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Preface 

 

This study was conducted in the framework of the European Graduate College “Proxies in Earth 

History” (EUROPROX). Funding was provided by the Deutsche Forschungsgemeinschaft (DFG). The 

research presented in this thesis has been carried out within the scope of the EUROPROX sub-

project III.17 “Terrigenous climate signals in deep sea sediments: Assessment and quantification of 

alteration processes on primary signals”. This project has been proposed and supervised by PD Dr. 

Matthias Zabel (MARUM – Center for Marine Environmental Sciences, University of Bremen, 

Germany) and Prof. Dr. Thomas Wagner (School of Civil Engineering and Geosciences, Newcastle 

University, United Kingdom). The presented work has been submitted as dissertation. It has mainly 

been conducted using the laboratories of the marine geochemistry groups of the Department of 

Geosciences (Fachbereich 5 – Geowissenschaften) and MARUM, University of Bremen, Germany. 

Bacteriohopanepolyols have been measured in the hopanoid group of Dr. Helen M. Talbot at the 

School of Civil Engineering and Environmental Sciences, Newcastle University, United Kingdom.  

The presented dissertation starts with an abstract summarizing the main research topics and 

results, followed by an introduction into the different research areas and investigated topics 

(Chapter 1). The main part of the thesis is comprised of three manuscripts submitted to or in 

preparation for submission to international peer reviewed journals for publication (chapters 2 – 4). 

Chapter 5 provides a summary of the main results and remaining open questions and includes an 

outlook on further research perspectives.  
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Abstract 

 

Terrigenous material is transported to the marine environment in large quantities, mainly by 

fluvial and eolian transport. Its deposition within the marine sediments provides an archive of 

Earth’s history, past climate conditions, source regions, transport processes, and their variations in 

time and space. The main objective of this thesis was the documentation of the transport of 

terrigenous material into the marine environment and the identification of terrigenous material 

(especially soil organic carbon; SOC) in sediments of continental margin systems. These 

investigations were mainly based on the analysis of the chemical composition, including lithogenic 

elements (e.g. Fe, Al) and element ratios, e.g. the Ti/Al-ratio as a proxy for transport energy and 

distance. A multi-proxy approach was chosen for studies on continental margin sediments, with a 

focus on the identification of SOC by biomarkers and reconstruction of paleoclimatic conditions 

over the last ∼35 ka on the continent (Manuscript II) and within the marine water column 

(Manuscript III).  

The first case study examines the chemical composition of eolian dust collected over the Atlantic 

Ocean off NW Africa between the equator and 35°N (Manuscript I). The results indicate a large 

variability in the chemical composition of the eolian dust which seems to be related to the 

latitudinal sampling position and the atmospheric dust amount during sampling. A higher 

variability is observed for samples taken under low dust conditions, which might be due to the 

increased influence of aerosols from other sources (biomass burning, sea spray or anthropogenic 

emissions) on these samples. This study shows that a source assignment or the identification of a 

‘primary signal’ of eolian dust is not possible in this region. The large variability of the chemical 

composition should be considered if the eolian dust signal in marine sediments off NW Africa is 

used e.g. for reconstructions of paleoclimatic conditions. However, as largest dust amounts are 

probably deposited under high dust conditions, the variability exported to marine sediments might 

be substantially reduced.  

The second case study (Manuscript II) investigates the abundance of SOC within two sediment 

cores from the Amazon shelf and deep sea fan. SOC within these marine sediments has been 

identified based on specific bacteriohopanepolyols (BHPs), produced by aerobic soil bacteria, and 

branched glycerol dialkyl glycerol tetraethers (GDGTs), also produced by soil-living (but 

presumably anaerobic) bacteria. Relative abundances of BHPs and branched GDGTs are strikingly 

constant, indicating a common source for these biomarkers. Unexpected high abundances of BHPs 

specific for aerobic methane oxidation led to the suggestion that the biomarkers have been 
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delivered from a floodplain lake environment. Comparison to a sample from a recent floodplain 

lake (Lago Socó, Brazil) reveals a high similarity in its BHP composition to the marine samples, 

therefore supporting the hypothesis of a floodplain lake source. It is consequently suggested that 

the material buried on the Amazon shelf and fan has already experienced a reworking history on 

the continent. This study shows that the supply of terrigenous organic carbon to the sediments 

from the Amazon shelf and fan is controlled by the reworking of organic carbon within the 

Amazon Basin. Similar processes might also occur in other large (tropical) river systems and should 

be taken into account when interpreting sedimentary records from continental margins and 

reconstructing the global carbon cycle.  

The third case study (Manuscript III) investigates the deposition of terrigenous material in 

sediments from the Niger Fan over the last ∼35 ka BP. The lithogenic element aluminum was 

measured as a proxy for bulk terrigenous material while soil organic carbon was identified from 

branched GDGTs and the BIT index. Carbonate and crenarchaeol (and their accumulation rates; 

AR) were used as proxies for marine productivity. Al AR are closely linked to the rate of mean sea 

level change and resulting shelf erosion after 15 ka BP, with an additional influence of the 

increased monsoonal precipitation during the African Humid Period. On the contrary, branched 

GDGT AR are determined by shelf erosion as well as the interplay of monsoonal precipitation and 

vegetation cover, resulting in changes of the intensity of soil erosion. The synchronicity of 

branched GDGT and crenarchaeol AR indicates that thaumarchaeotal productivity is enhanced by 

nutrients eroded from soils. During the last glacial period marine productivity was higher than 

during the Holocene, probably caused by a higher concentration of nutrients in surface waters 

during periods of high sediment discharge by the Niger River. 

Reconstructions of sea surface temperatures (SST) are based on TEX H
86  and are cold-biased by 2 to 

3°C in comparison with measured SSTs. It is suggested that this cold-bias is due to a high 

seasonality of thaumarchaeotal production, with a maximum during the cold summer months 

when riverine discharge is highest but primary productivity is at its lowest. Comparison to an SST-

record based on Mg/Ca-ratios of planktonic foraminifera reveals that the temperature difference 

between the Holocene and the Last Glacial Maximum (LGM) is larger for TEX H
86 -SSTs compared to 

Mg/Ca-based SSTs (3°C and 2°C, respectively). This temperature difference between both SST 

reconstructions can be explained by a higher seasonality during the LGM.  

This thesis contributes to the understanding of the chemical composition of Saharan/Sahelian dust 

which is deposited in the Atlantic Ocean off the NW African coast. It also provides insights into the 

deposition of terrigenous material on two large deep sea fans in the equatorial Atlantic Ocean 



Abstract 

 iii 

during the last ∼35 ka. Specific biomarkers reflect the abundance of SOC within the marine 

sediments, which can considerably influence the radiocarbon ages of the total organic carbon 

(TOC). For estimating the terrigenous input in marine sediments it is important to differentiate 

between SOC and other terrigenous material as the SOC is only one fraction of the total 

terrigenous material. Estimates of the terrigenous input based e.g. on δ13C, C/N or the chemical 

composition can therefore deviate considerably from the BIT index if the SOC fraction is low. The 

presented thesis also contributes to the understanding of the delivery and fate of terrigenous 

organic material into continental margin systems which is important for the reconstruction of the 

global carbon cycle.  
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Kurzfassung 

 

Terrigenes Material wird in großen Mengen in die Weltmeere eingetragen, hauptsächlich durch 

fluviatilen und äolischen Transport. Die Ablagerung terrigenen Materials in marinen Sedimenten 

stellt ein Archiv der Erdgeschichte dar und gibt Aufschluss über vergangene klimatische 

Bedingungen, Herkunftsgebiete und Transportprozesse, sowie ihre Variationen in Zeit und Raum. 

Die Hauptzielsetzung der vorliegenden Dissertation war die Dokumentation des Transports 

terrigenen Materials in das marine Milieu und die Identifikation von solchem (insbesondere von 

organischem Bodenkohlenstoff; SOC) in Sedimenten von Kontinentalrand-Systemen. Diese 

Untersuchungen basierten in erster Linie auf der Analyse der chemischen Zusammensetzung, 

einschließlich lithogener Elemente (z.B. Fe, Al) und Elementverhältnissen, z.B. dem Ti/Al-Verhältnis 

als einem Proxy für Transportenergie und -distanz. Für Untersuchungen an 

Kontinentalrandsedimenten wurde ein Multi-Proxy-Ansatz gewählt, dessen Fokus auf der 

Identifikation von organischem Bodenkohlenstoff anhand von Biomarkern und der Rekonstruktion 

paläoklimatischer Bedingungen der letzten ∼35 ka auf dem Kontinent (Manuskript II) sowie in der 

marinen Wassersäule (Manuskript III) lag.  

Die erste Fallstudie untersucht die chemische Zusammensetzung äolischen Staubs, der über dem 

Atlantischen Ozean vor NW Afrika zwischen dem Äquator und 35°N gesammelt wurde (Manuskript 

I). Die Ergebnisse indizieren eine große Variabilität in der chemischen Zusammensetzung von 

äolischem Staub, die mit der latitudinalen Beprobungsposition und dem atmosphärischen 

Staubgehalt während der Beprobung im Zusammenhang zu stehen scheint. Eine höhere 

Variabilität wird für Proben beobachtet, die während Zeiten mit geringem atmosphärischem 

Staubgehalt genommen wurden, was einem höheren Einfluss von Aerosolen anderer Herkunft 

(Verbrennung von Biomasse, Gischt oder anthropogene Emissionen) auf diese Proben 

zugeschrieben werden mag. Diese Studie zeigt dass eine Quellenzuordnung oder die Identifikation 

eines ‚primären Signals’ äolischen Staubs in dieser Region nicht möglich ist. Die große Variabilität 

der chemischen Zusammensetzung sollte berücksichtigt werden wenn das Signal des äolischen 

Staubs in marinen Sedimenten vor NW Afrika verwendet wird, um z.B. paläoklimatische 

Bedingungen zu rekonstruieren. Da jedoch die größten Staubmengen vermutlich während Zeiten 

mit hohen atmosphärischen Staubgehalten abgelagert werden, könnte die Variabilität, die in die 

marinen Sedimente exportiert wird, erheblich reduziert sein.  

Die zweite Fallstudie (Manuskript II) versucht organischen Bodenkohlenstoff in zwei 

Sedimentkernen vom Amazonasschelf und -Tiefseefächer zu quantifizieren. Organischer 
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Bodenkohlenstoff ist in diesen marinen Sedimenten auf der Basis von spezifischen 

Bakteriohopanpolyolen (BHPs), produziert von aeroben Bodenbakterien, und verzweigten Glycerol 

Dialkyl Glycerol Tetraethern (GDGTs), ebenfalls von bodenlebenden (aber mutmaßlich anaeroben) 

Bakterien produziert, identifiziert worden. Die relativen Anteile der BHPs und verzweigten GDGTs 

sind auffallend konstant, was eine gemeinsame Quelle für diese Biomarker indiziert. Unerwartet 

hohe Mengen von BHPs, welche spezifisch für aerobe Methanoxidation sind, deuten darauf hin, 

dass die Biomarker aus der Umgebung eines Sees der Überschwemmungsebenen angeliefert 

worden sind. Der Vergleich mit einer rezenten Probe aus einem solchen See (Lago Socó, Brasilien) 

zeigt eine hohe Ähnlichkeit in seiner BHP-Zusammensetzung mit den marinen Proben, was 

demzufolge die geäußerte Herkunftshypothese unterstützt. Folglich ist es wahrscheinlich dass das 

Material, welches auf dem Amazonasschelf und -Fächer abgelagert worden ist, bereits an Land 

eine Aufarbeitungs-Geschichte erlebt hat. Diese Untersuchung zeigt, dass das Signal terrigenen 

organischen Kohlenstoffs in den Sedimenten vom Amazonasschelf und -Fächer durch die 

Aufarbeitung organischen Kohlenstoffs im Amazonasbecken kontrolliert wird. Ähnliche Prozesse 

könnten ebenfalls in anderen großen (tropischen) Flusssystemen auftreten und sollten daher in 

Betracht gezogen werden, wenn Sedimentabfolgen von Kontinentalrändern diesbezüglich 

interpretiert werden und der globale Kohlenstoff-Kreislauf rekonstruiert wird.  

Die dritte Fallstudie (Manuskript III) untersucht die Ablagerung terrigenen Materials in Sedimenten 

vom Nigerfächer während der letzten ∼35 ka. Das lithogene Element Aluminium wird als ein Proxy 

für den Gesamteintrag terrigenen Materials verwendet, während organischer Bodenkohlenstoff 

durch die Identifikation von verzweigten GDGTs und den BIT Index nachgewiesen wurde. Karbonat 

und Crenarchaeol (und ihre Akkumulationsraten; AR) wurden als Proxies für die marine 

Produktivität benutzt. Nach 15 ka sind die Al AR eng mit der Rate der Meeresspiegel-Veränderung 

und der daraus resultierenden Schelferosion verbunden, mit einem zusätzlichen Einfluss des 

erhöhten Monsun-Niederschlags während der sogenannten ‚African Humid Period’. Im Gegensatz 

dazu sind die AR verzweigter GDGTs durch Schelferosion sowie durch das Zusammenspiel 

zwischen Monsun-Niederschlag und Vegetationsbedeckung bestimmt, welche in Veränderungen 

der Intensität der Bodenerosion resultieren. Die Synchronizität der verzweigten GDGTs und 

Crenarchaeol AR indiziert, dass die Produktivität der Thaumarchaeoten durch Nährstoffe, erodiert 

aus Böden, erhöht wird. Während des letzten Glazials war die marine Produktivität höher als 

während des Holozäns, was vermutlich durch höhere Konzentrationen von Nährstoffen im 

Oberflächenwasser während Zeitabschnitten hohen Sedimentaustrags durch den Niger verursacht 

wurde.  
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Rekonstruktionen der Meeresoberflächentemperaturen (SST) basieren auf TEX H
86  und zeigen um 2 

bis 3°C kältere Werte als heutige SSTs. Dies steht mit einer hohen Saisonalität der 

Thaumarchaeoten-Produktivität in Zusammenhang, welche ein Maximum während der kalten 

Sommermonate hat, wenn die fluviatile Schüttung am höchsten, die Primärproduktion aber am 

niedrigsten ist. Der Vergleich mit einem SST-Datensatz basierend auf Mg/Ca-Verhältnissen 

planktonischer Foraminiferen zeigt, dass die Temperaturdifferenz zwischen dem Holozän und dem 

Letzten Glazialen Maximum (LGM) für die TEX H
86 -SSTs größer ist für die Mg/Ca-basierten SSTs (3°C 

bzw. 2°C). Diese Temperaturdifferenz zwischen den beiden SST-Rekonstruktionen kann durch eine 

höhere Saisonalität während des LGM erklärt werden.  

Diese Dissertation trägt zum Verständnis der chemischen Zusammensetzung von Staub aus der 

Sahara/Sahel, welcher im Atlantischen Ozean vor NW Afrika abgelagert wird, bei. Es bietet 

außerdem Einblicke in die Ablagerung terrigenen Materials auf zwei großen Tiefseefächern im 

äquatorialen Atlantischen Ozean während der letzten ∼35 ka. Spezifische Biomarker reflektieren 

die Menge an organischem Bodenkohlenstoff in den marinen Sedimenten, welcher die 

Radiokarbonalter des Gesamtkohlenstoffs (TOC) beträchtlich beeinflussen kann. Um den 

terrigenen Eintrag in marine Sedimente abzuschätzen ist es wichtig, zwischen organischem 

Bodenkohlenstoff und anderem terrigenen Material zu unterscheiden, da der organische 

Bodenkohlenstoff nur einen Teil des terrigenen Materials darstellt. Abschätzungen des terrigenen 

Eintrages, basierend z.B. auf δ13C, C/N oder der chemischen Zusammensetzung, können daher 

deutlich vom BIT Index abweichen wenn die Fraktion organischen Bodenkohlenstoffs gering ist. 

Die vorliegende Studie trägt weiterhin zum Verständnis des Eintrags und des Verbleibs terrigenen 

organischen Materials in Kontinentalrand-Systemen bei, welches für die Rekonstruktion des 

globalen Kohlenstoff-Kreislaufs von großer Bedeutung ist.  
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1. Introduction 

 

1.1 Motivation and main objectives 

The main aim of this thesis was to gain deeper insights into the sources, the transport and 

deposition of terrigenous material in the Atlantic Ocean. The transport of terrigenous material into 

marine environments occurs via eolian pathways, by rivers or ephemeral streams, ice or icebergs 

but also by coastal erosion and volcanic activity. However, the majority of terrigenous material is 

affected by fluvial transport (84 %), while eolian transport makes up for more than 7 % and the 

activity of icebergs affects less than 7 % of the terrigenous material (Lisitzin, 1996). Besides storing 

information about its sources and transport processes, terrigenous material deposited in marine 

sediments can store information about climatic conditions and therefore acts as an archive of 

Earth’s history. Consequently, investigation of various proxies observed in these sediments can 

elucidate our knowledge about paleo-environmental conditions. Examples include the 

reconstruction of paleoclimatic conditions (e.g. precipitation) and vegetation based on pollen 

records (e.g. Dupont and Weinelt, 1996; Haberle and Maslin, 1999; Lézine and Cazet, 2005; 

Hessler et al., 2010), bulk organic proxies (e.g. δ13C, C/N) (e.g. Holtvoeth et al., 2005; Collins et al., 

2010) or specific elements and element ratios (e.g. K/Al for the chemical maturity) (e.g. 

Matthewson et al., 1995; Schneider et al., 1997; Zabel et al., 1999; Zabel et al., 2001). Specific 

organic compounds (lipid biomarkers) can identify terrigenous input especially from higher plants 

(e.g. certain steroids, lignin or long-chain odd-carbon-numbered n-alkanes) (e.g. Hinrichs and 

Rullkötter, 1997; Holtvoeth et al., 2003; Schefuß et al., 2004; Boot et al., 2006), but also of soil 

organic carbon (e.g. Hopmans et al., 2004; Cooke et al., 2008b; Cooke et al., 2009; Kim, 2010; 

Rethemeyer et al., 2010). New biomarker proxies allow for the reconstruction of paleo-soil pH and 

continental mean air temperatures (Weijers et al., 2007a; Weijers et al., 2007b; Peterse et al., 

2009b; Bendle et al., 2010). The grain-size distribution of siliciclastic marine sediments has been 

used to distinguish between fluvial and eolian transport (Stuut et al., 2002; Holz et al., 2004; 

Tjallingii et al., 2008; Meyer, 2011). However, the interpretation of sedimentary signals can 

sometimes be complicated by alteration processes affecting the primary signal during transport of 

the particles through the water column (e.g. Fowler and Knauer, 1986). Considering that element 

ratios in marine sediments are used to reconstruct paleoclimatic conditions (e.g. Zabel et al., 2001; 

Mulitza et al., 2008) it appears important to know how the primary signal responds to 

environmental changes and how this signal is altered in the marine water column. In a first 
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attempt the chemical composition of eolian dust collected at sea level off the NW African coast 

has been investigated for identification of the ‘primary signal(s)’. This is important background 

information for the identification of alterations of this primary signal in the water column or 

during deposition.  

Continental margin systems constitute the transitional zone between continental and open marine 

environments. Large amounts of terrigenous material are deposited in this environment, but 

resuspension of sediments and remineralization of organic compounds are common (Hedges and 

Keil, 1995; Aller, 1998; Burdige, 2007). Understanding the processes controlling the sedimentary 

conditions is important for the reconstruction of paleo-environmental conditions which are based 

on the interpretation of proxy records from marine sediments. Knowledge about the fate of 

(terrigenous) organic carbon (OC) is important for the assessment of the global carbon cycle and 

the preservation potential of organic carbon (Berner, 1989; McKee et al., 2004; Burdige, 2005). 

