solutions were 

fumed off three times with half-diluted HCl and converted to bromide form with HBr. An 

aliquot of the solutions was then passed through a two-stage HBr-HNO3 based Pb extraction 

using 100 µL AG1-X8 resin (modified from Paul et al., 2015). The alkaline earth metals 

including Sr were separated from the REE using a HCl-based procedure with Biorad® AG50W 

X-8 resin (Struve et al., 2016). Strontium was isolated from the remaining sample matrix using 

Eichrom Sr spec® resin (Horwitz et al., 1992) and Nd was separated from the REE applying a 
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Eichrom LnSpec® chemistry (Pin and Zalduegui, 1997). For REE analysis, another aliquot in 

9M HCl was dried and taken up in 0.3M HNO3. 

 

3.3.5 Analysis of rare earth elements, strontium, neodymium and lead isotopes 

The analysis of REE, Sr, Nd and Pb isotopes was carried out at the ICBM in Oldenburg. The 

contents of REE were determined using high resolution ICP-MS (Thermo Fisher Element 2) 

in low resolution mode (m = 300) and indium as an internal standard. Analytical precision and 

accuracy (determined by simultaneous runs of AGV-1 and BCR-2; n = 5) was better than 4% 

and 7% relative SD (1s), respectively. Procedural blanks were insignificant, ≤ 1% of the signal 

intensity of the samples. 

    Nd, Sr and Pb isotope compositions were determined using a multi-collector ICP-MS 

(Neptune Plus, Thermo Scientific). For Nd isotope analysis internal mass bias was corrected 

for Nd isotopes using 146Nd/144Nd = 0.7219 and an exponential law. To correct for instrumental 

offset, the mass bias corrected 143Nd/144Nd ratios of the samples were normalized to the JNdi-

1 reference ratio of 0.512115 ± 0.000007 (Tanaka et al., 2000). The external reproducibility 

(2SD) of normalized BCR-2 and AGV-1 reference material was 0.512643 ± 0.000011 (n = 8) 

and 0.512797 ± 0.000013 (n = 8), respectively. The sample results are expressed in epsilon 

notation, εNd = [(143Nd/144Nd)sample/143Nd/144Nd)CHUR - 1] * 104, where CHUR is the Chondritic 

Uniform Reservoir (Jacobsen and Wasserburg, 1980). 

    For Sr isotope analysis internal mass bias was corrected using 86Sr/88Sr = 0.1194 and an 

exponential law. Measurements were accompanied by analysis of NBS987 (generally every 4 

samples), and 87Sr/86Sr values of all samples were normalized to the reported NBS987 value 

of 0.710248 (Thirlwall, 1991). The analysis of BCR-2 and AGV-1 (n = 8) yielded 87Sr/86Sr = 

0.705000 and 0.703948, while the external reproducibility (2SD) was ± 0.000007 and ± 

0.000032, respectively. Krypton ‘gas blanks’ measured on 83Kr used to correct for 86Kr on 86Sr 

were below 0.1 mV (while 86Sr was measured at 2–3 V).  

    The analysis of the Pb isotopic compositions were performed as standard-sample bracketing 

using NIST SRM 981 as bracketing standard (Albarède et al., 2004) and correcting for isobaric 

interference of Hg. The mass bias of samples and certified reference materials were corrected 

for by normalization of the raw SRM 981 values to the literature values as reported in Taylor 

et al. (2015). The external reproducibility (2SD) of BCR-2 (n = 10) was 208Pb/204Pb = 38.8345 

± 0.0030, 207Pb/204Pb = 15.6281 ± 0.001, 206Pb/204Pb = 18.8028 ± 0.0013, 207Pb/206Pb = 2.06528 

± 0.00009, 208Pb/206Pb = 0.83112 ± 0.00003. Repeat analyses of AGV-1 (n = 10) yielded 
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208Pb/204Pb = 38.5757 ± 0.0034, 207Pb/204Pb = 15.6180 ± 0.0005, 206Pb/204Pb = 18.9039 ± 

0.0011, 207Pb/206Pb = 2.04055 ± 0.00007, 208Pb/206Pb = 0.82615 ± 0.00004. Our Nd, Sr and Pb 

isotopic results on AGV-1 and BCR-2 agreed within analytical uncertainty with previously 

published values obtained from leached residues (Weis et al., 2006; Jweda et al., 2016). The 

procedural blanks for Nd, Pb and Sr were below 40 pg, 110 pg and 2.5 ng, respectively and 

therefore less than 1%.  

 

3.4 Results 

3.4.1 Lithogenic fluxes 

The lithogenic fluxes range from 0.24 to 20.47 g m-2 yr-1 (Fig. 3.2). The locations located 

offshore New Zealand´s South Island show the highest lithogenic fluxes in the study area (0.72 

to 20.47 g m-2 yr-) and decrease with increasing distance from New Zealand (Fig. 3.2). The 

lithogenic fluxes in this area indicate a clear drop at the Subtropical Front (STF) with highest 

values north of the STF (SO213_87-1; 20.47 g m-2 yr-1) and approximately 9 g m-2 yr-1 south 

of STF (Fig. 3.2). Locations close to the western Antarctic continental margin at approximately 

70°S and 120°W to 90°W represent the area with the second highest lithogenic fluxes ranging 

from 1.97 to 6.85 g m-2 yr-1. East of 145°W, lithogenic fluxes increase along two south-north 

transects (~120°W and ~90°W transect) spanning the winter sea ice limit (WSI), Antarctic 

Polar Front (APF) and Sub-Antarctic Front (SAF). Both transects reveal highest values south 

of the WSI and a northward decrease in lithogenic fluxes (Fig. 3.2). However, the ~90°W 

transect has slightly higher absolute lithogenic fluxes than the ~120°W transect and shows a 

prominent decrease at the APF (Fig. 3.2). In contrast, lithogenic fluxes along the ~120° W 

transect decrease continuously from the South to the North (Fig. 3.2). In the southeast Pacific 

north of the SAF, the lithogenic fluxes increase towards Patagonia (0.96 to 2.50 g m-2 yr-1). 

The samples located in the open ocean between 55°S to 65°S and 180°E to 135°W show the 

lowest lithogenic fluxes among all samples (0.38 to 1.06 g m-2 yr-1) (Fig. 3.2).  
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Figure 3.2: Spatial distribution of 230Th-normalized lithogenic fluxes in the study area 

given in g m-2 yr-1. Colored lines refer to mean positions of major front systems (Orsi et 

al., 1995). STF: Subtropical Front, SAF: Subantarctic Front, APF: Polar Front. Mean 

extension of winter and summer sea ice (WSI and SSI) is indicated by white lines. Thin 

blue arrows refer to the Ross Gyre (Assmann et al., 2005). Thick blue arrows indicate 

the flow direction of the Antarctic Circumpolar Current (ACC). Brown arrows indicate 

terrigenous sediment input in the flat Bellingshausen abyssal plain (Rebesco et al., 1996; 

Hillenbrand, 2000). Red area refers to the maximum iceberg probability with eastward 

decreasing abundances (red arrows with fading colors) (Tournadre et al., 2012). White 

frame highlights the samples that were used for provenance analysis. Black frame shows 

Holocene data from Bradtmiller et al., (2009) and Chase et al., (2003). The map was 

generated using the Ocean Data View software (Schlitzer, 2015).  
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3.4.2 Provenance sensitive proxies 

3.4.2.1 Rare earth elements 

The REE results are normalized to the Upper Continental Crust (UCC) (Taylor and McLennan, 

1995) and presented as HREE/LREEN (Tm + Yb + Lu) / (La + Pr + Nd) versus 

MREE/MREE*N (Gd + Tb + Dy) / [(Tm + Yb + Lu + La + Pr + Nd) / 2] (Fig. 3.3 a). The ratios 

include the majority of the REE but exclude Ce and Eu to minimize the variable effects of both 

elements (Martin et al., 2010). HREE/LREEN ratios range from 1.06 to 1.60 and 

MREE/MREE*N ratios range from 1 to 1.19 (n = 16). The samples PS75/84-1 and 64-2 are 

excluded from the data set because their extremely low REE concentrations were close to or 

below the limit of detection.  

 

3.4.2.2 Strontium and neodymium isotopes 

The Sr isotope results range from 87Sr/86Sr = 0.7086 to 87Sr/86Sr = 0.7117 and εNd values from 

-3.0 to -6.0 (n = 18) (Fig. 3.3 b). The majority of the samples (n = 12) can be characterized by 

high 87Sr/86Sr ratios ranging from 0.7096 to 0.7104 paired with relatively unradiogenic Nd 

isotopic compositions of εNd = -4.2 to εNd = -5.0. Furthermore, a few samples (n = 6) show 

lower 87Sr/86Sr ratios ranging from 0.7085 to 0.7091 and more radiogenic Nd isotopic 

compositions between εNd = -3.0 and εNd = -4.4.  

 

3.4.2.3 Lead isotopes  

Our Pb isotope results (n = 18) show a consistent positive correlation from unradiogenic ratios 

(208Pb/204Pb = 38.34 and 206Pb/204Pb = 18.40) towards more radiogenic Pb isotopic 

compositions (208Pb/204Pb = 39.50 and 206Pb/204Pb = 19.44) (Fig. 3.3 c). The majority of our 

samples show intermediate 206Pb/204Pb ratios (18.65 to 18.97) and 208Pb/204Pb (38.55 to 38.93) 

comprising samples from across the entire study area (Fig. 3.3 c). Four samples illustrate less 

radiogenic values ranging from 208Pb/204Pb = 38.34 to 208Pb/204Pb = 38.55 paired with 
206Pb/204Pb ratios between 18.40 and 18.65. These samples are exclusively located in the central 

western part of the study area (Fig. 3.3 c and d). However, the Pb blanks of the samples 

PS75/70-1 and 84-1 exceed the critical value of 1% (70-1 = 4%, 84-1 = 2.7%) which could 

have caused a deviation from their real Pb ratios. Sample PS75/105-1 located off New Zealand 

shows unusual Pb isotopic compositions (208Pb/204Pb = 39.50 and 206Pb/204Pb = 19.45), 
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inconsistent with the REE and Sr-Nd isotope data from the same sample and possible local 

background and cross contamination. However, we cannot reconcile this offset with the 

available data, and therefore exclude the Pb results of PS75/105-1 from the discussion.  

 

 

Figure 3.3: Geochemical composition of South Pacific dust samples. a: Rare earth 

element data are normalized to Upper Continental Crust (UCC) (Taylor and McLennan,  

1995) and illustrated as HREE/LREEN = (Tm + Yb + Lu) / (La + Pr + Nd) versus 

MREE/MREE*N = (Gd + Tb + Dy) / [(Tm + Yb + Lu + La + Pr + Nd) / 2]. b: Neodymium 

and strontium isotope results are expressed as εNd vs. 87Sr/86Sr ratios, respectively. c:  

Lead isotope results are presented as 208Pb/204Pb vs. 206Pb/204Pb. Color code refers to Fig. 

3.1. Error bars for εNd values, 87Sr/86Sr, 208Pb/204Pb and 206Pb/204Pb ratios are smaller 

than the symbols. d: Map of the South Pacific with locations of surface samples used for 

provenance analysis. Colored lines refer to mean positions of major front systems (Orsi  

et al., 1995). STF: Subtropical Front, SAF: Subantarctic Front, APF: Polar Front. Mean 

extension of winter and summer sea ice (WSI and SSI) is indicated by white lines. White 

dashed arrows show the direction of the Southern Westerly Winds (SWW). Color code 

refers to Fig. 3.1. The map was generated using the Ocean Data View software (Schlitzer, 

2015). 
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3.5 Discussion 

3.5.1 Lithogenic fluxes  

Only a few studies (e.g. Chase et al., 2003; Bradtmiller et al., 2009) have published lithogenic 

flux data for the Pacific sector of the SO. Consequently, most dust deposition estimates for this 

area are based on climate/dust models (e.g. Mahowald et al., 2006; Maher et al., 2010; Albani 

et al., 2012a; Albani et al., 2014). While our modern lithogenic fluxes are consistent with the 

data provided by Chase et al. (2003) and Bradtmiller et al. (2009) (Fig. 3.2) the modern 

modeled deposition in the SO (e.g. Albani et al., 2014) predicts considerably lower values. The 

strength of our data set is the broad spatial coverage from New Zealand´s South Island to 

southern South America extending the spatial coverage of the previous studies (Fig. 3.2). 

    The highest lithogenic fluxes offshore New Zealand´s South Island might reflect a 

combination of Australian/New Zealand sourced dust input likely admixed with riverine input 

from New Zealand sources (Fig. 3.2). Terrigenous tracers including plant wax n-alkanes and 

soil derived branched glycerol dialkyl glycerol tetraethers (Jaeschke et al., 2017) provide 

independent evidence for increased terrigenous input at our sample locations. The observed 

drop in lithogenic fluxes at the STF might be a combination of increasing water depth and/or 

increasing distance to New Zealand, thereby reducing the influence of riverine input. Further 

east, lithogenic fluxes decrease to an average of ~2.5 g m-2 yr-1 (n = 4) most likely representing 

eolian input (Fig. 3.2). South of New Zealand (50°S and 164°E) at the southern rim of the 

southeast dust transport corridor, lithogenic fluxes increase to 8.30 g m-2 yr-1 (Fig. 3.2) 

(Bradtmiller et al., 2009). Because New Zealand sourced inputs can be excluded at this location 

the lithogenic fluxes are probably related to Australian dust input. The lowest lithogenic fluxes 

in the remote open ocean (55°S to 65°S and 180°E to 150°W) are consistent with detected leaf 

wax n-alkanes, which show deposition of relatively fresh plant material, indicating eolian 

transport to the remote open ocean (Jaeschke et al., 2017) (Fig. A 3.1). Lithogenic fluxes north 

of the SAF between 51°S to 57°S and 115°W to 80°W range from 0.96 to 2.50 g m-2 yr-1 with 

increasing lithogenic fluxes towards Patagonia, likely indicating a slightly increased eolian 

deposition signal (Fig. 3.2). We suggest that the high lithogenic fluxes in the ~120°W transect 

likely represent a mixed signal, where the influence of ice-rafted sediment results in increased 

lithogenic fluxes south of the APF. North of the APF the lithogenic input is derived from dust 

(Fig. 3.2). The high lithogenic fluxes south of the WSI in the ~90°W transect cannot be solely 

explained by ice-rafted sediment input, because of an eastward decrease in iceberg probability 

(Tournadre et al., 2012). Rather we argue that this increase might reflect the presence of 
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Antarctic Peninsula-derived turbidity currents (Rebesco et al., 1996; Hillenbrand, 2000) 

resulting in elevated lithogenic fluxes, whereas dust is considered to be the dominant source 

north of the APF (Fig. 3.2). 

 

3.5.2 Geochemical fingerprinting of South Pacific dust 

Our radiogenic isotope and REE data clearly show that there is no longitudinal gradient across 

the South Pacific in all applied provenance proxies (Fig. 3.3 a-d). Furthermore, our data are 

remarkably homogeneous compared to the PSA data, which is perhaps surprising given the 

spatial extent of our study area and the number of PSAs. Here we discuss the PSAs to the South 

Pacific given the geochemical constraints.  

    We compare our dust fraction (< 10 µm) to PSA data from southern South America, New 

Zealand and Australia. It should be noted that the southern South American PSA data have 

been measured on the < 5 µm fraction (Delmonte et al., 2004a; Sugden et al., 2009; Gili et al., 

2016; Gili et al., 2017). The REE data from Australia include the coarse fraction (< 90 µm), 

whereas REE data from New Zealand have been measured on material from dust traps, glacier 

and loess deposits (Marx et al., 2005; McGowan et al., 2005; Marx and Kamber, 2010; this 

work). The Australian and New Zealand Sr, Nd and Pb PSA data were obtained from the fine 

fraction (< 2 µm and < 5 µm) (Delmonte et al., 2004a; Gingele and De Deckker, 2005; Revel-

Rolland et al., 2006; De Deckker et al., 2010; Vallelonga et al., 2010). The PSA data from 

Victoria Land, the McMurdo Sound sector and the Dry Valleys of Antarctica (< 5 µm) broadly 

encircle our data in Sr-Nd space (Delmonte et al., 2004a; Blakowski et al., 2016) (Fig. 3.4 a). 

However, given the broad variability in Sr-Nd space of the Antarctic data, we exclude this 

region as a PSA to our South Pacific dust samples. Furthermore, we argue that an eolian 

transport from these PSAs is rather unlikely.  

    While it has been shown that Nd and Pb isotopes show only very little grain size dependency 

(Goldstein et al., 1984; Meyer et al., 2011; Gili et al., 2016; Gili et al., 2017), the grain size 

effect on Sr isotopes needs to be considered. Sr isotopes tend towards substantially higher 

isotopic ratios in the fine fraction (Dasch, 1969), which is the result of weathering conditions 

in the source area. To our knowledge, grain size dependency on REE has exclusively been 

studied using REE concentrations (Honda et al., 2004; Feng et al., 2011; Gili et al., 2017).  
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3.5.2.1 Southern South American potential dust source areas 

The Nd and Sr isotopic compositions show that samples from Southern Puna (εNd = -3.4 to -

4.7; 87Sr/86Sr = 0.7084 - 0.7113) and two samples from southern Central-Western-Argentina 

have εNd values and 87Sr/86Sr ratios (εNd = -3.7; 87Sr/86Sr = 0.7091 - 0.7114) similar to our South 

Pacific dust samples (εNd = -3.0 to -6.0; 87Sr/86Sr = 0.7086 - 0.7117) (Fig. 3.4 a). While the 

samples from Northern and Middle Central-Western-Argentina have εNd values comparable to 

our South Pacific dust samples (εNd = -4.6 to -6.4), their 87Sr/86Sr ratios are distinctly higher 

(87Sr/86Sr = 0.7169 - 0.7273) (Fig. 3.4 a). However, a potential grain size effect on Sr isotopes 

might explain the offset between these southern South American PSAs and our South Pacific 

dust samples (see 3.5.2). The majority of the southernmost areas of Patagonia show εNd values 

and 87Sr/86Sr ratios distinctly different to our South Pacific dust samples (εNd = 4.79 to -1.23; 
87Sr/86Sr = 0.7053 - 0.7086) (Fig. 3.4 a). However, five samples from the flanks of the Strait of 

Magellan (Sugden et al., 2009) are consistent with our South Pacific dust samples, which might 

indicate the activity of this specific area as a PSA in the Holocene (εNd = -4.0 to -4.6; 87Sr/86Sr 

= 0.7098 - 0.7118) (Fig. 3.4 a).  

    Our 208Pb/204Pb (38.34 - 38.94) and 206Pb/204Pb (18.40 - 18.97) ratios are consistent with Pb 

isotope data from Southern Puna and Middle Central-Western-Argentina (208Pb/204Pb = 38.64 

- 38.94; 206Pb/204Pb = 18.68 - 19.94), whereas Patagonian PSAs (208Pb/204Pb = 38.35 - 38.65; 
206Pb/204Pb = 18.56 - 19.70) exclusively correspond with South Pacific dust samples from the 

western part of our study area (Figs. 3.3 d and 3.4 b). Based on the Sr-Nd and Pb isotopic 

comparisons, it seems that our South Pacific dust samples could be explained by mixing of 

PSAs areas from southern Puna to Patagonia (Fig. 3.4 a and b).  

    However, all PSA data from southern South America have distinctly higher 

MREE/MREE*N (1.09 - 1.40) values compared to our South Pacific dust samples (1.0 - 1.19) 

(Fig. 3.4 c). Therefore, we argue that our data cannot be adequately described by mixing from 

southern South American PSAs. It should be noted that a little grain size dependency has been 

observed for the coarse (< 63 µm) and the fine (< 5 µm) fraction of southern South American 

PSA data, tending towards slightly higher MREE/MREE*N ratios in the fine fraction (Fig. A 

3.2). However, we show that the fine and coarse fraction of southern South American PSA data 

have considerably higher MREE/MREE*N ratios than our South Pacific dust samples (Fig. A 

3.2). Therefore, our interpretation that the source of dust cannot be solely derived from 

southern South American PSAs is unaffected by a grain size effect (Fig. A 3.3 a-c).  
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Figure 3.4: Geochemical composition from samples located in southern South American 

source areas versus South Pacific dust samples. a: Neodymium and strontium isotope 

results are expressed as εNd vs. 87Sr/86Sr ratios, respectively. Southern South America 

including Patagonia (< 5 µm) (Gili et al., 2017) and additional PSA data from Patagonia 

(< 5 µm) (Delmonte et al., 2004a; Sugden et al., 2009). Thin gray polygon reveals data 

from Victoria Land and the McMurdo Sound sector and Dry Valleys of Antarctica (< 5 

µm) (Delmonte et al., 2004a; Blakowski et al., 2016) b: Lead isotope results are 

presented as 208Pb/204Pb vs. 206Pb/204Pb. Southern South America including Patagonia (< 

5 µm) (Gili et al., 2016). c: Rare earth element data are normalized to Upper Continental  

Crust (UCC) (Taylor and McLennan, 1995) and illustrated as HREE/LREEN = (Tm + Yb 

+ Lu) / (La + Pr + Nd) versus MREE/MREE*N = (Gd + Tb + Dy) / [(Tm + Yb + Lu + La 

+ Pr + Nd) / 2]. Southern South America including Patagonia (< 5 µm) (Gili et al., 2017). 

Color code refers to Fig. 3.1. Figure caption is continued on the next page.  
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d: Map of southern South America with PSA data. S-Altiplano refers to Southern 

Altiplano, N-Puna and S-Puna refers to Northern and Southern Puna. N-CWA, M-CWA 

and S-CWA refers to Northern, Middle and Southern Central-Western-Argentina. The 

South Pacific dust samples were measured on the < 10 µm fraction. The map was 

generated using the Ocean Data View software (Schlitzer, 2015).  

 

3.5.2.2 Is there a southern South American component to the South Pacific dust? 

Many studies (e.g. Delmonte et al., 2004a; Vallelonga et al., 2010; Gili et al., 2016; Delmonte 

et al., 2017; Gili et al., 2017) strongly emphasize the role of dust derived from southern South 

America in locations as remote as Antarctica. Modern air mass modeling studies in the 

Southern Hemisphere show that wind trajectories originating in southern South America do 

not reach our study area (Li et al., 2008; Neff and Bertler, 2015). Additionally, modern southern 

South American sourced dust is predominately transported in the atmospheric boundary layer, 

which precludes long-range transport (Li et al., 2008) and also argues against dust deposition 

in the South Pacific. However, because of the geochemical similarities between Australian, 

New Zealand and southern South American PSAs we cannot entirely exclude contributions of 

dust from southern South American PSAs (Fig. A 3.3). 

 

3.5.2.3 New Zealand and Australian potential dust source areas 

Here we discuss the possibility whether dust to the South Pacific is derived solely from 

Australian and New Zealand PSAs.  

   The calculated South Pacific HREE/LREEN (1.06 - 1.60) and MREE/MREE*N (1.0 - 1.19) 

ratios enable us to effectively rule out New Zealand as a PSA to the South Pacific (Fig. 3.5 a). 

In general, REE data from New Zealand´s west and east coast have considerably lower 

HREE/LREEN (0.63 - 0.96) and higher MREE/MREE*N (1.14 -1.35) ratios compared to our 

South Pacific dust samples. Therefore, we suggest that the distinct non-match between our 

South Pacific dust samples and New Zealand PSAs in REE space clearly illustrates that New 

Zealand cannot be the source of dust to the South Pacific during the Holocene (Fig. 3.5 a).       

    Australian PSAs include data from the Lake Eyre Basin and the Murray-Darling Basin (Fig. 

3.5 d). Our South Pacific HREE/LREEN (1.06 - 1.60) and MREE/MREE*N (1.0 - 1.19) ratios 

show a strong similarity to HREE/LREEN (0.84 - 1.59) and MREE/MREE*N (0.82 - 1.24) 

ratios representative of the Darling catchment (Fig. 3.5 a). There are only three samples from 

the Darling catchment (εNd = 0.9 to -5.2; 87Sr/86Sr = 0.7092 - 0.7141) that clearly correspond 



A geochemical approach to reconstruct modern South Pacific dust fluxes and potential dust source areas 

 48 

with our South Pacific dust samples in Sr-Nd space (Fig. 3.5 b), whereas the majority of the 

Darling catchment samples are more radiogenic in εNd (Fig. 3.5 b). However, the 87Sr/86Sr ratios 

of Darling catchment samples are similar to that of our South Pacific dust samples. The samples 

from the Darling catchment have less radiogenic 208Pb/204Pb (37.85 - 38.74) and 206Pb/204Pb 

(17.93 - 18.74) ratios than the majority of our South Pacific dust samples (208Pb/204Pb = 38.34 

- 38.94; 206Pb/204Pb = 18.40 - 18.97) (Fig. 3.5 c). On this basis, the Darling catchment cannot 

be the only PSA of dust to the South Pacific.  

    The Murray catchment is potentially less important as a source of dust because 

HREE/LREEN ratios (0.58 - 1.17) from this area are generally lower than our South Pacific 

HREE/LREEN ratios (1.06 - 1.60) (Fig. 3.5 a). However, a few samples are consistent with our 

South Pacific dust samples (Fig. 3.5 a). The Nd and Sr data show distinctly different Sr-Nd 

isotopic compositions between the Murray catchment (εNd = -5.7 to -10.4; 87Sr/86Sr = 0.7160 - 

0.7547) and most South Pacific dust samples (εNd = -3.0 to -6.0; 87Sr/86Sr = 0.7086 - 0.7117) 

(Fig. 3.5 b). However, the Murray data were obtained from the clay fraction (Gingele and De 

Deckker, 2005), so that the possible effects of grain size differences on Sr isotopes should be 

considered (see 3.5.2). Because the < 2 µm fraction is characterized by elevated Sr isotopic 

compositions this effect could account for the offset between the Murray catchment and our 

South Pacific Sr isotope data. However, in Pb isotope space, the samples from the Murray 

catchment have less radiogenic 208Pb/204Pb (37.56 - 38.63) and 206Pb/204Pb (17.66 - 18.60) 

ratios than the majority of our South Pacific dust samples (Fig. 3.5 c). Therefore, we suggest 

that the Murray catchment cannot be the sole source of dust to the South Pacific.  

   Although the Lake Eyre Basin is only represented by five samples in REE space, its 

HREE/LREEN (1.15 - 1.29) and MREE/MREE*N (1.09 - 1.28) ratios clearly correspond with 

our samples from the South Pacific (Fig. 3.5 a). Additionally, εNd values and 87Sr/86Sr ratios 

from the Lake Eyre Basin (εNd = -2.9 to -4.4; 87Sr/86Sr = 0.7090 - 0.7105) show the best match 

to our South Pacific dust samples (εNd = -3.0 to -6.0; 87Sr/86Sr = 0.7086 - 0.7117) among all 

Australian PSAs (Fig. 3.5 b). The calculated 208Pb/204Pb (38.58 - 38.81) and 206Pb/204Pb (18.74 

- 18.99) ratios from the Lake Eyre Basin show a distinct similarity to our dust samples from 

the South Pacific (208Pb/204Pb = 38.34 - 38.94; 206Pb/204Pb = 18.40 - 18.97) and clearly parallel 

them in Pb isotopic space (Fig. 3.5 c). Despite the good match between our South Pacific dust 

samples and the PSA data from the Lake Eyre Basin in all three applied proxies, the variability 

of our South Pacific dust samples is greater than the PSA data from the Lake Eyre Basin (Fig. 