Accordingly, the main focus of this thesis was on the deposition of fluvially transported 

terrigenous material in continental margin sediments of the equatorial Atlantic Ocean. Major 

attention was turned on the comparison between different (inorganic and organic) proxies in 

marine sediments deposited during the last ∼35 ka BP. Two distinct river-continental margin 

systems have been chosen for this approach. Material delivered by the Amazon River is deposited 

in a subaqueous delta on the broad shelf while sediment accumulation on the shelf proximal to 

the river mouth is typical for suspended matter from the Niger River (Walsh and Nittrouer, 2009). 

Both environments are influenced by sea level fluctuations during glacial-interglacial transitions 

with the lowered sea level during glacials allowing for a more direct delivery and deposition of 

terrigenous material on the deep sea fans. The case study from the Amazon continental margin 

concentrates on the deposition of (old) terrigenous material and the importance of reworking 

processes. Additionally, continental conditions (soil pH and mean air temperature) were 

reconstructed based on specific biomarker proxies. Besides evaluating the delivery of terrigenous 

material by the Niger River paleo-sea surface temperatures (SSTs) in the Gulf of Guinea were 

reconstructed in the Niger Fan case study. Reconstructed SSTs were compared to published 

Mg/Ca-based SST estimates as an attempt to assess the comparability and reliability of different 

proxies for SST reconstructions.  

 

The main objectives of this thesis are to: 

• Improve our understanding of the sources, transport and deposition of terrigenous 

material into marine environments 
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• Characterize the ‘primary signature’ of eolian dust collected over the Atlantic Ocean off the 

NW-African continent 

• Test the applicability of soil-marker BHPs as proxy for the delivery of soil organic carbon 

into marine sediments 

• Track the transport of terrigenous material (especially soil organic carbon) into marine 

sediments 

• Reconstruct changes in terrigenous input during the Holocene and latest Pleistocene based 

on the analysis of different organic and inorganic proxies 

• Compare the different proxy records to assess how terrigenous input is reflected by 

different proxies 

• Reconstruct paleo-sea surface temperatures and compare the results of different methods 

(Niger) 

• Relate the proxy records to environmental changes between the last glacial period and the 

recent interglacial  

 

1.2 Eolian dust 

Atmospheric transport is an important pathway for the delivery of terrigenous material into the 

marine environment. Large amounts of mineral dust are delivered from semi-arid and arid regions, 

with a clearly higher “dustiness” of the northern hemisphere (Rea, 1994). The three major dust 

source areas are the desert regions of eastern and central Asia, Arabia and northern Africa (Pye, 

1987; Rea, 1994). In the southern hemisphere only minor dust source regions are found, emitting 

dust from the arid regions of southern Africa (Namibian and Kalahari Deserts), South America 

(Atacama Desert and parts of Patagonia) and Australia. Estimates of yearly eolian dust emission 

are mainly between 1000 and 3000 × 106 tons per year (Goudie and Middleton, 2001 and 

references therein).  

 

1.2.1 Saharan dust – sources and transport 

The northern African dust source region has been referred to as the Sahara Sahel Dust Corridor 

(SSDC) which extends between 12 and 28°N and constitutes the world’s largest recent dust source 

area. Major dust sources within the SSDC are the Bodélé Depression (Chad Basin), the Hoggar 

Massif and the West African carbonate-rich Atlantic coastal basin (Moreno et al., 2006) (Fig. 1.1). 

The Bodélé Depression – largely covered by desiccated diatomaceous deposits of paleolake 
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Megachad (Moreno et al., 2006; Bristow et al., 2009) – has received special attention as it has 

been denoted to be the largest single dust source on earth (e.g. Goudie and Middleton, 2001; 

Prospero et al., 2002; Washington and Todd, 2005; Bristow et al., 2009). The high activity of this 

dust source is due to the combination of highly erodible sediments and an erosive wind, namely 

the Low Level Jet (LLJ) which is part of the Harmattan wind system (Washington and Todd, 2005).  

 

 
Figure 1.1. Long-term mean TOMS AI (×10) (1980–1992) (modified 
after Engelstaedter et al., 2006). The three major dust source 
regions of the Sahara Sahel Dust Corridor are clearly visible. 

 

The Harmattan is a specific part of the northeast trade winds which has its largest activity in boreal 

winter and carries huge amounts of dust from the Bodélé Depression to coastal West Africa. The 

shallow northeast trade wind layer transports dust at a height of only 500 to 1500 m from the 

Atlas Mountains and coastal plains in a direction nearly parallel to the coast (Pye, 1987). The 

majority of this dust is deposited in the proximal Atlantic Ocean between the Canary Islands and 

the Cape Verde Islands (Sarnthein et al., 1981). Long-distance dust transport occurs at mid-

tropospheric level (about 3000 m) by the Saharan Air Layer (SAL) which is especially active in 

boreal summer (Pye, 1987). The SAL is divided into two branches at the West African coast, eolian 

dust in the northern branch being deposited in the vicinity of the Canary Islands while dust 

transported in the western branch may reach the Caribbean or South America (Prospero and 

Carlson, 1972). A series of large easterly waves which propagate westward at a velocity of 8 m/s 

characterizes dust transport in the SAL (Reed et al., 1977). Saharan dust is also transported 

towards the Middle East and eastern Asia (e.g. China) (Ganor, 1994; Tanaka et al., 2005), the 

Mediterranean and to Europe (e.g. Loye-Pilot et al., 1986; Avila et al., 1997; Moulin et al., 1998; 

West Sahara 
Bodélé Depression 

Hoggar Massif 
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Borbély-Kiss et al., 2004), sometimes even reaching Scandinavia (Franzén, 1989; Franzén et al., 

1994; Stuut et al., 2009 and references therein).  

The NW African climate is mainly controlled by the seasonal shift of the Intertropical Convergence 

Zone (ITCZ) which is also the boundary between northeast (north of the ITCZ) and southeast 

(south of the ITCZ) trade winds. The ITCZ is located at its northernmost position at 20°N in boreal 

summer (Nicholson, 2000), leading to an extended influence of the humid southeastern 

monsoonal flow (Knippertz et al., 2003). During boreal winter, the ITCZ is at its southernmost 

position at 5°N (Nicholson, 2000) allowing the dry northeast trade winds to penetrate far into NW 

Africa. The resulting dust plume over the Atlantic Ocean shifts from a position at 5 to 20°N during 

boreal winter to its summer position between 10 and 25°N (deMenocal and Rind, 1993; Stuut et 

al., 2005). Eolian dust may make up for a large fraction of the terrigenous material in the marine 

sediments under this dust plume as in other oceanic regions downwind of deserts (Stuut et al., 

2002). End-member modeling of the grain-size distribution of siliciclastic marine sediments has 

been used to differentiate between terrigenous material that has been delivered by riverine or 

eolian transport (Stuut et al., 2002; Holz et al., 2004; Tjallingii et al., 2008; Meyer, 2011). The 

deposition of eolian dust – containing iron as oxides or oxyhydroxides or within clay minerals – in 

ocean waters may furthermore influence biogeochemical cycles, especially in oceanic regions 

where macronutrients like nitrate are abundant, but iron and other micronutrients (e.g. silica) 

limit phytoplankton growth (Duce et al., 1991; Martin et al., 1991; Chen and Siefert, 2004; Jickells 

et al., 2005; Maher et al., 2010). However, only a small fraction of the iron present in mineral dust 

is soluble in ocean waters or bioavailable to marine phytoplankton (Hand et al., 2004; Mahowald 

et al., 2005; Schroth et al., 2009).  

 

1.2.2 Study area 

Eolian dust samples were taken off the NW African coast mainly in the vicinity of the Saharan-

Sahelian dust plume but also in adjacent regions covering an oceanic area between the equator 

and 35°N. 93 eolian dust samples analyzed in this study were taken on cellulose acetate filters 

during several cruises (e.g. with the German research vessels Meteor and Poseidon) between 2003 

and 2008. The oceanic area covered by dust sampling is shown in Figure 1.2, together with the 

summer and winter positions of the ITCZ. 
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Figure 1.2. Map of the Atlantic Ocean showing ITCZ positions, the rivers 
Amazon and Niger, as well as sampling locations. Core locations GeoB3918, 
GeoB1514 and GeoB4901 are marked by black dots. Dust samples were taken 
within the hatched area. 

 

1.3 Riverine transport 

 

1.3.1 Organic carbon in continental margin systems 

Continental margin systems reflect the transitional zone between the continents and the oceans. 

These environments are important archives for land-ocean interactions and their variability in time 

and space and in relation with climatic oscillations. High nutrient concentrations are common in 

coastal waters due to nutrient delivery from the continents and upwelling of nutrient-rich deep 

waters, leading to a high productivity in surface waters (Wollast, 1991). Additionally, large 

amounts of terrigenous material are transported to the continental margin systems, mainly by 

rivers. The organic material transported by rivers can have a large variety of sources, including 

vascular plant remains, OC produced within the river, soil organic carbon or petrogenic OC derived 

from weathering of rocks. OC from the latter two pools can be significantly pre-aged and is 

therefore often refractory and depleted of radiocarbon, but has a high potential for preservation 

in marine sediments (Dickens et al., 2004; Hwang et al., 2005). However, only a small portion (33 

to 50 % or even less) of the terrigenous material delivered into the ocean is actually deposited in 

the marine sediments (Hedges and Keil, 1995; Burdige, 2007). This is caused by an intense 

remineralization of OC which is a common process in continental margin systems. Sediment 

reworking processes are especially important on wide and highly energetic continental margins 

(e.g. the Amazon continental margin) and may lead to an increased degradation of refractory 

organic material (Aller, 1998). Accordingly, the fate of terrigenous OC after its delivery into the 

marine environment plays an important role in the global carbon cycle (Berner, 1989; McKee et 

al., 2004; Burdige, 2005).  
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Nevertheless, terrigenous material deposited in continental margin sediments contains 

information on paleo-continental conditions, e.g. temperature, precipitation or vegetation (Galy et 

al., 2011). OC in marine sediments has consequently been widely used to study the deposition of 

terrigenous OC in these sediments and to reconstruct paleo-environmental conditions on the 

adjacent continent (e.g. Bird et al., 1995; Schefuß et al., 2003; Cooke et al., 2008b; Eglinton and 

Eglinton, 2008 and references therein). However, for an accurate interpretation of terrigenous OC 

in marine sediments the provenances of the organic signatures need to be assessed as OC might 

originate from specific source regions and might therefore not reflect a basin-integrated signal 

(Galy et al., 2011).  

 

1.3.2 The equatorial Atlantic Ocean – Surface currents 

The major surface current systems of the (equatorial) North Atlantic Ocean are shown in Figure 

1.3. The shallow eastern boundary current which flows southward along the North African 

continent and transports cool water from higher latitudes originates from the North Atlantic Drift 

and is called the Canary Current (CC) in the vicinity of the Canary Islands. This current deflects 

from the continental margin at about 25 to 15°N to form the westward-flowing North Equatorial 

Current (NEC; Sarnthein et al., 1982; Mittelstaedt, 1991). Only a minor part of the CC continues to 

flow southward along the West African continental margin and feeds the Guinea Current (GC; 

Mittelstaedt, 1991). The GC is the southern extension of the North Equatorial Counter Current 

(NECC; Sarnthein et al., 1982; Richardson and Walsh, 1986) which flows eastwards between 3 and 

6°N (Pokras, 1987) and is strongest in boreal summer and early fall (Mittelstaedt, 1991).  

 

 
Figure 1.3. Surface currents in the Atlantic Ocean. North Equatorial Current 
(NEC), Canary Current (CC), Guyana Current (GUC), Caribbean Current 
(CAC), North Equatorial Countercurrent (NECC), Guinea Current (GC), 
North Brazil Coastal Current (NBCC), South Equatorial Current (SEC), Brazil 
Current (BC), North Brazil Coastal Current retroflection ( ). Map adapted 
from Sarnthein et al. (1982); Richardson & Walsh (1986); Peterson & 
Stramma (1991); Stramma & Schott (1999); Henrich et al. (2003). 
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The South Equatorial Current (SEC) is part of the Equatorial Under Current (EUC) and flows 

westwards across the Atlantic Ocean (Pokras, 1987). The SEC splits up into two branches near the 

northeastern coast of Brazil, the southward flowing Brazil Current (BC) and the northwestward 

flowing North Brazil Coastal Current (NBCC; Richardson and Walsh, 1986; da Silveira et al., 1994; 

Stramma et al., 1995). The NBCC is the only cross-equatorial surface current transporting heat and 

salt into the North Atlantic Ocean (Metcalf and Stalcup, 1967; Peterson and Stramma, 1991). 

During boreal winter and spring the NBCC may extend into the Guyana Current (GUC) and further 

north into the Caribbean Current (CAC; Philander and Pacanowski, 1986; Richardson and Walsh, 

1986). Between July and November, however, the NBCC is weakened and a part of the water 

masses is retroflected at about 8°N to turn into the NECC flowing eastwards towards the West 

African coast (Richardson and Walsh, 1986; Schott et al., 1995).  

 

1.3.3 Study areas 

 

The Amazon 

The Amazon River discharges large amounts of sediments and water into the Atlantic Ocean 

(Meybeck, 1996). The dispersal and distribution of the suspended matter discharged by the 

Amazon River is influenced by the NBCC on seasonal and longer timescales (Philander and 

Pacanowski, 1986; Maslin, 1998; Wilson et al., 2011). Many studies have shown that large 

amounts of terrigenous material have been deposited in sediments from the Amazon shelf and 

deep sea fan (Showers and Angle, 1986; Debrabant et al., 1997; Goñi, 1997; Haberle, 1997; 

Hinrichs and Rullkötter, 1997; Schlünz et al., 1999; Boot et al., 2006). This location seemed 

therefore suitable for testing the applicability of specific biomarkers (bacteriohopanepolyols) as 

tracers for SOC into marine sediments (Cooke et al., 2008b; Cooke et al., 2009; Rethemeyer et al., 

2010).  

Two cores have been chosen to evaluate the deposition of terrigenous material in continental 

margin sediments off this largest tropical river. Holocene sedimentation occurs mainly on the 

Amazon shelf. Gravity core GeoB3918-2 (3.7050°N; 50.4050°W; Fig. 1.2) was taken during Meteor 

cruise M34/4 from a water depth of 50 m and consists of olive gray to very dark gray terrigenous 

clays (Wefer et al., 1997). During the last glacial period sediment was mainly deposited on the 

Amazon deep sea fan. To examine the terrigenous input in glacial deposits core GeoB1514-6 

(5.1383°N; 46.5750°W; Fig. 1.2) – located on the Eastern Levee complex of the Amazon Fan – was 

analyzed. This gravity core has been taken during Meteor cruise M16/2 from a water depth of 
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3509 m and consists of about 35 cm Holocene clay-bearing nannofossil ooze at the core top. A red 

iron crust separates the Holocene sediments from the Pleistocene olive gray, bioturbated muds 

which extend to the core basis and are partly pyrite-bearing (Schulz et al., 1991).  

 

The Gulf of Guinea and the Niger 

Another major tropical river is the Niger River which passes several vegetation zones in western 

Africa (Martins and Probst, 1991) and drains into the Gulf of Guinea. Similar to the situation in the 

western equatorial Atlantic lowered sea level during the last glacial period led to a more direct 

deposition of sediments on the Niger Fan (Burke, 1972). In addition to the riverine delivery of 

terrigenous material, eolian dust from the Sahara is deposited in the Gulf of Guinea especially 

during boreal winter (Pokras and Mix, 1985). Gravity core GeoB4901-8 (2.6783°N; 6.7200°E; Fig. 

1.2) has been sampled during Meteor cruise 41/1 from a water depth of 2184 m. This core from 

the Niger Fan consists of greenish gray clay-bearing diatomaceous nanno-ooze and is highly 

bioturbated.  

 

1.4 Methodological approach 

The methodological approach used in this study will be briefly introduced in the following 

sections. While the case study on the ‘primary signal’ of eolian dust was based on an inorganic 

approach, namely on the chemical composition of the dust particles in combination with satellite 

images and the calculation of back trajectories, multi-proxy approaches were chosen for the 

interpretation of terrigenous material delivered to continental margin sediments. The focus of 

these case studies was on biomarker research, but element concentrations and bulk parameters 

such as stable carbon isotopes and total organic carbon were analyzed in addition. Analytical 

methods will not be discussed here as the applied methods – Inductively Coupled Plasma-Atomic 

Emission Spectroscopy (ICP-AES) and X-ray fluorescence spectroscopy (XRF) for element 

concentrations and high performance liquid chromatography coupled to a mass spectrometer with 

an atmospheric pressure chemical ionization source (HPLC-APCI-MS) for biomarker analysis – are 

standard procedures in inorganic and organic geochemistry.  

 

1.4.1 Elements and element ratios 

Continental rocks are subject to chemical and physical weathering and to erosional processes. The 

mineralogy of the source rocks determines the element composition of the terrigenous detritus. 
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The chemical composition of dust particles, for example, has therefore been used as a proxy for 

the identification of the source areas (Chester et al., 1971; Chiapello et al., 1997; Moreno et al., 

2006). However, element compositions in sediments can also be used to gain information about 

source regions, but likewise about transport processes or weathering intensity (see below). 

Elements such as Al, Ti, K, Rb and Zr have been interpreted to reflect a terrigenous (lithogenic) 

signal (e.g. Schneider et al., 1997; Zabel et al., 2001). Several chemical elements are preferentially 

associated with a distinct grain size fraction or specific minerals. Titanium, for example, occurs 

mainly in heavy minerals such as titanomagnetite, ilmenite, augite and rutile and is therefore 

mostly present in the coarse grain size fraction (Spears and Kanaris-Sotiriou, 1976; Boyle, 1983). 

Aluminum, on the contrary, is predominantly associated with the fine-grained aluminosilicate 

fraction (Calvert, 1976). The Ti/Al-ratio can therefore be used as an indicator of grain size and 

transport energy (Boyle, 1983; Zabel et al., 1999). Potassium occurs in potassium feldspar (e.g. 

Schneider et al. (1997); Martinez et al. (1999)) and in clay minerals, especially illite (e.g. Yarincik et 

al. (2000)). Potassium feldspar and illite, however, both reflect low chemical weathering rates 

under arid conditions. Accordingly, the K/Al-ratio can be used as a proxy for the intensity of 

chemical weathering (Zabel et al., 2001). Recently deposited carbonate in marine sediments is 

mainly of biogenous origin, indicating that calcium in marine sediments reflects primarily a marine 

signal (Adegbie et al., 2003).  

The analysis of element concentrations constitutes one part of all case studies included in this 

thesis. However, the focus of these analyses has been chosen individually based on the research 

question for each case study. The chemical composition of eolian dust – with a focus on lithogenic 

elements and potassium – has been used to assess the ‘primary signal’ of dust input to the Atlantic 

Ocean off NW Africa. In sediments from the Amazon shelf and fan the Ti/Al-ratio has been used as 

an inorganic proxy for the delivery of terrigenous material. Aluminum abundances were measured 

for sediments from the Niger Fan. Additionally, a good age model for this setting allowed for the 

calculation of (Al) accumulation rates.  