3.5 a-c). This suggests that additional PSAs contributed to the dust in the South Pacific.  
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   Our geochemical data from the South Pacific are consistent with a combination of PSAs from 

Australia. Our REE data would be most consistent with a combination of Darling and Lake 

Eyre sourced dust. The Murray PSA data do not seem to contribute significantly to the REE 

signal, as the majority of the Murray data have lower HREE/LREEN ratios than our South 

Pacific dust samples (Fig. 3.5 a). However, in Sr-Nd space there seems to be a contribution 

from the Murray catchment (Fig. 3.5 b). Taking the grain size dependency on Sr isotopes into 

account, the South Pacific dust Sr-Nd data could be completely explained by a combination of 

dust from Murray and Darling PSAs. However, it is clear from the Pb data that the Lake Eyre 

Basin is also an important source of dust to the South Pacific, as it provides the more radiogenic 

end-member, which is necessary to produce the Pb signal of our South Pacific dust samples 

(Fig. 3.5 d). In summary, based on the consistency between the Lake Eyre Basin PSA data and 

our South Pacific dust samples in all applied proxies, we suggest that the Lake Eyre Basin is 

the dominant source of dust to the South Pacific in the Holocene, however, the Murray-Darling 

Basin also provides an additional source of dust.  

    Li. et al. (2008) used a model-based investigation of the dust distribution in the Southern 

Hemisphere and showed that dust from the Australian continent has the potential to dominate 

dust accumulation across the whole Pacific sector of the SO. Simulations of the modern dust 

distribution also show that Australian sourced dust is transported in the free troposphere, which 

enables transport across longer distances (Li et al., 2008). McGowan and Clark (2008) modeled 

modern dust transport pathways originating in the Lake Eyre Basin and found that spring and 

early summer conditions enable dust to be transported via the southeast dust transport corridor 

and the prevailing SWW to large parts of the South Pacific, even as far as southern South 

America.  
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Figure 3.5: Geochemical composition from samples located in Australia and New 

Zealand source areas versus South Pacific dust samples. a: Rare earth element data are 

normalized to Upper Continental Crust (UCC) (Taylor and McLennan, 1995) and 

illustrated as HREE/LREEN = (Tm + Yb + Lu) / (La + Pr + Nd) versus MREE/MREE*N 

= (Gd + Tb + Dy) / [(Tm + Yb + Lu + La + Pr + Nd) / 2]. Murray-Darling Basin (< 90 

µm) (Marx and Kamber, 2010), Lake Eyre Basin (< 5 µm and < 80 µm) (McGowan et  

al., 2005 and this work). New Zealand South Island (dust traps, glacier and loess 

deposits) (Marx et al., 2005). b: Neodymium and strontium isotope results are expressed 

as εNd vs. 87Sr/86Sr ratios, respectively. Murray-Darling Basin (< 2 µm) (Gingele and 

De Deckker, 2005), Lake Eyre (< 5 µm) (Revel-Rolland et al., 2006 and this work), New 

Zealand South Island (< 5 µm) (Delmonte et al., 2004a). c: Lead isotope results are 

presented as 208Pb/204Pb vs. 206Pb/204Pb. Murray-Darling Basin ( < 2 µm) (De Deckker et  

al., 2010), Lake Eyre Basin (< 5 µm) (this work). New Zealand (< 5 µm) (Vallelonga et  

al., 2010). Color code refers to Fig. 3.1. The South Pacific dust samples were measured 

on the < 10 µm fraction. d: Map of central and southeast Australia and New Zealand with 

PSA data. Open squares show the Lake Eyre Basin. Triangles show to the Darling 

catchment. Filled squares show the Murray catchment. Open diamonds refer to New 

Zealand´s South Island. Figure caption is continued on the next page. 
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The shaded blue arrow roughly indicates the extension and direction of the southeast  

Australian dust transport corridor (Bowler, 1976; McGowan and Clark, 2008). The map 

was generated using the Ocean Data View software (Schlitzer, 2015).  

 

3.6 Conclusion  

We present a comprehensive data set of surface sediment samples, representing terrigenous 

sedimentation through the Holocene in the Pacific sector of the Southern Ocean. To identify 

PSAs that deliver dust to the South Pacific, we combine lithogenic fluxes with provenance 

sensitive proxies (REE, Sr, Nd and Pb isotopes). Lithogenic fluxes provide a general overview 

of the distribution and different transport mechanisms of terrigenous material in our study area. 

We observe the highest lithogenic fluxes off New Zealand, which likely indicate a combination 

of accumulated dust from Australia/New Zealand admixed with riverine input from New 

Zealand, whereas the sites in the remote open ocean reflect a dust signal. Isotopic and REE 

data imply that southern South American PSAs cannot entirely be excluded. However, modern 

air mass modeling studies in the Southern Hemisphere show that wind trajectories originating 

in southern South America do not reach our study area. We conclude that the Lake Eyre Basin 

in central Australia is the most important PSA for atmospheric dust distributed over the South 

Pacific in the Holocene. However, we acknowledge the possibility of admixture from the 

Murray-Darling Basin. We emphasize the need for better characterization of PSAs, including 

the west coast of South America, New Zealand´s South Island and Antarctica. Furthermore, 

provenance analysis in the Atlantic sector of the Southern Ocean is required to better evaluate 

the contributions from southern South America. These studies will provide the stepping-stones 

for understanding past variations in atmospheric dust, its link to climate variability.  
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APPENDIX A. Supplementary data 

Figure A 3.1: Correlation of plant wax n-alkanes and lithogenic fluxes (Jaeschke et al., 

2017, this work). 
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Figure A 3.2: Grain size comparison of southern South American samples (SSA) (Gili et 

al., 2016; Gili et al., 2017) and South Pacific dust samples. 
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Figure A 3.3: Comparison between Australian (Gingele and De Deckker, 2005; McGowan 

et al., 2005; Revel-Rolland et al., 2006; De Deckker et al., 2010; Marx and Kamber, 

2010), New Zealand (Delmonte et al., 2004a; Marx et al., 2005; Vallelonga et al., 2010) 

and southern South American (Delmonte et al., 2004a; Sugden et al., 2009; Gili et al., 

2016; Gili et al., 2017) potential source areas. a: Rare earth element data are normalized 

to Upper Continental Crust (UCC) (Taylor and McLennan, 1995) and illustrated as 

HREE/LREEN = (Tm + Yb + Lu) / (La + Pr + Nd) versus MREE/MREE*N = (Gd + Tb + 

Dy) / [(Tm + Yb + Lu + La + Pr + Nd) / 2]. b: Neodymium and strontium isotope results 

are expressed as εNd vs. 87Sr/86Sr ratios, respectively. c: Lead isotope results are 

presented as 208Pb/204Pb vs. 206Pb/204Pb. 

 

 

0.8

0.9

1.2

1.3

1.4

0.7

1.5

0.5 1.0 1.5 2.0

a

1.1

1.0

M
R

E
E

/M
R

E
E

* N
b 4

2

0

-2

-4

-6

-8

-10

-12

87Sr/86Sr

єN
d

18.0 18.5 19.0 19.5
37.8

38.0

38.2

38.4

38.6

38.8

39.0

39.2

39.4

39.6c

206Pb/204Pb

20
8 P

b/
20

4 P
b

HREE/LREEN

< 2 µm

< 5 µm

< 90 µm

< 5 µm

< 5 µm

< 10 µm

Lake Eyre
 Basin

Murray-Darling
 Basin

Christchurch, 
Canterbury 
Plains

Otago

0.708 0.720 0.732 0.744 0.756

Western SP
Central SP
Eastern SP

Australia

New Zealand

Southern South America



Opposing dust grain size changes in the Pacific and the Atlantic sectors of the Southern Ocean during the last 
260 kyr 

 55 

4 Opposing dust grain size changes in the Pacific and Atlantic sectors of the 
Southern Ocean during the last 260 kyr 
 

Marc Wenglera,b, Frank Lamya,b, Alfredo Martínez-Garciac, Gerhard Kuhna, Jan-Berend 

Stuutd, Ralf Tiedemanna, Gisela Wincklere 

 

aAlfred Wegener Institute, Helmholtz Center for Polar and Marine Research, Department for 

Marine Geology, D-27515 Bremerhaven, Germany  
bMARUM Center for Marine Environmental Sciences, University of Bremen, D-28334 

Bremen, Germany 
cMax Planck Institute for chemistry, Climate Geochemistry Group, D-55128 Mainz, Germany 
dNIOZ – Royal Netherlands Institute for Sea Research, P.O. Box 59, 1790 AB Den Burg, The 

Netherlands 
eLamont-Doherty Earth Observatory, Columbia University, Palisades, 10964 New York, USA 

 

*Correspondence to: marc.wengler@awi.de  

 

Keywords: Southern Ocean, Southern Westerly Winds, Eolian dust, Glacial-interglacial dust 

variability 

 

In preparation for Earth and Planetary Science Letters 

 

 

 

 

 

 

 

 

 



Opposing dust grain size changes in the Pacific and the Atlantic sectors of the Southern Ocean during the last 
260 kyr 

 56 

Abstract 

We present the first comprehensive grain size data set extracted from two deep-sea sediment 

records from Pacific and Atlantic sectors of the Southern Ocean and detected large scale dust 

fluctuations during the last 260 kyr. We combine grain size analysis with 230Th-normalized 

lithogenic fluxes (lithogenic flux) and Fe records because these proxies are well established 

indicators for atmospheric dust input in the Pacific and Atlantic sectors Southern Ocean. We 

calculated mean dust grain sizes for both sediments records and use it as a direct proxy to infer 

variations within the Southern Westerly Winds as well as for changes in potential source area 

characteristics (e.g. aridity, precipitation). Additionally, we reveal that the 2-10 µm fraction 

(fine silt) appears to be representative to reconstruct dust transport to the Southern Ocean. Our 

mean dust grain sizes show opposing glacial-interglacial dust variability with coarser grain 

sizes during glacial periods in the Pacific sector compared to the Atlantic. The mean dust grain 

size record combined with Fe and lithogenic flux data shows a synchronous pattern in the 

Pacific Southern Ocean indicating increased glacial dust availability in Australia and/or New 

Zealand coupled with increased and/or northward shifted Southern Westerly Winds. 

Simultaneously, increased Fe and lithogenic flux records during glacial periods in the Atlantic 

Southern Ocean likewise point to enhanced dust availability in southern South America. In 

contrast, reduced glacial mean dust grain sizes reveal that the glacial Southern Westerly Winds 

were decreased over Patagonia and were not able to erode large dust particles. Drier interglacial 

conditions over the northern parts of southern South America likely favored erosion of larger 

dust particles. 

 

4.1 Introduction  

Atmospheric dust plays a key role in the global climate system through impacting the climate 

either directly, by influencing the radiative properties of the atmosphere through scattering and 

absorbing light, or indirectly, by modifying cloud properties (Arimoto, 2001; Sassen et al., 

2003). Furthermore, dust has the capability of influencing the climate through its effect on 

surface ocean productivity by supplying iron to the ocean and therefore affecting the global 

carbon cycle through iron fertilization of marine ecosystems (Martin, 1990; Martínez-García 

et al., 2014). According to the iron hypothesis elevated dust fluxes, especially during glacial 

periods, to the Southern Ocean (SO) may have enhanced marine productivity in high-nutrient 

low-chlorophyll regions, such as the SO, resulting in a drawdown of atmospheric CO2 (Martin, 

1990). However, the impact of other SO ocean processes such as sea-ice cover, overturning 
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circulation and water column stratification and their effect on the global CO2 cycle are still 

under debate (Fischer et al., 2010; Sigman et al., 2010). 

    The erosion of dust in potential source areas (PSAs) strongly depends on climatic conditions 

influencing soil and terrain properties (e.g. vegetation cover, rainfall intensity, local winds) 

(e.g. Goudie, 2008) and its transport is based on the strength of the Southern Westerly Winds 

(SWW) as the main carrier of dust to the SO. However, seasonal variations of the SWW could 

have affected dust transport and accumulation in the SO (Lamy et al., 2010).  

    Antarctic ice cores have been analyzed to reconstruct the Earth´s climate evolution by either 

providing temperature and CO2 records (Jouzel et al., 2007; Lüthi et al., 2008) or by analyzing 

the provenance of dust in Antarctic ice cores (Delmonte et al., 2010; Gili et al., 2017). 

Paleoclimate reconstructions from the EPICA (European Project for Ice Coring in Antarctica) 

ice core at Dome C (EDC) in East Antarctica cover the last ~800 kyr and reveal a ~25-fold 

increase in glacial dust fluxes compared to interglacial periods corresponding with Antarctic 

temperature and CO2 records (Lambert et al., 2008; Lüthi et al., 2008). Subsequently, Antarctic 

ice cores provide a valuable archive of dust deposition over several glacial-interglacial (G/IG) 

cycles.  

    Additional knowledge of the dust distribution in the Southern Hemisphere is based on 

modeling studies (Li et al., 2008; Albani et al., 2014; Neff and Bertler, 2015). Although dust 

modeling studies often underestimate the amount of dust transported to the ocean compared to 

marine sediment data, they reveal a valuable tool to infer PSAs and therefore dust transport 

directions.  

    High-resolution down core dust records from the SO indicate higher dust deposition rates in 

glacial compared to interglacial periods coupled with higher export productivity (Chase et al., 

2003; Bradtmiller et al., 2009; Martínez-García et al., 2014; Lamy et al., 2014). Although these 

studies are predominantly based on Fe and Th contents (Martínez-García et al., 2014; Lamy et 

al., 2014), they allow a more direct estimation of dust supply to the SO (compared to model 

data) because these elements are strongly linked to dust transport to the ocean. Grain size 

analysis in the SO are presently restricted to two cores in the Tasman Sea revealing increased 

dust fluxes during glacial periods coupled with no substantial grain size changes from the Last 

Glacial Maximum (LGM) to the Holocene (Hesse and McTainsh, 1999).  

    The general lack of grain size data from the Pacific and Atlantic sectors of the SO strongly 

emphasizes the need for data from these areas for paleoclimate reconstructions, especially to 

infer changes in PSAs and the variations within the SWW. Therefore, we present the first grain 

size data set from the Subantarctic Zones of the Pacific and Atlantic sectors of the SO from 
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two deep-sea sediment records. Both sediment cores are located downwind of the major 

Southern Hemisphere dust source regions (Australia, New Zealand and Southern South 

America) and are therefore ideal to better understand temporal and spatial dust transport to the 

SO. We aim to link dust grain size variations to fluctuations within the SWW and changes in 

PSAs to reconstruct paleoclimate changes over G/IG timescales.  

 

4.2 Material and Methods 

4.2.1 Core material and core locations 

We analyzed the marine sediment cores from site PS75/056 from the Pacific sector of the SO 

and ODP Site 1090 (leg 177) from the Atlantic sector of the SO (Fig. 4.1). Core PS75/056-1 

(55°09.74´S; 114°47.31´W, 3581 m water depths, 10.21 m total length) covers the last 260 kyr 

Bp and was recovered during R/V Polarstern expedition PS75 from the Subantarctic Zone east 

of the East Pacific rise using a gravity corer (Gersonde, 2011) (Fig. 4.1). The sediment material 

predominantly consists of calcareous ooze during interglacial periods with maximum calcium 

carbonate (CaCO3) values up to 82 wt. %. During glacial periods, the sediment material is 

mainly composed of diatom ooze resulting in maximum biogenic opal contents up to 60 wt. %. 

The age model of core PS75/056-1 was initially compiled by Ullermann et al. (2016) and 

updated by Basak et al. (2018). Briefly, the age model is based on the correlation of the benthic 

d18O isotope record to the d18O of core MD 97-2120 (Basak et al., 2018).  

    In total, five holes were drilled at ODP Site 1090 (42°54.8´S; 8°53.9´E, 3702 m water depths, 

397 m total length (Hole 1090B)) during ODP Leg 177 in the central part of the Subantarctic 

Zone of the Atlantic sector of the SO at the southern flank of the Agulhas Ridge. ODP Site 

1090 predominantly consists of calcareous ooze, mud bearing diatom and nannofossil ooze. 

Biogenic Opal and CaCO3 contents were inferred from the nearby sediment core PS2489-2 

(Diekmann and Kuhn, 2002). Biogenic opal is constantly less than 5 wt %, whereas CaCO3 

reaches values up to 90 wt. % in interglacial periods and up to 70 wt. % in glacial periods. The 

age model of ODP Site 1090 is described in Martinez-Garcia et al. (2014). Briefly, the age 

model was generated by graphic correlation of the high resolution 230Th normalized Fe flux 

from ODP Site 1090 to the ice core dust reconstruction from EDC (Lambert et al., 2012), using 

ice core chronology (AICC2012) (Bazin et al., 2013; Veres et al., 2013).  
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Figure 4.1: Map of the Pacific and Atlantic sectors of the SO with core locations 

recovered during R/V Polarstern (PS75) and JOIDES Resolution (leg 177) expeditions. 

Yellow dot: Sediment core PS75/059-2; used for biomarker analysis (Lamy et al., 2014). 

Blue dot: Sediment core PS75/056-1 (this study). Red dot: ODP Site 1090 (this study). 

Colored lines refer to mean positions of major front systems (Orsi et al., 1995). SAF: 

Subantarctic Front, APF: Polar Front. SACCF: Southern Antarctic Circumpolar Current 

Front. Mean extension of winter and summer sea ice (WSI and SSI) is indicated by white 

lines (Comiso, 2003). Blue arrows indicate the flow direction of the Antarctic 

Circumpolar Current (ACC). Purple dashed arrows show the direction of the Southern 

Westerly Winds (SWW). Thin dark blue arrow: Agulhas Current. The map was generated 

using the Ocean Data View software (Schlitzer,  2015). 
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4.2.2 Methods 

4.2.2.1 Chemical leaching of organic matter, biogenic opal and CaCO3 

The chemical leaching of sediment core PS75/056-1 was conducted at the Alfred Wegener 

Institute in Bremerhaven (AWI), whereas ODP Site 1090 was chemically treated at the 

department of Earth Sciences at the Eidgenössische Technische Hochschule (ETH) in Zurich. 

Based on different biogenic opal and CaCO3 contents individual leaching procedures were 

applied to the sediment cores. 

    Approximately 300 mg of the sediment was transferred into 15 mL centrifuge tubes and 5 

mL HCl (10 %) was added to remove CaCO3 from ODP Site 1090. The samples were 

centrifuged at 3000 rpm (for 5 minutes) and the overlying HCl was discarded. Subsequently, 

10 mL of DI water was added and centrifuged to rinse the samples. Organic matter was 

removed by adding 5 mL of H2O2 (34 %) to the centrifuge tubes before they were transferred 

to a boiling water bath for 1 hour. The samples were centrifuged and the overlying H2O2 was 

discarded before the samples were rinsed again. Biogenic opal (< 5 wt. %) was removed with 

5 mL NaOH (10 %). The samples were transferred to the boiling water bath for 30 minutes and 

rinsed to bring the pH to neutral.  

    To completely remove the organic matter from the sediment core PS75/056-1, 20 mL H2O2 

(35 %) (hydrogen peroxide) was added to ~5 g of the dry bulk sediment. The mixture was 

placed on a shaking table for at least 24 hours or until the reaction between the sediment and 

the reagent ceased and excess H2O2 disintegrated into H2O and O2. Subsequently, the sediment 

was wet sieved to the < 63 µm fraction. Given the increased biogenic opal content of sediment 

core PS75/056-1, we developed a new leaching procedure to ensure a complete removal of 

biogenic opal using NaOH (sodium hydroxide). Test samples with highest biogenic opal 

contents were used to select the most adequate concentration of NaOH. The test samples were 

leached with 10 % NaOH and 20 % NaOH solutions, respectively. Microscope analysis 

confirmed that the latter concentration most effectively removes biogenic opal from the 

sediment (Fig. A 4.1). Because of the relatively high concentrated NaOH solution, especially 

clay minerals could be affected by dissolution or grain shape alterations. Moreover, given that 

diatom fragments, sponge spicules, diatoms and radiolarian fragments would remain in the < 

63 µm fraction due to incomplete leaching, the effect of such biological fragments on the grain 

size distribution would be more severe than dissolved or altered clay minerals.  
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    Approximately ~1 g of the organic matter free < 63 µm fraction was transferred into 1 L 

glass beakers and 250 mL 20 % NaOH was added to remove biogenic opal. The beaker was 

placed on a hot plate with magnetic stirring function under a ventilation hood and the mixture 

was gently heated up to 85°C and held for exactly one hour. During the experimental phase, 

we found that biogenic opal dissolution is most efficient when the NaOH-sediment solution is 

permanently mixed, so that diatoms might additionally become instable due to the friction with 

the sediment. Afterwards, the NaOH-sediment solution was transferred into clean 1 L 

centrifuge beakers and demineralized water (DI water) was added to rinse the basic solution. 

The NaOH-sediment solution was centrifuged for 5 minutes at 20°C (including the acceleration 

and deceleration phase) with 5050 revolutions per minute (rpm) using a Cryofuge 8500i 

(Thermo Scientific) centrifuge. After every run, the overlying basic water was decanted and 

DI water was added to the sediment. It is noteworthy, that we used a squirt bottle filled with 

DI water to loosen up the sediment at the bottom of the centrifuge beaker to ensure a more 

effective rinsing of the sediment. The rinsing was repeated until the pH of the sediment was 

equal to the pH of the DI water (we needed at least four runs). We carefully checked the pH 

after every run because we found that a slightly basic solution resulted in a fluffy sediment 

structure, which was difficult to disaggregate. The biogenic opal free sediment was transferred 

into 125 mL transparent plastic beakers and filled up to 110 mL with DI water. Approximately 

~1 mL of 10 % HCl (hydrochloric acid) was added to remove the remaining CaCO3 and the 

acetic mixture was placed on a shaking table under a ventilation hood for 24 hours. To avoid 

moving the plastic beakers to do not disperse the settled sediment, we used a water jet pump to 

remove the overlying water. The rinsing process of the acetic sediment solution was repeated 

until the pH of the sediment was equal to the pH of the DI water (we needed at least two runs). 

 

4.2.2.2 Grain size analysis  

The grain size analysis of ODP Site 1090 was conducted at the ETH in Zurich. ODP Site 1090 

was sampled in 1 cm intervals and grain size analysis was conducted on the bulk sediment 

fraction. Prior to the grain size analysis, 10 mL 2 % Na4P2O7 10H2O (sodium pyrophosphate) 

was added to each sample for 48 hours to completely disaggregate the sediment. The particle 

size distributions of the terrigenous fraction were measured with a Malvern Mastersizer 2000, 

which resulted in 84 size classes ranging from 0.02 to 2000 µm for every analyzed sample.  

    The grain size analysis of sediment core PS75/056-1 was conducted at the Royal Netherlands 

Institute for Sea Research (NIOZ). The sediment core was sampled in 5 cm intervals and grain 
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size analysis was conducted on the < 63 µm fraction. Prior to the grain size analysis, 20 mL 2 

% Na4P2O7 10H2O was added to each sample and placed on shaking table for 24 hours to 

completely disaggregate the sediment. The particle size distributions of the terrigenous fraction 

were measured using a Beckman Coulter laser sizer LS13320, which resulted in 116 size 

classes ranging from 0.04 to 2000 µm for every analyzed sample. The calculation of the particle 

sizes relies on the Fraunhofer diffraction theory and the Polarization Intensity Differential 

Scattering (PIDS) for particles from 0.4 to 2000 µm and from 0.04 to 0.4 µm, respectively. To 

minimize the influence of gas bubbles degassed water was used during analysis.  

    Grain size mean values for both cores were calculated for the fine silt fraction (2-10 µm) 

using the software Gradistat (Blott and Pye, 2001). Mean grain size values are expressed in 

the Folk and Ward nomenclature because this method provides the most robust approach to 

compare compositionally variable sediments (Folk and Ward, 1957).  

 

4.2.2.3 Uranium-Thorium isotope analysis 

The 230Th (thorium) isotope is a product of the 238U (uranium) decay series (Francois et al., 

2004) with a half-life time of 75.548 ± 110 years (Cheng et al., 2013). The parent isotope 234U 

produces (through α-decay) the highly insoluble (in seawater) and particle reactive 230Th 

isotope at a uniform and well-known rate (β = 0.0267 dpm m-3year-1). Attached to sinking 

particles 230Th is transported to the seafloor (Thomson et al., 1993; Francois et al., 2004). 

Sediment particles are assumed to contain a fraction of 230Th in a secular equilibrium with 

lithogenic 234U. However, the total amount of 230Th in deep-sea sediments near the sediment 

surface exceeds the amount supported by 234U. This fraction of 230Th is called 230Thxs (230-

Thorium excess) (Francois et al., 2004). This relationship forms the basis for the 230Th 

normalization method (Thomson et al., 1993). The Th and U isotope analysis of PS75/056-1 

and ODP Site 1090 are in detail explained in Shoenfelt et al. (submitted) and Martínez-Garcia 

et al. (2009), respectively. 

    Supported 230Th for both sediment cores was calculated according to Francois et al. (2004), 

using a 238U/232Th activity ratio of 0.4 ± 0.1 (Henderson and Anderson, 2003). 230Thxs was used 

to calculate the preserved vertical lithogenic fluxes by multiplying the uniform 230Th 

production rate (β = 0.0267 dpm m-3 yr-1) and the water depth divided by the 230Thxs 

concentrations (dpm g-1) (Francois et al., 2004). 232Th concentrations were used to determine 

the lithogenic fraction in the sediment cores assuming an average 232Th concentration of 10.7 
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ppm for the upper continental crust (Taylor and McLennan, 1995). In the following text, we 

refer to the 230Th-normalized fluxes of 232Th in short as lithogenic fluxes.  

 

4.3 Results and Discussion 

4.3.1 Evaluation of the dust grain size in the Pacific sector of Southern Ocean (Sediment core 

PS75/056-1) 

The sediment core PS75/056-1 covers the last 260 kyr and reaches back to Marine Isotope 

Stage 8 (MIS). All investigated samples from this sediment core show a bimodal grain size 

distribution with a main peak at ~4 µm and a less prominent peak at ~30 µm (Fig. 4.2). On 

average 90 Vol. % (volume percentage per size class; 116 size classes were measured) of the 

total sediment material is concentrated in the clay (0-2 µm) and fine silt (2-10 µm) fraction, 

whereas the medium and coarse silt (10-63 µm) fraction consists of only 10 Vol. % (on 

average) (Fig. 4.3). Further separations of the 0-10 µm fraction into the clay and the fine silt 

fractions reveal that 35 Vol. % (on average) are concentered in the clay fraction (Fig. 4.3). 

Although the clay fraction most likely represents eolian dust to a large portion, it may be 

strongly affected by dissolution during the biogenic opal leaching process (see 4.2.2.1). The 

resulting grain shape alterations of the clay minerals produce an additional source of error, 

which is difficult to account for. The fine silt fraction constitutes 55 Vol. % (on average) of the 

grain size distribution (Figs. 4.2 and 4.3). Additionally, compared to medium and coarse 

grained silt, the fine silt fraction is not affected by current redistribution at the seafloor as this 

sediment fraction is cohesive and forms aggregates (McCave et al., 1995). Therefore, we focus 

on the fine silt fraction as being most likely entirely dust derived. 