 

1.4.2 Lipid biomarkers 

Biomarkers are molecular fossils stable under geological conditions, dating back up to several 

billion years before present. These organic compounds are resistant against degradation and 

taxonomically specific, implying that they can be assigned to their producers (Brocks and Pearson, 

2005). Studying biomarkers can reveal information about environmental conditions such as redox 

conditions, temperature changes and sediment and water chemistry, microbial communities, 
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biogeochemical processes and (paleo-)climatic conditions (e.g. Brocks and Summons, 2004; Brocks 

and Pearson, 2005 and references therein). Lipids are extensively used as biomarkers due to their 

high structural complexity. Additionally, despite the loss of functional groups during diagenesis the 

remaining hydrocarbon skeletons still bear biological and ecological information (Brocks and 

Summons, 2004; Peters et al., 2004; Brocks and Pearson, 2005). The development of new 

analytical methods over the last decade now allows for the measurement of highly polar and high 

molecular weight molecules with a mass larger than 1000 Da (e.g. Hopmans et al., 2000; Talbot et 

al., 2001). The measurement of glycerol dialkyl glycerol tetraethers has already become a routine 

operation and proxies based on these compounds are widely used in earth sciences (e.g. Schouten 

et al., 2008; Peterse et al., 2009a; Weijers et al., 2009b; Huguet et al., 2010; Tyler et al., 2010; 

Rommerskirchen et al., 2011).  

 

1.4.2.1 Bacteriohopanepolyols 

Bacteriohopanepolyols (BHPs) are the biological precursors of the geohopanoids (including 

hopanoic acids, hopanols, hopenes and hopanes) that have been described to be among the most 

abundant natural products on earth (Ourisson and Albrecht, 1992). BHPs are biosynthesized by 

many prokaryotes and are believed to be lipid membrane components (Rohmer et al., 1984; 

Ourisson et al., 1987; Sáenz, 2010). However, hopanoid biosynthesis is not ubiquitous among 

bacteria with only ∼50 % of strains studied producing them in liquid culture (Rohmer et al., 1984; 

Farrimond et al., 1998). Furthermore, sequencing of the genomes of > 600 bacteria revealed that 

only < 10 % contain the squalene-hopene-cyclase gene necessary for hopanoid production 

(Pearson et al., 2007).  

The side chains of BHPs have a high structural variability which includes the addition of hydroxyl- 

and amine-groups or polar moieties, e.g. carbohydrates (Rohmer, 1993). Some BHPs have only 

been detected in a restricted number of taxa and can therefore be used for identifying their 

producers in environmental samples (e.g. Talbot and Farrimond, 2007). The hexafunctionalized 

compound aminobacteriohopanepentol, for example, has only been found to be produced by type 

I methanotrophic bacteria (Neunlist and Rohmer, 1985; Cvejic et al., 2000), making it a useful 

indicator for aerobic methane oxidation (Coolen et al., 2008; Zhu et al., 2010). Adenosylhopane 

and related compounds, however, are predominantly found in soils (Cooke et al., 2008a; Xu et al., 

2009; Cooke, 2010; Rethemeyer et al., 2010; Kim et al., 2011) and have therefore been used to 

track the transport of soil organic carbon into aquatic environments (Cooke et al., 2008b; Cooke et 

al., 2009). BHPs have been investigated in sediments from the Amazon shelf and deep sea fan. 
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Additionally, BHPs were measured in six samples from the Niger Fan to test the diversity of BHPs 

in this region (section 5.1.2.3). 

 

1.4.2.2 Glycerol dialkyl glycerol tetraethers 

Glycerol dialkyl glycerol tetraethers (GDGTs) are the membrane lipids of many eubacteria and 

Archaea (Schouten et al., 2000). Bacterial GDGTs are comprised of branched carbon chains and are 

presumably produced by anaerobic bacteria (Sinninghe Damsté et al., 2000; Weijers et al., 2006b; 

Weijers et al., 2009a) in soils and peats (e.g. Schouten et al., 2000; Weijers et al., 2006b). On the 

contrary, archaeal GDGTs have the typical isoprenoid carbon skeleton and are produced by 

Crenarchaeota, Euryarchaeota and Thaumarchaeota, occurring ubiquitously in open oceans 

(Karner et al., 2001), lakes (Auguet and Casamayor, 2008) and soils (Leininger et al., 2006). In the 

marine and lacustrine water column pelagic type 1 Crenarchaeota have been proposed to be the 

main producers of isoprenoid GDGTs (Karner et al., 2001; Keough et al., 2003). Accordingly, a very 

typical and highly abundant isoprenoid GDGT with four cyclopentane rings and one cyclohexane 

ring has been named crenarchaeol (Sinninghe Damsté et al., 2000). However, recent molecular 

biological studies have shown that the producers of crenarchaeol are ammonia-oxidizing Archaea 

(Könneke et al., 2005; Wuchter et al., 2006a; Herfort et al., 2007) which constitute an own 

archaeal phylum, the Thaumarchaeota (Brochier-Armanet et al., 2008; Spang et al., 2010; Pitcher 

et al., 2011). Thaumarchaeota adjust their membranes to environmental conditions by the 

introduction of one to three cyclopentane rings into the GDGTs (Schouten et al., 2000). The 

average number of cyclopentane moieties is correlated with annual mean sea surface 

temperature. This relationship is reflected by the TEX86-index (TetraEther indeX of tetraethers 

consisting of 86 carbon atoms) which has been introduced by Schouten et al. (2002) and has been 

widely applied in oceans (e.g. Sluijs et al., 2006; Wuchter et al., 2006b; Rueda et al., 2009) and 

lakes (e.g.Powers et al., 2004; Blaga et al., 2009), and new calibrations have been introduced for 

marine (Kim et al., 2008; Kim et al., 2010) and lacustrine (Powers et al., 2010; Pearson et al., 2011) 

sediments. SST-reconstructions based on the TEX86-proxy have been carried out for marine 

sediments dating back to the Lower Cretaceous (Aptian; ∼120 Ma) (Schouten et al., 2003), 

indicating a wide temporal applicability but also the suitability of the TEX86-proxy for 

reconstructing SSTs of oceans under Greenhouse conditions (Schouten et al., 2007). However, 

several factors have been shown to bias TEX86-based SST reconstructions, including subsurface 

production of GDGTs (Huguet et al., 2007; Lee et al., 2008; Rommerskirchen et al., 2011) and a 

high seasonality of thaumarchaeotal productivity (Herfort et al., 2006; Huguet et al., 2006; Leider 
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et al., 2010). Under oxic conditions selective degradation can cause a bias of TEX86-SST estimates 

towards warmer temperatures (Huguet et al., 2009; Kim et al., 2009). An additional bias might be 

caused by the in situ production of Archaea within the marine sediments (Lipp et al., 2008; Shah et 

al., 2008) and by the delivery of isoprenoid GDGTs by rivers to continental margin sediments 

(Herfort et al., 2006; Weijers et al., 2006a).  

The possible bias of TEX86 by isoprenoid GDGTs delivered from land, however, can be assessed by 

applying the Branched and Isoprenoid Tetraether-Index (BIT). This proxy has been introduced by 

Hopmans et al. (2004) as a proxy for the relative amount of terrigenous vs. marine organic matter 

in sediments. BIT values range from 0 in open marine settings to 0.9 – 1 in soils (Weijers et al., 

2006a). Branched GDGTs include four to six methyl groups attached to and up to two cyclopentyl 

moieties included in their alkyl chains (Weijers et al., 2007a). The BIT index is the ratio between 

the three branched GDGTs without cyclopentyl moieties and crenarchaeol. Recently it has been 

shown that the BIT index might underestimate terrigenous input if the organic matter is not soil- 

or peat-derived (Walsh et al., 2008). Accordingly, the BIT index can be used for identifying soil 

organic carbon in aquatic sediments (Weijers et al., 2009b).  

The distribution of branched GDGTs in soils and peats is mainly controlled by temperature and soil 

pH. The latter is correlated with the cyclization ratio of branched GDGTs (CBT), a measure for the 

relative amount of cyclopentyl moieties within the branched GDGTs. The degree of methylation, 

expressed in the methylation index of branched GDGTs (MBT), depends on soil pH and mean 

annual air temperature (MAT) (Weijers et al., 2007a). Accordingly, branched GDGTs and MBT/CBT 

proxies have been used for the reconstruction of paleoclimatic conditions from marine (Weijers et 

al., 2007b; Rueda et al., 2009; Bendle et al., 2010) and lacustrine sediments (Blaga et al., 2009; 

Tyler et al., 2010; Loomis et al., 2011) and soils (Sinninghe Damsté et al., 2008; Peterse et al., 

2009a; Weijers et al., 2011). However, increasing evidence exists indicating that branched GDGTs 

are not only produced in soils and peats as previously suggested (Weijers et al., 2006b) but also in 

situ within lakes and possibly even river channels (Tierney and Russell, 2009; Bechtel et al., 2010; 

Tierney et al., 2010; Zink et al., 2010; Loomis et al., 2011; Zhu et al., 2011).  

GDGTs have been analyzed in all continental margin sediments examined in this thesis. However, 

while the BIT index was calculated for all settings sea surface temperatures based on TEX86 were 

only reconstructed for the Gulf of Guinea where the BIT was relatively low. On the contrary, 

GDGTs for the calculation of CBT/MBT values and therefore reconstruction of soil pH and MAT 

were only measured in Amazon shelf and fan sediments with a high BIT.  
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1.4.3 Stable carbon isotopes  

Stable carbon isotopes have widely been used to determine the origin of organic carbon in 

sediments. The relative inputs of marine and terrigenous organic matter can be assessed by stable 

carbon isotope analysis of total organic carbon in marine sediments (e.g. Showers and Angle, 

1986; Westerhausen et al., 1993; Schlünz et al., 1999). This application is based on deviating 

carbon isotopic values caused by the different photosynthetic pathways of carbon fixation in 

plants. Higher plants can be separated in C3 plants which fix CO2 following the Calvin-Benson cycle 

(nearly all trees and shrubs as well as grasses and sedges in of from temperate and cold climate 

zones) and C4 plants using the Hatch-Slack-cycle (mostly (sub-)tropical grasses and sedges) 

(Farquhar et al., 1989; Cerling et al., 1997). Carbon isotopic values of C3 plants range from -22 to -

36 ‰ (average: -27 ‰) while the carbon isotopic values of C4 plants vary between -10 and -15 ‰ 

(average: -13 ‰) (Deines, 1980; O'Leary, 1988; Mariotti, 1991). Organic matter produced by 

marine phytoplankton, on the contrary, has carbon isotopic values of -19 to -22 ‰ (Meyers, 1994). 

Stable carbon isotopes have been used to identify terrigenous contributions in Amazon (shelf and) 

fan sediments.  

 

1.5 Thesis Outline 

Different regions of the Atlantic Ocean have been chosen to assess the terrigenous input to these 

locations based on various inorganic and organic parameters. The results of these studies are 

reported in three manuscripts in the following chapters.  

 

Chapter 2: Chemical composition of eolian dust over the Atlantic Ocean off NW-Africa 

Wiebke Kallweit and Matthias Zabel (in preparation for submission to Journal of Geophysical Research) 

 

The Sahara-Sahel Dust Corridor of North Africa has been reported to be the world’s largest dust 

source area. Many studies have tried to identify the different source regions and the chemical and 

physical properties of the eolian dust from these regions. The main objective of this study was to 

better assess the primary signal of the eolian dust as a ‘background value’ for the interpretation of 

element ratios in marine sediments. However, the results clearly indicate a large variability in the 

chemical composition of the eolian dust. The extent and the possible reasons for this variability 

are discussed in this manuscript.  
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Chapter 3: Biomarker evidence for old carbon transport to the Late Quaternary Amazon shelf and 

deep sea fan 

Wiebke Kallweit, Helen M. Talbot, Gesine Mollenhauer, Arnoud Boom, Thomas Wagner and 

Matthias Zabel (submitted to Geochimica et Cosmochimica Acta; under review) 

 

The fate of terrigenous organic carbon after its delivery into the marine environment is of great 

importance for the global carbon cycle. Continental margin systems with large rivers are of special 

importance as large amounts of terrigenous material are deposited in these regions. However, 

reworking plays an important role in these environments. Additionally, terrigenous organic carbon 

may have been substantially pre-aged during storage in soils and floodplains.  

The terrigenous input into sediments from the Amazon shelf and deep sea fan has been 

investigated based on the Al/Ti-ratios, soil-marker BHPs, branched GDGTs and the BIT index. 

Further BHPs were measured to identify additional carbon sources. Unexpectedly invariant BHP 

and branched GDGT compositions indicate that the material was delivered from one single source 

region, possibly a floodplain lake based on the high abundances of BHPs specific for aerobic 

methane oxidation. The results indicate that the deposition of reworked OC is more important 

than commonly considered. An additional topic of the manuscript is the reconstruction of paleo-

continental mean air temperatures and soil pH-values.  

 

Chapter 4: Multi-proxy reconstruction of terrigenous input and sea-surface temperatures in the 

eastern Gulf of Guinea over the last ∼35 ka 

Wiebke Kallweit, Gesine Mollenhauer and Matthias Zabel (submitted to Marine Geology) 

 

A well-dated core from the Gulf of Guinea off the Niger River mouth has been chosen to evaluate 

the input of terrigenous organic carbon into the eastern equatorial Atlantic during the last ∼35 ka 

BP. Besides the BIT index accumulation rates of terrigenous (aluminum and branched GDGTs) and 

marine compounds (carbonate and crenarchaeol) were calculated to assess the importance of 

terrigenous input and marine productivity. Al AR and branched GDGT AR were compared to 

records of paleo-discharge and the rate of mean sea level change to reveal which factors control 

the deposition of terrigenous material on the Niger Fan.  

Additionally, paleo-sea surface temperatures (SSTs) were reconstructed using the TEX H
86 -index 

(Kim et al., 2010). TEX H
86 -SST estimates were compared to published SST-reconstructions based on 
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the Mg/Ca-ratio of planktonic foraminifera (Weldeab et al., 2007b). TEX H
86 -based SSTs show a cold-

bias and a larger temperature difference between the Holocene and the last glacial period of this 

record compared to Mg/Ca-SST estimates. Possible reasons for the cold-bias and the paleoclimatic 

implications of the record are discussed.  
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Abstract 

The chemical composition of eolian dust sampled at sea level off the West-African coast has been 

investigated by ICP-AES. Additional information about the source regions and transport paths of 

the eolian dust were gained from daily satellite images generated by the total ozone mapping 

spectrometer and calculation of four-day back trajectories. The chemical composition of the eolian 

dust samples is highly variable and seems to be related to the latitudinal sampling position and the 

relative dust amount in the atmosphere. Highest variability is generally observed in samples taken 

under dust-free conditions while element ratios of samples from high-dust conditions are 

relatively close to crustal values. The samples have been influenced by the admixture of sea spray 

aerosols. Strongly elevated K/Al-ratios especially in the region between the equator and 10°N 

indicate the admixture of biomass burning aerosols. The admixture of different aerosols and the 

modification by environmental factors such as wind strength and transport path have presumably 

led to the large variability in the chemical composition. Hence a clear source assignment was not 

possible for the dust samples. The large variation in the chemical composition of eolian dust needs 

to be considered if the element ratios of the dust fraction of marine sediments are interpreted. 

However, as sediments integrate over a long time period and include many dust events, the 

variability in the chemical composition of marine sediments might be reduced in comparison to 

the individual eolian dust signals. 
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2.1 Introduction 

Eolian dust has been recognized as having large effects on the Earth’s climate and ecosystems (e.g. 

Tegen et al., 1996; Goudie and Middleton, 2001; Prospero et al., 2002). This includes an impact on 

the Earth’s radiation balance (Li et al., 1996; Tegen et al., 1996; Moulin et al., 1997), precipitation 

(Prospero and Lamb, 2003), cloud nucleation properties (Wurzler et al., 2000) and air chemistry 

(Middleton and Goudie, 2001). Deposition of eolian dust may enhance biological productivity in 

oceans (e.g. Baker et al., 2003 and references therein; Jickells et al., 2005) or fertilize terrestrial 

ecosystems like the Amazon rainforest after long-distance transport (Swap et al., 1992; Bristow et 

al., 2010).  

The world’s largest dust source area is located on the African continent and has been designated 

as the Sahara Sahel Dust Corridor. This region includes major dust source regions such as the 

Bodélé Depression, the Hoggar Massif and the West African carbonate-rich Atlantic coastal basin 

(Moreno et al., 2006). Dust transport from the African continent to the Atlantic Ocean occurs in 

three distinct wind systems (Pye, 1987). Dust from the Atlas Mountains and coastal plain is 

transported in the shallow trade wind layer nearly parallel to the coast. This low layer dust 

transport occurs throughout the year at an altitude of only 500 – 1500 m and deposits its dust load 

in the proximal parts of the Atlantic Ocean. High-level dust transport occurs at a mid tropospheric 

level of about 3000 m in the Saharan Air Layer (SAL) which is especially active in boreal summer 

(Pye, 1987). Transport in the SAL is characterized by a series of large easterly waves propagating 

westward at a velocity of 8 m/s (Reed et al., 1977). The SAL is divided into two branches, the 

northern branch transporting dust towards the Canary Islands and the western branch 

transporting eolian dust across the Atlantic until the Caribbean and South America (Prospero and 

Carlson, 1972). As specific part of the northeast trade winds the Harmattan transports dust from 

the central Sahara and especially the Bodélé Depression to the west. The Harmattan is a year-

round feature but reveals its highest activity during boreal winter (Pye, 1987). 

The Saharan dust plume shows a clear latitudinal shift between summer and winter conditions 

(Fig. 2.1; Ginoux et al., 2001). This shift is caused by the movement of the Intertropical 

Convergence Zone (ITCZ) from its summer position at 20°N to ∼5°N in boreal winter (Sunnu et al., 

2008). The origin of eolian dust and the pathways of dust transports are largely affected by the 

shift of the ITCZ (Husar et al., 1997; Middleton and Goudie, 2001).  
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Figure 2.1: Seasonal shift in the latitudinal position of the ITCZ, resulting dust plumes and atmospheric 
conditions (modified after Ruddiman, 2001; Stuut et al., 2005). Left: Boreal winter conditions; right: 
boreal summer conditions. Arrows indicate the main wind directions. ITCZ = Intertropical Convergence 
Zone. SAL = Saharan Air Layer. 

 

Many studies have focused on the characterization of eolian dust and the dust source regions (e.g. 

Chester et al., 1971; Schütz and Rahn, 1982; Chiapello et al., 1997; Caquineau et al., 1998; 

Middleton and Goudie, 2001; Caquineau et al., 2002; Stuut et al., 2005). Several of these studies 

have also characterized the elemental composition of eolian dust from different source regions 

(Moreno et al., 2006; Castillo et al., 2008; Bristow et al., 2010) or from dust samples taken during 

its transport over the Atlantic Ocean (Bergametti et al., 1989; Jiménez-Vélez et al., 2009).  

Comparison between different studies reveals similarities in the chemical composition. However, 

other studies report a high variability in element concentrations between the dust samples 

(Gaudichet et al., 1995; Johansen et al., 2000). 

In this context we aimed at identifying the chemical composition of eolian dust and its spatial and 

temporal variation. This is especially important for the characterization and interpretation of 

element ratios and concentrations measured in the eolian dust fraction of marine sediments. 93 

samples of eolian dust have been collected at sea level off the West-African coast between the 

equator and 35°N (Fig. 2.2). Here we present the results of the analysis of the chemical 

composition of these samples by ICP-AES. Element data were compared to the daily satellite 

images of the Total Ozone Mapping Spectrometer (TOMS) 

(http://jwocky.gsfc.nasa.gov/aerosols/aerosols_v8.html) and the aerosol optical depth revealed 

from these images. Additional information on dust sources and wind directions were gained by 

calculation of four-day back trajectories using the Lagrangian Integrated Trajectory (HYSPLIT) 

model of the National Oceanic and Atmospheric Administration (NOAA) 

(http://ready.arl.noaa.gov/HYSPLIT.php). Back trajectories were calculated for four different 

altitudes (10, 500, 1000 and 3000 m). These data provide insight into the variability of the element 
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composition of eolian dust and the complexity of different factors influencing the elemental 

signature.  

 

 
Figure 2.2. Cruise tracks (sampling locations) of eolian dust samples off 
the West-African coast. Meteor cruises are denoted with M (e.g. M41/1: 
Meteor cruise 41 leg 1), Poseidon cruises with P (e.g. P365/2: Poseidon 
cruise 365 leg 2). MSM04/4 = Maria S. Merian cruise 04 leg 4, AvH = 
Alexander von Humboldt cruise 44-04-01, MD134 = Marion Dufresne 
cruise 134. A list of all samples can be found in Supplementary Table 
2.S1. 

 

2.2 Experimental 

 

2.2.1 Sampling 

The eolian dust load at sea level was sampled between 2003 and 2008 during different seasons on 

eight cruises off the NW-African coast e.g. with the German research vessels Meteor and 

Poseidon. For this purpose a high-volume dust sampler was installed in the mast of the ship. The 

surrounding air was sucked in by an engine inside the dust sampler and the aerosols were 

collected on cellulose acetate filters (Whatman, Type 41). To prevent contamination by the ship’s 

exhaust the dust sampler was equipped with a wind direction sensor system. Sampling was 

stopped at low wind speed or when the relative wind deviated more than 90° from the ship’s 

heading. Filters were stored in plastic bags until analysis. 
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2.2.2 Total digestion 

Total digestion was carried out with two microwave systems (MLS Mega II; MLS Ethos 1600). For 

this purpose, filter pieces of about 5 × 5 cm in size were placed in Teflon liners and 3 ml 

concentrated HNO3 (65 %), 2 ml of HF (47 %) and 2 ml of HCl (30 %) were added. All acids were of 

suprapure quality. After heating at a temperature of 215°C under a pressure of at maximum 

30 bar, the acids were evaporated to near dryness and the residues were re-dissolved in 0.5 ml 

concentrated HNO3 and 4.5 ml deionized water (MilliQ). Homogenization was achieved by heating 

the solutions again to 200°C in the microwave systems. Solutions were filled up to 50 ml by adding 

45 ml of deionized water.  

Measurement of elements was carried out with inductively coupled plasma atomic emission 

spectrometry (ICP-AES; Perkin Elmer, Optima 3300 R). Several pieces of unused filters have been 

digested and measured following the same procedure to gain background values of element 

concentrations. Measured element concentrations were corrected for these background values. 

 

2.3 Results 

Scanning electron micrographs mainly show silicates and SiO2 but also carbonates and apatite as 

well as diatom fragments and organic matter (Fig. 2.3) within the eolian dust samples. 

Additionally, gypsum has been detected which is partly present in delicate needles that must have 

grown on the filters during the sampling period (Fig. 2.3b). Gypsum formation on filters has 

already been described three decades ago and seems to be the result of the reaction between 

calcite in dust with atmospheric sulfur species (Glaccum and Prospero, 1980).  

 

 
Figure 2.3. Scanning electron micrographs of eolian dust. a) Silicates, SiO2 and apatite in dust from Meteor cruise 
M65/2. b) Organic matter and gypsum crystals on a cellulose acetate filter from Maria S. Merian cruise MSM04/4. c) 
Diatom fragment found in dust sample from Meteor cruise M65/2. 
 

Element concentrations within the eolian dust samples investigated in this study are highly 

variable, which can also be observed when different elements are plotted together in a ternary 

diagram. A ternary diagram including iron, potassium and aluminum is shown in Figure 2.4. 
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Samples included in this plot were differentiated according to their mean latitudinal sampling 

position. A clear latitudinal trend in element abundances, however, is not visible. The samples plot 

in a line leading from the K apex to a value of about 40 % Fe. Lowest K abundances (mainly less 

than 20 %) and the least scatter are noted for samples taken between 10 and 20°N. Element 

abundances from other publications (see caption of Figure 2.4 for references) show a deviating 

trend with comparably low K concentrations and a trend towards increased relative Fe contents. 

This is especially apparent for samples taken at Fuerteventura while the relative Fe abundances in 

aerosol samples are more similar to our data.  

 

 
Figure 2.4. Ternary diagram including Fe, K and Al. Samples are from this 
study (filled symbols) and from the literature (open symbols). Published 
values have been taken from Chester et al. (1979), Bergametti et al. 
(1989), Arimoto et al. (1995), Gaudichet et al. (1995), Hermann et al. 
(1996), Johansen et al. (2000), Goudie & Middleton (2001), Moreno et al. 
(2006), Castillo et al. (2008), Formenti et al. (2008), Jiménez-Vélez et al. 
(2009) and Bristow et al. (2010). 

 

Calculated element ratios are mainly in the range of reported values (Supplementary Table 2.S1). 

Element ratios have been plotted against the mean latitudinal sampling position of the respective 

samples. It is obvious that the sampling location influences not only the absolute element ratios 

but in particular the scatter of the values. Figure 2.5a shows the Fe/Al-ratio plotted against 

latitude from the equator to 35°N. It is apparent that the Fe/Al-ratio ranges between 0.5 and 0.6 in 

the majority of our samples. However, several differences can be noted when considering the 

mean latitudinal distribution of Fe/Al-ratios. Largest scatter is observed in the region between the 

equator and 10°N (values between 0.35 and 1.40) and north of 20°N (Fe/Al between 0.16 and 

0.99; one outlier at 1.55; Supplementary Table 2.S1). Contrastingly, samples taken between 10 and 

20°N show a very constant Fe/Al-ratio plotting in a narrow band between 0.47 and 0.70.  
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Figure 2.5. Element ratios plotted against the mean latitudinal sampling location. a) 
Fe/Al-ratio. b) K/Al-ratio. Inserted figures show histograms of the respective element 
ratios. Gray bars indicate the range where the majority of samples plot. 

 

Similar observations can be made when the K/Al-ratio is plotted against mean sampling latitude 

(Fig. 2.5b). The majority of samples plots between K/Al-ratios of 0 and 2, reflecting elevated 

potassium concentrations. Large deviations from the median value of 0.5 are observed between 0 

and 10°N, with outliers reaching values up to 12 or even higher (one value above 20). A narrow 

range of K/Al-ratios is noted between 10 and 20°N where values scatter only between 0.19 and 

0.97. North of 20°N the values plot within a broader range 0.32 to 6.07; one outlier at 22.42), but 

deviations as large as in the equatorial samples are generally not observed.  

Latitudinal distributions of other element to Al ratios – specifically the Ti/Al- and Ca/Al-ratios 

(Supplementary Table 2.S1) – show features similar to those of the Fe/Al- and K/Al-ratios. 

Additionally, element ratios including only elements with a mainly lithogenic source (Ba, Fe, Ti, Al) 

show a normal distribution while element to aluminum-ratio distributions including elements with 

an additional source deviate from the Gaussian distribution (Fig. 2.5). This applies for example for 

Ca and K which both have a lithogenic source but may also be derived from sea spray aerosols.  
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2.4. Discussion 

 

2.4.1 Ternary diagrams 

Median element concentrations and element to aluminum ratios of high dust samples have been 

reported to be close to those of the Upper Continental Crust (Arimoto et al., 1995; Washington et 

al., 2009; Bristow et al., 2010; Trapp et al., 2010). This can be supported by the results obtained in 

this study even though e.g. the majority of Fe/Al-ratios from our study (around 0.55) is slightly 

higher than the reported values (0.4 to 0.48; Washington et al., 2009). However, it has also been 

shown that the dust concentrations as well as the element ratios within the dust are highly 

variable from one day to another (Arimoto et al., 1995; Arimoto, 2001; Sunnu et al., 2008). A very 

high variability in elemental composition has also been observed during this study where very 

different values were measured even of samples taken at one position on several days in 

sequence. Even though element ratios have been used as tracers for dust origin before (e.g. 

Bergametti et al., 1989; Chiapello et al., 1997) it has proven very difficult to use specific elements 

for the identification of dust cloud origins (Arimoto, 2001; Trapp et al., 2010; this study). Mineral 

aerosols from different sources are already mixed during uplifting of the particles, leading to a fast 

homogenization of the aerosols and hindering a clear source assignment (Schütz and Sebert, 1987; 

Trapp et al., 2010).  

The large scatter in element distributions is clearly recognized in ternary diagrams, especially if at 

least one element with a not-only lithogenic source is included. It is also apparent that literature 

values plot only partly in the range of our data but show a deviating trend for many samples. If 

one sea spray element (e.g. potassium; Fig. 2.4a) is plotted together with the two lithogenic 

elements Fe and Al data scatter along a line originating at the K apex. This implies that the K 

content of the samples is highly variable while the Fe/Al-ratio stays rather constant (∼0.5). A 

similar trend can be observed if other sea spray elements (Mg or Ca) are plotted instead of K, 

suggesting that the lithogenic element composition is rather constant while the large variability in 

element distributions is caused by the admixture of sea spray elements. This can also be inferred 

from a significant correlation between the different sea spray elements for samples taken north of 

10°N, even though it should be considered that these elements have additional lithogenic sources. 

Carbonates (and therefore calcium) have been reported to be abundant in Western Saharan and 

northern Saharan samples (e.g. Schütz and Sebert, 1987; Chiapello et al., 1997; Moreno et al., 

2006) while magnesium (from dolomites) was reported to be typical for the NE-trade winds 

(Chester et al., 1972). However, as this trend was not observed in our samples and based on the 
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correlation of the sea spray elements, we suggest that carbonates – even though they have been 

identified in SEM micrographs – play a minor role in our samples. It is therefore likely that the dust 

present in our samples did not originate from the carbonate-rich Western Sahara but from more 

siliciclastic source regions.  

Contrastingly, for literature values no correlation between sea spray elements was found, arguing 

against the admixture of considerable amounts of sea spray aerosols to these samples. In 

comparison with our data highest similarity is observed for aerosol samples taken over the Atlantic 

Ocean (Jiménez-Vélez et al., 2009) – probably due to the influence of sea spray – or the equatorial 

African continent (Gaudichet et al., 1995; Goudie & Middleton, 2001). Aerosol samples from the 

main source regions (Moreno et al., 2006; Bristow et al., 2010) or from Fuerteventura (Bergametti 

et al., 1989) on the contrary show considerably higher Fe concentrations than our samples.  

 

2.4.2 Latitudinal trends 

Nevertheless, certain distinctions can be made based on the latitudinal distribution of element to 

aluminum-ratios. The most prominent feature is a very narrow range of element ratios between 

10 and 20°N (Fig. 2.5). The majority of the samples from these latitudes were collected during 

summer, many of them within a dust cloud as revealed from TOMS satellite images. This is 

consistent with reports of highest dust transport activity within the SAL in boreal summer (Pye, 

1987; Prospero et al., 2002). The detection of diatom fragments (Fig. 2.3c) in some of our samples 

leads to the conclusion that the dust collected in this region originated at least partly from the 

Bodélé Depression as the diatom fragments show a high similarity to those described from the 

Chad Basin by Moreno et al. (2006). Back trajectories calculated with the Hysplit model also 

confirm this source assignment. Even though winds at lower levels mainly show a coast-parallel 

direction, representing the NE-trade winds, or come from the open ocean, the 3000 m-trajectory – 

corresponding to the height of the SAL – clearly points to the African continent. For many samples 

this trajectory can even be tracked back to the Bodélé Depression. The relatively constant 

chemical composition of aerosol samples from this region indicates that dust was transported 

from the Chad Basin even if TOMS satellite images do not show a high atmospheric dust 

concentration.  

A much greater variability in element to aluminum-ratios can be observed between the equator 

and a position of 10°N. Most samples at these latitudinal positions were taken during summer and 

therefore south of the ITCZ and within the range of the southeast trade winds as is confirmed by 

the low-level back trajectories. The back trajectory at an altitude of 3000 m, however, originates 
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from the African continent for most of these samples. Nevertheless, TOMS satellite images reveal 

that dust-free conditions prevailed during many sampling periods and that only low dust amounts 

were transported in other time periods. The large scatter in element ratios might have been 

caused by these low dust amounts in the atmosphere (section 2.4.3).  

A large scatter in element to aluminum-ratios is also observed in samples taken north of 20°N. 

Even though the aerosols were mainly transported to the sampling locations by the NE-trade 

winds the air parcels transporting them actually originated from the northern or northwestern 

Atlantic. The oceanic origin of the air masses implies that only little dust transport from the African 

continent occurred. This can be confirmed by the TOMS satellite images showing little or no dust 

in the atmosphere during the sampling periods. 

The Fe/Al-ratio has been reported to be considerably higher if the dust has been emitted from a 

Sahelian source than if the dust is derived from the northern Sahara (1.51 – 1.76 vs. 0.99 – 1.24; 

Bergametti et al., 1989). However, other studies have established clearly lower Fe/Al-ratios (0.10 – 

0.78) for eolian dust irrespective of the different source regions (e.g. Goudie and Middleton, 2001; 

Moreno et al., 2006; Jiménez-Vélez et al., 2009; Bristow et al., 2010). Data of this study are within 

the range of reported values with a maximum between 0.5 and 0.6 and only four samples 

representing a Fe/Al-ratio larger than 1. A source assignment according to Bergametti et al. (1989) 

is not possible for our samples.  

A clear discrepancy is noted by the comparison of K/Al-ratios from our study and published values. 

While published K/Al-ratios are mainly below 0.5 (median at 0.29), about 60 % of our samples 

show elevated K/Al-ratios (> 0.5). Most literature values describe dust from the source regions 

(Moreno et al., 2006; Castillo et al., 2008; Bristow et al., 2010) which reflects the primary signal 

and has not yet been mixed with sea spray or biomass burning aerosols. Strongly elevated K/Al-

ratios have been reported in plumes of biomass burning aerosols (Andreae, 1983; Gaudichet et al., 

1995). According to the maps of the fire information for resource management system (FIRMS; 

http://maps.geog.umd.edu/firms) biomass burning is very common in a band between 10°N and 

the equator. Highest K/Al-ratios in our samples have been recorded exactly in this region and 

especially in the samples taken during the summer months. According to Torres et al. (2002) the 

biomass burning season in Central Africa starts in July. This is consistent with our observations of 

only slightly elevated K/Al-ratios for samples taken in the end of June in contrast to very high K/Al-

ratios in samples from August. Samples taken during winter do usually not show elevated K/Al-

ratios.  
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Elevated K/Al-ratios have also been reported for some dust samples from Fuerteventura 

(Bergametti et al., 1989) but these were – with one exception – below 1 and therefore lower than 

the values from this study. However, elevated K/Al-ratios suggest that biomass burning has also 

influenced several of our samples taken north of 20°N. Back trajectories and FIRMS fire maps 

reveal that for many samples with an elevated K/Al-ratio at least one trajectory (often at 3000 m 

altitude) originated in or passed through a region where biomass burning occurred. Even though 

biomass burning can not explain all elevated K/Al values it seems to have a large impact on the 

potassium content of eolian dust. However, evidence exists that elevated K concentrations may 

also be caused by the admixture of sea spray aerosols (section 2.4.1). This might be especially valid 

for those samples showing elevated K concentrations but no clear connection to biomass burning 

areas, but also for samples taken north of 20°N.  

 

2.4.3 Atmospheric dust amounts and the chemical composition 

A certain relationship can be observed between the dust amount in the atmosphere (based on 

TOMS satellite images) and the element to aluminum-ratios calculated for our samples 

(Supplementary Table 2.S1). Figure 2.6 shows the Fe/Al- and K/Al-ratios sorted by the relative dust 

amount that was present in the atmosphere during sampling as revealed by TOMS. It is obvious – 

especially in the Fe/Al-ratios – that the lower the dust amount in the atmosphere the larger the 

variability in element ratios. This could explain the large scatter in element to aluminum-ratios 

north of 20°N where only small dust amounts – if any – were present in the atmosphere. In 

contrast to this, many samples taken between 10 and 20°N were collected under high-dust 

conditions and therefore show a much smaller scatter in their chemical composition. It is 

suggested that under high-dust conditions aerosols mainly reflect the signature of the source 

region whereat the admixture of different aerosols (e.g. from sea spray) only has a negligible 

influence on the chemical composition of these samples. Contrastingly, the signature of the dust 

source regions is overprinted by the admixture of different aerosols under low-dust conditions.  
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Figure 2.6. Dust amount in the atmosphere as derived from TOMS satellite images 
plotted against a) the Fe/Al-ratio and b) the K/Al-ratio. Dust amounts are subdivided into 
five groups from 0 (no dust) to 4 (very much dust). 

 

However, the relationship between the dust amount in the atmosphere and the aerosol chemical 

composition seems to be influenced by additional factors that lead to a more complicated picture. 

Wind direction and transport path of the dust can vary considerably between different 

atmospheric heights. TOMS satellite images mainly reflect the dust concentration in the middle 

and upper troposphere and in the stratosphere, and therefore in the heights of long distance 

transport. In contrast to this, aerosols transported below 1000 m altitude are usually not detected 

by TOMS (Torres et al., 1998; Prospero et al., 2002; Torres et al., 2002). While TOMS satellite 

images might therefore imply that a sample has been taken under dust-free conditions, back 

trajectories might reveal that dust was transported from the continent on a lower altitude which 

was then collected by the dust sampler. Additionally, air parcels might have circulated over the 

Atlantic Ocean during the days before sampling or the aerosol might even have an overall non-

African source. A high variability in the chemical composition of eolian dust is caused by the 

mixture of dust from different source regions during transport as well as the admixture of sea 

spray-, biomass burning- and anthropogenic aerosols.  

All these factors mentioned above do not only have an impact on the chemical composition but 

also on the grain-size distribution of eolian dust (Stuut et al., 2005). Moreover, the chemical 

composition of the eolian dust is also influenced by the grain-size distribution. This is already 

apparent if samples from the source regions are separated in different grain-size fractions as it has 

been done by Castillo et al. (2008). With phyllosilicates being especially abundant in the finer 

fractions of the dust the concentrations of Al, Fe and Mg are high in the fine fraction whereas Ti 

and K abundances – and therefore Ti/Al- and K/Al-ratios – increase with coarsening of the 

material. However, a large spread in the grain sizes of aerosols has been reported from the region 

off the West-African coast, mainly assigned to differing wind strength and dust availability. 
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Additionally, very similar grain-size distributions can be caused by dust transport from very 

different source regions and along totally different transport paths (Stuut et al., 2005). The same 

has been observed in this study for the chemical composition of eolian dust which explains its 

large variability and clearly complicates the source assignment of the particles.  