    John H. Martin (1990) suggested that elevated glacial dust fluxes to the SO would have 

increased the marine biological productivity by adding iron (Fe) to the ocean (iron 

fertilization), which resulted in a drawdown of atmospheric CO2 concentrations. It was shown 

that Fe records (bulk sediment) from the Pacific and Atlantic sectors of the SO (Martínez-

Garcia et al., 2009; Lamy et al., 2014) clearly correlate with Antarctic dust, CO2 and 

temperature records over G/IG timescales (Jouzel et al., 2007; Lambert et al., 2008; Lüthi et 

al., 2008; Lambert et al., 2012). Additionally, Lamy et al. (2014) further showed that Fe down 

core contents from the Pacific sector of the SO largely co-vary with 232Th-based dust flux 

estimates (lithogenic flux). We extent this finding to our sediment core PS75/056-1, which also 

shows a strong positive correlation between the Fe content and the lithogenic flux (r2 = 0.63) 

(Figs. 4.4 a, 4.5 c and e). Subsequently, we compared the fine silt fraction to the Fe and 
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lithogenic flux records of our sediment core and find that the Fe and the lithogenic flux records 

show a strong linear correlation with the fine silt fraction (Fe, r2 = 0.55; lithogenic flux, r2 = 

0.62) (Fig. 4.4 b and c). According to these relationships, we argue that the fine silt fraction is 

the most suitable grain size range to reconstruct dust transport to the Pacific sector of the SO.  

 

 

Figure 4.2: Grain size distribution of sediment core PS75/056-1. Grain sizes were 

measured on the < 63 µm fraction. Grain sizes exceeding 63 µm most likely result from 

platy minerals (e.g. clay and mica minerals). Note the logarithmic scale on the x-axis.  

The y-axis shows the frequency given in volume percentage per size class. 116 size 

classes were measured. The grain size distribution shows a distinct maximum at ~4 µm 

and a less pronounced peak at ~30 µm. 55 Vol. % are concentrated in the fine silt (2-10 

µm) fraction (gray bar). The clay (0-2 µm) and medium to coarse silt fractions (10-63 

µm) were excluded from our dust grain size analysis because they could be affected by 

dissolution during the opal leaching process (0-2 µm fraction) or could be affected by 

bottom current redistribution at the seafloor (10-63 µm fraction) (McCave et al., 1995).  
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Figure 4.3: Grain size distribution of sediment core PS75/056-1 versus age. Note that  

the sum of the components equals 100 Vol. %. 90 Vol. % (volume percentage per size 

class; 116 size classes were measured) of the total sediment material is concentrated in 

the 0-10 µm fraction. The medium to coarse silt fraction (10-63 µm) consists of 10 Vol. 

%. Further separations of the 0-10 µm fraction into the clay (0-2 µm) and fine silt (2-10 

µm) fractions reveal that 35 Vol. % are concentered in the clay and 55 Vol. % are 

concentrated in the fine silt fractions. The given numbers are average values.  
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Figure 4.4: a: Linear regression of 230Th-normalized lithogenic fluxes (g cm-2 kyr-1) and 

Fe (wt. %). b: Linear regression between the fine silt fraction (2-10 µm) and Fe (wt. %).  

c: Linear regression between 230Th-normalized lithogenic fluxes (g cm-2 kyr-1) and fine 

silt fraction (2-10 µm). The distinct linear correlations between all proxies confirm that  

the fine silt fraction is the most suitable grain size range to reconstruct dust transport to 

the Pacific Sector of the SO. 
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4.3.2 Glacial-interglacial dust variability in the Pacific sector of Southern Ocean (Sediment 

core PS75/056-1)  

The mean of the grain size range of the fine silt fraction, here defined as mean dust grain size, 

varies between 3.78 µm and 4.35 µm. Although the amplitude between the highest and lowest 

mean grain size is only 0.57 µm, we observe a distinct G/IG pattern with coarser mean dust 

grain sizes in glacial compared to interglacial periods (Fig. 4.5 d). Based on the geographical 

location of our sediment core, we cannot entirely exclude minor contributions of ice-rafted 

sediments. However, terrestrial biomarkers (long-chain n-alkanes) of a nearby sediment core 

(PS75/059-2) (Fig. 4.1) clearly reveal the presence of leaf-waxes typical for terrestrial plant 

material (Lamy et al., 2014), which is absent on the Antarctic continent (Aislabie et al., 2006). 

Therefore, contributions from ice-rafted sediments affecting the grain size distribution can be 

ruled out. Given the cohesive behavior of the fine silt fraction (McCave et al., 1995), we argue 

that sediment redistribution at the seafloor due to intensified bottom currents during glacial 

periods can also be ruled out. Reconstructions of Drake Passage Antarctic Circumpolar Current 

(ACC) through-flow show a substantial decrease during glacial periods (Lamy et al., 2015). 

Hence, lateral particle transport within the ACC was probably also reduced due to the lower 

transport volume.  

    Lamy et al. (2014) inferred that dust supply is the predominant transport mechanism of 

terrigenous material to our core site. The geographical position of our sediment core in the 

Subantarctic Zone east of the East Pacific rise and the direction of the SWW suggest that 

Australia and/or New Zealand are the major PSAs. Model-based investigations of the modern 

dust distribution in the Southern Hemisphere showed that approximately 86 % of dust in the 

Pacific sector of the SO originate from central and/or southeast Australian PSAs (Li et al., 

2008). Simulations of the modern dust distribution also show that Australian sourced dust is 

transported in the free troposphere, which enables transport across long distances (Li et al., 

2008). Additionally, a recent modern dust provenance study from the Pacific sector of the SO 

suggests, despite geochemical similarities between Australian, New Zealand and southern 

South American PSAs, that the Lake Eyre Basin in southeast Australia was the major dust 

supplier to the Pacific sector of the SO during the Holocene (Wengler et al., submitted).  

    The enhanced glacial Fe accumulation combined with increased mean dust grain sizes at our 

core site suggests both, more dust was available in PSAs and source area characteristics favored 

the erosion of larger dust particles. This might be a result of glacial climate conditions (e.g. 

reduced vegetation, reduced precipitation, arid conditions) leading to expanded arid areas that 
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favored enhanced dust erosion over central and southeast Australia (Hesse and McTainsh, 

1999). Our lithogenic flux record shows the same G/IG pattern compared to the Fe 

accumulation and mean dust grain size (Fig. 4.5 c-e) corresponding with increased (decreased) 

LGM (Holocene) lithogenic fluxes in the Pacific sector of the SO (Fig. 4.6 a and b). The SWW 

are the main transport medium of dust to the SO and most paleo-data studies propose both, a 

northward shift and/or strengthening of the SWW during glacial periods (Kohfeld et al., 2013). 

However, most of these studies were conducted in southern South America and therefore might 

not be representative for SWW variations over Australia and New Zealand. Tasman Sea marine 

sediment deposits reveal distinctly higher dust fluxes during glacial periods coupled with no 

substantial change in grain size (Hesse, 1994; Hesse and McTainsh, 1999). This pattern 

documents a northward shift of the SWW accompanied by an expansion of the Australian dust 

transport corridor, rather than a general increase in the zonal SWW wind strength over 

Australia (Hesse, 1994). We observe a G/IG amplitude in the mean dust grain size of 0.57 µm, 

which could point to slightly increased winds over central and southeast Australia leading to 

the erosion of larger dust particles combined with increased dust transporting SWW to the 

Pacific sector of the SO during glacial periods. However, this would contradict the results 

presented in Lamy et al. (2015), where a substantial decrease of Drake Passage ACC through-

flow during glacial periods is linked to a northward shift of the SWW resulting in reduced 

SWW over their core zone. Alternatively, the increased glacial mean dust grain sizes could 

also result from an activation of Australian PSAs that were inactive during interglacial periods 

combined with a change in mineralogy.  

    Because New Zealand is predominately under the influence of the prevailing SWW, the 

South Island needs to be considered as an additional PSA (Neff and Bertler, 2015), especially 

during glacial periods. At the east coast of the South Island, large loess areas were formed 

through the deflation of dust from river floodplains (Cowie, 1964; Raeside, 1964). The dust 

was predominately derived from the Southern Alps during Quaternary cold-climate processes 

(e.g. freeze/thaw and glacial grinding) (Eden and Hammond, 2003). Increased erosion and/or 

weathering fluxes during glacial periods were detected in marine sediments at the eastern side 

of the South Island and are interpreted as a result of the glacial ice coverage (Cogez et al., 

2015). Based on these glacial processes larger dust particles could have been available and 

increased SWW could have transported them to the SO. 
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Figure 4.5: a: d18O (‰) of sediment core PS75/056-1. b: EDC dust flux (mg cm-2 yr-1) 

(Lambert et al., 2012). c: Fe content (wt. %) of sediment core PS75/056-1 (Lamy et al.,  

2014). d: Mean dust grain size in µm (2-10 µm) of sediment core PS75/056-1. e: 230Th-

normalized lithogenic flux (g cm-2 kyr-1) of sediment core PS75/056-1 (Shoenfelt et al., 

submitted). The light blue bars highlight glacial periods. The numbers refer to the marine 

isotope stages and the colors indicate glacial (blue) and interglacial (red) periods.  
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Figure 4.6: Holocene (upper penal) - LGM (lower penal) comparison of 230Th-normalized 

lithogenic fluxes (g cm-2 kyr-1) in the Pacific sector of the SO. Note the increased LGM 
230Th-normalized lithogenic fluxes (g cm-2 kyr-1) compared to the Holocene. Five 

samples per time slice were measured and the average values are shown in the map.  

Colored lines refer to mean positions of major front systems (Orsi et al., 1995). SAF: 

Subantarctic Front, APF: Polar Front. SACCF: Southern Antarctic Circumpolar Current 

Front. Mean extension of winter and summer sea ice (WSI and SSI) is indicated by white 

lines (Comiso, 2003). The map was generated using the Ocean Data View software 

(Schlitzer, 2015).  
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4.3.3 Evaluation of the dust grain size in Atlantic sector of the Southern Ocean (ODP Site 

1090) 

We studied one complete glacial-interglacial cycle (the upper 160 kyr) at ODP Site 1090. The 

sediment record reveals a bimodal grain size distribution with a main peak at ~3 µm (similar 

to sediment core PS75/056-1), whereas a second peak occurs at ~11 µm (Fig. 4.7). The clay 

and fine silt fractions consist of 80 Vol. % (on average), whereas 19 Vol. % (on average) are 

concentrated in the medium and coarse silt fraction (Fig. 4.8). Although the clay fraction makes 

up 29 Vol. % (on average) (Fig. 4.8), it was excluded from our interpretation for the same 

reason as mentioned in section 4.3.1. The > 63 µm fraction makes up less than 1 Vol. % (on 

average) of the entire grain size distribution and is therefore negligible. 

    Given the clear dominance of the fine silt fraction (51 Vol. % on average; Fig. 4.8) in our 

sediment record, we assume this fraction to be most representative for dust in the Atlantic 

sector of the SO. However, we find a poor correlation between the fine silt fraction and Fe 

accumulation (r2 = 0.05) and the lithogenic flux (r2 = 0.01) of ODP Site 1090 (Fig. 4.9 b and 

c). Does the lack of correlation indicate that the fine silt fraction cannot be used to reconstruct 

dust transport to Atlantic sector of the SO? Based on the distinct majority of the fine silt fraction 

(51 Vol. %), we argue that this fraction is most representative for dust and rather consider other 

factors (e.g. PSA characteristics, different G/IG PSAs and ice rafted sediments) to be 

responsible for G/IG grain size distribution. 
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Figure 4.7: Average grain size distribution of ODP Site 1090. Grain sizes were measured 

on the bulk terrigenous fraction. Note the logarithmic scale on the x-axis. The y-axis 

shows the frequency given in volume percentage per size class. 84 size classes were 

measured. The grain size distribution shows a distinct maximum at ~3 µm and a less 

pronounced peak at ~11 µm. The coarser grain size distributions refer to MIS 3 and likely 

indicate ice-rafted sediment input. 51 Vol. % are concentrated in the fine silt (2-10 µm) 

fraction (gray bar). The clay (0-2 µm) and medium to coarse silt fractions (10-63 µm) 

were excluded from our dust grain size analysis because they could be affected by 

dissolution during the opal leaching process (0-2 µm fraction) or could be affected by 

bottom current redistribution at the seafloor (10-63 µm fraction) (McCave et al., 1995).  
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Figure 4.8: Grain size distribution of ODP Site 1090 versus age. Note that the sum of 

the components equals 100 Vol. %. 80 Vol. % (volume percentage per size class; 84 size 

classes were measured) of the total sediment material is concentrated in the 0-10 µm 

fraction. The medium to coarse silt fraction (10-63 µm) consists of 19 Vol. %. 29 Vol. 

% are concentered in the clay (0-2 µm) and 51 Vol. % are concentrated in the fine silt  

(2-10 µm) fractions. The > 63 µm fraction makes up less than 1 Vol. %. The given 

numbers are average values. 

 

 

 

 

 

 

 

50

100

150

0 5 10 15 20 25 30 35 40 45 50 55 60
Frequency (Vol. %)

Ag
e 

(k
yr

)

2-10 µm
0-2 µm
10-63 µm



Opposing dust grain size changes in the Pacific and the Atlantic sectors of the Southern Ocean during the last 
260 kyr 

 74 

 

Figure 4.9: a: Linear regression between 230Th-normalized lithogenic fluxes (g cm-2 kyr-

1) and Fe (wt. %). b: Linear regression between the fine silt fraction (2-10 µm) and Fe 

(wt. %). c: Linear regression between 230Th-normalized lithogenic fluxes (g cm-2 kyr-1) 

and the fine silt (2-10 µm). Given the distinct dominance of the fine silt fraction, it is 

probably the most suitable grain size range to reconstruct dust transport to the Atlantic 

Sector of the SO. The poor linear regressions shown in b and c do not eliminate the fine 

silt fraction as dust proxy but rather result from climate forcing over southern South 

American PSAs.  
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4.3.4 Glacial-interglacial dust variability in Atlantic sector of the Southern Ocean (ODP Site 

1090) 

The mean dust grain size distribution ranges from 4.68 µm to 5.21 µm. The amplitude between 

the highest and lowest mean grain size (0.53 µm) is similar to sediment core PS75/056-1 in the 

Pacific sector of the SO (0.51 µm) (Fig. 4.10 e). However, we observe a G/IG coarsening of 

approximately 0.9 µm in the Atlantic sector of the SO compared to the Pacific sector (mean 

dust grain size: 3.78 µm to 4.35 µm) (Figs. 4.5 d and 4.10 e). It is important to note that the 

G/IG mean dust grain size pattern at ODP Site 1090 is opposite to sediment core PS75/056-1 

from the Pacific sector of the SO. In the South Atlantic, interglacial periods reveal coarser 

mean dust grain sizes compared to glacial periods (Fig. 4.10 e). Similar to our sediment record 

from the Pacific sector of the SO, increased Fe accumulation and lithogenic fluxes during 

glacial periods strongly indicate enhanced dust transport to ODP Site 1090. Based on these 

observations, we focus on the mechanism(s) being responsible for the opposed G/IG mean dust 

grain size patterns in the Pacific and Atlantic sectors of the SO. For the same reason as 

discussed in 4.3.1, we discard sediment redistribution at the seafloor. Additionally, given that 

the Subantarctic Front (SAF) defines the northern limit of the ACC (Orsi et al., 1995), we 

suggest that the location of ODP Site 1090 (north of the SAF) prevents sediment redistribution.  

Terrestrial biomarker analysis of long-chain n-alkanes lead to the conclusion that sediment 

input from ice-rafted sediments can be excluded (Martínez-Garcia et al., 2009). Nevertheless, 

distinctly increased mean dust grain sizes during MIS 3 may indicate a secondary source of 

terrestrial material, which could be derived from ice-rafted sediment input (Figs. 4.7 and 4.10 

e).  

    Martínez-Garcia et al. (2009) suggest that dust supply is the most likely transport mechanism 

of terrigenous material to ODP Site 1090. The geographical position of ODP Site 1090 and the 

prevailing direction of the SWW indicate that southern South America is the most prominent 

PSA. This corresponds with model-based investigations of the modern and LGM dust 

distribution in the Southern Hemisphere revealing that ODP Site 1090 is covered by the 

southern South American dust plume (Li et al., 2008; Li et al., 2010; Albani et al., 2012b). In 

particular, 90 % of the total modern dust in the Atlantic sector of the SO originates in South 

America (Li et al., 2008).  

    Provenance studies strongly emphasize the role of dust from form southern South American 

PSAs in east Antarctic ice cores (e.g. EDC) (Delmonte et al., 2010; Gili et al., 2017). 

Additionally, the strong similarity of the Fe accumulation at ODP Site 1090 and the EDC dust 
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flux supports the idea of southern South American dust supply to our core site (Fig. 4.10 b and 

d). Simultaneously, the lithogenic flux of ODP Site 1090 shows a similar G/IG pattern 

compared to the Fe accumulation, which is characteristic for increased dust accumulation 

during glacial periods (Fig. 4.10 d and f). Comparing the lithogenic fluxes in the Atlantic and 

Pacific sectors of the SO, we observe a ~3-fold increase during glacial periods and a ~2-fold 

increase during interglacial periods in the Atlantic sector (Figs. 4.5 e and 4.10 f). Based on this 

result, we infer a strong source area - atmosphere interaction with regard to dust erosion and 

availability in southern South American PSAs. Additionally, we infer that southern South 

American PSAs produced higher total amounts of dust during glacial periods compared to 

Australia/New Zealand. 

     Southern South American PSA extend along a ~4000 km latitudinal band from the Puna-

Altiplano Plateau in the north to Patagonia in the south (Gili et al., 2017), which could explain 

the distinct G/IG mean dust grain size pattern observed at ODP Site 1090 (Fig. 4.10 e). 

Geochemical comparisons of southern South American PSAs to east Antarctic ice core dust 

records reveal that Patagonia predominantly supplied dust to east Antarctica during glacial 

periods (Gili et al., 2017). This agrees with dust modeling studies showing that Patagonia 

dominated dust deposition over Antarctica during the Last Glacial Maximum (LGM) (Albani 

et al., 2012b). It was shown that dust peaks in Antarctica correspond with increased meltwater 

discharge from Patagonian glaciers onto outwash plains, where dust can easily be mobilized 

(Sugden et al., 2009). This could explain the enhanced glacial Fe accumulation coupled with 

increased lithogenic fluxes at ODP Site 1090. Additionally, east Antarctic ice core dust (EDC) 

shows the same G/IG dust variability compared to our sediment core with increased dust fluxes 

but decreased grain sizes in glacial periods (Fig. 4.10 b, c, e) (Delmonte et al., 2004b; Lambert 

et al., 2008). It was suggested that a progressive coupling of the climates of Antarctica and 

lower latitudes resulted in enhanced southern South American dust erosion (Lambert et al., 

2008). Simultaneously, a diminished hydrological cycle during glacial periods over the 

Atlantic sector of the SO reduced wet deposition processes and increased the particle lifetime 

during atmospheric transport leading to a ~25-fold increase in Antarctic glacial dust fluxes 

(EDC) (Fig. 4.10 b) (Lambert et al., 2012). Although more southern South American dust was 

available during glacial periods, erosion of larger dust particles was hampered. We suggest that 

fluctuations of the SWW over southern South America are the main mechanism being 

responsible for the G/IG mean dust grain size pattern. During glacial periods, the SWW 

probably shifted northward, which likely resulted in a diminished core over Patagonia (Lamy 
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et al., 2010). Accordingly, we infer that the local SWW were not strong enough to erode coarse 

dust particles in southern South America resulting in the distinct G/IG dust size pattern.  

    During interglacial periods the southern Altiplano area in the northern part of southern South 

America was the main source of dust to east Antarctic ice cores (Gili et al., 2017). In addition, 

paleo-data from the central Andes reveal drier conditions in the Altiplano area during the 

Holocene and older interglacials (Fornace et al., 2014; Baker and Fritz, 2015). This could be 

explained by contracted SWW resulting in increased precipitation over the southern PSA in 

southern South America. Although the interglacial SWW were likely reduced over the northern 

PSAs, we suggest that drier conditions could have enhanced the erosion of coarser dust 

particles during interglacial periods.  

    Because our core site is closely located to South Africa, sediment input from this region 

needs to be considered. Noble et al. (2012) inferred from a suite of sediment records from ODP 

Leg 177 (including ODP Site 1090) that Holocene lithogenic fluxes can be explained by a 

predominant sediment supply from South Africa via the Agulhas current. This may have been 

likewise important for older interglacials and could alternatively explain our increased mean 

dust grain sizes during interglacial periods. In contrast, increased LGM lithogenic fluxes at the 

same locations point to sediment transport driven by the ACC. This was inferred from LGM 

lithogenic fluxes that are an order of magnitude higher than glacial lithogenic fluxes in the 

equatorial Pacific, where lithogenic input is mainly based on dust (Winckler et al., 2008; Noble 

et al., 2012). However, our data show that glacial lithogenic fluxes are generally lower in the 

Pacific sector of the SO compared to the Atlantic sector (Figs. 4.5 e and 4.10 f). Subsequently, 

increased glacial lithogenic fluxes cannot simply be interpreted as current driven. Additionally, 

down core Th isotope data reveal relatively low sediment focusing rates for ODP Site 1090 

(Martínez-Garcia et al., 2009), also arguing against ACC and lateral transport in the water 

column.  
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Figure 4.10: a: d18O (‰) of composite record PS2489-2/ODP Site 1090 (Becquey and 

Gersonde, 2003; Martínez-Garcia et al., 2009). b: EDC dust flux (mg m-2 yr-1) (Lambert  

et al., 2012). c: EDC dust fine particle percentage (Delmonte et al., 2004b; Lambert et  

al., 2008) d: Fe content (wt. %) of ODP Site 1090 (Martínez-Garcia et al., 2009; 

Martínez-Garcia et al., 2011). e: Mean dust grain size in µm (2-10 µm) of ODP Site 

1090. f: 230Th-normalized lithogenic flux (g cm-2 kyr-1) of ODP Site 1090 (Martínez-

Garcia et al., 2009; Martínez-Garcia et al., 2011). The light blue bars highlight glacial  

periods. The numbers refer to the marine isotope stages and the colors indicate glacial  

(blue) and interglacial (red) periods.  
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4.4 Conclusion 

We show that the fine silt fraction dominates the grain size distribution in the Pacific and 

Atlantic sectors of the SO and therefore, we consider this fraction as most representative for 

atmospheric dust. Our data clearly reveal opposing down core grain size records in Pacific and 

Atlantic sectors of the SO. The grain size record in the Pacific sector is characterized by 

increased mean dust grain sizes during glacial and decreased mean dust grain sizes during 

interglacial periods corresponding with increased glacial Fe accumulation and lithogenic flux 

records in this sector. Subsequently, we argue that our G/IG grain size distribution is 

predominantly affected by changing PSA characteristics during glacial periods leading to 

expanded arid areas allowing for increased dust entrainment in Australia and/or New Zealand. 

Additionally, PSAs that were inactive during interglacial periods coupled with mineralogy 

changes could also be responsible for the distinct G/IG dust distribution.  

    The mean dust grain size data from the Atlantic sector of the SO show the opposite pattern 

with decreased grain sizes during glacial periods, whereas increased glacial Fe and lithogenic 

flux records indicate enhanced dust availability in southern South American sources. Glacial 

dust was predominantly derived from Patagonia but expanded glacial SWW coupled with a 

diminished core over Patagonia likely hampered the erosion of coarse dust particles. In 

contrast, interglacial dust mainly originated in the Puna Altiplano region, where the 

entrainment of coarser dust particles likely resulted from drier interglacial conditions. 

Australian and New Zealand PSAs are located further north compared to Patagonia, the 

predominant glacial PSA to Atlantic sector of the SO. As a result, a glacial northward shift of 

the SWW would likely more readily affect Australian/New Zealand sources rather than 

Patagonian PSAs.  

    Our grain size-based study reveals the complexity of paleoclimate reconstructions and shows 

that the SWW did probably not behave symmetrically in the Southern Hemisphere. It also 

addresses the need for more west to east and north to south down core transects in the Pacific 

and Atlantic sectors of the SO to accurately determine G/IG SWW variations. Moreover, we 

strongly emphasize the need for down core provenance studies to identify the origin of dust 

particles over G/IG timescales.  
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APPENDIX A. Supplementary data 

 
Figure A 4.1: A typical sample of sediment core PS75/056-1 before and after the leaching 

procedure described in chapter 4. a: Untreated sample with a biogenic opal content of 

~60 %. b: The same sample after opal leaching. Biogenic opal is completely removed. 

The method was developed for sediment samples with extremely high biogenic opal 

contents. The images were taken with a Zeiss Axioplan 2 microscope using the x1000 

magnification.  
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Abstract 

In this study, we present a new multiproxy data set of terrigenous input, marine productivity 

and sea surface temperature (SST) from 52 surface sediment samples collected along E-W 

transects in the Pacific sector of the Southern Ocean. Allochthonous terrigenous input was 

characterized by the distribution of plant wax n-alkanes and soil-derived branched glycerol 

dialkyl glycerol tetraethers (brGDGTs). 230Th-normalized burial of both compound groups 

were highest close to the potential sources in Australia and New Zealand and are strongly 

related to lithogenic contents (232Th), indicating common sources and transport. Detection of 

both long-chain n-alkanes and brGDGTs at the most remote sites in the open ocean strongly 

suggests a primarily eolian transport mechanism to at least 110°W, i.e. by prevailing westerly 

winds. Two independent organic SST proxies were used, the U$%	&´  based on alkenones, and the 

TEX86 based on isoprenoid GDGTs. Both, U$%	&´  and TEX86 indices show robust relationships 

with temperature over a temperature range between 0.5 and 20°C, likely implying different 

seasonal and regional imprints on the temperature signal. Alkenone-based temperature 

estimates best reflect modern summer SST in the study area when using the polar calibration 

of Sikes et al. (1997). In contrast, TEX86-derived temperatures may reflect a subsurface signal 

rather than surface. 230Th-normalized burial of alkenones is highest close to the Subtropical 

Front and is positively related to the deposition of lithogenic material throughout the study 

area. In contrast, highest isoGDGT burial south of the Antarctic Polar Front may be largely 

controlled by diatom blooms, and thus high opal fluxes during austral summer.  

 

5.1 Introduction 

The Southern Ocean (SO) plays a crucial role in the climate system by influencing the 

meridional overturning circulation and the global carbon cycle (Fischer et al., 2010; Marshall 

and Speer, 2012). Wind-borne mineral aerosol (dust) is an important feedback in the climate 

system affecting radiation budgets, atmospheric chemistry, and providing nutrients to 

terrestrial and marine ecosystems (Jickells et al., 2005). According to the iron hypothesis 

(Martin, 1990), an increase in the supply of iron by dust may stimulate marine productivity in 

so-called high-nutrient low-chlorophyll (HNLC) regions, leading to the reduction of 

atmospheric CO2 concentrations. In the Southern Hemisphere, the largest amount of dust is 

transported by the predominant mid-latitude westerly winds, which are an important driver of 

the large scale ocean circulation and play a major role in determining climate dynamics and 

precipitation regimes on adjacent land masses between 30°S and 60°S over seasonal to 
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millennial timescales (Lamy et al., 2010; Fletcher and Moreno, 2012; Lamy et al., 2014). A 

tight connection between eolian dust, climate state and ocean biogeochemistry was suggested, 

indicating that the world was much dustier during glacial climate stages, and consistent with 

overall cooler and drier conditions (Kohfeld and Harrison, 2001; Maher et al., 2010; Martínez-

García et al., 2014; Lamy et al., 2014). The large variations in dust loading in the past may 

reflect changes in the source areas, wind speed, pattern, and gustiness as well as deposition 

along the dust transport pathway (Winckler et al., 2008; Martínez-Garcia et al., 2009; Kohfeld 

et al., 2013). Several modeling attempts have been made to characterize the generation and 

transport of dust and its impacts on climate. However, estimates of modern dust sources, 

mobilization rates and deposition are still poorly constrained, resulting primarily from the 

scarcity of spatial data coverage for the Pacific sector of the SO. Therefore, major discrepancies 

exist about the contribution and relative importance of major dust sources in the Southern 

Hemisphere, i.e., South America and Australia/New Zealand (Prospero et al., 2002; Li et al., 

2008; Maher et al., 2010; Albani et al., 2014; Neff and Bertler, 2015).  