It has become very clear that many different factors can influence the chemical composition of 

eolian dust. The combination of these factors leads to a higher diversity of element signatures in 

dust as it would be expected from the signals of the main dust source regions only. This variability 

has to be taken into account when interpreting the chemical composition of the dust fraction in 

marine sediments. However, it should be kept in mind that sediments reflect a much longer time 

period than eolian dust samples. The sedimentary signal therefore always integrates a large 

quantity of dust events which might reduce the variability of element concentrations and ratios 

measured in sediments. Further research is needed concerning the coupling between the chemical 

composition of eolian dust and that of marine sediments, including an assessment of the 

alteration processes affecting the primary signal.  

 

2.5 Conclusions 

The chemical composition of eolian dust sampled off the NW-African coast is highly variable. This 

variability in element ratios and concentrations is apparently linked to the latitudinal sampling 

position and the relative dust amount in the atmosphere. If dust samples are plotted according to 

their latitudinal sampling position it is noted that a large scatter in element ratios occurs between 

the equator and 10°N and north of 20°N while samples taken between 10 and 20°N show 

relatively constant, near-crustal values. Back trajectories and diatom fragments in some samples 

reveal that at least a part of these aerosols was transported by the Saharan Air Layer (SAL) and 

originated in the Chad Basin. The relatively constant element ratios in samples taken between 10 

and 20°N are probably due to the fact that many of the samples were taken under high-dust 

conditions. Decreasing atmospheric dust amounts generally lead to a higher variability in the 

chemical composition of the aerosols. This might have caused the larger scatter in element ratios 

of samples taken between the equator and 10°N as well as north of 20°N. A possible explanation 

for the larger variability in the chemical composition of samples taken under low-dust conditions 

might be an increasing importance of aerosol admixtures e.g. from sea spray or biomass burning. 

The latter mainly influences the K/Al-ratio which can be extremely increased in fire plumes. 

Biomass burning is especially abundant in a band between the equator and 10°N which is clearly 

observed in the highly elevated K/Al-ratios of our samples taken in this region.  
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The chemical composition of eolian dust is initially defined by the rocks and sediments of the 

source regions. During transport several additional factors influence the chemical composition of 

the dust, including wind direction and strength as well as the transport path. The grain-size 

distribution is also modified by these factors but grain size also influences the chemical 

composition as Al, Fe and Mg are present especially in the finer material whereas highest K and Ti 

concentrations can be found in the coarse fraction. The large variability in the chemical 

composition of eolian dust is certainly caused by the interplay of all these factors. A clear source 

assignment is thereby significantly hindered. For the interpretation of sedimentary records it 

should be considered that the aerosols deposited in the Atlantic Ocean can have very different 

chemical compositions which might also be expressed in the sediments. However, as sediments 

reflect a much longer time period and integrate over a large quantity of dust events the variability 

in the chemical composition of marine sediments might be reduced in comparison to the eolian 

dust signal. 
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2.6 Supplementary Table  

 

Supplementary Table 2.S1. Sampling location, element ratios and relative dust amounts for eolian dust samples.  
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Supplementary Table 2.S1. continued. 

 
a Sample number. Abbreviations as follows: Research vessels: AvH = Alexander von 
Humboldt cruise 44-04-01; M = Meteor; MD = Marion Dufresne; MSM = Maria S. 
Merian; P = Poseidon. Numbers indicate cruise and leg followed by the sample number. 
Example: M65/1-1 = Meteor cruise 65 leg 1, sample 1. 
b Relative dust amount in the atmosphere as derived from TOMS satellite images. 
Numbers range from 0 (no dust) to 4 (very much dust). 
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Abstract 

Knowledge about the sedimentation pathways of terrigenous organic carbon from continental 

source areas to marine sediments is important for estimating the global carbon budget and for 

paleoclimatic reconstructions. Continental margins in front of large rivers, such as the Amazon, are 

globally important sites for carbon production and burial, but also known to be areas of intense 

sediment reworking. New biomarker data from Holocene shelf and Late Quaternary deep sea fan 

sediments from the Amazon reveal that the redistribution of old carbon from the river catchment 

was far more persistent and widespread than previously thought, which has broader implications 

on the interpretation of the sedimentary carbon record of tropical and possibly other continental 

margin systems and ocean carbon budgets.  

The delivery of soil organic carbon (SOC) to sediments from the Amazon shelf and fan was 

investigated based on soil-marker bacteriohopanepolyols (BHPs) and branched glycerol dialkyl 

glycerol tetraethers (GDGTs). Radiocarbon dating revealed that within the same beds total organic 

carbon (TOC) in the Amazon shelf sediments is substantially older than bivalve shells reflecting the 
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depositional age. On the Amazon Fan, however, 14C ages of TOC indicate a considerably lower 

influence of old organic carbon. We observe unexpectedly invariant BHP and branched GDGT 

compositions in both cores indicating that biomarkers were primarily delivered from one single 

type of source. Unexpected high abundances of BHPs specific for aerobic methane oxidation show 

strong similarities with one sample from the current Amazon catchment. This observation led to 

the suggestion that biomarkers were primarily eroded from floodplain lakes that developed within 

the variable boundaries of the Late Quaternary Amazon watershed. This study emphasized the 

important role of the reworking of organic carbon on carbon supply and burial on large parts of 

the Amazon continental margin and possibly on other, similar depositional settings.  

 

3.1 Introduction 

Large amounts of terrigenous organic carbon (OC) are delivered to the oceans by rivers, but only 

33 to 50 % (or even less) of this terrigenous material is ultimately deposited in the marine 

sediments (e.g. Hedges and Keil, 1995; Burdige, 2007). The fate of terrigenous OC after its delivery 

into the marine environment, however, can have a significant influence on the global carbon cycle 

(McKee et al., 2004; Burdige, 2005). Continental margin systems are of special importance as the 

majority of riverine suspended organic matter is deposited along these margins. If the riverine 

suspended matter is channeled directly into the deep sea, submarine fans develop which contain 

large amounts of terrigenous material (e.g. Ittekkot et al., 1986; Flood et al., 1995). The massive 

supply of organic matter from land coupled with the marine productivity stimulated by riverine 

nutrient supply is partly compensated by very high OC remineralization rates (Hedges and Keil, 

1995; Aller, 1998). Further modification comes from reworking and subsequent lateral 

displacements of fine-grained sediments, controlled by strong and variable bottom currents 

(Mollenhauer et al., 2002; Inthorn et al., 2006). These processes might lead to age offsets between 

different compounds within marine sediments (e.g. Ohkouchi et al., 2002; Mollenhauer et al., 

2003; Mollenhauer et al., 2005). The Amazon shelf and fan region is one area where intense 

reworking of the sediments coupled with an enhanced degradation of refractory organic material 

occurs (Aller, 1998; Burdige, 2007).  

Many studies have reported the presence of elevated amounts of ancient (14C-depleted or dead) 

organic carbon in river and continental shelf sediments (Sommerfield et al., 1995; Masiello and 

Druffel, 2001; Blair et al., 2003; Gordon and Goñi, 2003; Guo et al., 2004; Goñi et al., 2005; Galy et 

al., 2008). The old organic carbon is derived from soils, kerogen in the bedrocks, or black carbon, 

or a combination of these sources, depending on the regional setting. On the Amazon shelf and 
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fan, sedimentary organic matter is dominated by terrigenous material (Hinrichs and Rullkötter, 

1997; Boot et al., 2006), mainly derived from soils (Aller et al., 1986; Hedges et al., 1986a). Sub-

surface soil layers in the Amazon Basin have been shown to have relatively old radiocarbon ages, 

on the order of several thousand years at less than 1 m depth (Martinelli et al., 1996; Pessenda et 

al., 1998; Pessenda et al., 2001; Pessenda et al., 2010 and references therein). Radiocarbon ages 

might be biased by the presence of charcoal (Dickens et al., 2004) – one species of black carbon 

(Schmidt and Noack, 2000) – which provided evidence of fires occurring during the late 

Pleistocene and Holocene (Pessenda et al., 2010). Additionally, significant pre-aging of the organic 

matter may occur during temporary storage on floodplains which is a common process in the 

Amazon Basin (Raymond and Bauer, 2001; Blair et al., 2004). This may also lead to the delivery of 

old organic carbon into the marine environment. Characterizing and quantifying the contribution 

of soil organic matter to marine sediments is thus important for an accurate understanding of the 

timing and transfer modes of organic matter during transport from land to sea.  

 

Tracing SOM in marine sediments 

A commonly used tool to investigate the supply of soil organic carbon (SOC) (Walsh et al., 2008; 

Weijers et al., 2009b) into the marine environment is the Branched and Isoprenoid Tetraether-

Index (BIT) that has been introduced by Hopmans et al. (2004). This proxy is based on the 

distribution of glycerol dialkyl glycerol tetraethers (GDGTs), the membrane lipids of many bacteria 

and Archaea (Schouten et al., 2000). It quantifies the relative abundances of branched GDGTs, 

which have particularly been found in soils and peats (e.g. Schouten et al., 2000; Weijers et al., 

2006b) and are presumably produced by anaerobic bacteria (Weijers et al., 2006b; Weijers et al., 

2009a), and crenarchaeol, a typical isoprenoid GDGT produced predominantly by pelagic 

Thaumarchaeota in the marine and lacustrine water columns (Sinninghe Damsté et al., 2002; 

Powers et al., 2004; Pitcher et al., 2011). BIT values in soils vary between 0.9 and 1 due to low 

amounts of crenarchaeol in soils (Weijers et al., 2006a). Branched GDGTs, however, can also be 

used for the reconstruction of mean air temperatures (MAT) and soil pH (Weijers et al., 2007a). 

These reconstructions are based on the cyclization ratio of branched tetraethers (CBT), correlated 

with soil pH, and the methylation index of branched tetraethers (MBT) which depends on soil pH 

and MAT.  

Another group of lipid biomarkers with the potential of tracing SOC delivery are specific 

bacteriohopanepolyols (BHPs), the membrane lipids of a diverse range of bacterial taxa (Rohmer 

et al., 1984; Ourisson et al., 1987; Sáenz, 2010). Cooke et al. (2008b; 2009) have shown that 
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adenosylhopane and related compounds – common and abundant in soils, but rare in open 

marine settings – can be used to track SOC transport into aquatic environments.  

Here we present results from two sediment cores which have been recovered from the Amazon 

shelf (GeoB3918) and deep sea fan (GeoB1514). We investigated the relative importance of SOC 

within these marine sediments using the BIT index and soil-marker BHPs. The results are 

compared to the Al/Ti-ratio as a bulk inorganic tracer of terrigenous (lithogenic) material in marine 

sediments. To identify other processes of microbial carbon cycling in the sediments, we also 

investigated other BHPs. This includes BHPs diagnostic for aerobic methane oxidation, i.e. 

aminobacteriohopanepentol (aminopentol; structure 1e in Appendix 3.1) and related compounds 

(see Talbot and Farrimond, 2007 for review of BHP specificity and source organisms). We show 

evidence to support the conclusion that the terrigenous material deposited on the Amazon shelf 

and fan has been mainly delivered from one source, presumably a floodplain lake setting, which 

indicates that burial of reworked OC is much more important in Amazon shelf and fan sediments 

than commonly considered. Additionally, MAT reconstructions on the Amazon shelf reflect recent 

temperatures which argues against an increased input from the Andes during the Holocene as 

proposed by Bendle et al. (2010).  

 

3.2 Experimental 

 

3.2.1 Study area and sampling 

With an annual sediment discharge of 1.2 billion tons today the Amazon River is the most 

important pathway for the transport of suspended terrigenous matter to the ocean (Meybeck, 

1996). During interglacials with high sea level the material is deposited near the river mouth or on 

the Amazon shelf, being transported northwestward along the innermost shelf by the North Brazil 

Coastal Current. Contrastingly, during glacials when large parts of the current shelf area were 

exposed, the suspended material from the river was channeled through canyons and deposited 

more directly on the deep Amazon Fan (Milliman et al., 1975). Increased organic carbon (OC) 

contents in glacial sediments of the deep Amazon Fan confirm the more direct supply of OC to the 

deep ocean which has implications for the regional and global carbon budget during past glacial 

periods (Keil et al., 1997; Schlünz et al., 1999; Burdige, 2005). 

In this study we analyzed two gravity cores from a very shallow and a deep water setting. The 

sampling site of gravity core GeoB3918-2 is located on the Amazon shelf at a water depth of 50 m 

(3.7050°N; 50.4050°W). Gravity core GeoB1514-6 was taken on the Amazon Fan from a water 
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depth of 3509 m (5.1383°N; 46.5750°W) (Fig. 3.1). Since their recovery, both cores were stored at 

-20°C in the ODP core repository in Bremen. Samples were taken at intervals of approximately 

20 cm (GeoB3918-2; 27 samples) and 25 cm (GeoB1514-6; 30 samples, freeze-dried and 

homogenized by grinding.  

One additional sediment sample has been taken from Lago Socó (3.7531°N; 70.5126°W) located 

near the Colombian town of Puerto Nariño. Lago Socó is part of a complex várzea wetland within 

the Amazon floodplain and has a permanent connection with the Loretoyacu River which is a 

tributary to the Amazon River. The material was collected at the water interface during the dry 

season. 

 

 
Figure 3.1. Map of the sampling locations of gravity cores 
GeoB3918-2 and GeoB1514-6. 

 

3.2.2 Bulk parameters 

Total organic carbon (TOC) contents of GeoB3918 were measured with a LECO CS 200. TOC 

contents and δ13C values of parallel core GeoB1514-7 were taken from Schlünz et al. (1999). AMS 

radiocarbon dating was conducted at the National Ocean Sciences Accelerator Mass Spectrometry 

(NOSAMS) Facility at Woods Hole Oceanographic Institution (USA) on 3 and 4 samples of TOC from 

cores GeoB3918 and GeoB1514, respectively (Table 3.1). Radiocarbon ages of two bivalve shells 

obtained from the Leibniz laboratory AMS facility in Kiel (provided by H. Arz) were converted into 

calendar years using the CALIB 6.0 algorithm (Stuiver et al., 2010) and the Marine09 data set 

(Reimer et al., 2009). However, the 14C-ages of TOC were not calibrated as the Marine09 data set 

(Reimer et al., 2009) was not suitable given the high amount of terrigenous material in these 
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samples. A mixed calibration seemed also inappropriate as the relative abundance of terrigenous 

organic carbon in the samples could not be determined. Element concentrations were measured 

by a Spectro Xepos Energy Dispersive Polarization X-ray Fluorescence Analyzer (EDP-XRF).  

 

Table 3.1. 14C ages and δ13C values for bulk TOC samples from GeoB3918 and 
GeoB1514. Please note that 14C ages have not been calibrated. 
 

 
 

3.2.3 Extraction and derivatization 

 

3.2.3.1 GDGTs 

About 5 g of freeze-dried, homogenized sediment were extracted with 25 ml of methanol (MeOH), 

dichloromethane:methanol (DCM:MeOH 1:1, v/v) and DCM, respectively. Each addition of 

solvents was followed by 5 minutes of sonication and 5 minutes of centrifugation. A known 

amount of a C46-GDGT was added as internal standard before the extraction. Total lipid extracts 

were combined, washed with bi-distilled water (Seralpure) to remove salts, dried over anhydrous 

Na2SO4 and concentrated under nitrogen. Extracts were then re-dissolved in DCM and desulfurized 

using a Pasteur pipette filled with activated copper filaments. The total lipid extract was placed on 

the column, eluted with 4 ml of DCM and dried under nitrogen. The total lipid extracts were 

separated into three fractions applying column chromatography on silica gel columns. 

Hydrocarbons were eluted with 2 ml of n-hexane, ketones with 2 ml DCM:n-hexane (2:1, v/v) and 

alcohols with 2 ml MeOH.  

For GDGT-measurement 50 % of the MeOH-fraction were dried, weighed, re-dissolved in DCM and 

filtered through 0.45 μm syringe filters (Whatman) as described by Hopmans et al. (2000) and 

Hopmans et al. (2004). The solvents were evaporated under nitrogen and lipids were re-dissolved 

in n-hexane:isopropanol (99:1, v/v) with a concentration of 2 mg/ml (Schouten et al., 2009) for 

HPLC-measurement.  
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3.2.3.2 BHPs 

The extraction method for the measurement of BHPs is based on the Kates modification of the 

original Bligh and Dyer extraction (Bligh and Dyer, 1959; Kates, 1975). The extraction procedure 

has been described in detail by Cooke et al. (2008a), except for the use of DCM instead of 

chloroform. After addition of the internal standards 5α-pregnane-3β,20β-diol and 5α-androstan-

3β-ol samples were acetylated by heating with 2 ml pyridine and 2 ml acetic anhydride for 1 hour 

at 50°C. The extracts were left at room temperature over night to complete the reaction. They 

were then evaporated to dryness under N2, re-dissolved in MeOH/propan-2-ol (60:40, v/v) and 

filtered through 0.45 μm PTFE syringe filters. For LC-MSn analysis extracts were dried again under 

nitrogen and re-dissolved in a defined volume (500 μl) of MeOH/propan-2-ol (60:40, v/v).  

 

3.2.4 Chromatography 

 

3.2.4.1 Analytical HPLC-APCI-MS for GDGT measurement 

GDGTs were measured by normal-phase high performance liquid chromatography (HPLC) using an 

Agilent 1200 series HPLC system and detected by mass spectrometry (MS) using an Agilent 6120 

single-quadrupole instrument and atmospheric pressure chemical ionization (APCI). A detailed 

description of the instrumental settings for GDGT measurement is given by Leider et al. (2010). 

GDGT concentrations were calculated from the characteristic base peak ion peak areas of 

individual GDGTs relative to the base peak area of the internal standard at m/z 744. The BIT index 

(Hopmans et al., 2004) was calculated based on the peak areas of branched GDGTs and 

crenarchaeol for the estimation of soil organic carbon input to the core locations. Soil pH and MAT 

were reconstructed from peak areas using the MBT-/CBT-proxies and the global calibration by 

Weijers et al. (2007a). Analytical precision was determined by repeated extraction and 

measurement of a lab-internal sediment standard and duplicate analysis of selected samples. The 

analytical error for GDGT quantification was ± 10 %, deviation of BIT values was < 0.01 units. The 

deviation for MBT was 0.01, for CBT 0.02. Reconstructed MAT show a deviation of 0.5°C while 

reconstructed pH values deviate by 0.05 units.  

 

3.2.4.2 Analytical HPLC-APCI-MS for BHP measurement 

BHPs were measured by reversed-phase HPLC-APCI-MS as described previously (e.g. Cooke et al., 

2008a). BHP structures were assigned based on the comparison with published mass spectra 
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(Talbot et al., 2003b; Talbot et al., 2003a; Talbot et al., 2007b; Talbot et al., 2007a; Talbot et al., 

2008; Rethemeyer et al., 2010). 

A semi-quantitative estimate of abundance (± 20 %) was calculated from the characteristic base 

peak ion peak areas of individual BHPs in mass chromatograms (from SCAN 1) relative to the 

m/z 345 ([M+H–CH3COOH]+) base peak area response of the acetylated 5α-pregnane-3β,20β-diol 

internal standard. Relative response factors for BHT representing non-nitrogen containing BHPs 

and the average of four N-containing BHP including aminotriol, adenosylhopane, BHT-cyclitol 

ether and BHT-glucosamine were used to adjust the peak areas relative to that of the internal 

standard, where BHPs containing one or more N atoms give an averaged response ca. 12 times 

that of the standard and those with no N give a response 8 times that of the standard. 

 

3.3 Results 

 

3.3.1 Radiocarbon dating 

The sediments from shelf core GeoB3918 were deposited during the youngest part of the 

Holocene. Radiocarbon dating of bivalve shells from 3.84 and 4.49 meters core depth reveals a 

depositional age of 450 ± 40 and 580 ± 40 years BP, respectively. However, 14C-dating of three TOC 

samples yielded significantly older ages ranging around 4000 14C years BP for GeoB3918 (Table 

3.1), emphasizing the presence of old carbon in these sediments.  

The uppermost ∼30 cm of core GeoB1514 from the Amazon Fan consist of Holocene calcareous 

clay which is separated from the Pleistocene terrigenous clays by an iron-rich crust as often 

described from the Amazon Fan (e.g. Damuth and Flood, 1984). Radiocarbon dating on TOC has 

been conducted on four samples from between 0.4 and 6.9 m. The resulting radiocarbon ages of 

the organic carbon range from 13650 to 30200 14C-years BP (Table 3.1). In this core no 

complementary radiocarbon dating has been conducted on carbonate materials. However, 

comparison of TOC 14C ages and the potential depositional ages of the corresponding sediment 

samples (based on comparison with the Bendle et al. (2010) MAT record; section 3.4.1) indicates 

that old OC might be less important in Amazon Fan sediments.  

 

3.3.2 Bulk parameters 

TOC contents range from 0.59 to 0.72 weight (wt) % (GeoB3918) and 0.29 to 1.00 wt% 

(GeoB1514). While values in GeoB3918 scatter around 0.64 wt% within a relatively narrow range 
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(Fig. 3.2a) the TOC record in core GeoB1514 decreases from ∼1 wt% to about 0.6 wt% at 5 m (Fig. 

3.2c). A second sharp decrease in TOC content is observed near the top of the profile at about 0.3 

m. Surface and near surface sediments have a very low TOC content of ~0.3 wt%. Values for δ13C in 

GeoB3918 are depleted and range from -25.3 to -25.7 ‰ (Table 3.1). δ13C values in parallel core 

GeoB1514-7 (Schlünz et al., 1999) range from -19.7 to -27.7 ‰ and become more depleted with 

depth. Values change from about -20 ‰ in surface sediments to values around -24.5 ‰ below 

0.6 m. At ~5 m a shift towards even more depleted values around -26.4 ‰ is noted (Fig. 3.2e). The 

Al/Ti-ratio in GeoB3918 (Fig. 3.2b) fluctuates around a mean value of 19.05. In GeoB1514 Al/Ti-

ratios fluctuate around a mean value of 20.17 above 5 m. At this depth a clear shift to lower Al/Ti-

ratios (mean value of 18.14 below 5 m (Fig. 3.2d)) is noted.  

 

 
Figure 3.2. Downcore profiles of a) TOC of GeoB3918-2, b) Al/Ti-
ratio of GeoB3918-2 (5-point average), c) TOC of GeoB1514-6, d) 
Al/Ti-ratio of GeoB1514-6, e) δ13C values of GeoB1514-7 (from 
Schlünz et al., 1999). 

 

3.3.3 Glycerol dialkyl glycerol tetraethers 

Concentrations of soil-derived (branched) GDGTs (see e.g. Hopmans et al., 2004; Weijers et al., 

2007a for GDGT structures) vary between 43.2 and 68.6 "g/g TOC on the shelf (GeoB3918; Table 
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3.2; Fig. 3.3a) and between 9.6 and 327.9 "g/g TOC in the deep water core (GeoB1514; Table 3.3; 

Fig. 3.3f). Crenarchaeol concentrations range from 24.3 to 52.6 "g/g TOC (GeoB3918; Fig. 3.3b) 

and from 6.5 to 77.6 "g/g TOC (GeoB1514; Fig. 3.3g), with high fluctuations especially observed in 

the deeper core. The BIT index is high in both cores fluctuating around 0.62 in GeoB3918 (Fig. 3.3c) 

and approaching values around 0.9 to 0.8 below ~0.7 m in GeoB1514 (Fig. 3.3h).  

 

 
Figure 3.3. Downcore profiles of GDGTs. GeoB3918-2: a) branched GDGTs, b) crenarchaeol, c) BIT index, d) 
MBT-based soil pH-values, e) MBT/CBT-based mean air temperatures (MAT). GeoB1514-6: f) branched GDGTs, 
g) crenarchaeol, h) BIT index, i) MBT-based soil pH-values, j) MBT/CBT-based MAT. Shaded areas reflect the 
analytical error (± 10 %) of GDGT concentrations. 
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Table 3.2. Concentrations ["g/g TOC] of GDGTs, BIT, MBT, CBT and reconstructed MAT and pH in core GeoB3918. 
 

 
 

Table 3.3. Concentrations ["g/g TOC] of GDGTs, BIT, MBT, CBT and reconstructed MAT and pH in core GeoB1514. 
 

 
 

Reconstructed soil pH-values in GeoB3918 vary around 6.77 while reconstructed MAT range from 

24.5 to 25.9°C (Fig. 3.3d and e). CBT-based soil pH-values in GeoB1514 are lower and vary around 

5.9 (Fig. 3.3i). For Pleistocene samples of GeoB1514 MAT between 21.7 and 24.1°C (Fig. 3.3j) were 
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reconstructed. For comparison, MAT estimates for Holocene samples from the Amazon Fan are 

very low (18.5 and 16.3°C).  

 

3.3.4 Bacteriohopanepolyols 

A maximum of 21 different BHPs (see Appendix 3.1 for BHP structures) were identified in the 

samples from the Amazon shelf and fan. Total concentrations range from 730 to 2860 "g/g TOC 

(GeoB3918; Table 3.4) and from 110 to 2510 "g/g TOC (GeoB1514; Table 3.5). Even more 

pronounced than in the GDGT records, large and apparently regular fluctuations are observed in 

the total BHP concentrations (Fig. 3.4a and e) varying by a factor of 2 to 3 in both cores. 

 

 
Figure 3.4. BHP concentrations and distributions. BHPs are divided into soil-marker BHPs (1f, 2f, 2g’, 1g, 
2g, 1g’; see Appendix 3.1 for structures), BHPs specific for aerobic methane oxidation (1c, 1d, 1e, 4/5c, 
4/5e plus a compound with an unknown structure (m/z 788)), other (1a, 2a/3a, 1b, 1h - 1k, 2k) and 
AnhydroBHT (1l). GeoB3918-2: a) Total BHP concentrations, b) BHP composition, c) soil-marker BHPs, d) 
BHPs specific for aerobic methane oxidation. GeoB1514-6: e) Total BHP concentrations, f) BHP 
composition, g) soil-marker BHPs, h) BHPs specific for aerobic methane oxidation. Shaded areas reflect 
the analytical error (± 20 %) of BHP concentrations. 
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Notably, the relative abundances of the different groups of BHPs in both cores – soil-marker BHPs, 

35-aminoBHPs, 32,35-Anhydrobacteriohopanetetrol (AnhydroBHT; degradation product) and 

“others” (see caption of Fig. 3.4 for differentiation of compound groups) – remain roughly 

constant with depth, despite variations in the concentration of the compounds (Figures 3.4b and 

f). Figure 3.5 shows that the standard deviation (1σ) of the mean relative abundance of individual 

BHPs is approximately identical to a deviation of ± 20 % within each core, which is the recent 

analytical limitation for BHP quantification. This implies that relative BHP abundances are identical 

within analytical error for GeoB3918 suggesting that there is no variation in the composition 

throughout the record. A slightly higher variability is observed in the BHP composition of 

GeoB1514 (Fig. 3.4f), with largest variations in the unspecific compounds BHT (1a), 

aminobacteriohopanetriol (aminotriol; 1c) and BHT cyclitol ether (1h). Compositional variations, 

however, are not linked to changes of absolute concentrations. 

 

 
Figure 3.5. Comparison between the standard deviation (1σ; light gray bars) and the analytical error 
in quantification (20 %; dark gray bars) for mean relative abundances of individual BHPs of a) 
GeoB3918-2 and b) GeoB1514-6. Individual compounds are ordered according to their sub-grouping 
in Fig. 4. 

 

3.3.4.1 Soil-marker BHPs 

Soil-marker BHPs (including adenosylhopane (1f), its C-2 methylated homologue (2f) as well as the 

non-methylated (1g and 1g’, respectively) and methylated (2g and 2g’) forms of the group-2- and 

group-3-adenosylhopane-type compounds; Fig. 3.4c and g) were identified in sediments from the 

Amazon shelf and deep sea fan. Relative abundances of soil-marker BHPs are comparatively low 

and range from 5.7 to 15 % (GeoB3918; Table 3.4) and 0 to 12 % (GeoB1514; Table 3.5) of total 

BHPs. Low concentrations of soil-marker BHPs and branched GDGTs, as well as BIT, are observed 

in the uppermost samples of GeoB1514 with a clear increase at ~0.7 m.  
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3.3.4.2 BHPs indicative of aerobic methane oxidation 

Concentrations of BHPs specific for aerobic methane oxidation show large but relatively regular 

fluctuations similar to those of the total BHPs in both cores (Fig. 3.4d (GeoB3918) and Fig. 3.4h 

(GeoB1514)). On the Amazon shelf, BHPs specific for aerobic methane oxidation comprise about 

50 % of the total BHPs (Fig. 3.4b), which is remarkably high. Further down the fan, at station 

GeoB1514, aerobic methane oxidation markers are slightly less important but still high (about 

40 % of total BHPs; Fig. 3.4f).  

 

3.4 Discussion 

 

3.4.1 Source of river-transported pre-aged organic material 

Soil OC is an important constituent of sediments from the Amazon shelf and deep sea fan as 

evidenced by the presence of branched GDGTs and soil-marker BHPs. The high 14C ages of bulk 

organic matter measured for GeoB3918 (Table 3.1) are consistent with earlier observations of old 

OC on the Amazon shelf (Kuehl et al., 1986; Sommerfield et al., 1995). Given the reports of high 
14C-ages of soils from the Amazon Basin (e.g. Martinelli et al., 1996; Pessenda et al., 2010) it is 

likely that the soil-derived OC in the shelf samples contributes to the observed high 14C-ages even 

though SOC likely consists of a mixture of older and younger material (Trumbore, 1993; Trumbore 

et al., 1995; Martinelli et al., 1996).  

An important compound group in our samples are BHPs specific for aerobic methane oxidation, 

especially on the Amazon shelf. The source for these diagnostic BHPs cannot be unambiguously 

proven but several potential sources can be excluded. First of all, as the source organisms of these 

specific BHPs are aerobes, recent in-situ production within the Amazon shelf and fan sediments 

does not seem plausible as sediments become anoxic at 20 to 30 cm below the sediment surface 

(GeoB1514; Schulz et al. (1994)). Additionally, high concentrations of hexafunctionalized 

compounds such as aminopentol (1e) are quite uncommon in marine sediments due to the 

dominance of sulfate reduction over methanogenesis which limits the release of methane into the 

water column (Farrimond et al., 2000; Talbot et al., 2003c; Cooke et al., 2008b). Despite the 

presence of methane in Amazon shelf (Figueiredo et al., 1996) and fan (Flood et al., 1995; 

Shipboard Scientific Party, 1995) sediments it seems unlikely that free methane can escape into 

the oxic parts of the sediments or the overlying water column as upwardly diffusing methane is 

consumed already at the base of the sulfate reduction zone (GeoB3918: 1 m depth; GeoB1514: 5 



Manuscript II 

 49 

m depth) (Barnes and Goldberg, 1976; Blair and Aller, 1995). Furthermore, soils are not known to 

contain larger amounts of aminopentol and related compounds (Farrimond et al., 2000; Xu et al., 

2009; Cooke, 2010; Rethemeyer et al., 2010) and can therefore also be excluded as major source. 

Instead the BHP composition of both cores rather resembles that of lacustrine sediments 

(Farrimond et al., 2000; Talbot et al., 2003c), also including floodplains as one important and 

widespread sub-setting of tropical watersheds. In fact, large floodplain lakes are well known from 

the Amazon Basin (e.g. Räsänen et al., 1991; Dunne et al., 1998) and analysis of one sample from 

such a floodplain lake (Lago Socó) reveals a high similarity in BHP inventory to the samples from 

the Amazon shelf and fan, including high amounts of BHPs specific for aerobic methane oxidation 

(Fig. 3.6). Higher relative abundances of BHT (1a) and aminotriol (1c) in the deep sea fan samples 

probably indicate a stronger ‘marine’ influence while additional amounts of BHT cyclitol ether (1h) 

are difficult to allocate to a single source, as they might be derived from the marine environment 

but also from the river, lake or even from land.  

 

 
Figure 3.6. Relative abundances of BHPs measured in a sample from 
the floodplain lake Lago Socó in comparison to mean BHP abundances 
in GeoB3918-2 and GeoB1514-6. 

 

The high constancy in BHP composition (Fig. 3.4b and f) argues for a persistent mechanism that 

delivers BHPs from one single source environment. We consequently suggest that compounds 

were produced (BHPs specific for aerobic methane oxidation) or temporarily stored (soil-marker 

BHPs) in a floodplain lake environment prior to erosion and redeposition on the shelf and fan and 

thus contribute to the old carbon. It seems likely that branched GDGTs were also delivered from 

the same source as the relative abundances of branched GDGTs are nearly identical within 

analytical error (± 10 %) in shelf sediments and Pleistocene sediments from the deep sea fan. 

While branched GDGTs were at least partially produced in soils, possibly close to floodplain lakes, 
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it might also be possible for in-situ production of branched GDGTs to occur in the floodplain lake 

itself. At this point we cannot distinguish between both potential sources. Lacustrine in-situ 

production of branched GDGTs has been suggested for tropical lakes before (Tierney and Russell, 

2009; Tierney et al., 2010), leading to offsets between reconstructed and actual mean air 

temperature (MAT) and soil pH. Tierney and Russell (2009) reported a CBT-derived pH value of 

sediments from Lake Towuti (Sulawesi, Indonesia) of 7.5 while soil pH in the lake catchment was 

only 5.6. As pH values in Amazonian soils are mainly between 4 and 5 (e.g. Sombroek, 1966; 

Huguet et al., 2010) and CBT-based pH value reconstructions are as high as 6.9 (GeoB3918; Fig. 

3.3d; Table 3.2) and 6.2 (Pleistocene samples of GeoB1514; Fig. 3.3i; Table 3.3), a pH bias by in-situ 

production of branched GDGTs in a floodplain lake seems reasonable. However, based on these 

indications it is suggested that the material deposited within Amazon shelf and fan sediments has 

previously been eroded from floodplain lakes and therefore reflects reworked OC.  

Additional evidence for reworking processes on the continent comes from pollen records from the 

Amazon Fan. Hoorn (1997) report considerably high abundances of pre-Quaternary, reworked 

pollen and spores in Amazon Fan sediments. This includes pollen from Grimsdalea magnaclavata 

which are typical for Miocene sediments from Amazonia (Hoorn, 1997), i.e. the Pebas or Solimões 

Formations. Interestingly, as Lago Socó – even though a Quaternary feature itself – is located 

within the Pebas Formation, both, pollen and biomarker records, indicate the delivery of organic 

material from this region of the Amazon Basin to the Amazon Fan.  

Reconstructed MAT for the Holocene samples from the Amazon shelf (24.5 to 25.9°C; Fig. 3.3e) are 

at the lower end of actually measured MAT in the Amazon Basin (26 to 27.3°C (KNMI, 1997)). 

Slightly lower reconstructed MAT might have been caused by in situ production of branched 

GDGTs in the floodplain lake (Tierney and Russell, 2009). Reconstructed MAT for the Pleistocene 

samples from the Amazon Fan are about 3 to 4°C lower than Holocene temperatures (22.6 to 

24.1°C; Fig. 3.3j). This is consistent with a temperature difference of 2 to 6°C between the Last 

Glacial Maximum and the Holocene as reported by van der Hammen and Absy (1994) but slightly 

lower as the temperature difference of 5°C suggested e.g. by Stute et al. (1995), Colinvaux et al. 

(1996), Haberle (1997) and Bendle et al. (2010). The MAT-trend in GeoB1514 is very similar to the 

record of Bendle et al. (2010) who also investigated a sediment core (ODP942) from the Amazon 

Fan (Fig. 3.7). The age model of core ODP942 can thus be adopted for GeoB1514 by aligning the 

MAT records, suggesting that the oldest samples in this core were deposited ~37 ka BP. MAT-

reconstructions are nearly identical within analytical error whether MAT are calculated using the 

Weijers et al. (2007a) calibration or the newly introduced regional calculation of Bendle et al. 
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(2010). We nevertheless use the Weijers et al. (2007a) calibration as the regional calibration gives 

unrealistically low MAT estimates for Amazon shelf sediments. However, in both records from the 

Amazon Fan Holocene samples show abnormally low MAT. Bendle et al. (2010) suggest that the 

low Holocene temperatures in Amazon Fan sediments are caused by an increased delivery of 

organic matter from the cold Andean region instead of OC produced in the eastern Amazonian 

lowlands. In contrast we argue that MAT of Holocene sediments from the Amazon Fan are simply 

biased by low concentrations of branched GDGTs. Material delivered by the Amazon River during 

the Holocene has been deposited on the Amazon shelf (e.g. Milliman et al., 1975), reducing 

sediment transport to the Amazon deep sea fan as indicated by the BIT index, TOC content and 

biomarker concentrations (Fig. 3.2 to 3.4). Additionally, MAT-reconstructions from GeoB3918 (Fig. 

3.3e) using the Weijers et al. (2007a) calibration reflect actually measured air temperatures from 

the Amazon Basin, which clearly argues against the admixture of larger amounts of Andean 

material. A decrease in cold-adapted pollen taxa (Haberle, 1997) and an increase of the soil-

derived clay minerals kaolinite and smectite – relative to the rock-derived clay minerals illite and 

chlorite (Debrabant et al., 1997) – towards the Holocene support this conclusion. A dominance of 

organic matter from the Amazon Basin rather than the Andes during the Holocene would also be 

consistent with observations from the Ganga-Brahmaputra system where it has been shown that 

at least 50 % of the organic material delivered from the Himalaya is oxidized in the floodplains and 

replaced by lowland organic carbon (Galy et al., 2008). 

 

 
Figure 3.7. Comparison between the MAT-records of 
GeoB1514 (solid line) and ODP942 from Bendle et al. (2010) 
(dashed line). The age model is from Bendle et al. (2010). 
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3.4.2 Terrigenous material and transport processes 

The transport of terrigenous material into marine sediments can also be evaluated using lithogenic 

elements (e.g. Al, Ti, K, Rb, Zr) and their ratios that can provide additional information about 

environmental conditions and transport processes (Schneider et al., 1997; Zabel et al., 2001). The 

ratio of the two lithogenic elements aluminum and titanium has been widely applied as a proxy for 

grain size and transport velocity, representing current or wind strength (Zabel et al., 1999 and 

references therein). Al/Ti-ratios as high as 20.2 have been reported from the Amazon Fan 

(Kronberg et al., 1986) and 16.4 in Amazon River particulate matter (Martin and Meybeck, 1979) 

reflecting spatial differences on gravitational effects (e.g. Spears and Kanaris-Sotiriou, 1976). Al/Ti 

in GeoB3918 fluctuates around ~19 reflecting a relatively long transport path of the lithogenic 

material. The switch in Al/Ti from 20 to 18 at 5 m in GeoB1514, however, might well reflect a more 

proximal river mouth during past glacial periods and therefore a more direct transport of 

terrigenous material to the Amazon deep sea fan consistent with previous studies (Milliman et al., 

1975; Schlünz et al., 1999; Maslin et al., 2000).  