    Lipid biomarkers are widely used to characterize the sources and distribution of organic 

matter (OM) in terrestrial and marine environments and are therefore a powerful tool for 

paleoclimate reconstructions (Eglinton and Eglinton, 2008). Land plant biomarkers in marine 

sedimentary archives provide useful information about past vegetation and its climate history 

on adjacent continents. This includes long-chain n-alkanes, which represent major lipid 

components of the protective waxes that coat the surface of higher land plants. They typically 

occur in the C25-C35 range with a strong odd over even carbon number predominance (Eglinton 

and Hamilton, 1967). Such plant-wax lipids are persistent in soil and can reach marine 

sediments by erosion, wind and river transport of particulates, and smoke aerosols (Eglinton 

and Eglinton, 2008). The transport of wind-borne terrestrial OM has been documented for dust 

in sediments from remote oceanic locations, and most studies focused on lipid components 

from higher plant leaf waxes, i.e. n-alkanes, n-alkanols, n-fatty acids (Simoneit, 1977; 

Kawamura, 1995; Bendle et al., 2007). There is, however, a wealth of biological aerosol 

particles in the atmosphere including pollen, spores, and microorganisms (Simoneit, 1977; 

Griffin et al., 2006; Després et al., 2012). A large proportion of the aerosol organic fraction 

thus likely remains overlooked. Branched glycerol dialkyl glycerol tetraethers (brGDGT) were 

recently detected in aerosol samples off NW-Africa (Fietz et al., 2013). These lipids are 

commonly used as a proxy for terrestrial (soil) OM input to the ocean, namely the branched 

and isoprenoid tetraether (BIT) index (Hopmans et al., 2004). BrGDGTs were first identified 

in peat bogs and are thought to derive from anaerobic soil bacteria (Weijers et al., 2006), likely 
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from members of the Acidobacteria (Sinninghe Damasté et al., 2011). They are frequently 

detected in lacustrine and coastal marine sediments, but also at remote ocean sites, where no 

direct impact from land erosion via rivers takes place (Fietz et al., 2011; Schouten et al., 2013a; 

Jaeschke et al., 2014). Long-chain n-alkanes have been applied as a dust proxy in individual 

sediment cores from the subpolar Atlantic and Pacific Oceans, where they co-varied with iron 

and CO2 concentrations over multiple glacial-interglacial cycles (Martínez-Garcia et al., 2009; 

Martínez-Garcia et al., 2011; Lamy et al., 2014). Application of brGDGTs as important 

additional dust tracers for paleoclimate reconstructions remains as yet unexplored.  

    At present, subtropical to polar SST gradients vary seasonally and zonally in conjunction 

with changes in surface circulation, the position and intensity of the westerly wind belt and 

regional climate (e.g. Lamy et al., 2010; Kohfeld et al., 2013). Accurate determination of 

present and past sea surface temperature (SST) variations is therefore essential for assessing 

the Southern Ocean’s influence on global climate. The most commonly used organic proxy for 

SST estimation is the U$%	&´  index (Prahl and Wakeham, 1987), which is based on the relative 

abundance of di- and tri-unsaturated alkenones produced by haptophyte algae (e.g Brassell et 

al., 1986). The U$%	&´ index has been proposed to quantify the degree of alkenone unsaturation, 

which is a function of growth temperature of the precursor organism. The initial Emiliania 

huxleyi culture-based calibration was later confirmed by those based on global core-top 

compilations (Müller et al., 1998; Conte et al., 2006). A more recently developed SST proxy 

is based on the relative abundance of isoprenoid GDGTs, produced by Marine Group I 

Thaumarchaeota (Sinninghe Damasté et al., 2011), namely the TEX86 index (Schouten et al., 

2002). The initial linear TEX86 calibration has been extended including core-top sediments 

from (sub)polar oceans, and new indices and calibration models were defined for surface and 

subsurface temperatures (Kim et al., 2012a; Kim et al., 2012b; Tierney and Tingley, 2014; Ho 

and Laepple, 2016). The fact that Thaumarchaeota and thus GDGTs occur ubiquitously in the 

global ocean, including the polar regions where alkenones (and in general carbonate-rich 

sediments) are basically absent, suggests a major advantage of the TEX86 paleothermometer in 

these regions. However, both alkenone- and GDGT-based temperature proxies suffer from 

uncertainties, e.g. the nonlinearity of U$%	&´ /TEX86 and SST at low temperatures, where changes 

in both index values are relatively minor. This effect may be related to low growth rates at such 

temperatures, which makes reliable SST reconstructions challenging for (sub)polar regions 

(Sikes et al., 1997; Kim et al., 2010; Ho et al., 2014). Recent studies also suggest that in addition 

to temperature, non-thermal secondary effects such as nutrient availability, archaeal ecotype 
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and growth phase may have a strong control on individual TEX86 records (Elling et al., 2014; 

Qin et al., 2015; Hurley et al., 2016). 

    In this study, we present new comprehensive data sets of terrigenous input, marine 

productivity, and SST from surface sediments collected in the mid- and high-latitude Pacific 

SO based on lipid biomarker analyses. We use 230Th normalization to correct for post-

depositional sediment redistribution (Francois et al., 2004), which can significantly alter 

vertical flux estimates in the SO (Geibert et al., 2005; Lamy et al., 2014). Our main objectives 

are a) to give quantitative estimates of terrigenous material deposited in the Pacific SO based 

on concentrations and 230Th-normalized burial of 232Th, long-chain n-alkanes and brGDGTs, 

thereby also evaluating the applicability of brGDGTs as a suitable dust marker, b) to assess the 

potential link between terrigenous input and marine export production based on alkenones and 

isoGDGTs, and c) revisit U$%	&´  and TEX86 paleothermometries, defining advantages and caveats 

of their application. The results will improve our understanding of biomarker-based proxies in 

(sub)polar sediment archives of the Pacific SO that are still largely missing. 

 

5.2 Oceanographic Setting 

The SO is the most important connection between the Atlantic, Indian and Pacific Oceans. 

There are three major fronts that can be distinguished in the SO: the Subtropical Front (STF), 

Subantarctic Front (SAF), Antarctic Polar Front (APF), and the areas in between the fronts are 

referred to as Subantarctic Zone (SAZ), Polar Front Zone (PFZ), and Antarctic Zone (AZ) (Orsi 

et al., 1995) (Fig. 5.1). . The STF separates cool, fresh and nutrient-rich subantarctic water 

(SAW) in the south from warm, saline and nutrient-depleted subtropical water masses in the 

north (Orsi et al., 1995; Chiswell et al., 2015). The modern position of the STF around New 

Zealand is between 47°S and 50°S, forced around south of South Island (NZ) and 

topographically constrained along the Chatham Rise to the east but with eddy- and meander-

like features (Chiswell et al., 2015). East of New Zealand, the temperature difference south to 

north of the STF is generally 10-14°C in winter and 14-18°C in summer (Chiswell, 1994; 

Belkin and Gordon, 1996). Further eastward at 80°W, the STF is less well defined and occurs 

further north between 25°S and 32°S (Tiedemann, 2012). The East Cape Current (ECC) east 

of North Island (NZ) transports subtropical water to the Chatham Rise where it is directed east 

by the Rise’s northern flank. The ocean south of the STF is dominated by the eastward flowing 

Antarctic Circumpolar Current (ACC), driven by strong Southern Hemisphere westerly winds 

between 45°S and 55°S (Orsi et al., 1995). In the SE-Pacific, bifurcation of the northern branch 
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of the ACC directs cold subantarctic water masses equatorward along the coast of South 

America by the vigorous Peru-Chile Current (PCC), while a weaker branch continues poleward 

(Cape Horn Current, CHC). In the SW-Pacific, the position of the northern boundary of the 

ACC represented by the SAF is substantially affected by the topography of the Macquarie 

Ridge and Campbell Plateau south of New Zealand (Heath, 1981; Chiswell et al., 2015), as 

indicated by the green stippled line in Fig. 5.1. The Southland Current (SC) is a northward flow 

of water along the SE-coast of New Zealand transporting water of both subtropical and 

subantarctic origin where it turns east at the southern flank of Chatham Rise (Sutton, 2003; 

Smith et al., 2013). South of the APF, in the Antarctic Zone summer SST is generally below 

4°C (Locarnini et al., 2010) and sea ice forms and melts seasonally.  
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Figure 5.1: Map of the Pacific sector of the Southern Ocean with coarse bathymetry and 

locations of the sediment cores collected during R/V Polarstern cruise ANTXXVI-2 in 

2009/10 (black dots Gersonde, 2011)and R/V Sonne cruise SO213 in 2010/11 (white dots 

Tiedemann, 2012). Colored lines indicate mean position of major front systems (Orsi et  

al. ,  1995): STF – Subtropical Front, SAF – Subantarctic Front, PF – Polar Front. The 

areas between the fronts are referred to as SAZ – Subantarctic Zone, PFZ – Polar Front 

Zone, and AZ – Antarctic Zone. The green stippled line indicates the position of the SAF 

branches, which are topographically steered by the Macquarie Ridge and Campbell 

Plateau (Chiswell et al., 2015). Mean extension of winter and summer sea ice (WSI/SSI) 

is indicated by white lines (Comiso, 2003).Major ocean currents are indicated by blue 

arrows: ACC – Antarctic Circumpolar Current, CHC – Cape Horn Current, ECC – East 

Cape Current, PCC – Peru-Chile Current, SC – Southland Current. The map was 

generated using the Ocean Data View software (Schlitzer, 2015).  
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5.3 Materials and Methods  

5.3.1 Core locations and sampling 

We analyzed 52 surface sediment samples collected during R/V Polarstern ANT-XXVI-2 and 

R/V Sonne SO213 cruises in austral summer 2009/10 and 2010/11, respectively (Gersonde, 

2011; Tiedemann, 2012) along E-W transects in the Pacific sector of the SO using a multi-

corer (Fig. 5.1; Table 5.1). The longitudinal transects extending from central Chile to New 

Zealand encompass a large range of latitudes (36°S and 68°S) where modern annual mean 

temperatures of surface waters are between -1°C and 17°C (Locarnini, 2010). Surface 

sediments (0-1 cm) were sampled on board and kept frozen until further processing. 

 

5.3.2 Elemental analysis 

Total carbon (TC) and total nitrogen (TN) were analyzed using a vario EL III (CNS) elemental 

analyzer. Total organic carbon (TOC) was analyzed after decarbonation using an Eltra CS2000. 

Analytical precision was better than 0.02 for N and 0.1 for C. The C/N ratio was defined as the 

molar ratio between TOC and TN. 

 

5.3.3 Lipid extraction and fractionation 

Freeze-dried and homogenized surface sediment (4-7 g) was extracted by accelerated solvent 

extraction (ASE 350, Dionex) with a mixture of dichloromethane and methanol (DCM:MeOH, 

9:1, v/v). The bulk of the solvent was subsequently removed by rotary evaporation under 

vacuum. The resulting total lipid extract (TLE) was further separated by column 

chromatography using silica gel as stationary phase. Hydrocarbons were eluted with hexane (5 

ml), followed by an additional cleaning step using hexane:DCM (1:1; 5 ml) to remove wax 

esters. Alkenones were separated using DCM (5 ml), and GDGTs were eluted using 

DCM:MeOH (1:1; 5 ml). An aliquot of the alkenone fraction was further saponified to remove 

compounds co-eluting with the C37:4 alkenone. The dried polar fractions containing GDGTs 

were re-dissolved in hexane:isopropanol (99:1, v/v) and filtered through a 4 mm diameter 

PTFE syringe filter (0.45 µm). Internal standards (squalane, C36 n-alkane, C46-GDGT) added 

prior to extraction were used for quantification (Huguet et al., 2006b; Méheust et al., 2013). 
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5.3.4 Instrumental analysis 

5.3.4.1 Gas chromatography (GC) 

Alkenones and n-alkanes were analyzed by GC (HP-6891) fitted with a flame ionization 

detector (GC-FID) using Helium as carrier gas (1.5 ml min-1 constant flow), and samples were 

injected in splitless mode. Chromatographic separation of compounds was achieved using a 

DB-5 capillary column (30 m length, 0.25 mm diameter, 0.25 µm film thickness). The oven 

temperature was programmed to be held at 60°C for 2 min, then increased at 15°C min-1 to 

150°C, at 3°C min-1 until 320°C, and held for 20 min. n-alkanes were identified by comparison 

with an external n-alkane (n-C8 to n-C40) standard mixture. Identification of alkenones was 

achieved by comparing chromatographic retention times of the samples with those of a 

laboratory E. huxleyi culture extract that was routinely used as a working standard to control 

data quality. Analytical precision based on replicate analyses of the culture extract was better 

than 0.004 U$%	&´ units or 0.1°C. Reproducibility of alkenone concentration was 1-12 %, 

independent of total concentration. 

 

5.3.4.2 High performance liquid chromatography (HPLC-MS) 

GDGTs were analyzed by high performance liquid chromatography (HPLC) coupled via an 

atmospheric pressure chemical ionization (APCI) interface to a single quadrupole mass 

spectrometer (MS) according to Hopmans et al. (2000), with slight modifications. Analyses 

were performed on an Agilent 1200 series HPLC system and an Agilent 6120 MSD. Normal 

phase separation of individual GDGTs was achieved on a Prevail Cyano column (150 mm x 

2.1 mm, 3 µm) maintained at 30°C. After sample injection (20 µL) and 5 min isocratic elution 

with mobile phase A (hexane/2-propanol/chloroform; 98:1:1) at a flow rate of 0.2 ml min-1, the 

proportion of mobile phase B (hexane/2-propanol/chloroform; 89:10:1) was linearly increased 

to 10 % within 20 min, and thereafter to 100 % for the next 10 min. After another 7 min and 

prior to the analysis of the next sample, the column was cleaned in backflush mode for 5 min 

at a flow of 0.6 ml min-1 and re-equilibrated with solvent A (10 min, flow 0.2 ml min-1). APCI 

conditions were as follows: nebulizer pressure 50 psi, vaporizer temperature 350°C, N2 drying 

gas temperature 350°C and flow 5 l min-1, capillary voltage 3400 V, and corona discharge 

current 5 µA. GDGTs were detected by selective ion monitoring (SIM) of the (M+H)+ ions 

(dwell time 77ms) in the m/z range 1022-1302, i.e. 1022 (brGDGT-I), 1036 (brGDGT-II), 1050 

(brGDGT-III), 1292.3 (Crenarchaeol and its regio-isomer), 1296.3 (GDGT-3), 1298.3 (GDGT-



A biomarker perspective on dust, productivity, and sea surface temperature in the Pacific sector of the Southern 
Ocean 

 91 

2), 1300.3 (GDGT-1), 1302.3 (GDGT-0), and 744 (C46-GDGT). Concentrations of GDGTs 

were calculated using the response factor from the C46-GDGT standard (Huguet et al., 2006b). 

Reproducibility of estimated temperatures based on duplicate analysis was generally better 

than 0.7°C. Reproducibility of the GDGT quantification was in general better than 10 %. 

 

5.3.5 Environmental reference data 

The environmental data used in this study, i.e. sea surface water as well as depth-integrated (0-

200 m water depth) annual mean temperature, were extracted from the World Ocean Atlas 

2009 (WOA09) data set (Locarnini et al., 2010). The WOA09 SST data set has been suggested 

to be appropriate for proxy calibrations at low temperatures (Kim et al., 2012a; Kim et al., 

2012b; Ho et al., 2014). For comparison of our TEX86 and U$%&´  index data with seasonal mean 

SST, we used Southern hemisphere seasons as defined by the WOA09, i.e. summer: January-

March, autumn: April-June, winter: July-September, spring: October-December.  

 

 

 

 

 

 

 

 

 



 

 

Table 5.1: Site information, concentrations and indices based on different biomarker lipids determined in surface sediments from  

the Pacific sector of the Southern Ocean 

 
Station 

 

Latitude 

 

Longitude Depth 

(m) 

TOC 

(%) 

TN 

(%) 

C/N 

ratio 

232Th 

(ppm) 

n-alkanesa 

(ng/g) 

CPIb ACLc alkenones 

(ng/g) 

isoGDGT 

(ug/g) 

brGDGTd 

(ng/g) 

BITe U"#$´ f 

 

TEX86
g 

 

Chile Basin                 

SO213-001-1 36.13°S 85.02°W 2806 0.15 0.02 8 n.d. 216 1.3 30.5 102 4.0 35 0.02 0.699 0.518 

SO213-012-1 42.23°S 85.28°W 3016 0.28 0.03 12 n.d. 106 2.0 29.9 15 1.4 23 0.03 0.544 0.455 

SO213-014-1 40.18°S 84.28°W 4050 0.27 0.05 7 3.08 394 3.9 29.7 24 5.5 194 0.06 0.596 0.462 

SO213-015-1 40.24°S 84.39°W 3246 0.26 0.02 16 n.d. 118 2.6 29.9 15 2.1 33 0.03 0.649 0.470 

SO213-017-1 40.37°S 84.30°W 2561 0.25 0.02 13 n.d. 67 3.3 29.1 37 3.6 57 0.03 0.691 0.476 

SO213-019-1 40.34°S 84.13°W 2951 0.20 0.02 10 n.d. 155 1.9 30.1 32 3.2 57 0.04 0.623 0.478 

SO213-020-1 39.27°S 80.18°W 2702 0.15 0.02 8 n.d. 127 4.1 29.9 19 6.6 46 0.02 0.619 0.483 

SO213-022-4 39.12°S 79.55°W 4125 0.42 0.08 6 4.69 626 5.1 29.9 66 11.4 463 0.09 0.658 0.473 

Chile Rise                 

SO213-006-1 37.21°S 92.23°W 2791 0.14 0.02 7 n.d. 135 1.3 29.9 74 2.7 44 0.03 0.673 0.482 

SO213-007-1 37.30°S 93.57°W 2571 0.51 0.03 23 n.d. 190 1.4 30.0 65 0.7 14 0.04 0.670 0.493 

SO213-008-1 37.29°S 95.21°W 2171 0.18 0.02 11 n.d. 52 2.8 29.3 23 2.2 24 0.02 0.641 0.513 

SO213-010-1 38.36°S 93.43°W 2977 0.09 0.02 6 n.d. 150 1.2 30.6 21 0.9 17 0.04 0.685 0.452 

SO213-011-1 40.52°S 90.31°W 1850 0.22 0.01 23 n.d. 53 1.7 29.7 36 4.7 36 0.02 0.559 0.470 

SO213-024-1 36.57°S 102.07°W 3092 0.28 0.02 15 n.d. 401 1.1 30.5 45 2.7 24 0.04 0.649 0.499 

E-Pacific Rise                 

SO213-026-1 35.60°S 109.55°W 2830 0.21 0.02 10 0.43 92 1.7 30.1 28 1.0 24 0.05 0.728 0.514 

SO213-049-3 39.57°S 114.01°W 3381 0.17 0.02 9 n.d. 137 2.8 29.8 20 1.6 42 0.05 0.656 0.481 

SO213-054-4 43.42°S 120.30°W 3840 0.27 0.02 14 0.71 233 4.4 30.2 18 2.2 50 0.05 0.487 0.443 

SO213-057-1 46.59°S 113.27°W 1194 0.06 0.02 4 n.d. 45 2.4 30.0 8 2.9 24 0.02 0.451 0.437 

SO213-058-1 46.45°S 115.09°W 1904 0.17 0.03 7 n.d. 41 2.8 29.5 13 8.3 39 0.01 0.420 0.440 

SO213-059-1 45.50°S 116.53°W 3159 0.11 0.03 5 n.d. 75 2.4 29.4 4 5.6 41 0.02 0.434 0.448 

SO213-060-2 44.58°S 119.33°W 3468 0.10 0.02 5 n.d. 200 1.5 30.5 12 2.0 32 0.03 0.490 0.448 

SO213-061-1 44.60°S 119.38°W 3616 0.13 0.02 8 n.d. 0 n.d. n.d. 25 2.6 24 0.03 0.485 0.442 

SO213-063-1 44.40°S 119.05°W 3938 0.14 0.02 7 n.d. 0 n.d. n.d. 3 1.0 34 0.05 0.550 0.442 
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Station 

 

Latitude 

 

Longitude Depth 

(m) 

TOC 

(%) 

TN 

(%) 

C/N 

ratio 

232Th 

(ppm) 

n-alkanesa 

(ng/g) 

CPIb ACLc alkenones 

(ng/g) 

isoGDGT 

(ug/g) 

brGDGTd 

(ng/g) 

BITe U"#$´ f 

 

TEX86
g 

 

SO213-064-2 43.24°S 119.53°W 3922 0.12 0.02 6 n.d. 120 2.9 30.0 6 1.6 63 0.04 0.520 0.460 

SE-Pacific Basin                 

PS75/046-2 54.41°S 102.50°W 2984 0.11 0.02 6 0.24 87 1.8 29.5 10 12.9 62 0.01 0.241 0.413 

PS75/051-1 52.81°S 107.81°W 3949 0.16 0.03 6 1.27 111 2.6 29.5 18 20.3 166 0.02 0.256 0.432 

PS75/053-1 60.75°S 115.98°W 5130 0.59 0.10 7 3.34 139 3.0 30.0 10 19.6 83 0.01 0.098 0.404 

PS75/063-1 58.90°S 135.62°W 3795 0.60 0.10 7 0.52 161 2.1 29.8 10 70.8 0 n.d. 0.083 0.364 

NZ margin                 

SO213-076-1 46.13°S 178.02°W 4337 0.37 0.06 7 8.50 819 3.9 30.4 54 12.3 74 0.01 0.467 0.478 

SO213-078-1 46.15°S 179.37°W 3410 0.25 0.05 6 4.65 467 5.5 30.2 55 7.4 85 0.02 0.448 0.434 

SO213-079-1 45.51°S 179.34°E 3143 0.25 0.04 7 2.89 446 4.0 30.4 16 11.9 78 0.01 0.443 0.424 

SO213-081-1 45.59°S 177.60°E 2816 0.24 0.04 8 n.d. 350 5.8 30.1 46 15.9 52 0.01 0.403 0.421 

SO213-084-2 45.07°S 174.35°E 992 0.24 0.05 6 5.22 519 5.6 30.3 142 20.5 142 0.02 0.424 0.438 

SO213-085-1 44.46°S 174.32°E 832 0.33 0.05 8 n.d. 761 6.8 30.2 127 28.4 256 0.02 0.473 0.427 

SO213-087-1 44.06°S 174.06°E 542 0.35 0.06 7 7.12 748 6.6 30.2 424 31.8 656 0.04 0.480 0.406 

PS75/099-4 48.26°S 177.27°E 1272 0.28 0.05 7 0.77 184 4.1 30.2 32 26.1 189 0.02 0.319 0.427 

PS75/100-4 45.76°S 177.15°E 2498 0.24 0.04 7 2.48 197 10.0 30.2 340 6.9 16 0.01 0.296 0.435 

PS75/101-1 45.48°S 175.53°E 1770 0.31 0.06 6 2.97 193 7.5 30.2 308 28.4 107 0.01 0.272 0.425 

PS75/104-1 44.77°S 174.53°E 835 0.39 0.05 9 6.79 309 6.9 30.1 310 26.4 282 0.02 0.411 0.427 

PS75/105-2 44.41°S 174.62°E 668 0.47 0.08 7 7.68 307 7.5 30.2 526 38.5 662 0.04 0.451 0.423 

SW-Pacific                 

SO213-068-1 45.07°S 155.17°W 1988 0.15 0.01 13 n.d. 139 1.4 29.9 12 19.1 205 0.03 0.514 0.453 

PS75/070-1 58.35°S 150.04°W 2842 0.28 0.06 5 0.36 46 4.9 30.0 7 23.4 59 0.01 0.072 0.369 

PS75/072-3 57.56°S 151.22°W 3098 0.54 0.10 6 0.17 25 5.9 30.0 12 23.2 16 0.00 0.076 0.351 

PS75/076-1 55.53°S 156.14°W 3742 0.23 0.04 7 1.06 162 3.3 29.8 30 20.0 133 0.02 0.164 0.405 

PS75/080-2 58.11°S 157.38°W 3874 0.45 0.08 6 0.68 127 2.6 30.1 18 32.0 121 0.01 0.090 0.386 

PS75/082-2 59.04°S 158.36°W 4000 0.79 0.10 9 0.49 54 4.3 29.6 61 30.4 77 0.01 0.112 0.374 

PS75/084-1 61.03°S 159.35°W 3315 0.45 0.08 7 0.22 54 8.5 30.2 7 74.8 83 0.00 0.066 0.389 

PS75/085-2 61.94°S 160.12°W 3734 0.68 0.10 8 0.30 60 5.9 29.5 9 70.6 75 0.00 0.062 0.396 

PS75/088-3 68.44°S 164.49°W 3857 0.47 0.08 7 n.d. 0 n.d. n.d. 0 21.5 259 0.11 n.d. 0.383 

PS75/092-1 60.52°S 169.33°W 3762 0.42 0.07 7 0.99 117 6.9 30.3 14 35.3 73 0.01 0.076 0.395 
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Station 

 

Latitude 

 

Longitude Depth 

(m) 

TOC 

(%) 

TN 

(%) 

C/N 

ratio 

232Th 

(ppm) 

n-alkanesa 

(ng/g) 

CPIb ACLc alkenones 

(ng/g) 

isoGDGT 

(ug/g) 

brGDGTd 

(ng/g) 

BITe U"#$´ f 

 

TEX86
g 

 

PS75/094-3 61.82°S 169.74°W 3270 0.47 0.09 6 0.24 59 6.3 30.1 6 23.4 143 0.01 0.098 0.378 

PS75/097-5 59.42°S 171.21°W 4672 0.52 0.09 7 3.22 247 2.6 30.6 81 12.9 121 0.02 0.105 0.409 

n.d. not determined 
a Sum of n-C27, n-C29, n-C31, n-C33 alkanes 
b CPI27-33 = 0.5 ×  Σ(C27-C33)/(C26-C32)+0.5 × Σ(C27-C33)/(C28-C34) 
c ACL25-35 = Σ(i × Xi)/ΣXi, where X is abundance and i ranges from n-C25 to n-C35 
d Sum of branched GDGT-Ia, -IIa and -IIIa 
e BIT = (GDGT-Ia + GDGT-IIa + GDGT-IIIa)/(Crenarchaeol + GDGT-Ia + GDGT-IIa + GDGT-IIIa) 
f U"#$´  =  C37:2/(C37:2+C37:3) 
g TEX86 = (GDGT-2 + GDGT-3 + Cren')/(GDGT-1 + GDGT-2 + GDGT-3 + Cren') 
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Table 5.2: 230Th-normalized burial of lithogenic material (232Th-based) and specific lipid 

biomarkers  

Station lithogenics 

(g m-2 y-1) 

n-alkanes 

(µg m-2 y-1) 

brGDGTs 

(µg m-2 y-1) 

alkenones 

(µg m-2 y-1) 

isoGDGTs 

(µg m-2 y-1) 

PS75/46-1 0.34 1.24 0.88 0.14 183.3 

PS75/51-2 0.95 0.83 1.24 0.13 151.4 

PS75/53-1 1.22 0.50 0.30 0.04 71.4 

PS75/63-1 0.59 1.86 0.00 0.11 815.0 

PS75/70-1 0.38 0.49 0.62 0.08 246.6 

PS75/72-3 0.40 0.57 0.37 0.28 537.9 

PS75/76-1 0.91 1.38 1.14 0.26 170.4 

PS75/80-2 0.78 1.47 1.41 0.21 369.6 

PS75/82-2 0.53 0.59 0.83 0.66 328.1 

PS75/84-1 0.43 1.02 1.58 0.14 1419.3 

PS75/85-2 0.63 1.24 1.56 0.19 1459.0 

PS75/88-3 n.d. 0.00 0.83 0.00 26.2 

PS75/92-1 0.62 0.72 0.45 0.09 133.3 

PS75/94-3 0.42 1.03 2.51 0.12 616.5 

PS75/97-5 1.08 0.83 0.41 0.27 43.4 

PS75/99-1 0.72 1.71 1.76 0.30 242.7 

PS75/100-1 2.74 2.18 0.18 3.76 76.5 

PS75/101-2 2.95 1.92 1.07 3.06 282.3 

PS75/104-2 8.28 3.77 3.45 3.78 322.4 

PS75/105-1 9.48 3.79 8.17 6.49 475.7 

SO213/14-1 0.76 0.97 0.48 0.06 13.5 

SO213-22-4 1.28 1.71 1.27 0.18 31.3 

SO213-26-1 0.29 0.61 0.16 0.18 6.5 

SO213-54-4 0.29 0.94 0.20 0.07 8.7 

SO213-76-2 7.70 7.41 0.67 0.49 111.3 

SO213-78-1 8.01 8.04 1.46 0.94 127.2 

SO213-79-1 3.41 5.27 0.92 0.18 139.9 

SO213-84-2 11.84 11.78 3.22 3.22 466.0 

SO213-87-1 20.47 21.49 18.86 12.18 913.4 

n.d. not determined 

 

 

 

 

 



A biomarker perspective on dust, productivity, and sea surface temperature in the Pacific sector of the Southern 
Ocean 

 96 

5.3.6 Thorium and uranium isotope analysis and flux calculations 

Methods for the determination of Th and U concentrations were similar to those described in 

Martínez-Garcia et al. (2009) with some modifications. Briefly, approximately 50 mg of 

freeze-dried sediment was spiked with known amounts of 229Th and 236U and transferred into 

55 ml Teflon® microwave vessels. In order to digest the sample material, 2 ml of subboiling-

distilled concentrated HCl, 3 ml of subboiling-distilled concentrated HNO3 and 0.5 ml of HF 

40% (suprapur®) were added. The microwave vessels were placed in a pressure-assisted 

microwave digestion system (CEM Mars Xpress) and heated up to 230°C (held for 60 minutes). 