The TOC content and the BIT both reflect the trends observed in Al/Ti, i.e. no large changes are 

observed in shelf sediments. This suggests that the source of the material and the depositional 

processes were close to constant over the last ~700 years covered by the shelf sediment core, 

within the time resolution achieved in this study. Accordingly, the most recent variations in 

precipitation and vegetation in the Amazon region (Eisma et al., 1991; Haug et al., 2001; Cohen et 

al., 2009) are not reflected by the proxy records, or they are not resolved in the sediments studied.  

A different picture emerges from the proxy records from the deep Amazon Fan (GeoB1514). Here, 

very low TOC, BHP and GDGT concentrations and a low BIT in the uppermost, Holocene interval 

are consistent with a higher sea level and preferential deposition of terrigenous matter on the 

Amazon shelf (e.g. Milliman et al., 1975). Increased BIT values, higher branched GDGT 

concentrations and TOC contents below ~0.7 m are in agreement with a more proximal river 

mouth during the LGM and the last deglaciation, reflecting colder climate conditions and a lower 

sea level that has led to the transport of terrigenous material to the deep fan (Milliman et al., 

1975). Sediments below 5 m (reflecting a deposition before ~29 ka BP) show even higher BIT 

values, TOC contents and branched GDGT concentrations. Depleted δ13Corg values as low as -

27.7 ‰ in this part of the record (Schlünz et al., 1999) are consistent with an increased 

contribution of C3 plant material. The increase in the abundances of terrigenous material might 

have been caused by the erosion of shelf sediments due to a transgressional trend of the sea level 

at this time (McGuire et al., 1997) and/or a higher transport energy as indicated by lowered Al/Ti-
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ratios. A weak negative correlation between TOC and Al/Ti in GeoB1514 (R² = 0.67; p < 0.01) 

suggests that TOC is mainly associated with the same mineral fraction that transports Ti, which 

could explain the increased TOC contents below 5 m. The same might be true for the branched 

GDGTs which slightly co-vary with TOC (R² = 0.47; p < 0.01) and Ti (R² = 0.52; p < 0.01). In addition, 

marine productivity was lower during this time period as visible in the lower crenarchaeol 

concentrations (Fig. 3.3g). The exact identification of the processes leading to elevated 

abundances of terrigenous material in sediments deposited between ~29 and 37 ka BP, however, 

was beyond the scope of this study. Earlier estimates that terrigenous OC makes up 60 to 90 % of 

the Pleistocene sediments in GeoB1514 (Schlünz, 1998) are consistent with high BIT values 

obtained in this study, suggesting 70 – 92 % terrigenous OC.  

Downcore trends of BHPs show no major similarity to the BIT, TOC and Al/Ti records. Assuming 

that the terrigenous material was probably mainly delivered from floodplain lakes it might be 

speculated that deviations in the downcore trends of BHPs and GDGTs have been caused by 

variations in biomarker input to the lake (e.g. deposition of soil-marker BHPs and branched 

GDGTs), productivity of lake-living microorganisms (BHPs specific for aerobic methane oxidation 

and a fraction of the branched GDGTs), and/or different efficiencies in erosion and riverine 

transport. Even though all processes are probably affected by climatic variations (e.g. 

precipitation, nutrient availability, riverine flux rates) these changes are not directly translated into 

the proxy records, especially as the residence time of the material in the floodplain lakes and its 

variability in the past is not known. While molecular and radiocarbon proxy records suggest that 

the OC has been pre-aged in soils and floodplain lakes before deposition on the Amazon shelf and 

fan, the influence of (shallow) oceanic currents on sediment dispersal or possible reworking 

processes also need to be considered but are beyond the scope of this study.  

 

3.5 Conclusions 

The delivery of terrigenous organic carbon to marine sediments is an important factor in 

constraining the global carbon cycle. In particular, the fact that OC can be extensively pre-aged in 

soils or other widespread environments of large tropical watersheds, e.g. floodplain lakes, can lead 

to elevated 14C ages of sedimentary OC in marine records. This mechanism can further be biased 

or amplified by reworking processes. This study presents combined biomarker and 14C records 

from Holocene shelf and Late Quaternary fan sediments from the Amazon that emphasize the 

important role of old OC.  
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Branched GDGTs and soil-marker BHPs were used to track the transport of soil organic carbon to 

the Amazon shelf and fan. We observe a strikingly constant composition of BHPs in both cores, 

which strongly argues for a common source. Strong similarities in BHP composition in the cores 

with those found in a floodplain lake sample from the Amazon catchment suggest preferential 

delivery from floodplain lakes, an environment that is widespread in all large tropical watersheds. 

We propose that BHPs represent an eroded and redeposited signal from current and old 

floodplain strata either from within the Amazon catchment or eroded from exposed older (glacial) 

strata on the shelf. A similar history is suggested for the branched GDGTs which seem to be 

produced not only in soils but also (probably to a minor extent) within floodplain lakes, in 

accordance with Tierney and Russell (2009) and Tierney et al. (2010).  

Variations in precipitation or vegetation in the Amazon catchment are not recorded in the proxy 

records on the Amazon shelf consistent with the proposed erosional history of the terrigenous 

material. An additional influence of reworking processes by shallow ocean currents cannot be 

excluded but is beyond the scope of this study. This study shows evidence in support of the idea 

that erosional processes efficiently occur on the continent/in the watershed which lead to the 

delivery of not only pre-aged, but also reworked material to the ocean. We suggest that these 

fundamental observations have to be taken into account when interpreting sedimentary records 

from continental margins and reconstructing the global carbon cycle. 
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3.7 Appendix 

 

 
Appendix 3.1. Structures of BHPs identified in this study. Compounds were measured as their 
acetylated derivatives. 
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Abstract 

A tight coupling between the atmospheric and oceanic circulation in the equatorial Atlantic region 

makes this area to an important region for paleoclimatic research. Previous studies report the 

occurrence of huge amounts of terrigenous material and soil organic carbon (SOC) within the 

marine sediments of the eastern Gulf of Guinea. We use the accumulation rates (AR) of branched 

glycerol dialkyl glycerol tetraethers (GDGTs) and the BIT index to identify variations in SOC delivery 

to the Niger Fan over the last 35 ka, and compare these records to an inorganic proxy for 

terrigenous input (aluminum AR) and to proxies for the marine productivity (AR of carbonate and 

crenarchaeol). In addition, sea surface temperatures (SSTs) are calculated based on the TEX H
86  

index and environmental factors affecting the SST-reconstructions are discussed. 

The BIT index clearly shows that SOC constitutes only a minor fraction of the terrigenous material 

deposited on the Niger Fan. Al AR are closely connected to the rate of mean sea level change after 

15 ka BP, with an additional influence of the increased monsoonal precipitation and extended 

vegetation cover corresponding to the African Humid Period (14.8 – 5.5 ka BP). Branched GDGT AR 

are determined by shelf erosion in addition to the interplay of monsoonal precipitation and 

vegetation cover controlling soil erosion.  

Paleo-SSTs show a clear shift from colder temperatures during the last glacial period (20 – 22°C) to 

warmer temperatures during the Holocene (24 – 26°C). However, TEX H
86 -based SSTs are cold-
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biased compared to recent SSTs and Mg/Ca-based SST reconstructions, which is probably caused 

by a high seasonality of the Thaumarchaeota, with a maximum productivity of these organisms 

during the cold summer months.  

 

4.1 Introduction 

The equatorial Atlantic Ocean is a key area for paleoclimatic research as the atmospheric and 

oceanic circulations are tightly coupled in this region. Many studies have been conducted in this 

region to investigate (interacting) effects of both systems on climate change (e.g. Sarnthein et al., 

1981; Pokras and Mix, 1985; McIntyre, 1989; Hughen et al., 1996; Zabel et al., 1999; Zabel et al., 

2001; Schefuß et al., 2005; Mulitza et al., 2008; Tjallingii et al., 2008; Collins et al., 2010). These 

previous studies focused on glacial-interglacial changes of the African monsoon system, driven by 

precessional forcing (Pokras and Mix, 1987), as well as changes in continental vegetation and sea 

surface temperatures (e.g. deMenocal and Rind, 1993; Verardo and McIntyre, 1994; Dupont et al., 

1998; Weldeab et al., 2007b). A very important archive in this context is terrigenous material 

deposited in marine sediments, which allows for simultaneous reconstructions of marine and 

terrestrial environmental conditions including the sources of terrigenous material, possible 

transport pathways and phase relationships of prevailing climate conditions.  

The deposition of terrigenous material in the eastern equatorial Atlantic Ocean has been 

investigated via the chemical composition of the sediments and bulk organic proxies such as 

δ13Corg, C/N and Rock-Eval pyrolysis (Zabel et al., 2001; Adegbie et al., 2003; Holtvoeth et al., 

2005). Previous studies have proposed that Niger Fan sediments mainly consist of terrigenous 

material. Holtvoeth et al. (2005) have further reported that a substantial amount of terrigenous 

organic matter is derived from the erosion of undeveloped soils with C4-plant vegetation. To test 

this hypothesis we use branched glycerol dialkyl glycerol tetraethers (GDGTs) and the Branched 

and Isoprenoid Tetraether (BIT) index (Hopmans et al., 2004), which allow to distinguish between 

the soil organic carbon (SOC) fraction and the bulk terrigenous organic carbon (OC).  

The reconstruction of paleo-sea surface temperatures (SSTs) is an important tool in 

paleoceanographic research. SSTs are a critical parameter in general circulation models of 

atmosphere and oceans and their reconstruction is essential for understanding past climate 

changes and interpreting the processes and mechanisms behind such changes (CLIMAP Project 

Members, 1976), and proxy parameters based on fauna, inorganic and organic geochemical 

properties of sediments have been developed. However, in many cases disagreement has been 

observed between SST reconstructions based on different proxies as each of them may record 



Manuscript III 

 58 

different paleo-temperatures (Weldeab et al., 2007a; Lee et al., 2008; Castañeda et al., 2010; 

Leider et al., 2010).  

We present data from the upper three meters of gravity core GeoB4901 obtained from the Gulf of 

Guinea at the Niger River deep sea fan, which represent a period of the last ∼35 ka. Our aims are 

to investigate probable variations in the delivery of soil organic carbon to the Atlantic Ocean, as 

indicated by accumulation rates (AR) of branched GDGTs, and the BIT index. These data are 

compared with indicators for the input of inorganic particles (aluminum AR) and marine 

productivity (AR of carbonate and crenarchaeol). Furthermore, we reconstruct SSTs based on 

abundance ratios of isoprenoid GDGTs, i.e. the TEX H
86  index (Schouten et al., 2002; Kim et al., 

2010) and discuss which environmental factors might have potentially affected SST-

reconstructions based on this proxy.  

 

4.2 Material and methods 

 

4.2.1 Study area and sampling 

The Niger River drains an area of ∼1.21 × 106 km² and discharges ∼192 km³/yr of water and ∼40 × 

106 t/yr of sediment into the Atlantic Ocean (Milliman and Meade, 1983). The total suspended 

load of the Niger River, however, is only about 26 g/m³ and therefore remarkably low (Konta, 1985 

and references therein). The Niger River passes several vegetation zones, including the sub-desert 

zone and the Sahelian zone as well as the area of tropical rain forest near the Niger Delta (Martins 

and Probst, 1991). Highly weathered lateritic soils are the most common soil type in the Niger 

basin (Martins, 1982) which is reflected in the very high kaolinite content of the river suspended 

material (Konta, 1985).  

Gravity core GeoB4901-8 was taken on the Niger Fan at 2184 m water depth (2.6783°N; 6.7200°E; 

Fig. 4.1). Since its recovery, the core was stored at +4°C. For this study only the upper three meters 

of the 20.2 m long core were sub-sampled. Based on radiocarbon dating, this upper section has 

been deposited continuously during the last ∼35 ka. GDGTs were analyzed in 30 samples taken at 

intervals of ∼10 cm while samples for element measurement were taken every centimeter. 

Sediment samples were freeze-dried and homogenized before analysis.  

 



Manuscript III 

 59 

 
Figure 4.1. Location of core GeoB4901-8 in the Gulf of Guinea. 

 

4.2.2 Bulk parameters 

Total organic carbon (TOC) was measured with a Leco CS-300 elemental analyzer using standard 

procedures. For aluminum and calcium concentrations, samples were prepared by total digestion 

and measured with inductively coupled plasma atomic emission spectrometry (ICP-AES; Perkin 

Elmer, Optima 3000RL) (details in Zabel et al., 2001). Calcium concentrations were used to 

calculate the carbonate content and the carbonate accumulation rates.  

 

4.2.3 Lipid extraction  

About 5 g of freeze-dried, homogenized sediment were extracted with 25 ml of methanol (MeOH), 

dichloromethane:methanol (DCM:MeOH 1:1, v/v) and DCM, respectively. Each addition of 

solvents was followed by 5 minutes of sonication and 5 minutes of centrifugation. Known amounts 

of a C46-GDGT were added as internal standard before the extraction. Total lipid extracts were 

combined, washed with bi-distilled water (Seralpure) to remove salts, dried over anhydrous 

Na2SO4 and concentrated under nitrogen. The total lipid extracts were re-dissolved in n-hexane 

and compounds were separated into three fractions applying column chromatography on silica gel 

columns. Hydrocarbons were eluted with 2 ml of n-hexane, ketones with 2 ml DCM:n-hexane (2:1, 

v/v), and alcohol fractions containing the GDGTs with 2 ml MeOH.  

For GDGT-measurement 50 % of the MeOH-fraction were dried, weighed, re-dissolved in DCM and 

filtered through 0.45 "m syringe filters (Whatman) as described by Hopmans et al. (2000) and 

Hopmans et al. (2004). The solvents were evaporated under nitrogen and lipids were re-dissolved 
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in n-hexane:isopropanol (99:1, v/v) with a  concentration of 2 mg/ml (Schouten et al., 2009) for 

HPLC-measurement.  

 

4.2.4 GDGT analysis and SST estimates 

Measurement of GDGTs was accomplished with a high performance liquid chromatography-

atmospheric pressure chemical ionization-mass spectrometer (HPLC-APCI-MS) using an Agilent 

1200 series HPLC coupled to an HP 6120 MSD equipped with automatic injector and HP 

Chemstation software. A detailed description of the instrumental settings for GDGT measurement 

is given by Leider et al. (2010). GDGT concentrations were calculated from the characteristic base 

peak areas of individual GDGTs relative to the base peak area of the internal standard at m/z 744. 

TEX H
86  and the temperature conversion were based on the equations of Kim et al. (2010). The BIT 

index (Hopmans et al., 2004) was calculated for the estimation of SOC input to the core location. 

Analytical precision was determined by repeated extraction and measurement of a lab-internal 

sediment standard. The analytical error for GDGT quantification was ± 10 %, deviation of BIT 

values was < 0.01 units. The standard deviation for TEX86 was 0.01, translating to an uncertainty of 

0.5°C in reconstructed SSTs. 

 

4.3 Results 

 

4.3.1 Radiocarbon dates and age model 

The age model was established by AMS 14C-ages obtained on TOC of 13 samples from parallel core 

GeoB4901-9 (Table 4.1; Fig. 4.2). Core GeoB4901-8 could be correlated perfectly on the basis of 

aluminum and calcium sediment concentration profiles. AMS radiocarbon dating was conducted at 

the Leibniz laboratory AMS facility in Kiel (Germany). According to the reasonable assumption that 

a substantial portion of the organic material in these sediments was delivered by the Niger River 

(cf. section 4.4.1), 14C-ages were converted into calendar years using the CALIB 6.0 algorithm 

(Stuiver et al., 2010) and a mixed marine/northern hemisphere calibration based on the Marine09 

and the Intcal09 data sets (Reimer et al., 2009). The reservoir age of the South Atlantic (315 ± 18 

years) was used for correction as the reservoir age of sediments from the Gulf of Guinea is not 

known.  The relative abundances of the marine OC fraction were estimated based on the BIT 

index. An underestimation of the terrigenous organic fraction could result in a maximum error of 

500 years based on the approximate difference between ‘pure’ Intcal09 and Marine09 
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calibrations. Consequently, given values could potentially be shifted towards younger ages. As the 

main purpose of this study is not to assess the exact timing of climate change but to evaluate the 

relative variations within single data sets, to compare different methods, and to interpret 

disagreements between the individual signals, this increased uncertainty is of minor importance. 

However, differences in the relative timing of the records are discussed if these time differences 

are larger than the potential error of our age model.  

 

Table 4.1. Radiocarbon and calibrated ages (14C ages and age BP, respectively) of 
parallel core GeoB4901-9. Calibration of 14C dates is based on a mixed 
marine/northern hemisphere calibration. The abundance of marine OC was 
estimated on the basis of the BIT index. 

 

 
 

afMC = fraction modern carbon 
 

 
Figure 4.2. Age-depth relation for 
parallel core GeoB4901-9 based on 13 
calibrated AMS radiocarbon ages. 

 

4.3.2 Bulk parameters 

The TOC content ranges from 1.1 to 1.8 weight (wt) % (Fig. 4.3a) and shows the lowest values 

around 12 ka BP. The carbonate content varies from 10.6 to 35.3 wt%, with lowest values between 

10 and 6 ka BP and a maximum around 15 ka BP (Fig. 4.3b). As to be expected, the trend of the Al 

content is contrary to the carbonate record, with a minimum at 15 ka BP and maximum values 

between 10 and 7 ka BP. Al contents vary between 5.50 and 8.31 wt% (Fig. 4.3c).  
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TOC accumulation rates (AR) peak at 8 ka BP. During the last deglaciation (between 20 and 12 ka 

BP) TOC AR were four times higher than during the late Holocene (Fig. 4.3d). Carbonate AR 

increase at 30 ka BP and decrease after 25 ka BP (Fig. 4.3e). At 17 ka BP a sharp increase is noted. 

Late Holocene carbonate AR are substantially lower than carbonate AR of the last glacial period. 

When calculating AR, the strong contrast between Al and carbonate disappears. Al AR fluctuate 

around 0.08 and 0.3 g/cm² ka (Holocene and last glacial period, respectively), with generally higher 

values during the last glacial and a distinct, absolute maximum at about 8 ka BP (Fig. 4.3f). After 

∼8 ka BP Al AR decrease continuously.  

 

 
 

Figure 4.3. Downcore profiles of relative abundances of a) TOC, b) CaCO3 
and c) Al and accumulation rates of d) TOC, e) CaCO3 and f) Al. Triangles in 
a) and d) mark depths for which 14C-ages of bulk TOC exist. 

 

4.3.3 GDGTs and BIT 

The distribution of GDGTs is dominated by crenarchaeol (including its regio-isomer) and, to a 

lesser extent, by caldarchaeol (GDGT-0; see e.g. Hopmans et al., 2004; Weijers et al., 2007 for 

GDGT structures) (Table 4.2). Concentrations of archaeal GDGTs 1-3 range from 15.9 to 73.2 "g/g 

TOC while for the bacterial branched GDGTs (GDGTs I-III) usually lower concentrations were 

measured (10.3 to 32.5 "g/g TOC; Table 2). Concentrations of the branched GDGTs are nearly at 

the same level during the last glacial period and the late Holocene (after ca. 6.5 ka BP), but show a 
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sharp peak at ∼10 ka BP (Fig. 4.4a). The trend in archaeal GDGTs is parallel to that of crenarchaeol 

concentrations which start to increase at ∼17 ka BP and peak at 15 and around 10 ka BP (Fig. 