After the digestion process, the acid mixture was evaporated using a CEM XVap accessory. In 

a subsequent step, the addition of 5 ml 1 M HNO3 and gently heating up to 200°C (held for 10 

minutes) in the Xpress rotor ensured that all particles were fully dissolved. In order to separate 

Th and U from other elements, three consecutive steps of iron precipitation were performed. 

The washed precipitate that contained Th and U was dissolved in 3 M HNO3 and added onto 

equilibrated (2 column volumes (=CV) of 3M HNO3) 2 ml columns filled with Eichrom 

UTEVA resin. Fe from the precipitate was eluted with 3 M HNO3 (3 CV) prior to the separation 

of Th and U.  Subsequently, different concentrations of HCl were used to collect Th and U. At 

first, 9 M HCl was applied to the columns (1 CV) followed by 5 M HCl (2 CV) to collect Th. 

Finally, U was collected by eluting with 3 CV of 0.02 M HCl. Th and U isotopes were measured 

separately by sector-field ICP-MS (Thermo Element2 equipped with an ESI Apex Q 

desolvator) in low resolution. External reproducibility was monitored using a certified 

reference material (UREM 11). Procedural blanks were run alongside the samples. Due to the 

large difference in isotopic abundance between 232Th and 230Th, the tailing of the 232Th peak to 

lower masses affects count rates at mass 230Th, making a correction necessary.  Corrections for 

tailing, mass bias and procedural blanks were applied as appropriate and considered in the error 

propagation. 238U was calculated from 235U using the natural isotope abundance. 230Th was 

calculated according to Francois et al. (2004), using a 238U/232Th activity ratio of 0.8. Thorium-

230 in excess of its progenitor 234U (230Thex) can be readily converted into preserved vertical 

mass fluxes of a specific sedimentary component (Francois et al., 2004; Geibert et al., 2005; 

Martínez-Garcia et al., 2009; Lamy et al., 2014). By normalizing the flux of a sedimentary 

component to the flux of thorium, we implicitly also correct for postdepositional sediment 

redistribution (focusing; Francois et al. 2004). Analytical uncertainties of 230Thex after 

considering all corrections are typically below 5%. (1σ). 232Th concentrations were used to 

quantify the fraction of lithogenic material in marine sediments assuming an average 
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concentration of 10 ppm for the upper continental crust (Taylor and McLennan, 1995; Winckler 

et al., 2008). The lithogenic end-member for the upper continental crust was inferred from the 

measured 232Th concentrations. The resulting lithogenic contents are within the range of those 

calculated from bulk sediment parameters in the Pacific SO (Lamy et al., 2014). 

 

 
Figure 5.2: Spatial distribution of concentrations (ng g-1 dry wt.) and 230Th-normalized 

sedimentary burial (µg m-2 yr-1) of (a, c) long-chain (n-C27 to n-C33) alkanes and (b, d) 

brGDGTs I-III in surface sediments of the Pacific Southern Ocean. Grey lines denote the 

extent of modeled modern dust deposition fluxes (g m-2 yr-1) after Albani et al. (2014). 

 

5.4 Results  

5.4.1 Total organic carbon, total nitrogen, and C/N ratio 

TOC values are generally low in the surface sediments ranging between <0.1 % and 0.8 % with 

an average value of 0.3 % (Table 5.1). Highest values are observed at the sites closest to New 

Zealand and the APF, while lowest values are found in the SE-Pacific. TN values are also 

overall low between 0.01 % and 0.1 % (Table 5.1). Organic matter C/N ratios exhibit large 

variations between 4 and 23 (Table 5.1) with an average of 8, suggesting different OM sources. 

Vascular land plants have C/N ratios of 20 or more, whereas in general lower average C/N 

ratios of 7 and 12 are indicative of phytoplankton and green macroalgae, respectively (Goni 
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and Hedges, 1995; Cloern et al., 2002), or microbially altered marine and terrigenous OM (C/N 

ratio of 4; Goni and Hedges, 1995; Meyers, 1997). 

 

5.4.2 Lithogenic content 

232Th is used to quantitatively assess the inorganic fraction of continental material in the surface 

sediments. 232Th concentrations range from <0.5 ppm in the southeast Pacific and south of the 

APF to 8.5 ppm off New Zealand (Table 5.1). Similarly, preserved lithogenic fluxes ("burial") 

based on the 230Thorium-normalization method vary between 0.3 g m-2 y-1 at site PS75/046-2 

and 20 g m-2 y-1 at site SO213-87-1 off New Zealand (Table 5.2).  

 

5.4.3 n-alkanes 

Long-chain n-alkanes derived from higher plants were detected in most surface sediment 

samples (n = 49) with total concentrations of odd-numbered n-C27 to n-C33 alkanes varying 

between 41 and 819 ng g-1 sediment dry wt. (Table 5.1; Fig. 5.2 a). Th-normalized burial of n-

alkanes show distinct variations between 0.5 µg m-2 y-1 close to the APF and 21.5 µg m-2 y-1 at 

Chatham Rise offshore New Zealand (Table 5.2; Fig. 5.2 b). Degradation of long-chain n-

alkanes can be determined by the ratio of odd- to even-numbered n-alkane homologues, 

expressed by the carbon preference index (CPI; Bray and Evans, 1961). CPI values are between 

1.1 and 10 (Table 5.1), a range between mature organic matter (CPI~1) and relatively fresh 

plant-derived material (CPI > 3; Eglinton and Hamilton, 1967). The changing abundance of 

individual n-alkanes is expressed by the average chain length (ACL27-33). ACL values range 

from 29.1 to 30.6 in the surface sediments (Table 5.1), also indicating the dominance of a 

modern plant source. 

 

5.4.4 Glycerol dialkyl glycerol tetraethers (GDGTs) 

Branched (br) GDGTs (sum of GDGT-I to -III) were detected in nearly all surface sediments 

(n = 51) with variable total concentrations ranging between 14 ng g-1 sediment dry wt. at site 

SO213-007-1 from the Chile Rise and 662 ng g-1 sediment dry wt. at site PS75/105-2 offshore 

New Zealand (Table 5.1; Fig. 5.2 c). Burial of brGDGTs also shows pronounced variations 

between 0.16 µg m-2 y-1 at the East Pacific Rise and up to 18.9 µg m-2 y-1 at Chatham Rise 

(Table 5.2; Fig. 5.2 d). Isoprenoid (iso) GDGTs were detected in all surface sediments (n = 52) 

with highly variable total concentrations ranging between 0.7 and 11.4 µg g-1 sediment dry wt. 
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in the SE-Pacific (i.e. Chile Basin/Rise, East Pacific Rise) and up to 75 µg g-1 south of the APF 

(Table 5.1). Burial of isoGDGTs reveals the most pronounced variations between 6.5 µg m-2 

y-1 at the East Pacific Rise and 1459 µg m-2 y-1 south of the APF, which is in strong contrast to 

all other compounds (Table 5.2). The GDGT distribution in all surface sediments is strongly 

dominated by GDGT-0 and crenarchaeol, which is typical for open ocean settings. BIT index 

values are generally low in the study area and vary between 0.01 and 0.1 (Table 5.1). 

 

5.4.5 Alkenones 

C37:2 and C37:3 alkenones were detected in almost all sediment samples (n = 51) with lowest 

concentrations of 3 ng g-1 sediment dry wt. at the East Pacific Rise (SO213-063-1) and 526 ng 

g-1 sediment dry wt. at site PS75/105-2 offshore New Zealand (Table 5.1). Alkenone burial 

varies between 0.04 and 12.2 µg m-2 y-1 in the study area (Table 5.2). The tetra-unsaturated 

alkenone (C37:4) was only present in a few sediment samples from the PFZ (n = 5) with relative 

abundances between 3 and 12 % of the total C37 alkenones. The C37:4 alkenone did not show a 

relation with temperature and was therefore excluded from the temperature calculation. 

 

5.4.6 Sea surface temperature proxy indices 

The U#$%´  index ranges from 0.062 to 0.728, revealing a wide range of 0.666 units in the 

investigated area. The TEX86 index shows less variation (0.167 units) and ranges from 0.351 

to 0.518 (Table 5.1). Both indices, however, show a distinct latitudinal pattern (Table A 5.1). 

TEX*+,  values range from -0.392 to -0.674, TEX*+-  values vary between -0.286 and -0.455. 

 

5.5 Discussion  

5.5.1 Modern terrigenous OM deposition in the Pacific Southern Ocean 

We compare two independent organic tracers, i.e. long-chain n-alkanes and brGDGTs with 

lithogenic contents derived from 232Th measurements, to estimate modern terrigenous input to 

the Pacific sector of the SO. As deep-sea records of the SO can be affected by sediment 

focusing that may significantly alter vertical flux estimates (Francois et al., 2004; Geibert et 

al., 2005; Martínez-Garcia et al., 2009; Lamy et al., 2014), we used the 230Th-normalization 

method to better quantify biomarker burial for selected sites in our study area (Table 5.2). 

Concentrations and burial rates of 232Th-based lithogenic material north and south of the APF 
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are comparable to those reported by Chase et al. (2003) and Bradtmiller et al. (2009). Long-

chain n-alkanes were detected in most surface sediment samples with highest abundances 

determined in sediments from the New Zealand continental margin but also in a few sites 

located closest to the Chile continental margin (Table 5.1; Fig. 5.2 a and b). The distribution 

of C27-C33 n-alkanes in sediments offshore New Zealand exhibits a strong odd over even 

predominance (CPI 4-10) with carbon number maxima (Cmax) at n-C29 and n-C31, which is 

typical for an origin from higher plant leaf waxes (Eglinton and Hamilton, 1967). The n-alkane 

abundances in the remote open ocean sites were generally low, however, CPI values of 3-6 

observed in surface sediments located further eastwards between 160 and 110°W still suggest 

deposition of relatively fresh plant material (Table 5.1). Long-range transport of windborne 

terrigenous OM has been documented in dust and marine sediments using leaf wax n-alkanes 

(Simoneit, 1977; Bendle et al., 2007; Martínez-Garcia et al., 2011; Lamy et al., 2014). In the 

Southern Ocean, prevailing westerlies may play a major role in transporting terrigenous OM 

with the mineral dust fraction from potential source areas in Australia and New Zealand to the 

open ocean (Hesse and McTainsh, 2003; Molina-Kescher et al., 2014; Lamy et al., 2014; Neff 

and Bertler, 2015). The strong positive correlation between concentrations (r2 = 0.71, p <0.01; 

Fig. 5.3 a) and burial (r2 = 0.89, p <0.01; Fig. 5.3 b) of n-alkanes and 232Th-based lithogenic 

material suggests similar origin and transport mechanisms for both terrigenous tracers. 

Therefore, we infer eolian transport of n-alkanes from potential sources in New Zealand and 

Australia by prevailing westerly winds to the open South Pacific to at least 110°W as the most 

plausible transport mechanism. This is also in agreement with a recent modeling study by 

Albani et al. (2014) indicating low modern dust deposition in the Pacific SO (Fig. 5.2). 

Interestingly, our n-alkane concentrations and burial rates in the open ocean sites are 

comparable to those reported for the Holocene and interglacial periods in the subantarctic 

Atlantic Ocean (Martinez-Garcia et al., 2009), despite the apparently different sources in 

Australia/New Zealand. The presence of high n-alkane concentrations with CPI values of 5 and 

Cmax at n-C29 and n-C31 detected in surface sediments off Chile located at the northern rim of 

the main westerly wind belt (Table 1) may also indicate other sources and transport 

mechanisms. This material may be derived from a source in western South America, which is 

subsequently transported to the ocean by persistent coastal southerly winds and local wind 

systems (Garreaud et al., 2009) along the Andes. This has recently also been proposed by 

Molina-Kescher et al. (2014) based on combined Nd and Sr isotope analyses performed on the 

same set of surface sediments, indicating increased supply of weathered material from the 

Andes. Low CPI values of 1.1-1.7 found in sediments from the Chile Rise indicate substantial 



A biomarker perspective on dust, productivity, and sea surface temperature in the Pacific sector of the Southern 
Ocean 

 101 

contribution of reworked organic material, which is most likely a consequence of prolonged 

oxygen exposure and very low sedimentation rates that range from <1 to 20 mm kyr-1 

(Tiedemann, 2012) and resulting surface sediment ages as old as 24 kyr before present (Molina-

Kescher et al., 2014). On the other hand, sites PS75/084-1, 085-1, and 092-1 located at the 

southern rim of the modern westerly wind belt and close to the winter sea ice margin still 

exhibit n-alkane distributions indicative of higher plant material (Table 5.1), in general 

agreement with recent modeling studies (Fig. 5.2; Albani et al., 2014). The Antarctic continent 

as a potential source of long-chain n-alkanes can be neglected because of the virtual absence 

of plants (Aislabie et al., 2006). Thus subsequent transport of higher plant waxes to our core 

locations via ice rafted debris (IRD) can basically be ruled out.  

    The BIT index is commonly used as a tracer for soil OM input to the marine environment. 

It corresponds to the relative amount of terrestrial vs. marine OM and its variability is driven 

by changes in both brGDGTs and crenarchaeol (Hopmans et al., 2004). Here, overall low BIT 

values (0.01-0.1) are not related to the concentration of brGDGTs or other tracers for terrestrial 

matter input, i.e. long-chain n-alkanes and C/N ratios (Table A 5.1), but may be primarily 

determined by variations in crenarchaeol concentration as suggested by Fietz et al. (2011). In 

contrast, quantification of brGDGTs concentrations and burial rates give more reliable 

estimates on terrigenous OM input to the ocean, which is still largely missing (Fig. 5.2 c and 

d). BrGDGTs have been found in a range of terrestrial settings as well as in marginal marine 

sediments influenced by high terrigenous input (Hopmans et al., 2004; Schouten et al., 2013a). 

These compounds are thought to derive from anaerobic soil bacteria (Weijers et al., 2006; 

Sinninghe Damasté et al., 2011) but their detection in sediments from the open ocean, far away 

from any direct terrigenous impact suggests either long-range transport through the atmosphere 

or in situ production (Fietz et al., 2011; Schouten et al., 2013a; Jaeschke et al., 2014). Aerosol 

particles were shown to consist of a wealth of biological material like fungi, pollen, and viruses, 

but also Acidobacteria and Crenarchaeota, which may originate partly from resuspended soil 

(Després et al., 2012; Fröhlich-Nowoisky et al., 2014). The detection of GDGTs together with 

long-chain n-alkanes in dust samples collected off Northwest Africa was therefore not 

surprising (Fietz et al., 2013). Common marine sources for iso and brGDGTs have also been 

suspected (Peterse et al., 2009; Zhu et al., 2011), however, the specific source organisms 

remain largely unknown. The general lack of correlation between concentrations of iso and 

brGDGTs in our study suggests different sources of the compounds (Table A. 5.1). 

Identification of brGDGTs at the southernmost site PS75/088-3, which is influenced by winter 

sea ice may indicate input of soil OM from Antarctica that is eroded by glaciers and 
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subsequently transported and deposited by ice-rafted debris (IRD) during the spring/summer 

ice melt (Fig. 5.2 c and d). Antarctic soils typically devoid of vegetation are restricted to a few 

coastal areas, i.e. Ross Sea region, where Acidobacteria were reported to be among the 

dominant bacterial divisions, while archaea were present only in low abundance and diversity 

(Aislabie et al., 2006; Ayton et al., 2010). It is therefore likely that brGDGTs are also present 

in Antarctic soils. A significant linear relation is observed between burial of brGDGTs and 

lithogenic 232Th (r2 = 0.70, p <0.01; Fig. 5.3 b) and n-alkanes (r2 = 0.66, p <0.01; not shown), 

which both are markers that have been used to quantify the amount of terrigenous material 

present in marine sediments (Martínez-Garcia et al., 2009; Lamy et al., 2014). Differences in 

the terrigenous carbon pools (i.e. plant versus soil OM), source regions and transport pathways 

may thus explain the moderate correlation between concentrations of brGDGTs and n-alkanes 

in our study area (Table A 5.1), which is in good agreement with findings from ODP Site 1090 

in the Atlantic sector of the SO (Fietz et al., 2011) and dust samples collected off northwest 

Africa (Fietz et al., 2013). 

    Estimates of modern dust sources, mobilization rates and deposition are still poorly 

constrained, resulting primarily from the limited spatial data coverage for the Pacific sector of 

the SO and adjacent land masses (Chase et al., 2003; Bradtmiller et al., 2009; Kohfeld et al., 

2013). Hence, modeling studies reveal as yet major discrepancies about the contribution and 

relative importance of major dust sources in the Southern Hemisphere, i.e. South America and 

Australia/New Zealand (Li et al., 2008; Maher et al., 2010; Albani et al., 2014; Neff and Bertler, 

2015). Reconstruction of dust deposition by means of inorganic tracers (Fe, Al, 232Th) can be 

inconclusive as open ocean sites in the SO may be substantially affected by material of 

glacigenic (IRD) and/or bottom water-transported origin (e.g. Maher and Dennis, 2001). A 

combination of inorganic and organic tracers of dust, however, will give more reliable 

estimates of wind-transported continental material. A strong correlation of iron and 232Th with 

long-chain n-alkanes has been shown for individual sites in the Atlantic SO (ODP Site 1090; 

Martinez-Garcia et al., 2009) and the Pacific SO (PS75/059-2; Lamy et al., 2014), but our 

surface data extent these findings and indicate that this relationship also holds over a broader 

geographic region. A proposed follow-up study performing compound-specific carbon and 

hydrogen stable isotope analyses of the n-alkanes would offer the potential to better constrain 

vegetation type and hydrological conditions in the potential source areas. In contrast to plant-

derived n-alkanes, brGDGTs still provide ambiguous evidence for terrigenous OM in 

sediments from the open ocean as these compounds may have multiple but as yet unknown 
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sources. Thus further research is definitely needed to identify the major terrigenous sources 

and possibly disguise additional marine sources for these compounds. 

 

 
Figure 5.3: Correlation plots of a) concentrations and b) burial of 232Th-based lithogenic 

material with plant wax-derived n-alkanes (black diamonds) and soil-derived brGDGTs 

(white circles) in surface sediments of the Pacific sector of the Southern Ocean. 
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5.5.2 Effect of terrigenous material/dust on marine productivity 

Mineral dust aerosols play a major role in present and past biogeochemical cycles by providing 

the surface ocean with micronutrients (iron) that are thought to be a limiting factor for 

phytoplankton growth in HNLC regions of the SO (e.g. Martin, 1990; Boyd and Ellwood, 

2010). The good agreement between organic (n-alkanes and brGDGTs) and inorganic (232Th) 

terrigenous markers suggests common sources and transport processes, i.e. primarily eolian by 

prevailing westerly winds (see section 5.5.1). Major regional differences are obvious from 

alkenone and isoGDGT concentrations (Table 5.1), and burial rates indicate different maxima 

in biomass production and export of haptophyte algae (E. huxleyi) and Thaumarchaeota (Table 

5.2; Fig. 5.4 a and b). 230Th-normalized burial of alkenones show a strong positive correlation 

with lithogenic material in the study area (r2 = 0.76, p <0.01, n = 29) while isoGDGT burial is 

related to 232Th (r2 = 0.77, p <0.01, n = 20) when the sites south of the APF are excluded (Table 

5.2; Fig. 5.5 a and b). This may indicate a fertilizing effect of terrigenous input (dust) on 

phytoplankton productivity or a ballast effect by dust (e.g. Jickells et al., 2005, and references 

therein), which is highest close to the potential sources in New Zealand and Australia. In 

contrast, low lithogenic and terrestrial OM burial in the open ocean may reflect the presently 

low dust input (Maher et al., 2010; Albani et al., 2014), especially in subantarctic waters and 

in the SE-Pacific (Chile/East Pacific Rise) which is consistent with the idea that primary 

production in surface waters is largely iron-limited in those regions (Honjo et al., 2000). In 

contrast to low burial rates of brGDGTs, n-alkanes and alkenones south of the APF, isoGDGT 

burial is among the highest observed in the study area (Fig. 5.5 b; Table 5.2). While N, P, and 

Fe limitations can restrict the total amount of carbon fixed in the photic zone of the ocean, Si 

availability determines the nature of the biological production, which is dominated by diatoms 

in the AZ (Honjo et al., 2000; Chase et al., 2015). Thaumarchaeota are nitrifiers and therefore 

they do not rely on iron as a nutrient (Könneke et al., 2005). However, an elevated release of 

ammonia by phytoplankton decay following major diatom blooms in austral summer may fuel 

thaumarchaeotal productivity. Thaumarchaeotal cells are too small (<1 µm) to sink by 

themselves, thus processes such as repackaging in feacal pellets or entrainment in marine snow 

may be important (e.g. Huguet et al., 2006a; Mollenhauer et al., 2015). The ballasting effect of 

biogenic material (calcareous or siliceous) may be an important factor promoting export of 

isoGDGTs to the seafloor. Indeed, highest burial of isoGDGTs observed south of the APF but 

also offshore New Zealand (Table 5.2; Fig. 5.4 b) may be linked to high phytoplankton 

productivity in summer and thus high biogenic mass fluxes (Honjo et al., 2000; Geibert et al., 
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2005; Yamamoto et al., 2012; Mollenhauer et al., 2015), which is also indicated by the strong 

correlation between isoGDGT and TOC fluxes (r2 = 0.73, Fig. A 5.1). Maximum isoGDGT 

burial south of the APF may therefore relate to major diatom blooms during austral summer 

and thus high opal fluxes (Honjo et al., 2000; Geibert et al., 2005; Chase et al., 2015). The 

apparent mismatch between high burial of biogenic material and low lithogenic burial in the 

AZ (Fig. 5.5 b) was also shown in a recent study from Chase et al. (2015) and may be associated 

with iron sources other than dust, i.e., released from seasonal ice-melt, upwelling of deep, 

soluble iron, hydrothermal activity, volcanism or potential variations in the biological demand 

by the organisms (Boyd and Ellwood, 2010; Chase et al., 2015). 

 

 
Figure 5.4: Spatial distribution of 230Th-normalized sedimentary burial (µg m-2 yr-1) of 

a) alkenones and b) isoGDGTs.  
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Figure 5.5: Correlation plots of 230Th-normalized burial of lithogenic material with a) 

alkenones and b) isoGDGTs from selected sites in the Pacific sector of the Southern 

Ocean. Note the lack of correlation between lithogenic content and isoGDGT burial for 

the sites south of the APF (black diamonds). 

 

5.5.3 Sea (sub-)surface temperature proxies: U#$%´  and TEX86 

The choice of temperature calibration is critical in the study area, as temperatures from the 

Subantarctic to Antarctic Zone have to be faithfully reconstructed. Both U#$%´  and TEX86 were 

shown to lose their sensitivity at cold (<5°C) temperatures, resulting in substantial scatter and 

a tendency to over-estimate temperatures in polar oceans (Sikes et al., 1997; Kim et al., 2010). 

While there is no doubt about the origin of the U#$%´ -based temperature signal, i.e. the photic 

zone, our understanding of TEX86 remains ambiguous (e.g. Pearson and Ingalls, 2013; 

Schouten et al., 2013). Recent studies by Ho et al. (2012, 2014), however, suggested robust 

relationships between both U#$%´  and TEX86 with annual mean WOA09 SST in the Pacific sector 
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of the SO. Here, we revisit some of the sites investigated by Ho et al. (2012, 2014) (Fig. A 5.2), 

and compare alkenone- and GDGT-derived temperature estimates in 52 surface sediments from 

the South Pacific with seasonal SST and subsurface (0-200 m water depth) temperatures 

extracted from the World Ocean Atlas (WOA09) data set (Locarnini, 2010). In Fig. 5.6, 

temperature estimates based on different indices and calibrations (Sikes et al., 1997; Müller et 

al., 1998; Kim et al., 2010; Kim et al., 2012a; Kim et al., 2012b) show an expected latitudinal 

trend but also exhibit major temperature differences south of 50°S. The strong correlation 

between TEX86 and U#$%´  values (r2 = 0.84) indicates that temperature is a substantial factor 

controlling both organic proxies in the study area. In the following sections, TEX86 and U#$%´  
indices will be discussed in more detail. 

 
Figure 5.6: GDGT- and alkenone-derived temperature estimates from surface sediments 

compared with measured seasonal and annual mean sea (sub-)surface temperatures 

(Locarnini et al., 2010) in the Pacific sector of the Southern Ocean (35-68°S). AZ: 

Antarctic Zone, PFZ: Polar Front Zone, SAZ: Subantarctic Zone.  
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Figure 5.7: Correlation plots of U#$%´  values with a) annual mean SST and b) summer SST 

derived from the World Ocean Atlas (WOA09; Locarnini et al., 2010). Black lines 

illustrate a) the global core-top calibration of Müller et al.  (1998) and b) the polar 

calibration of Sikes et al. (1997). Residuals of temperature estimates derived from the c) 

global core-top calibration (Müller et al., 1998) and d) polar calibration (Sikes et al., 

1997) for U#$%´ . SST residuals are defined as the substraction of WOA09 annual mean SST 

from the estimated SST. The dashed black lines represent the standard error of estimates 

for the calibration. 

 

5.5.3.1 Alkenone-based SST 

U#$%´ -based SST reconstructions from surface sediments range from 0.5°C to 20.7°C applying 

the global core-top calibration of Müller et al. (1998) (Fig. 5.6). U#$%´  values display a strong 

correlation with annual mean WOA09 SST (r2 = 0.93; n = 51) for the same temperature range 

(Fig. 5.7 a), and most values fall well within seasonal SST between winter and summer. SST 

calculated with the polar calibration of Sikes et al. (1997) are generally warmer (3.8-21.3°C) 

bringing core-top temperature estimates closer to summer SST (Fig. 5.6). Moreover, U#$%´  
values are strongly correlated with summer WOA09 SST throughout the study area and the 

linear regression of these data can be expressed as U#$%´  = 0.037T - 0.034 (r2 = 0.92; n = 51; Fig. 

a) 

c) 

b) 

d) 
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5.7 b). To further evaluate the quality of the calibrations of Müller et al. (1998) and Sikes et al. 

(1997), respectively, residuals of the SST estimates were calculated, i.e., by substracting 

WOA09 SST from the respective U#$%´ -based SST. Diverging patterns in SST residuals exist 

between surface sediments from the Chile Basin and East Pacific Rise (ca. 35-46°S) and all 

other sites using the global calibration of Müller et al. (1998) (Fig. 5.7 c). South of 46°S, U#$%´ -
derived temperature estimates reflect annual mean SST well within the estimation error, in line 

with findings of Ho et al. (2012), while in the SE-Pacific alkenone-based temperatures largely 

correspond to summer SST (Figs. 5.6; 5.7 c and d). Productivity of alkenone-producing 

prymnesiophyte algae occurs seasonally rather than year round, therefore, the sedimentary 

alkenone record may reflect a strong seasonal temperature signal. In the SO, maximum biomass 

production and thus highest biomarker flux to the sediment may occur during spring/summer 

phytoplankton bloom (Sikes et al., 1997; Nodder and Northcote, 2001). Other studies from the 

Australian sector of the SO show a stronger relationship of the U#$%´  proxy with annual mean 

SST (Pelejero et al., 2006; Calvo et al., 2007; Lopes dos Santos et al., 2013). This is also 

suggested by our alkenone-derived SST from the polar ocean, and in agreement with available 

SST data based on diatom assemblages (Esper and Gersonde, 2014; Fig. A 5.3). In the 

oligotrophic SE-Pacific, however, paleoceanographic studies are sparse and comprehensive 

SST data based on alkenones or GDGTs are largely missing. Given the wide range of latitudes 

and oceanographic settings encompassed by our study sites, it is likely that there are seasonal 

differences in major phytoplankton blooms for a specific region. Indeed, Prahl et al. (2010) 

also observed a conspicuous ‘warm’ offset in U#$%´  values recorded in surface sediments 

collected along the Peru-Chile continental margin, which was explained by a general shift in 

primary productivity towards the summer season in high latitude regions. Another potential 

explanation for the warm temperature bias in the SE-Pacific off Chile may be related to the 

preferential degradation of the C37:3 alkenone, which would lead to temperature estimates above 

observed annual mean SST (Rontani et al., 2008; Huguet et al., 2009; Kim et al., 2009). 

Diagenetic effects on the U#$%´  proxy is likely in sediments deposited under prolonged oxic 

conditions and thus with low sedimentation rates and low OC contents, which is the case for 

most of the South Pacific sediments. As discussed above for the n-alkanes (section 5.5.1), 

organic matter from the SE-Pacific has likely undergone extensive diagenetic alteration. 

Indeed, when comparing residual SST from selected radiocarbon dated surface sediments, SST 

estimates were up to 5.7°C warmer than observed annual mean SST in the oldest sediments at 

station SO213-017-1 (Fig. 5.7 c). In contrast, the U#$%´ -derived temperature residual was only 
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0.5°C at station SO213-084-2 located on the New Zealand margin, where sedimentation rates 

are considerably higher (Molina-Kescher et al., 2014). Thus, in addition to seasonality in 

temperature effects and alkenone production, selective degradation of alkenones may also lead 

to decoupling of SST and sedimentary U#$%´  values.  

    We also compared our sedimentary alkenone concentrations with available coccosphere and 

coccolith numbers from the upper 150 m of the water column at the same stations (n = 10) in 

the South Pacific (Saavedra-Pellitero et al., 2014). While comparison with coccosphere counts 

in the surface water (10 m) show only a moderate correlation (r2 = 0.51), a strong relation is 

observed when using depth integrated (0-150 m) coccosphere counts (r2 = 0.8) or maximum 

coccosphere numbers at a specific water depth (Fig. 5.8 a; r2 = 0.86), which varies between 10 

and 100 m at the investigated sites (Saavedra-Pellitero et al., 2014). While U#$%´ -based 

temperature estimates display a generally good agreement with SST at the sites close to the 

STF at the New Zealand continental margin, PS75/100-4 and 101-1 show a cold bias by >4°C 

(Fig. 5.7 c and d). The cold temperature estimates at these specific sites may relate to alkenones 

produced by a different E.huxleyi strain or coccolithophore species thriving at deeper (60 m) 

water depths (Saavedra-Pellitero et al., 2014). Alternatively, contribution of alkenones 

produced by non-calcifying haptophytes such as C. lamellosa or I. galbana that occur in 

marginal marine environments may cause a temperature bias as these species reveal different 

U#$%´ -temperature relationships than E.huxleyi (e.g. Versteegh et al., 2001; Rontani et al., 2004). 

The non-linear relation between alkenones and coccospheres may be due to rapid 

decomposition of alkenones during transport through the water column, which is largely related 

to the time of oxygen exposure. Alkenones also reveal a strong linear relation (r2 = 0.81) with 

depth integrated (0-150 m) coccolith counts (Fig. 5.8 b). This suggests that alkenones carry a 

temperature signal from the upper 100-150 m of the water column that is efficiently transported 

to the sediment. Direct comparison of living coccolithophore species and alkenone-derived 

SST analyzed from the same water depths are, however, needed to better constrain the origin 

of the temperature signal.  
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Figure 5.8: Correlation of alkenone concentrations in surface sediments with a) 

maximum coccosphere counts and b) the sum of coccolith counts in the upper 150 m 

water column at the same sites (Saavedra-Pellitero et al., 2014). 

 

5.5.3.2 GDGT-based temperatures 

At present, TEX86 has mostly been used as a SST proxy, despite evidence that Thaumarchaeota 

occur throughout the water column and are often most abundant in subsurface waters (e.g. 

Karner et al., 2001; Pearson and Ingalls, 2013; Hurley et al., 2016). Here, we used the global 

TEX86 calibration of Kim et al. (2010) that was previously suggested to yield reasonable 

temperature estimates for the Pacific SO (Ho et al., 2014). TEX86-based temperatures range 

from 3.0 to 15.6°C in our study area (Fig. 5.6), and TEX86 values display a strong linear 

correlation with WOA09 annual mean SST (0 m) over the same temperature range (r2 = 0.82; 

Fig. 5.9 a). The correlation of TEX86 with SST (0 m) is not fundamentally different from that 

with depth-integrated annual mean temperature for 0-200 m water depth (r2 = 0.81; Fig. 5.9 b). 

In addition, we applied the modified TEX86
L  and TEX86

H  indices that were recalibrated for 
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subsurface (0-200 m) temperatures (Kim et al., 2012a; Kim et al., 2012b). The	TEX86
L  

was recommended for application in polar oceans (i.e. SST <10°C), where changes in TEX86 

are relatively minor with temperature (Kim et al., 2010). Indeed,	TEX86
L  -derived subsurface 

temperature reconstruction for a sediment core from the Antarctic continental margin yielded 

warm temperatures that could be explained by intrusion of warm, nutrient-rich Modified 

Circumpolar Deep Water (MCDW) onto the shelf (Kim et al., 2012a). Applied to our surface 

sediments, the TEX86
L  calibration systematically overestimated temperatures (Fig. 5.6) leading 

to large residuals especially at the lower temperature end (<10°C; Fig. A 5.4 b), despite the 

strong correlation of TEX86
L  with depth-integrated annual mean WOA09 temperature for 0-200 

m water depth (r2 = 0.84). The cold-biased temperatures observed at four shallow sites close to 

New Zealand (Fig. A 5.4 b) may relate to the influence of the Southland Current, which is 

transporting fresh subantarctic water (SAW) along the south-east coast of New Zealand 

(Sutton, 2003). Alternatively, coastal upwelling may transport archaea from deeper waters to 

the surface. This cold bias is observed in all TEX86-derived temperature estimates, although 

less pronounced (Fig. A 5.4). 

    A systematic offset is observed between our TEX86-SST relationship and that of the global 

calibration (black dashed line in Fig. 5.9 a), revealing a tendency to underestimate temperatures 

at the warmer sites (>10°C) and overestimate temperatures at the cold sites (<8°C). These 

apparently non-random residual patterns are shown in all existing global calibrations (Kim et 

al., 2010; Ho et al., 2014; Tierney and Tingley, 2014). A closer inspection of these latitudinal 

differences in TEX86-derived temperatures suggests seasonal differences in the temperature 

signal shifting from winter in the SE-Pacific to summer in the PFZ and AZ, which is in general 

contrast to alkenone-derived SST (Fig. 5.6). The diverging TEX86-SST relationship in different 

oceanographic regimes may result from a combination of factors. While intense diatom and 

haptophyte blooms are recorded for spring and summer in the SO, an ‘out-of-phase’ seasonal 

preference towards archaeal winter production is suggested to relate to the availability of 

ammonia that is generated by phytoplankton biomass decay (Murray et al., 1998; Manganelli 

et al., 2009; Lopes dos Santos et al., 2013). Alternatively, TEX86-derived temperatures may 

preferably represent a subsurface temperature signal (Fig. 5.6). On the other hand, warm SST 

residuals observed in the PFZ/AZ may indicate a preference towards summer production. Here, 

TEX86 temperature estimates yield similar warm values as U#$%´  -based SST using the polar 

calibration of Sikes et al. (1997), and also show a good consensus with SST estimates based 

on diatom assemblages (Esper and Gersonde, 2014; Fig. A 5.3). Surface sediment data  
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represent an integrated temperature signal of the entire water column and different seasons, 

which may vary as a function of the regional oceanographic regime. It is therefore difficult to 

unravel the effect of subsurface GDGT export and to target a specific depth origin of GDGTs 

that can be used for the calibration, especially in the polar ocean where seasonal SST variations 

are small (1-2°C). In addition, temperature differences between surface and subsurface are only 

minor in the PFZ/AZ (0-0.6°C). Our data suggest a generally flatter temperature gradient for 

the Pacific SO than that predicted by the global calibration. A compilation of presently 

available TEX86 data from the Pacific SO confirms this (Fig. A 5.5).  

    A major bias for TEX86 may be related to high terrestrial OM input or contribution of GDGT 

from alternative sources (e.g. Pearson and Ingalls, 2013; Schouten et al., 2013). As already 

stated, BIT-index values are generally low (≤0.1) suggesting that TEX86 was not affected by 

soil OM input. Moreover, the GDGT distribution in all surface sediments is typical for open 

ocean settings suggesting that the TEX86 signal is not affected by elevated GDGT input from 

sedimentary archaea involved in methane cycling (Zhang et al., 2011). GDGTs, as all other 

biomarkers, are subjected to diagenesis, which could potentially alter the distribution and thus 

TEX86 values. Although a substantial amount of GDGTs is lost due to oxic degradation, no 

significant effect on the TEX86 has been reported to date (Huguet et al., 2009; Kim et al., 2009; 

Yamamoto et al., 2012). However, recent studies indicate that non-thermal effects, including 

physiology and nutrient state, might have a strong control on individual TEX86 records (Elling 

et al., 2014; Qin et al., 2015; Hurley et al., 2016). Polar regions may for instance support 

archaeal communities with fundamentally different GDGT compositions for a given 

temperature relative to other regions (Huguet et al., 2013). Indeed, archaeal groups were found 

to reveal a high diversity in Antarctic circumpolar deep waters (Alonso-Sáez et al., 2011), and 

Thaumarchaeota were even detected in Antarctic sea ice, where they represented more than 

90% of the archaeal population (Cowie et al., 2011). Therefore, a better understanding of the 

potential impact of non-thermal effects, such as the ecophysiology of archaea in high latitude 

settings on the TEX86 is needed. 
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Figure 5.9: Correlation of TEX86 values with a) SST and b) depth-integrated annual mean 

WOA09 temperature for 0-200 m water depth (Locarnini et al., 2010). Black dashed line 

denotes the global regression for TEX86 (Kim et al., 2010).  

 

5.5 Summary and Conclusions  

In this study, we presented new findings based on different marine and terrigenous molecular 

proxies, which reveal a high potential for detailed paleo-environmental reconstructions in the 

Pacific sector of the SO. We estimated terrestrial OM deposition in surface sediments by 

quantifying the concentration and 230Th-normalized burial of long-chain n-alkanes and 

brGDGTs that were highest close to the potential source regions in New Zealand and Australia. 

The spatial distribution and the strong correlation observed between our organic and inorganic 

terrigenous proxies suggest similar origin and transport mechanisms, i.e. primarily eolian by  
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prevailing westerly winds. Besides a possible fertilizing effect on phytoplankton growth, dust 

may play a direct role in regulating export of biogenic material (i.e. alkenones and isoGDGTs) 

via the ballast effect. However, highest isoGDGT burial observed south of the APF may be 

largely controlled by the decay of diatoms and related opal flux. Comprehensive paleo-SST 

records from the (sub-)polar Southern Hemisphere are still sparse, which is mainly due to 

difficult access to these remote ocean areas and highly corrosive waters. Application of U#$%´  
and TEX86 temperature proxies in our surface sediments suggests robust relationships between 

both indices with temperature in the subpolar and polar Pacific SO. Especially, U#$%´ -based SST 

estimates using the polar calibration of Sikes et al. (1997) faithfully reflect modern summer 

SST in the whole study area. In contrast, TEX86-derived temperatures may reflect a subsurface 

signal rather than surface. Warm temperature residuals observed in the polar ocean may 

additionally relate to non-thermal effects, such as archaeal ecophysiology, impacting 

individual TEX86 records. Therefore, comprehensive water column studies combining 

molecular biological and geochemical methods are needed for the Pacific SO. 
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APPENDIX A. Supplementary Data  

Supplementary data associated with this article can be found in the online version. The data 

discussed in this publication are archived at PANGAEA (https://doi.pangaea.de/10.1594/ 

PANGAEA.860666). 

 

 
Figure A 5.1: Correlation of isoGDGT burial with TOC burial in surface sediments of 

the Pacific sector of the SO. 

 

 
Figure A 5.2: Comparison of a) U#$%´ - and b) TEX8 6-derived temperature estimates with 

those from Ho et al. (2012; 2014) analyzed from the same set of samples (Gersonde, 

2011). Differences between each dataset are well within the range reported from 

interlaboratory comparisons for U#$%´  (Rosell-Melé et al., 2001) and TEX86 (Schouten et 

al., 2009; Schouten et al.,  2013b). 

0

200

400

600

800

1000

1200

1400

0 400 800 1200 1600

isoGDGT burial (μg m
-2 

y
-1

) 

TO
C

 b
ur

ia
l (

m
g 

m
-2

 y-1
) 

r2 = 0.73 
n = 29 



A biomarker perspective on dust, productivity, and sea surface temperature in the Pacific sector of the Southern 
Ocean 

 117 

 
Figure A 5.3: Comparison of SST estimates based on U#$%´  and TEX86 as well as diatom 

assemblages obtained from the same surface sediments of the Pacific SO (Esper and 

Gersonde, 2014) with WOA09 a) annual mean, b) summer SST (Locarnini et al., 2010), 

and c) SST based on Olbers et al. (1992). Dashed line indicates 1:1 line. 
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Figure A 5.4: Correlation of TEX86 values with depth-integrated annual mean WOA09 

temperature for 0-200 m water depth (Locarnini  et al., 2010). a)	TEX86
H  b) TEX86

L 	c) TEX86
L  

with exclusion of data from the sites located close to New Zealand (Fig. A 4 b). Residuals 

of temperature estimates are derived from the global core-top calibrations for TEX86 

(Kim et al., 2012a; Kim et al., 2012b).  

 

 
Figure A 5.5: Relationship of TEX86 with SST in the Pacific SO derived from the global 

core top calibration (Kim et al., 2010). Data are derived from Ho et al., (2011; 2014) and 

Kim et al., 2010). TEX86 data from the Antarctic Peninsula are excluded as they may 

imply a spatially local impact on the TEX86-temperature relationship. 

 



 

 

Table A 5.1: Pearson correlation coefficients and p-values (in italic) between variables (n=16) in surface sediments (n=49)  

of the Pacific SO. Significant correlations (p ≤ 0.005) are highlighted in bold. 

 Lat Long Depth TOC TC TN C/N n-alkanes CPI ACL brGDGTs BIT isoGDGTs alkenones UK'37 TEX86 

Lat  0.06 0.01 0.00 0.00 0.00 0.00 0.07 0.03 0.73 0.87 0.00 0.00 0.29 0.00 0.00 

Long 0.27  0.00 0.56 0.89 0.79 0.58 0.00 0.00 0.08 0.00 0.93 0.67 0.00 0.34 1.00 

Depth -0.36 -0.68  0.06 0.13 0.05 0.47 0.24 0.07 0.80 0.00 0.97 0.90 0.00 0.05 0.44 

TOC -0.61 -0.09 0.27  0.00 0.00 0.74 0.71 0.01 0.89 0.16 0.06 0.00 0.35 0.00 0.00 

TC 0.66 0.02 -0.22 -0.82  0.00 0.02 0.03 0.00 0.14 0.01 0.05 0.00 0.14 0.00 0.00 

TN -0.75 -0.04 0.28 0.88 -0.92  0.01 0.46 0.00 0.49 0.04 0.01 0.00 0.26 0.00 0.00 

C/N 0.40 -0.08 -0.10 0.05 0.33 -0.38  0.44 0.03 0.29 0.21 0.11 0.05 0.57 0.00 0.00 

n-alkanes 0.26 0.45 -0.17 0.05 -0.31 0.11 -0.11  0.07 0.00 0.00 0.04 0.93 0.01 0.11 0.39 

CPI -0.32 0.48 -0.26 0.35 -0.51 0.49 -0.32 0.27  0.29 0.00 0.07 0.00 0.00 0.00 0.00 

ACL 0.05 0.25 -0.04 0.02 -0.21 0.10 -0.15 0.43 0.15  0.46 0.75 0.83 0.09 1.00 0.91 

brGDGTs 0.02 0.46 -0.40 0.20 -0.39 0.29 -0.18 0.53 0.40 0.11  0.01 0.05 0.00 0.92 0.31 

BIT 0.65 0.01 0.01 -0.27 0.28 -0.36 0.23 0.29 -0.26 0.05 0.36  0.00 0.52 0.00 0.00 

isoGDGTs -0.70 0.06 -0.02 0.65 -0.67 0.73 -0.28 -0.01 0.48 -0.03 0.28 -0.49  0.28 0.00 0.00 

alkenones 0.15 0.67 -0.55 0.14 -0.21 0.16 -0.08 0.36 0.53 0.24 0.68 0.09 0.16  0.78 0.00 

UK'37 0.97 0.14 -0.28 -0.59 0.64 -0.76 0.42 0.23 -0.40 0.00 0.01 0.70 -0.70 0.04  0.00 

TEX86 0.90 0.00 -0.11 -0.58 0.65 -0.75 0.44 0.13 -0.47 -0.02 -0.15 0.59 -0.73 -0.05 0.91  
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Abstract 

The Drake Passage (DP) is the major geographic constriction for the Antarctic Circumpolar 

Current (ACC) and exerts a strong control on the exchange of physical, chemical, and 

biological properties between the Atlantic, Pacific, and Indian ocean basins. Resolving changes 

in the flow of circumpolar water masses through this gateway is therefore crucial for advancing 

our understanding of the Southern Ocean’s role in global ocean and climate variability. Here, 

we reconstruct changes in DP throughflow dynamics over the past 65,000 years based on grain 

size and geochemical properties of sediment records from the southernmost continental margin 

of South America. In combination with published sediment records from the Scotia Sea, we 

argue for a considerable total reduction of DP transport and reveal an up to ~40% decrease in 

flow speed along the northernmost ACC pathway entering the DP during glacial times. 

Superimposed on this long-term decrease are high-amplitude millennial-scale variations, 

which parallel Southern Ocean and Antarctic temperature patterns. The glacial intervals of 

strong weakening of the ACC entering the DP imply an enhanced export of northern ACC 

surface and intermediate waters into the South Pacific Gyre and reduced Pacific-Atlantic 

exchange via the DP (“cold-water route”). We conclude that changes in DP throughflow play 

a critical role for the global meridional overturning circulation and interbasin exchange in the 

Southern Ocean, most likely regulated by variations in the westerly wind field and changes in 

Antarctic sea-ice extent.  

 

Significance Statement 

The Drake Passage (DP) represents the most important oceanic gateway along the pathway of 

the world’s largest current, the Antarctic Circumpolar Current (ACC). Resolving changes in 

the flow of circumpolar water masses through the DP is crucial for advancing our 

understanding of the Southern Ocean role in affecting ocean and climate change on a global 

scale. We reconstruct current intensity from marine sediment records around the southern tip 

of South America with unprecedented millennial-scale resolution covering the past ~65,000 

years. For the last glacial period, we infer intervals of strong weakening of the ACC entering 

the DP implying an enhanced export of northern ACC surface and intermediate waters into the 

South Pacific Gyre and reduced Pacific-Atlantic exchange via the “cold-water route”. 
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Main text 

The Antarctic Circumpolar Current (ACC) is the world’s largest current system. Through 

inducing pronounced upwelling and formation of new water masses, the ACC fundamentally 

affects the global meridional overturning circulation (Marshall and Speer, 2012) and the 

stability of Antarctica´s ice sheets. The flow of the ACC is largely driven by strong westerly 

winds and is constricted to its narrowest extent in the Drake Passage (DP). This so-called “cold 

water route” transport through the DP is one important pathway for the return of fresh and cold 

waters to the Atlantic, which strongly affects the strength of the Atlantic meridional 

overturning circulation, in concert with the “warm water route” inflow of warm and salty 

Indian Ocean water masses through the Agulhas Current system (Gordon, 1986; Beal et al., 

2011). 

    The DP is ~800 km wide and is located between Cape Horn and the western Antarctic 

Peninsula (Fig. 6.1). Numerous hydrographic surveys across the DP since the 1970s have 

contributed to the understanding of year-long and inter-annual variability in ACC transport 

through the DP and the mechanisms forcing physical and biological changes within the 

Southern Ocean (Cunningham et al., 2003; Meredith et al., 2011). However, even with 

hydrographic time-series reaching back 20 years (Koenig et al., 2014) in this well-constrained 

region of the ACC and more sophisticated model simulations (Meijers, 2014), important issues 

such as the role of zonal winds in forcing ACC transport remain controversial.  

    Compared to other parts of the Southern Ocean, the modern oceanography of the ACC 

within the DP is well monitored. The three major ACC oceanographic fronts (Orsi et al., 1995), 

the Subantarctic Front (SAF), the Polar Front (PF), and the Southern ACC Front (SACCF), can 

be identified from north to south within the DP. The exact location and occurrence of subsidiary 

fronts changes from year to year and strongly affects the current velocity pattern across the DP 

(Sokolov and Rintoul, 2009; Renault et al., 2011; Koenig et al., 2014) (Fig. 6.2 B). The modern 

winter sea-ice margin presently does not extend significantly north into the DP (Comiso, 2003). 

The total ACC volume transported through the DP is estimated between ~130 and 150 Sv 

(Cunningham et al., 2003; Meredith et al., 2011; Renault et al., 2011; Koenig et al., 2014). The 

many oceanographic studies robustly show that more than half of the total DP transport occurs 

at and north of the SAF (i.e., in the Subantarctic Zone), followed by the Polar Frontal Zone 

(between SAF and PF) (Fig. 6.2 A). The relative contribution of DP transport south of the PF 

is generally less than 20%. 
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    Available proxy data and model simulations provide only little information on the potential 

role of the DP region in driving changes in the global ocean circulation at glacial-interglacial 

and millennial time-scales (Knorr and Lohmann, 2003; McCave et al., 2014). Downstream of 

the DP, a meridional section of low-resolution records from the Scotia Sea revealed little 

overall bottom current speed variations between the Last Glacial Maximum sensu lato (LGM, 

18-28 thousand years ago) and the Holocene (McCave et al., 2014). In contrast, a 500,000-year 

record from the southern Indian Ocean (eastward from the Crozet-Kerguelen Plateau) suggests 

that the ACC was weak during warm stages and strong during glacial epochs (Mazaud et al., 

2010). Likewise in the southwest Pacific, the deep western boundary current east of New 

Zealand intensified during glacial periods over the past 1.2 million years (Hall et al., 2001), 

which has been related to a northward extension of the ACC along the New Zealand continental 

margin (Weaver et al., 1998; Hall et al., 2001). Evidently, disagreement exists for ACC flow 

intensity and its potential impact on changes in DP throughflow, in response to glacial and 

interglacial cycles.  

 

 

Figure 6.1: Schematic view of the Drake Passage region with major surface and 

intermediate water circulation, and location of sediment cores discussed (labeled red 

dots refer to own data, and unlabeled black dots indicate locations of cores in the Scotia 

Sea (McCave et al., 2014). Red line across the Drake Passage shows the oceanographic 

Jason track 104 (Koenig et al., 2014). ACC=Antarctic Circumpolar Current; SPC=South 

Pacific Current; HCS=Humboldt Current system; CHC=Cape Horn Current; 

AAIW=Antarctic Intermediate Water; SAF=Subantarctic Front; WSI=winter sea-ice;  

approximate locations after Orsi et al. (1995) and Comiso (2003). 
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Results and Discussion 

Due to strong bottom currents and severe weather conditions, the recovery of sediment records 

directly within the DP is difficult. We therefore address changes in northern DP throughflow 

with high resolution sediment records recovered from the southernmost Chilean continental 

slope directly upstream of the DP (core MD07-3128; 52°39.57’S, 75°33.97’W; 1,032 m water 

depth), and from the Argentinian continental slope east of Cape Horn at the northern margin 

of the DP (core MR0806-PC09; 55°42.58’ S, 66°08.06’ W; 684 m water depth) (Fig. 6.1). Core 

MD07-3128 is located underneath the southward flowing Cape Horn Current (CHC), a 

northern branch of the ACC that continues towards the DP and provides a major fraction of the 

present day northern DP transport (Well and Roether, 2003). Satellite-tracked surface drifters 

reveal that, after crossing the East Pacific Rise, Subantarctic Surface water of the ACC is 

transported northeastward across the Southeast Pacific towards the Chilean coast at 

~45°S/75°W (Chaigneau and Pizarro, 2005) (Figs. 6.1 and S 6.1). Here, presently only a minor 

part of ACC water is deflected northward into the Humboldt Current System whereas the major 

fraction is deviated southward towards the DP. The CHC thus transports a significant amount 

of northern ACC water towards the DP within a narrow belt of ~100-150 km width off the 

coast (Chaigneau and Pizarro, 2005) (Fig. S 6.1).  

    Site MD07-3128 provides a ~30 m long sediment core spanning the past ~65,000 years 

(Supporting Information). The age model (updated from Caniupán et al., 2011) is well 

constrained by radiocarbon dating, the occurrence of the Laschamp paleomagnetic excursion, 

and correlation to the well-dated sediment record from Ocean Drilling Program (ODP) Site 

1233 (Kaiser and Lamy, 2010). High sedimentation rates during most of the glacial section 

(Fig. S 6.2) allow the investigation of CHC strength changes at millennial timescales, as an 

approximation of the northern ACC fraction of DP throughflow. Previous work on this core 

revealed substantial fluctuations of sea surface temperatures (SST) that largely follow the 

timing of temperature fluctuations observed in Antarctic ice cores (Caniupán et al., 2011). The 

lower-resolved, radiocarbon-dated core MR0806-PC09 (age model updated from Shiroya et 

al., 2013) is used to complement glacial-interglacial ACC strength estimates directly within the 

northern sector of the DP.  
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Figure caption is given on the next page. 
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Figure 6.2: Drake Passage throughflow during the Last Glacial Maximum compared to 

modern setting. (A) Modern DP cumulative volume transport above 3000 m water depth. 

Values are cumulated along DP Jason track 104 (Figs. 6.1 and S 6.1) from north to south. 

The volume transport is calculated from (B) across-track surface geostrophic velocities  

(Koenig et al., 2014). SAF=Subantarctic Front; APF=Antarctic Polar; SACCF-

N=northern branch of southern ACC front (front positions based on the geostrophic 

velocities). (C) Holocene and Glacial (LGM sensu lato, 18,000−28,000 years ago) mean 

SS###	data across the DP, including data south of the SAF in the Scotia Sea (McCave et al., 

2014). Note that Holocene pattern reflect the northward increase in ACC flow across the 

DP. The location of each core was projected on the oceanographic Jason track 104 

(Supporting Information). Error estimates (2s/√n) are shown in Table S2. (D) Current 

speed changes (in %) during the LGM sensu lato.  Compared to the Holocene, mean LGM 

values are lower by ~40% below the CHC and ~20% in the northern DP suggesting a 

substantial reduction of the subantarctic ACC contribution to DP throughflow. 

 

Sedimentological and geochemical current strength proxies 

In order to reconstruct variations in the CHC/northern ACC flow speed, we use changes in 

grain size and geochemical properties (Supporting Information). Our current strength proxies 

are the weight percent (wt.-%) of the 63 to 150 µm fine sand fraction and the mean sortable silt 

grain size (10 to 63 µm, SS###) of the terrigenous sediment fraction (Figs S 6.3 and S 6.4). The SS### 
proxy is commonly used for estimating relative changes in the near-bottom flow speed in deep- 

sea sediments (McCave et al., 1995). Modern surface current velocities within the CHC of >35 

cm/s (Chaigneau and Pizarro, 2005) and high flow speeds of ~20 cm/s extending to mid-depths 

(Fig. S 6.1), as suggested by vertical current speed profiles in the CHC (Boisvert, 1969) and 

DP (Firing et al., 2011), reasonably explain the coarse grain size distributions observed during 

the Holocene (Figs S 6.3 and S 6.4). SS### data have been regionally calibrated with instrumental 

current meter data showing a linear relationship (McCave and Hall, 2006; Thornalley et al., 

2013). The inference of flow intensity may be complicated by changes in sediment supply. 

Indeed, previous work at site MD07-3128 has shown that glacial sediments contain IRD (>150 

µm) (Caniupán et al., 2011). Additional changes in sediment supply might be expected as the 

modern sediment depocenters in the proximal fjord systems become inactive with lower sea-

level during glacials. However, the deposition of IRD at site MD07-3128 shows fluctuations 

that are independent of SS### and fine sand contents (Fig. S 6.3). Moreover, changes in SS### and the 

weight percent of the sortable silt component (SS %) are positively correlated, which is a strong 
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argument for primarily current controlled grain size changes within the silt fraction (McCave 

et al., 2014) (Fig. S 6.3). 

    Substantial changes in the geochemical composition of the sediments parallel grain size 

fluctuations at CHC site MD07-3128 (Fig. S 6.5). The different grain size and geochemical 

indicators show excellent correlations. Most notably, higher Zr/Rb and Si/Al ratios occur in 

the coarser grained intervals, as typical indicators for sediments affected by changes in current 

strength or eolian input (Chen et al., 2006). As biogenic opal contents are minor (1 to 4 wt-%), 

we interpret high Zr and Si contents to reflect coarser siliciclastic sediment components, 

whereas finer grained minerals including clay minerals are more Rb and Al-rich. Thus, ample 

changes in CHC strength and underlying water masses are revealed by the large grain size and 

sediment composition changes. 

 

Evidence for a glacial reduction of DP transport 

At site MD07-3128 below the CHC, the Holocene average SS grain size is ~38 µm. Using the 

latest calibration of SS### with North Atlantic current meter data (Thornalley et al., 2013), these 

SS### values translate to current speeds of ~36 cm/s, consistent with modern velocity estimates 

within the CHC (Chaigneau and Pizarro, 2005). During the LGM, the average SS### is ~21 µm 

indicating that the CHC strength was reduced by ~40% (Fig. 6.2 C, D). This strong decrease 

of flow speeds in the CHC implies a weakening of the northern (subantarctic) ACC limb 

entering the DP. This paleoceanographic inference is strongly supported by the geographic 

pattern of SST cooling in the South Pacific during the LGM (Fig. 6.3 and Table S 6.3). In the 

eastern subantarctic Pacific, the pronounced cooling of up to ~7°C is considerably larger than 

in the central subantarctic Pacific and implies a strong northward extension of the Antarctic 

cold-water influence in the Southeast Pacific during glacial conditions (Ho et al., 2012). The 

cold-water expansion decreases the back-flow of northern ACC water through the CHC to the 

DP but enhances its export into the South Pacific Gyre as indicated by the strong cooling 

observed in published SST records along the Humboldt Current system (Fig. 6.3 and Table 

S3). A similar northward extension of cold ACC waters occurred in the Southwest Pacific off 

New Zealand (Weaver et al., 1998; Nelson et al., 2000). 

    The reduction of northern (subantarctic) ACC flow as reconstructed from our CHC core 

MD07-3128, is also evident at our northern DP margin record (MR0806-PC09), which reveals 

~20% finer SS### values (Fig. 6.2 C and D). The lower amplitude of the glacial-interglacial SS### 
change at this site might indicate an amplification of the signal within the CHC, for example 
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through variations in the vertical structure of the flow along the South American continental 

margin. However, the few available vertical current strength profiles from the CHC show that 

the high velocities reach down to >2000 m water depth (Boisvert, 1969) and we therefore do 

not expect large modifications of the vertical flow structure at our site since the last glacial. 

Alternatively, the northern DP record from core MR0806-PC09 might underestimate the 

glacial flow decrease because of the rather complex flow geometry with major eddy structures 

in this region (Renault et al., 2011; Ferrari et al., 2014; Koenig et al., 2014). Taken together, 

qualitatively, our two sediment core records uniformly document a substantial decrease in 

subantarctic CHC/ northern ACC flow speeds upstream and within the DP. 

    A more reliable quantification of the glacial flow speed decrease in the subantarctic section 

of the DP would require a more densely spaced core transect in the future. In order to obtain a 

more comprehensive view of last glacial changes in ACC flow in the vicinity of the DP, we 

combined our subantarctic ACC flow speed estimates upstream and within the DP with the 

published data from the central Scotia Sea downstream of the DP (McCave et al., 2014) (Figs. 

6.1 and 6.2, and Table S 6.2). Together, these records extend across all major modern 

oceanographic zones within the ACC and DP. During the LGM, the combined SS### data indicate 

a strong reduction in flow speed in the northern sector (modern Subantarctic Zone) that extends 

to the present Polar Frontal Zone, whereas only minor changes occur south of the PF, except 

for a slight reduction in glacial ACC flow in the southern Antarctic Zone (Fig. 6.2). Modern 

oceanography suggests that current velocities and transport are overall closely linked in the DP 

region with the major transport and the highest current velocities occurring in the Subantarctic 

Zone (Fig. 6.2 B) (Meredith et al., 2011; Renault et al., 2011; Koenig et al., 2014). Therefore, 

we interpret our paleo-data in terms of a substantial LGM decrease of subantarctic DP 

throughflow combined with an additional slight reduction of ACC transport in the glacially 

extended sea-ice zone (McCave et al., 2014).  

    Today, Antarctic Intermediate Water (AAIW) formed in the Southeast Pacific is partly 

exported into the South Atlantic (Bostock et al., 2013). Strongly reduced CHC vigor and more 

sluggish DP transport during the LGM would plausibly decrease the export of Pacific surface 

and intermediate water masses into the South Atlantic and thus reduce the “cold-water route” 

contribution. Such glacial Southern Ocean circulation is in accordance with a stronger South 

Pacific gyre and the export of well-oxygenated AAIW along the Chilean margin (Muratli et 

al., 2009; Martínez-Méndez et al., 2013). Concurrently, proxy data indicate poorly ventilated 

intermediate waters in the glacial South Atlantic as contributions from the Pacific and Indian 

Oceans were reduced (Makou et al., 2010), consistent with reduced export from the major 
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modern intermediate water formation region in the Southeast Pacific through the DP (Fig. 6.1). 

Our suggested strongly enhanced glacial northward export of cold water masses to the tropical 

Pacific (Fig. 6.3) reinforces earlier modeling studies showing the importance of southerly-

derived surface and intermediate water masses in the tropical Pacific for global cooling during 

the LGM (Liu et al., 2002).  
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Figure 6.3: Map showing the Last Glacial Maximum paleoceanography of the Southeast  

Pacific and Drake Passage region. The pronounced glacial cooling in the eastern 

subantarctic Pacific is consistent with a northward extension of Antarctic cold-water 

influence (numbers indicate LGM cooling (°C) compared to the Holocene mean, and red 

dots locations of SST sediment records; see Methods and Table S3). Reduced CHC and 

more sluggish glacial northern DP transport decreases the export of Pacific ACC water 

into the South Atlantic (“cold-water route”). Reduced SWW core and extended sea-ice 

diminish the wind forcing on the ACC and thus the DP transport. Stronger winds in the 

northern SWW enhance the South Pacific Gyre and the export of northern ACC water 

into the HCS. Background shows bathymetry. WSI=winter sea-ice; APF=Antarctic Polar 

Front; SAF=Subantarctic Front; modern locations after Orsi et al. (1995) and Comiso 

(2003). ACC=Antarctic Circumpolar Current; SPC=South Pacific Current;  

HCS=Humboldt Current system; CHC=Cape Horn Current; SWW=Southern Westerly 

Wind belt. 
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Millennial-scale variations during the last glacial 

Superimposed on the long-term glacial reduction of DP throughflow, we observe prominent 

high-amplitude millennial-scale variability in the CHC/northern ACC flow speeds (Fig. 6.4), 

which is not resolved in the Scotia Sea records or any other previous ACC current strength 

record (Mazaud et al., 2010; McCave et al., 2014). Substantial changes in the geochemical 

sediment composition parallel these grain size fluctuations (Fig. S 6.5). Within age model 

uncertainties, most of the grain size maxima coincide with millennial-scale temperature 

maxima in Antarctica (EPICA Community Members, 2006) (Fig. 6.4), implying a strong 

sensitivity of the CHC and the northern ACC in the Southeast Pacific to suborbital climate 

variations. This pattern is particularly evident for the major Antarctic warmings that correspond 

to Heinrich stadials in Greenland (EPICA Community Members, 2006). Enhanced DP 

throughflow during these warm periods is consistent with the previously suggested impact of 

the bipolar seesaw mechanism on the Southern Ocean (Lamy et al., 2004; Barrows et al., 2007; 

Lamy et al., 2007; Anderson et al., 2009), leading to e.g. surface water warming, enhanced 

upwelling, and a stronger ACC due to southward shifted westerlies. The last millennial-scale 

increase in flow speeds at ~17.5 ka BP coincides with Heinrich Stadial 1, the beginning of 

Southern Ocean upwelling and the end of the last ice age on a global scale (Denton et al., 2010). 

The re-acceleration of subantarctic DP transport matches the major deglacial warming in the 

subantarctic Southeast Pacific and South Atlantic (Barker and Diz, 2014) (Fig. 6.4), suggesting 

a close coupling of DP throughflow to the initiation of Southern Hemisphere warming. Similar 

to the glacial-interglacial pattern, our inferred millennial-scale changes in DP throughflow are 

paralleled by SST changes in proxy records from the Southeast Pacific (ODP Site 1233) (Lamy 

et al., 2004; Kaiser and Lamy, 2010) extending north to the cold tongue in the eastern tropical 

Pacific (Lea et al., 2006) (Fig. 6.3). These data imply that substantial changes in the 

oceanographic dynamics of the South Pacific gyre are related to the northward deflection of 

ACC waters at millennial time scales. 



Glacial reduction and millennial-scale variations in Drake Passage throughflow 

 132 

 

Figure caption is given on the next page. 
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Figure 6.4: Reconstructed changes in Cape Horn strength and Drake Passage throughflow 

compared to temperature records. (A) Ratio of planktic foraminifera N. pachyderma 

(sin.) to total N. pachyderma counts indicative of surface ocean temperature changes in 

the South Atlantic (Barker and Diz, 2014). (B) Mg/Ca SST record from the Galapagos 

region (Lea et al., 2006) representing eastern tropical Pacific SST changes. (C) Alkenone 

SST record from ODP Site 1233 located within the HCS at ~41°S (Kaiser and Lamy, 

2010) (updated age-model, see Supporting Information). (D,  E) Fine sand (63-150 µm) 

contents and SS### as proxies for CHC/northern ACC strength. (F) Oxygen isotope record 

of the east Antarctic EDML ice core (EPICA Community Members, 2006) (AICC12 age 

scale). Numbers mark Antarctic Isotope Maxima, and largest Antarctic warmings A1 to 

A4. (G) Oxygen isotope record of the Greenland NGRIP ice-core (EPICA Community 

Members, 2006) (GICC05 age scale). H1-H6, Heinrich stadials. Vertical gray bars mark 

inferred millennial-scale DP throughflow peaks that correspond with millennial-scale 

temperature maxima in Antarctica and Heinrich stadials in Greenland. NPS=N. 

pachyderma (sin.) 

 

Conclusions 

Our study points to important changes of the “cold-water route” in the global meridional 

overturning circulation on both glacial-interglacial and millennial time scales through 

subantarctic DP transport, which generally weakens (increases) during cold (warm) climates. 

The glacial reduction of the “cold-water route” occurred in concert with the well-documented 

decrease of the “warm-water route” (Agulhas leakage (Beal et al., 2011)). We thus propose 

that both of these oceanographic corridors are critical for the South Atlantic contribution to 

glacial meridional overturning circulation strength changes.  

    Most oceanographic observations and models identify that variation in the position and 

strength of the southern westerly wind belt (SWW) impact changes in the strength of the ACC 

and DP throughflow (Völker and Köhler, 2013). This conceptual picture is consistent with our 

reconstructed glacial reduction of subantarctic DP throughflow being linked to a northward 

shift of the SWW, as supported by the majority of the proxy-based SWW reconstructions 

(Kohfeld et al., 2013). In particular, the reconstructions from southern South America indicate 

a substantial decrease of the westerly winds over their present core zone in the vicinity of the 

northern DP during colder intervals (Lamy et al., 2010). At the same time, stronger westerly 

winds extended northwards, as indicated by a variety of proxy records from the winter-rain 

zone of Chile (Latorre et al., 2007; Kohfeld et al., 2013) and are in line with our inferred 
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strengthening of the South Pacific gyre. In contrast to the proxy records pointing to a critical 

role of the SWW for DP throughflow and the global meridional overturning circulation during 

the past 65,000 years, current coupled ocean-atmosphere models do not show a coherent 

change in the position and strength of the SWW and the ACC during the LGM (Rojas et al., 

2009; Sime et al., 2013). Hence, glacial ACC transport decreases might also be regulated by 

additional factors such as Southern Ocean sea ice extent that changes the effective wind stress 

acting on the ocean surface (McCave et al., 2014).  

    Though still hypothetical, important paleoceanographic changes in the subantarctic Southern 

Ocean are likely related to changes in the SWW. If applicable to modern time-scales, the 

strengthening and poleward shift of the SWW seen in the Coupled Model Intercomparison 

Project phase 5 (Meijers, 2014) might lead to a future increase in subantarctic DP transport, 

strengthening of the ACC and enhanced inter-basin exchange. However, recent instrumental 

volume transport time-series across the DP have not yet revealed any significant increase in 

response to strengthened westerly winds (Koenig et al., 2014). Thus, the response of the ACC 

to future climate changes remains a major challenge to be addressed. 

 

Methods 

We updated the published age models for cores MD07-3128 (Caniupán et al., 2011) and 

MR0806-PC09 (Shiroya et al., 2013) which are primarily based on radiocarbon dating. A 

detailed grain size analysis of the silt-fraction (2-63 µm) and the fine sand-fraction (63-150 

µm) was performed by measurements with a Micromeritics SediGraph 5100 (Fig. S 6.3), a 

Coulter Counter, and a Beckman Coulter laser diffraction particle size analyzer. The glacial 

reduction of DP throughflow was calculated from the mean SS### values for the Holocene (0-

11,500 years ago) and the LGM sensu lato (18,000-28,000 years ago). Geochemical data from 

core MD07-3128 were derived from discrete atomic absorption spectrophotometry (AAS) 

measurements on discrete samples and high resolution downcore scanning using an 

AVAATECH profiling X-ray Fluorescence (XRF) core scanner. 
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Supporting Information: Methods 

Sediment Cores. Sediment core MD07-3128 was retrieved from the southern Chilean 

continental slope ~30 nm off the Pacific entrance to the Strait of Magellan (52°39.57’S, 

75°33.97’W; 1,032 m water depth). The site is located below the Cape Horn Current (CHC), a 

branch of the Antarctic Circumpolar Current (ACC) that continues towards the Drake Passage 

(DP) where it joins the main subantarctic ACC (Figs. 6.1 and S 6.1). The sediment sequence 

consists of an upper unit of olive to yellow foraminifera ooze comprising the upper ~0.5 m of 

the core. This unit, representing the Holocene, is underlain by sand-bearing clayey silt to silty 

clay, the main lithology down to the base of the core representing the last glacial. This unit 

reveals meter-scale variations in color between gray and grayish olive with occasional, visually 

observed drop stones. These color changes largely parallel the variations in grain size and 

geochemistry shown in this paper. CaCO3 contents are between ~30 and 55 wt-% in the 

Holocene and ~1 to 12 wt-% for the glacial part. Biogenic silica and organic matter contents 

range from 1 to 4 wt-% and 0.3 to 0.8 wt-%, respectively, throughout the core (Caniupán, 

2011).   

    Sediment core MR0806-PC09 was recovered from the southernmost Argentinean 

continental slope to the east of Cape Horn (55°42.58’ S, 66°08.06’ W; 684 m water depth) 

within the northern sector of the Drake Passage (Fig. S 6.1). The upper surface unit (0.11 m) 

consists of fine to medium foraminifer sand. Below, the sediments are mostly dark gray clayey 

silt with lenses and layers of fine sand; they are bioturbated and ice rafted debris (IRD) is 

observed down to 7.8 m. A detailed lithological description is given by Shiroya et al. (2013). 

CaCO3 contents range from 25 to 37 wt-% in the Holocene and from 1 to 15 wt-% for the 

glacial. Biogenic silica and organic carbon contents are 2 to 4wt-% and 0.1 to 0.4 wt-%, 

respectively, throughout the core.  

 

Age Models. We updated the published age models for cores MD07-3128 (Caniupán et al., 

2011) and MR0806-PC09 (Shiroya et al., 2013) by using the most recent calendar age 

conversion curve INTCAL13 and software Calib 7.0 (Reimer et al., 2013). Moreover, we 

considered the recent reservoir age estimates for the Holocene and the last deglaciation from 

core MD07-3088 located northward (46°S) at the Chilean continental margin (Siani et al., 

2013). We used the oldest reservoir age given by Siani et al. (2013) as an estimate for glacial 

reservoir ages at our core location. For core MD07-3128, we kept the age control point 

represented by the Laschamp magnetic field excursion at ~41,250 years ago (Caniupán et al., 
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2011). The pre-radiocarbon part of the age model of core MD07-3128 is based on graphical 

tuning of the alkenone SST record to that of the composite sequence at ODP Site 1233 (Kaiser 

and Lamy, 2010) (Fig. S 6.2). Age-control points are given in Table S1.  

    We also updated the age model of the ODP Site 1233 sediment record. As for cores MD07-

3128 and MR0806-PC09, we used the most recent calendar age calibration curves and the 

reservoir age estimates by Siani et al. (2013), except for the Holocene. During this time interval, 

we assumed the global value of ~400 years consistent with the occurrence of an early Holocene 

ash layer at Site 1233 that has been dated on land (Lamy et al., 2004). We updated the pre-

radiocarbon part of the Site 1233 age model, originally based on tuning of the SST record to 

the oxygen isotope record of the Byrd ice-core (Lamy et al., 2004; Kaiser and Lamy, 2010), by 

graphical tuning to the EDML ice-core record on the most recent Antarctic ice core chronology 

AICC12 (Bazin et al., 2013; Veres et al., 2013). Age-control points are given in Table S1.  

 

Grain size determinations. Grain size data were obtained from cores MD07-3128 and 

MR0806-PC09 (Figs. S 6.3 and S 6.4). For core MD07-3128, samples for grain size 

measurements were taken at a spacing of 12 cm with an average temporal resolution of ~2,800 

years for the upper part of the core corresponding to the Holocene and ~200−250 years for the 

glacial section. In order to separate the terrigenous sediment fraction, we used 35% H2O2 to 

remove organic matter and for disaggregation, and 10% acetic acid in order to dissolve 

carbonate. Since biogenic silica contents are low (1-4 wt-%), we did not dissolve opal. The 

separation of the 63-150 µm fine sand-fraction was achieved by wet-sieving, while the silt (2-

63 µm) and clay fractions (<2 µm) were split by Stokes’ law settling using Atterberg tubes 

(Müller, 1967). In order to separate the latter two size fractions almost completely, a 9-12 times 

repetition of the settling procedure was necessary. Coagulation of clay size particles was 

avoided by using a 0.1% sodium polyphosphate solution.  

    A detailed grain size analysis of the silt-fraction (2-63 µm) and the fine sand-fraction (63-

150 µm) was performed by measurements with a Micromeritics SediGraph 5100 (Fig. S 6.3) 

at the Alfred Wegener Institute (AWI Bremerhaven). The SediGraph also detects remaining 

>150 µm sand and clay particles in the silt fraction, which have not been removed by Atterberg- 

and sieving-methods. The SediGraph analysis provides a high-resolution grain size distribution 

in steps of 0.1 phi and is based on the X-ray scanning of a settling suspension assuming Stokes’ 

law settling. SS### is the mean grain size of the sortable silt-fraction (10−63 µm) as defined by 

McCave et al. (1995). The instrument precision of the SediGraph 5100 for pure standard 
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analysis is ±0.3 to ±1.9% (Bianchi et al., 1999). Marine sediments with >5% SS yielded an 

analytical precision for SS### measurements and the weight percent of SS of ±2% and ±9% 

(Bianchi et al., 1999). 

    The Holocene section contains only very small amounts of terrigenous components as it is 

primarily composed of biogenic carbonate. Therefore, we could not reliably measure 

terrigenous silt and fine sand with the SediGraph for this interval as the amount was too small. 

We thus used a polynomial regression between strongly co-varying SS### and fine sand contents 

for the glacial section (Fig. S 6.3) in order to derive Holocene SS### estimates. Typical Holocene 

values were estimated in the range of ~40 µm, based on fine sand contents of ~55 wt.-%.  

    The SediGraph is generally considered as the best suited device for measuring grain size as 

a proxy for current intensity as it employs the settling velocity principle measuring 

“dynamical” grain sizes closely related to transport and depositional processes (McCave and 

Hall, 2006). We compared our data to measurements with a Coulter Counter at Cardiff 

University on selected samples, showing very similar results (Fig. S 6.6). The Coulter Counter 

measures the volume-equivalent spherical diameter through electrical conductivity. The 

similar results obtained by these different devices support the robustness of our grain size 

measurement.  

    For core MR0806-PC09, samples for grain size measurements were taken at a spacing of 2-

5 cm with an average temporal resolution of ~1,000-4,000 years for the upper part of the core 

corresponding to the Holocene and ~100-300 years for the glacial section. Grain size 

measurements were performed with a Beckman Coulter laser diffraction particle size analyzer, 

type LS 13320 at the MARUM Center in Bremen. The laser itself is equipped with an Aquous 

Liquid Module and an Auto Prep Station and determines particle grain sizes from 0.04 to 2000 

µm grouped into 116 size classes. Moreover, the laser uses degassed water to avoid bubbles 

during the measurements. Instrumental precision based on repeated sample diffraction is ≤ 3 

%. Before grain size analyses, we isolated the terrigenous fraction. Organic material was 

removed with ~10 ml of H2O2 (35 %) and calcium carbonate with HCl (10%). Finally, the 

samples were boiled with 300 mg of Sodium Pyrophosphate (Na4P2O7*10H2O) to ensure 

disaggregation of all particles. Since biogenic silica contents are low (2-4 wt-%), we did not 

dissolve opal.  
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Glacial DP throughflow estimate. We calculated the glacial DP flow speed by combining the 

SS### record from CHC/northern ACC sites MD07-3128 and MR0806-PC09 with published SS### 
records from the southern Polar Frontal Zone and Antarctic Zone of the ACC in the Scotia Sea 

(McCave et al., 2014). In order to compare the individual reconstructed current speed records 

with modern DP current velocitiy and volume transport data, we projected each core onto the 

oceanographic Jason track 104 crossing the DP downstream of the Shackleton Fracture Zone 

(Fig. 6.1 C) beginning at the upper South American continental slope close to our core site 

MR0806-PC09. Core MD07-3128 likewise projects on the northern end of the section, as it is 

located below the CHC that contributes to subantarctic DP throughflow (Fig. S 6.1). The Scotia 

Sea cores were projected onto track 104 using the Scotia Sea projection line by McCave et al. 

(2014) and the relative distances between the major climatological oceanic fronts (Table S2). 

The glacial reduction of DP throughflow was calculated from the mean SS### values for the 

Holocene (0-11,500 years ago) and the LGM sensu lato (18,000-28,000 years ago).  

 

Geochemistry. Geochemical data from core MD07-3128 include major and minor element 

concentrations (Fig. S 6.5), which were derived from discrete atomic absorption 

spectrophotometry (AAS) measurements on the bulk sediment. Measurements were performed 

with a VARIAN SepctrAA220 at the University of Trier. Samples of 100 mg of sediment were 

dried (105°C) and fused completely in Pt skillets with 400 mg of flux material (mixture of 

Lithiumtetraborate, Lithium carbonate and Lanthanium oxide). The produced glass beads were 

dissolved in 40 ml HCl (0.5N). Liquids of samples and international standards (MRG-1, SY-2 

and JG-2) were measured by the AAS. Determined major elements plus loss of ignition 

(1050°C) and independently detected contents of CO2 and SO2 resulted in sums of 99 to 101 

wt.-%. Zr and Rb concentrations were measured at 1cm downcore resolution using an 

AVAATECH profiling X-ray Fluorescence (XRF) core scanner at the Alfred Wegener Institute 

Bremerhaven. 
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Sea surface temperatures. SST changes between the Holocene and the LGM in the Southeast 

Pacific have been compiled from published records (Fig. 6.3 and Table S3). These include 

primarily alkenone-based SST reconstructions, except for two Mg/Ca-derived SST records 

from the eastern tropical Pacific and one from the East Pacific Rise. We also added published 

foraminifera transfer function-based SSTs from the east Pacific Rise.  

    Where possible, we calculated glacial cooling (Fig. 6.3 and Table S3) from the temperature 

difference between the mean Holocene (0−-11,500 years ago) and for the LGM sensu stricto 

(19,000−23,000 years ago) SST estimates. This method provides glacial cooling estimates 

based on proxy SSTs uninfluenced from potential offsets of the absolute proxy calibration to 

modern world ocean atlas SSTs. Note that the LGM SSTs based on foraminifera assemblage 

are winter estimates whereas the alkenone SSTs, at least for the southern sector, most likely 

represent spring/summer temperatures (Prahl et al., 2010; Ho et al., 2012). 

 

 

Figure caption is given on the next page. 



Glacial reduction and millennial-scale variations in Drake Passage throughflow 

 141 

Figure S 6.1: Surface and intermediate ocean circulation in the Southeast Pacific. (A)  

Examples of surface buoy trajectories (each 30-day positions are indicated by a circle) 

indicating northeast flow of northern ACC water after crossing the East Pacific Rise. 

Also shown is the bifurcation of surface waters close to the Chilean coast (at ca. 45° S) 

with northward flowing water in the Humboldt Current (HCS) and strongly accelerated 

southward flow in the Cape Horn Current (CHC) towards the Drake Passage (DP). West-

east drifting buoys follow the South Pacific Current (SPC). (B) Surface velocities and 

velocity variance ellipses from drifter measurements (velocities > 6 cm/s are in bold).  

Note the high current velocities in the southern CHC in vicinity of our core MD07-3128 

location. A und B,  modified from Chaigneau and Pizarro (2005). The drifter 

measurements are averaged to 2*2° grid boxes, each of which containing more than 5 

daily positions. (C) Mean velocity vectors at 500 m from model outputs (blue arrows) 

after Ferrari et al. (2014) showing strong flow along the northern border of the DP, where 

core MR0806-PC09 is located. Red line indicates location of Jason track 104. CHC=Cape 

Horn Current entering the DP.  
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Figure S 6.2: Age models for cores MD07-3128 and MR0806-PC09. Age control is based 

on radiocarbon dates (squares with 2 sigma errors) (updated from Caniupán et al., 2011; 

Shiroya et al., 2013). Additionally, for core MD07-3128 we used the paleomagnetic 

Laschamp excursion (diamond), and graphical tuning of the SST record to that of ODP 

Site 1233. The age-model of the sediment sequence at Site 1233 has been updated from 

Kaiser and Lamy (2010). See “age-model” in the methods section of the Supporting 

Information for further details. Linear sedimentation-rates for cores MD07-3128 and 

MR0806-PC09 are shown at the bottom.  
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Figure S 6.3: Downcore grain size data from MD07-3128: Fine sand content (purple), SS### 
(red), sortable silt percentage (SS%, blue), and >150 µm fraction ("IRD", green from 

Caniupán et al., 2011). The two small inset figures in top panel show contrasting fine 

sand and silt grain size distributions from representative early Holocene (left) and LGM 

samples (right). Small figures to the left show polynomial regression between fine sand 

and SS### (top), linear relation between SS###	and SS% (middle), and uncorrelated IRD with SS### 
(bottom). Vertical gray bars mark inferred millennial-scale Drake Passage throughflow 

maxima (as in Fig. 6.4).  
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Figure S 6.4: Grain size data from cores MR0806-PC09 and MD07-3128: SS### (blue) and 

fine-sand (green) down-core records from core MR0806-PC09. The two small inset 

figures in top panel show contrasting fine sand and silt grain size distributions from 

representative Holocene (left) and LGM samples (right). Red and purple down-core 

records show SS### and fine-sand contents of core MD07-3128, respectively. Vertical gray 

bars mark inferred millennial-scale Drake Passage throughflow maxima (as in Fig. 6.4).  
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Figure S 6.5: Geochemistry data from core MD07-3128. Fine sand contents (purple) and 

SS### (red) compared to downcore records of Si/Al (blue) and Zr/Rb (green; 5-point moving 

average) ratios. As biogenic silica contents are very low (< 4 wt-%), Si contents reflect  

primarily changes in the siliciclastic fraction. This is consistent with co-varying changes 

in Si/Al and Zr/Rb ratios both primarily reflecting gain-size changes. Vertical gray bars 

mark inferred millennial-scale Drake Passage throughflow maxima (as in Fig. S 6.4).  
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Figure S 6.6: Comparison between SS### obtained from Sedigraph and Coulter counter 

measurements in core MD07-3128. The similar results obtained by these different 

devices (top panel) supports the robustness of our grain size measurement. Absolute 

Coulter counter SS### values tend to be slightly higher but amplitudes are generally 

consistent (bottom panel).  
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Table S 6.1: Age control points for the construction of age models for cores MD07-3128,  

MR0806-PC09, and the ODP Site 1233 sediment record (update of publisched age models 

(Kaiser and Lamy, 2010; Caniupán et al., 2011; Shiroya et al., 2013)). 
Core depth 14C raw age ±Error Reservoir  

age 
Calibrated 

age 
±Error Dating  

Method 
(m/mcd) (ka BP) (ka)  (ka BP) (ka)  

MD07-3128      
0.03 3.41 0.025 0.80 2.75 0.02 INTCAL13 
0.3 9.49 0.045 0.81 9.63 0.12 INTCAL13 
0.35 9.95 0.045 0.81 10.29 0.10 INTCAL13 
0.94 13.04 0.06 0.98 13.91 0.16 INTCAL13 
1.55 15.46 0.07 1.13 17.46 0.24 INTCAL13 
2.5 16.10 0.07 1.13 18.19 0.21 INTCAL13 
3.93 17.33 0.13 0.81 19.93 0.34 INTCAL13 

7 19.56 0.1 0.81 22.62 0.24 INTCAL13 
9.52 22.76 0.15 0.81 26.17 0.33 INTCAL13 
13.96 23.61 0.15 0.81 27.16 0.38 INTCAL13 
16.01 26.40 0.24 0.81 29.76 0.68 INTCAL13 
17.96 31.54 0.465 0.81 34.69 0.85 INTCAL13 
18.51 33.66 0.54 0.81 37.02 1.33 INTCAL13 
20.58    41.25  Laschamp 
23.67    46.85  Tuning  
30.16    63.06  Tuning  

MR0806-PC09      
0.06 3.21 0.05 0.80 2.45 0.10 INTCAL13 
0.10 7.76 0.08 0.81 7.80 0.14 INTCAL13 
0.15 13.6 0.08 1.23 14.49 0.40 INTCAL13 
0.19 15.0 0.11 1.32 16.55 0.36 INTCAL13 
0.24 15.65 0.13 0.89 17.97 0.32 INTCAL13 
0.33 16.4 0.11 0.81 18.85 0.24 INTCAL13 
0.37 16.6 0.09 0.81 19.07 0.23 INTCAL13 
0.46 17.0 0.12 0.81 19.55 0.34 INTCAL13 
0.51 17.3 0.09 0.81 19.88 0.26 INTCAL13 
0.55 17.45 0.08 0.81 20.09 0.24 INTCAL13 
0.64 17.55 0.08 0.81 20.21 0.24 INTCAL13 
1.24 18.6 0.09 0.81 21.55 0.29 INTCAL13 
1.82 19.45 0.09 0.81 22.54 0.20 INTCAL13 
2.82 22.7 0.12 0.81 26.14 0.27 INTCAL13 
5.89 44.8 0.87 0.81 47.40 1.84 INTCAL13 

ODP 1233      
10.55 8.3 0.06 0.40 8.74 0.19 INTCAL13 
12.94 9.34 0.08 0.40 10.04 0.23 INTCAL13 
14.21 9.87 0.05 0.40 10.72 0.11 INTCAL13 
17.01 10.8 0.07 0.40 12.27 0.25 INTCAL13 
20.22 12.28 0.07 0.95 13.18 0.12 INTCAL13 
21.39 13.18 0.06 0.98 14.10 0.19 INTCAL13 
25.1 14.42 0.11 1.32 15.70 0.36 INTCAL13 
27.97 15.75 0.07 0.81 18.16 0.21 INTCAL13 
29.81 17.07 0.11 0.81 19.64 0.32 INTCAL13 
31.47 17.81 0.09 0.81 20.51 0.27 INTCAL13 
33.51 18.52 0.13 0.81 21.44 0.39 INTCAL13 
36.56 19.74 0.14 0.81 22.80 0.36 INTCAL13 
39.5 21.08 0.15 0.81 24.36 0.45 INTCAL13 
41.17 21.44 0.24 0.81 24.85 0.62 INTCAL13 
43.72 22.93 0.23 0.81 26.37 0.54 INTCAL13 
45.53 23.88 0.17 0.81 27.38 0.30 INTCAL13 
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Core depth 14C raw age ±Error Reservoir  
age 

Calibrated 
age 

±Error Dating  
Method 

(m/mcd) (ka BP) (ka)  (ka BP) (ka)  

49.11 26.1 0.29 0.81 29.37 0.74 INTCAL13 
50.72 26.52 0.30 0.81 29.92 0.75 INTCAL13 
55.02 29.03 0.39 0.81 32.16 0.95 INTCAL13 
59.03 32.19 0.58 0.81 35.31 1.11 INTCAL13 
62.5 34.48 0.75 0.81 37.92 1.78 INTCAL13 
64.81 35.77 0.79 0.81 39.50 1.83 INTCAL13 
67.8    41.25  Laschamp 
73.54    43.23  Tuning  
76.03    44.28  Tuning 
82.60    48.09  Tuning 

100.08    57.63  Tuning 
129.10    70.59  Tuning 
134.84    73.47  Tuning 

ka BP = thousand years ago 
 

Table S 6.2: Holocene and LGM (sensu lato,  18,000−28,000 years ago) mean %%### data 

across the Drake Passage, including data south of the SAF in the Scotia Sea (McCave et  

al., 2014) (see Fig. 6.1). 2s/√n is the standard error of the mean (SEM). The analytical  

error of up to ±3 % has not been propagated. SACCF=southern ACC front;  

APF=Antarctic Polar Front; SSAF=southern Subantarctic Front; SAF=Subantarctic 

Front; approximate locations after Orsi et al. (1995) and Sokolov and Rintoul (2009). 

Site 
Holocene 
!!#### mean 

(µm) 

2s/√n LGM !!#### 
mean 
(µm) 

2s/√n 
LGM !!#### 

reduction (%) 
Projected on 

track 104 
Location on the line by 

McCave et al. (13) 

MD07-3128 38.3 2.537 21.4 0.692 -44 30 n/a 

MR0806-PC09 33.9 2.683 27.3 0.383 -19 30 n/a 
SAF n/a n/a n/a n/a n/a 80 n/a 

SSAF n/a n/a n/a n/a n/a 280 15 
BAS TPC063 21.37 0.604 19.78 0.62 -7 337 110 
BAS TPC077 19.6 0.811 20.29 0.597 4 423 250 

APF n/a n/a n/a n/a n/a 465 330 
PS2514-1 18.97 0.463 19.57 0.615 3 505 360 

PS67/197-1 17.35 0.625 17.72 0.499 2 538 425 
BAS TC290/PC078 16.11 0.334 16.86 0.283 5 590 480 

PS67/205-2 18.06 0.561 16.2 0.261 -10 691 610 
PS67/219-1 17.84 0.238 16.58 0.54 -7 715 680 

SACCF n/a n/a n/a n/a n/a 780 720 

PS67/224-1 15.97 0.261 15.47 0.315 -3 806 735 
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Table S 6.3: Summary of sea surface temperature (SST) records shown in Fig. 6.3. 
Core Latitude Longitude Holocene 

SST 
LGM* 

SST 
LGM-Holocene SST 

Method 
Reference 

   (°C) (°C) (°C)   
East Pacific Rise (central Pacific)     
E20-18 -44.55 248.67 9a 9.2b 0.2 Foraminifera  Luz (60) 
DWBG 70 -48.48 246.72 6a 2.6b -3.4 Foraminifera  Luz (60) 
E25-10 -50.10 245.22 6a 1.1b -4.9 Foraminifera  Luz (60) 
E21-15 -52.02 239.98 5a 1.1b -3.9 Foraminifera  Luz (60) 
RC12-225 -53.67 236.90 4a 1.1b -2.9 Foraminifera  Luz (60) 
E11-1 -54.91 245.30 3a 0.7b -2.3 Foraminifera  Luz (60) 
E11-3 -56.90 244.76 2a 0.6b -1.4 Foraminifera  Luz (60) 
E11-2 -56.06 244.94 3a 0.6b -2.4 Foraminifera  Luz (60) 
E11-2 -56.06 244.94 4.7 2.8 -1.9 Mg/Ca Mashiotta et al. (61) 
South East Pacific     
TG7 -17.20 281.40 20.4 17.3 -3.1 Alkenones Calvo et al. (62) 
GeoB7139 -30.20 288.02 18.5 15 -3.5 Alkenones Kaiser et al. (63) 
GeoB3302 -33.22 287.91 17.4c 12.7 -4.7 Alkenones Kim et al. (64) 
GeoB3359 -35.22 287.20 18 12.4 -5.6 Alkenones Romero et al. (65) 
ODP1233 -41.00 285.55 14.9 9.9 -5.0 Alkenones Kaiser & Lamy (20) 
MD07-3128 -52.66 284.44 12.1 6.5 -5.6 Alkenones Caniupán et al. (51) 
PS75/034–1 -54.65 279.85 8.6 1.5 -7.1 Alkenones Ho et al. (28) 
East tropical Pacific     
TR163-22 0.52 267.60 24.4 22.4 -2.0 Mg/Ca Lea et al. (43) 
ODP1240 0.02 273.54 25.6 23.1 -2.5 Mg/Ca Peña et al. (66) 
ODP1239 -0.67 277.92 24.9 23.4 -1.5 Alkenones Rincón et al. (67) 

*LGM sensu stricto (19,000−23,000 years ago) 
amodern winter SSTs (Mashiotta et al., 1999) 
bLGM winter SSTs (Mashiotta et al., 1999) 
cHolocene values from neighboring core GIK17748 
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7 Conclusions and perspectives 

7.1 Main conclusions 

The main objective of the thesis is to contribute to a better understanding of paleoclimate 

changes inferred from the dust variability of marine dust records from the SO.  

    Dust erosion predominantly depends on the interaction of climatic conditions in the source 

areas (e.g. aridity, precipitation, soil and terrain properties, vegetation cover and wind stress). 

Analyzing the dust variability of marine dust records deposited downwind of the major 

Southern Hemisphere source areas provides valuable information about paleoclimate 

conditions in the potential source areas (e.g. aridity, precipitation, wind forcing) and during 

dust transport (changes in the atmospheric circulation pattern, such as the SWW over the SO). 

In the following, the main conclusions of the thesis are summarized with respect to the 

scientific questions outlined in 1.3. 

 

• Did the dust variability and provenance in the Pacific sector of SO change 

throughout the Holocene? 

 

Manuscript one (chapter 3) presents the first multi-method approach to investigate the 

Holocene dust variability in the Pacific sector of the SO. An extensive set of sediment surface 

samples was used to determine lithogenic fluxes and the dust provenance (Sr, Nd, Pb isotopes 

and REE). The sediment surface samples were collected during R/V Polarstern and R/V Sonne 

expeditions in the Pacific sector of the SO and present for the first time a geographical coverage 

that allows to identify large-scale changes. Generally, the strength of this data set is the unique 

spatial coverage in the Pacific sector of the SO providing virtually the only lithogenic flux and 

provenance data for this area.  

    A solid understanding of the spatial distribution of lithogenic fluxes in the Pacific sector of 

the SO is a prerequisite to correctly understand the dust provenance. Lithogenic fluxes off New 

Zealand are highest among all samples and correspond with highest detected plant wax n-

alkanes and soil derived branched glycerol dialkyl glycerol tetraethers (brGDGTs) (chapter 5). 

Both, n-alkanes and brGDGTs can be used as tracers for continental vegetation and soil 

bacteria transported by wind (attached to dust particles) and rivers to the ocean (Simoneit, 

1977; Fietz et al., 2013). Here, they are interpreted as independent evidence for increased 

terrigenous input to the sample locations off New Zealand (chapters 3 and 5). With increasing 
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distance to New Zealand lithogenic fluxes, n-alkanes and brGDGTs decrease. Although 

lithogenic fluxes, n-alkanes and brGDGTs off New Zealand reveal increased terrigenous input, 

the provenance of these samples cannot entirely be deciphered and remains speculative. 

Probably, highest lithogenic fluxes off New Zealand reflect a combined Australian/New 

Zealand dust/riverine signal.  

    The lowest lithogenic fluxes in the remote open ocean are consistent with lowest detected 

leaf wax n-alkanes and brGDGTs and are interpreted as solely derived from dust (chapters 3 

and 5). East of 150°W two north to south transects (~120°W and ~90°W) reveal an additional 

non-eolian terrigenous source. The southernmost samples are affected by ice-rafted sediments 

(~120°W transect) and Antarctic Peninsula-derived turbidity currents (~90°W transect). The 

northernmost samples of both transects are interpreted to be dust derived because the lithogenic 

fluxes decrease substantially to the north.  

    The samples revealing a distinct dust signal (low lithogenic fluxes, low n-alkane and 

brGDGTs concentrations) are well distributed over the Pacific sector of the SO and therefore 

ideal to analyze the dust provenance. The combined radiogenic isotope and REE data clearly 

show that there is no longitudinal gradient across the Pacific sector of the SO. Furthermore, the 

data are remarkably homogeneous compared to published data from the PSAs (Australia, New 

Zealand, southern South America), which is perhaps surprising given the spatial extent of our 

study area and the number of PSAs. Despite geochemical similarities between Australian, New 

Zealand and southern South American PSAs, the data show that the Lake Eyre Basin in central 

Australia is the most important source for atmospheric dust distributed over the Pacific sector 

of the SO in the Holocene.  

    In summary, the data clearly illustrate that the Holocene dust variability and dust provenance 

did not vary. Given that the entire Pacific sector of the SO reveals a Lake Eyre Basin signature, 

I make the following conclusions: 1) The Lake Eyre Basin was an arid area with low vegetation 

cover and a decreased surface roughness during the Holocene allowing increased dust erosion. 

2) The SWW were strong enough to distribute Lake Eyre dust over the entire Pacific Sector of 

the SO. 3) The data show that central and southeast Australian sources were active during the 

Holocene, which can potentially be extended to older interglacial periods.  
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• Did the dust input and dust grain size vary over G/IG cycles in the Pacific and 

Atlantic sectors of SO? 

 

The second manuscript (chapter 4) presents the first comprehensive down core grain size study 

of eolian sediments from the Pacific and Atlantic sectors of the SO to detect large-scale dust 

variability over G/IG timescales. The analyzed sediment cores are located in the Subantarctic 

Zones of the Pacific (PS75/056-1) and Atlantic sectors (ODP Site 1090) of the SO and cover 

the last eight G/IG cycles. Because of their location downwind of the major source areas in the 

Southern Hemisphere (Australia, New Zealand and southern South America) they are ideally 

located to study temporal and spatial dust transport. To link the large-scale dust variability to 

changes in the dust transporting SWW and to variations within PSAs, grain size analysis is 

combined with Fe and lithogenic flux records from both core sites.  

    In the Pacific sector, coarser dust particles during glacial periods correspond with increased 

glacial Fe and lithogenic flux records. The coarser glacial dust could be interpreted as a result 

of slightly enhanced SWW over Australia/New Zealand. However, this would contradict the 

results presented in manuscript 4 (chapter 6), where a substantial glacial decrease of Drake 

Passage ACC through-flow is linked to reduced SWW over their core zone. Subsequently, 

coarser glacial dust particles in the Pacific sector of the SO likely reflect a combination of 

expanded arid areas allowing increased dust erosion in Australia and/or New Zealand, 

northward shifted SWW and probably the activation of PSAs that were inactive during 

interglacial periods. In the Atlantic sector, dust accumulation is clearly increased compared to 

the Pacific sector of the SO, which indicates that South American source areas produced 

elevated total amounts of glacial dust compared to Australia/New Zealand. Coarser dust 

particles during interglacial periods are coupled with elevated glacial Fe and lithogenic fluxes. 

Enhanced glacial Fe and lithogenic fluxes reflect an increased dust availability in South 

America. It was shown that elevated dust accumulation in east Antarctic ice cores corresponds 

with increased meltwater discharge from Patagonian glaciers onto outwash plains, where dust 

can easily be mobilized. This likely explains the elevated glacial Fe und and lithogenic fluxes 

in the Atlantic sector of the Southern Ocean. However, the finer glacial dust could result from 

a diminished SWW core over Patagonia likely hampering the erosion of coarse dust particles. 

Additionally, the Puna Altiplano region is a major source of dust to east Antarctic ice during 

interglacial periods. It was shown that this region was characterized by drier interglacial 

conditions likely favoring the erosion of coarser dust particles.  
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    In summary, the data clearly reveal that dust input was constant in the Pacific and Atlantic 

sectors of the SO. In both oceanic sectors of the SO, increased glacial Fe accumulation and 

lithogenic fluxes suggest enhanced dust availability in the source areas (Australia/New Zealand 

and South America). In contrast, the mean dust grain sizes vary over G/IG timescales and reveal 

substantial changes in the Pacific and Atlantic sectors of the SO. In the Pacific sector, the 

coarser glacial mean dust grain size corresponds with the Fe accumulation and the lithogenic 

flux record. An opposing mean dust grain size pattern can be observed in the Atlantic sector of 

the SO, where the dust is coarser during interglacial periods.  

    The PSAs (Australia/New Zealand and South America) provided ideal conditions allowing 

elevated dust erosion during glacial periods. However, the inconsistent grain size data in the 

Pacific and Atlantic sector could reflect asymmetric changes within the SWW in the Southern 

Hemisphere. During austral winter, the core of the Pacific SWW divides into a northern 

subtropical jet and a southern subpolar jet approximately at the longitudes of western Australia 

(South Pacific split jet) (Chiang et al., 2014; Chiang et al., 2018). This well constraint 

meteorological feature is driven by sea surface temperature changes in the tropical Pacific 

(Inatsu and Hoskins, 2004). Patagonia, the main PSA to the Atlantic sector during glacial 

periods, is located further south compared to Australia/New Zealand and therefore more readily 

affected by changes within the SWW. However, assuming that the South Pacific split jet 

concept can be extended to G/IG timescales and that the subtropical jet was strengthened over 

Australia during glacial periods, this potentially supports the idea of an activation of 

northeastern Australian sources being responsible for coarser dust particles (as outlined in 

chapter 4).  

7.2 Perspectives 

As I have pointed out in the previous chapters, analyzing marine dust records deposited 

downwind of the major Southern Hemisphere PSAs can provide a powerful tool to infer 

paleoclimate changes. In the following I present some issues that should be addressed in future 

dust studies to enhance the knowledge of the dust variability and the impact on the past, current 

and future climate. 

    As I have demonstrated in chapter 3 the modern (Holocene) dust to the Pacific sector of the 

SO originates in central/southeast Australia. According to this result, down core dust 

provenance analysis should be conducted using representative sediment cores to completely 

understand the dust variability in the Pacific sector of the SO. The sediment cores should be 
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well distributed, ideally covering a broad range of latitudes and longitudes to detect changes 

within the SWW and the PSAs over G/IG timescales. For example, comparing Holocene dust 

provenance results to LGM dust provenance data would be an obvious next step in 

understanding the dust variability and would provide information on paleoclimate changes 

during warm and cold periods, respectively.  

    Additionally, further efforts should be made to understand the modern dust provenance in 

the Atlantic and Indic sectors of the SO to generate a circumpolar dust provenance map. In 

particular, the Atlantic sector of the SO should be part of extensive dust provenance analysis 

as it is located downwind of South America, the second largest dust source in the Southern 

Hemisphere. Similar to the Pacific sector of the SO, the dust provenance in the Atlantic sector 

should also be subject to time slice comparisons (e.g. Holocene versus LGM).  

    A problem that should be addressed for future provenance analysis is the grain size used to 

analyze isotopic and REE compositions. Australian and South American PSAs reveal similar 

isotopic and REE compositions but were measured on different grain sizes. To simplify dust 

provenance analysis, a uniform standard grain size would be of importance considering the 

grain size effect on Sr isotopes and REE.  

    In both the Pacific and Atlantic sectors of the SO, lithogenic flux analysis should be 

conducted using surface samples and sediment cores to determine the amount of dust deposited 

over G/IG timescales. These results could be important with regard to iron fertilization 

processes and recent and future atmospheric CO2 levels. Moreover, I have shown that down 

core dust grain size analysis coupled with Fe records and lithogenic fluxes provide valuable 

tools to detect G/IG changes in PSAs and within the SWW (chapter 4). To take advantage of 

these tools, dust grain size analysis should be conducted on both, surface samples and sediment 

cores to understand the modern and past dust variability. As mentioned before, the sediment 

samples should cover the largest possible area to detect large-scale changes. From an analytical 

perspective, grain size analysis of biogenic opal rich sediments can be challenging because 

residues of biogenic opal in the sample material would affect the grain size distribution and 

would subsequently lead to misinterpretations. The introduced leaching protocol (chapter 4) 

was specifically developed for sediments with extremely high biogenic opal contents and 

therefore allows the application of grain size analysis to a broader range of sediment samples.  
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The data presented in the first (chapter 3), the second (chapter 4), the third (chapter 5) and the 

fourth (chapter 6) manuscript are archived in the PANGAEA-database and are available at: 

 

Chapter 3: https://doi.pangaea.de/10.1594/PANGAEA.890082 

 

Chapter 4: https://doi.pangaea.de/10.1594/PANGAEA.890081 

 

Chapter 5: https://doi.org/10.1594/PANGAEA.860666 
 

Chapter 6: https://doi.org/10.1594/PANGAEA.848152 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