4.4b). In contrast to branched GDGTs, crenarchaeol concentrations stay on a high level during the 

Holocene relative to the last glacial. The AR of branched GDGTs and crenarchaeol (Fig. 4.4d and 

4.4e) show records similar to those of TOC and Al, including a peak at ∼8 ka BP. Crenarchaeol AR, 

however, are not higher during the last glacial period than during the late Holocene.  

The BIT index (Fig. 4.4f) shows values between 0.06 and 0.23 with a slightly decreasing trend 

toward the youngest sample. These values are within the range observed before for coastal to 

open marine settings (Hopmans et al., 2004; Kim et al., 2006).  

 

Table 4.2. Concentrations of GDGTs ["g /g TOC], BIT, TEX H
86  

and reconstructed SSTs. For structures of GDGTs see e.g. 
Hopmans et al. (2004) or Weijers et al. (2007). 
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Figure 4.4. Downcore profiles of the concentrations of a) branched GDGTs 
and b) crenarchaeol, the accumulation rates of d) branched GDGTs, e) 
crenarchaeol and f) the BIT index. c) shows the Ba/Ca-record reflecting 
riverine discharge from Weldeab et al. (2007b). Triangles in d) mark depths 
for which 14C-ages of bulk TOC exist. 

 

4.3.4 SST estimates based on TEX H
86  

SST reconstructions based on the TEX H
86 -index (Kim et al., 2010) show consistently lower values 

during the last glacial period (20 to 22°C) than during the Holocene (24 to 26°C) with an increase 

towards modern values between ∼20 and 16 ka BP (Fig. 4.5). This translates to a glacial to 

Holocene temperature difference of ∼3°C in the tropical Atlantic Ocean, which is in accordance 

with earlier studies (e.g. Bard, 2001 and references therein). If the TEX86-index with its original 

calibration (Schouten et al., 2002) is used, a systematic offset is observed showing lower estimates 

for SSTs (-1.3 to -1.8°C during the Holocene, -2.5 to -3°C before ∼17 ka BP). The mean annual SST 

in this region is given with 27°C, and cold summer SSTs are reported to range between 25 and 

26°C (Locarnini, 2010). Reconstructions based on the TEX H
86  index result in core-top SST estimates 

only about 1°C colder than measured summer SST.  
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Figure 4.5. Comparison between TEX H
86 -SST 

estimates (dashed line) and the Mg/Ca-SST 
record (solid line) of Weldeab et al. (2007b) 
for the last 35 ka BP. 

 

4.4 Discussion 

 

4.4.1 Terrigenous input 

Terrigenous input, riverine discharge and shelf erosion 

In comparison to the late Holocene, inorganic and organic terrigenous components show higher 

accumulation rates on the Niger Fan during the last glacial period. The parallel increase of Al AR 

and branched GDGT AR at ∼13 ka BP is associated with increases in humidity (Gasse et al., 2008 

and references therein) and riverine discharge (e.g. Pastouret, 1978; Pokras, 1987; Lézine & Cazet, 

2005) reported for the Pleistocene-Holocene transition. This increased humidity starting between 

∼13 and 12 ka BP (Lézine and Casanova, 1989; Maley and Brenac, 1998) marks the beginning of 

the African Humid Period (14.8 to 5.5 ka BP; deMenocal et al., 2000; Gasse, 2000) and is the 

consequence of an intensification of the African monsoon (Cole et al., 2009). During the African 

Humid Period the Sahara was covered by a denser vegetation including a higher biodiversity and a 

northward expansion of tropical humid plants (Salzmann and Waller, 1998; Gasse, 2000; Salzmann 

et al., 2002; Watrin et al., 2009).  

A maximum of riverine discharge into the eastern Gulf of Guinea at the Pleistocene-Holocene 

transition in connection with the onset of the African Humid Period has also been noted by 

Weldeab et al. (2007b) who used the Ba/Ca-ratio within the shells of planktonic foraminifera (Hall 

and Chan, 2004) to monitor the paleo-discharge of the Sanaga River (Cameroon) during the past 

155 ka BP. The trends observed in the Ba/Ca-record of Weldeab et al. (2007b) (Fig. 4.4c) during the 

last glacial to Holocene time interval are similar to the trends of the Al content and branched 
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GDGT concentrations of core GeoB4901 (Fig. 4.3c and 4.4a). This includes in particular the sharp 

increase after ∼13 ka BP as a consequence of the increased monsoonal precipitation (Gasse, 2000; 

Weldeab et al., 2005; Weldeab et al., 2007b), but also the decrease of the concentrations of 

terrigenous components and discharge during the late Holocene. The latter has probably been 

caused by a southward retreat of the monsoonal rainfall front (Weldeab et al., 2007b and 

references therein) and is contemporary with the end of the African Humid Period at about 5.5 ka 

BP (deMenocal et al., 2000). However, some discrepancies can be observed between the records, 

including a missing retroflection of the Younger Dryas (YD; 12.9 to 11.6 ka BP; NGRIP members, 

2004) in the Al and branched GDGT records. The Younger Dryas is known to be a cooling event and 

a short return of dry conditions on the African continent due to a decrease in monsoonal 

precipitation, causing a sharp decrease in riverine discharge, reflecting surface runoff from poorly 

vegetated areas, and an increase in sea surface salinities (Hughen et al., 1996 and references 

therein; Lézine et al., 2005; Weldeab et al., 2007b). Most terrestrial records from equatorial Africa 

usually reflect the YD period (Gasse et al., 2008), while it is not resolved in our Al and branched 

GDGT data. For the branched GDGT record this may be due to a low temporal resolution of our 

samples.  

Another possible interpretation of our records of core GeoB4901 is that the deposition of 

terrigenous components on the Niger Fan is dominantly affected by the erosion and re-deposition 

of shelf sediments during the post-glacial sea level rise. Shelf erosion might then have concealed 

the signal of the YD even if it might have been exported by the Niger River. Figure 4.6 shows the 

rate of mean sea level change compared to the AR of aluminum and branched GDGTs. The record 

of the Al AR shows – within the limitations of the age model – a high similarity to the rate of mean 

sea level change after 15 ka BP. It seems therefore likely that the Al AR – in addition to being 

influenced by riverine runoff – has also been affected by shelf erosion during deglacial sea level 

rise as highest Al AR are noted during periods of high rates of sea level rise. Before 15 ka BP sea 

level change only influenced the deposition of terrigenous material on the Niger Fan if the mean 

sea level was less than 80 meters below the present level. However, during most of the last glacial 

period after 35 ka BP the mean sea level was mainly more than 80 meters below the present level 

(Tastet et al., 1993; McGuire et al., 1997).  

After ∼7 ka BP the Al content decreases which is concurrent with a decreased discharge reported 

for the Niger River after 7.1 ka BP (Lézine et al., 2005) and a shift towards more arid conditions in 

the catchment area of the Niger River (Lézine and Casanova, 1989; Salzmann et al., 2002), but also 

with a decrease in the rate of mean sea level change. For the Sanaga River a major decrease in 
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discharge has only been observed at 5.1 ka BP (Weldeab et al., 2007b),. This time offset between 

the two river systems might have been caused by local changes in precipitation as they have been 

described for the middle to late Holocene before (Lézine and Casanova, 1989; Salzmann et al., 

2002). The decrease in the Al content, however, might only partly be caused by a decrease in 

monsoonal precipitation and erosion, but might be due to a decrease in the rate of mean sea level 

change and associated shelf erosion. 

 

 
Figure 4.6. Comparison between a) the Al AR with b) 
the rate of mean sea level change (modified after 
McGuire et al., 1997) and c) the branched GDGT AR. 

 

In contrast to the Al AR, branched GDGT AR exhibit a less pronounced connection to the rate of 

sea level change. However, the major peak in branched GDGT AR occurs about 

contemporaneously with the maximum rate of sea level change illustrating the effect of shelf 

erosion on the accumulation of terrigenous material at our deep-sea site. It is nevertheless 

suggested that branched GDGT AR are furthermore affected by the continental conditions, i.e. the 

soil erosion as a consequence of the interplay between high precipitation and extending 

vegetation cover. This might imply that – regardless of still high discharge – the increased 

precipitation led to a higher vegetation cover in the Niger basin, which hindered erosion and 

therefore lowered the amount of branched GDGTs delivered to the open ocean. This is consistent 

with Dupont et al. (2000) who noted an increase in rain forest pollen taxa after 14 ka BP, with a 

maximum extension in the early Holocene (10 to 5 ka BP), while during the LGM savannah and 

open forest vegetation were more abundant.  
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Soil organic carbon and higher plant material 

BIT values are highest during the last glacial period and slowly decrease towards the late 

Holocene, implying that the relative amount of SOC deposited on the Niger Fan slightly decreased 

towards present day conditions. This small shift in SOC abundance can either be attributed to a 

more distal river mouth due to deglacial sea level rise (Burke, 1972) or to a reduction in 

precipitation as a result of a southward displacement and weakening of the West African monsoon 

(Weldeab et al., 2007b), or a combination of both factors. During the time period from ∼16 to 12 

ka BP, increasing marine productivity and rising sea level causing a landward shift of the river 

mouth lead to reduced BIT index values. At the Pleistocene-Holocene transition between 12 and 

10 ka BP, the BIT index is slightly higher either due to an increased soil erosion and delivery of 

branched GDGTs to the Atlantic Ocean as a consequence of intensified monsoonal precipitation, 

or as a result of shelf erosion during sea level rise. After ∼10 ka BP the BIT as well as 

concentrations of branched GDGTs decrease even though the West African monsoon is intensified, 

indicating that during this time period the landward shift of the river mouth is the controlling 

factor. A decrease in the monsoon activity is only noted after ∼5 ka BP (Weldeab et al., 2007b), 

which however is not recorded as a further reduction of the BIT index in our core. It is therefore 

suggested that the dominating factor controlling the BIT index is the position of the river mouth as 

a consequence of deglacial sea level rise, while the West African monsoon has an additional 

influence especially at the beginning of the Holocene.  

A relatively low supply of SOC, as indicated by the generally low values of the BIT index, seems to 

be contradictory to Holtvoeth et al. (2005) who reported high abundances of SOC in Niger Fan 

sediments. Based on the Corg/Ntot ratio and stable carbon isotopic signatures, these authors argue 

that a major portion of the organic fraction consists of poorly developed soil (Entisol) and C4-plant 

material. If the terrigenous material was derived from poorly developed soils it would be possible 

that Niger Fan sediments only contained low amounts of branched GDGTs as the duration of soil 

formation determines the abundance of branched GDGTs (Peterse et al., 2009b). However, if 

pedogenesis did not proceed over a longer time period, the incorporation of plant material into 

these undeveloped soils should also be limited.  

The determination of the exact proportions of C3- and C4-plant material within sediments from the 

Niger Fan was beyond the scope of this study. Nevertheless, published stable carbon isotopes of 
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long chain n-alkanes as constituents of epicuticular plant waxes in sediments from the eastern Gulf 

of Guinea in close proximity to the core location of GeoB4901 reveal that only 20 to 30 % of the 

OC is derived from C4-plants (Huang et al., 2000), which is consistent with pollen records (Dupont 

and Agwu, 1991). However, pollen and long chain n-alkanes (e.g. Simoneit et al., 1977; Gagosian et 

al., 1981) are predominantly delivered to the ocean by eolian transport. Branched GDGTs, on the 

contrary, are not delivered by eolian, but by riverine transport (Hopmans et al., 2004). According 

to Huang et al. (2000) riverine transport to the equatorial Atlantic Ocean favors the delivery of C3-

plant material from the tropical forest, leading to more negative w13C values near the African 

continent. In addition, OC delivered by eolian transport mainly from the Sahara and Sahel zone 

(Chester et al., 1972; Simoneit et al., 1977; Cox et al., 1982; Huang et al., 2000) and deposited in 

the eastern Gulf of Guinea reflects only a maximum of 30 % C4-plant material (Huang et al., 2000). 

The Sahara and Sahel zone represent those regions in NW Africa where undeveloped soils and C4-

vegetation predominate (Eswaran et al., 1997; Collatz et al., 1998). Low abundances of C4-plant 

material within OC delivered from these regions therefore argue against a large impact of C4-plant 

material on stable carbon isotopes as proposed by Holtvoeth et al. (2005). The δ13C values of the 

samples from the Niger Fan consequently suggest that these sediments consist of a mixture of 

marine OC and C3-/C4-plant material with a predominance of C3-plant material. In accordance with 

the low BIT values we therefore suggest that the delivery of major amounts of SOC with enhanced 

C4-plant contributions as proposed by Holtvoeth et al. (2005) to the Niger Fan is unlikely. This is 

furthermore consistent with high abundances of kaolinite within the river suspended material 

(Konta, 1985) and in the marine sediments off the Niger River mouth (Pastouret, 1978) which 

indicate that at least a fraction of the terrigenous material was delivered from developed soils, as 

kaolinite is a typical clay mineral of lateritic soils (Fütterer, 2006).  

Considering, however, that sediments from the Niger Fan have independently been reported to 

contain large amounts of terrigenous material using several organic and inorganic proxies (Zabel et 

al., 2001; Adegbie et al., 2003; Holtvoeth et al., 2005) we conclude that the BIT as a proxy for SOC 

underestimates the presence of terrigenous material within these sediments. Discrepancies 

between the amounts of terrigenous input estimated by different organic proxies (δ13Corg, C/N and 

lignin phenols vs. BIT) have been reported before (Walsh et al., 2008; Weijers et al., 2009b). Our 

results indicate that SOC reflects only a relatively small proportion of the terrigenous material 

deposited on the Niger Fan, while inorganic terrigenous material and possibly fresh higher plant 

material constitute the dominant part of the terrigenous material in these sediments. These 

differences might be explained by a predominance of surface runoff feeding the Niger River as it 
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has been reported by Martins (1982). Surface runoff might deliver high abundances of inorganic 

terrigenous material and fresh higher plant material into the Niger River. Soil erosion, on the 

contrary, presumably takes place only during the wet season, as the organic carbon pool is located 

in that part of the floodplain which is above the water stage during low water (Martins, 1982). In 

addition, a large fraction of the suspended material is delivered to the river by eolian transport 

(Martins, 1982), which might also increase the relative abundance of inorganic terrigenous 

material in comparison to SOC within the suspended load and, consequently, in the marine 

sediments.  

 

4.4.2 Marine productivity 

Carbonate AR are substantially higher during the last glacial period than during the late Holocene, 

indicating a higher marine productivity during the last glacial period. The higher marine 

productivity during glacials has probably been caused by an increased sediment and nutrient 

supply to the core site via the Niger River (Zabel et al., 2001). During the early deglaciation, at ∼17 

ka BP, carbonate AR and crenarchaeol AR sharply increase. The increase in carbonate and 

crenarchaeol AR probably indicates an increase in marine productivity which might have been 

stimulated by a first slight increase in riverine runoff (Weldeab et al., 2007b) supplying nutrients.  

Major differences between the records of carbonate AR and crenarchaeol AR are the reflection of 

the Younger Dryas by the crenarchaeol AR (low values around 13 ka BP) and the different timing of 

maximum carbonate  (between 15 and 12 ka BP) and crenarchaeol (at ∼8 ka BP) AR. The peak in 

crenarchaeol AR at 8 ka BP is coupled with a contemporaneous peak in the AR of branched GDGTs. 

The concurrence of highest AR of marine (crenarchaeol) and terrigenous (branched GDGTs) 

compounds may indicate that marine archaeal productivity was influenced by discharge or rather 

by the nutrients which have been delivered by riverine runoff. In fact, as the trend in crenarchaeol 

AR is very similar to that of branched GDGT AR, while the discharge record shows some deviations 

from this trend, it might be suggested that crenarchaeol AR is determined by soil erosion rather 

than by riverine discharge itself. Thaumarchaeota have been shown to be nitrifiers (Könneke et al., 

2005; Wuchter et al., 2006a; Herfort et al., 2007) and it is suggested that nutrients (ammonia) 

stored in soils were delivered to the ocean during maximum riverine, allowing for a higher 

productivity of the Thaumarchaeota. Lower carbonate AR at 8 ka BP may indicate that 

coccolithophorid productivity was lowered which might be supported by the concentrations of 

alkenones – lipids produced exclusively by several coccolithophorid species (Volkman et al., 1980; 
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Volkman et al., 1995) – measured by Weldeab et al. (2007a). As coccolithophorids are good 

competitors for inorganic phosphate, but are outcompeted for nitrogen by other phytoplankton 

groups, e.g. diatoms (Riegman et al., 2000; Baumann et al., 2005), it might be suggested that the 

river probably exported excess nitrogen, but not enough inorganic phosphate to trigger the 

productivity of coccolithophorids.  

After 8 ka BP, carbonate and crenarchaeol AR decrease simultaneously with Al and branched 

GDGT AR. This concurrence has probably been caused by the decrease in riverine discharge and 

soil erosion, which not only leads to a decrease in the delivery of terrigenous material (Al and 

branched GDGTs), but also of nutrients. Reduced riverine nutrient supply might hence have 

induced a decrease of the marine productivity.  

 

4.4.3 SST reconstructions 

Mean annual SSTs measured today in the eastern Gulf of Guinea are 27°C, lowest temperatures of 

25 to 26°C are observed during boreal summer (Locarnini, 2010). TEX H
86 -based SST reconstructions 

are about 2 to 3°C lower than measured mean annual SSTs. Several factors may account for this 

‘cold-bias’ of TEX H
86 -based SST estimates.  

One potential reason for biased SST-reconstructions is the input of terrigenous material containing 

also archaeal GDGTs. However, as this bias has only been observed at BIT values above 0.4 

(Weijers et al., 2006a) its influence on SST reconstructions of our samples should be negligible as 

BIT values of our samples are low (0.06 – 0.23). Degradation under oxic conditions results in 

TEX H
86 -based SST estimates to be biased towards warmer values (Huguet et al., 2009; Kim et al., 

2009). As we observe a bias towards colder temperatures we conclude that degradation did not 

play a major role for our samples. Lateral advection of (older) material has often been discussed to 

be a major factor influencing alkenone paleothermometry (Ohkouchi et al., 2002; Mollenhauer et 

al., 2003; Mollenhauer et al., 2005). In contrast to alkenones, GDGTs – and therefore the TEX86-

paleothermometry – seem to reflect a more local signal and are hardly influenced by lateral 

advection (Mollenhauer et al., 2007; Mollenhauer et al., 2008; Shah et al., 2008). This is possibly 

due to a higher degradation of GDGTs during transport (Mollenhauer et al., 2008), implying that 

also for our core site lateral advection of GDGTs did not play an important role.  

Growth season and the depth habitat of Thaumarchaeota likely have a stronger impact on TEX H
86 -

based SST reconstructions (Herfort et al., 2006; Huguet et al., 2006; Lee et al., 2008; 

Rommerskirchen et al., 2011). Thaumarchaeota have been described to be abundant throughout 
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the water column (Karner et al., 2001) and a subsurface production was noticed in different 

environments (e.g. Huguet et al., 2007; Lee et al., 2008; Rommerskirchen et al., 2011). Huguet et 

al. (2007) report a production mainly at 100 to 300 m water depth for the Santa Barbara Basin. For 

our study region we exclude GDGT production in such great water depth. In the Gulf of Guinea 

subsurface annual mean temperatures are between 16°C (100 m water depth) and below 12°C 

(300 m depth) (Locarnini, 2010). Instead, cold season SSTs during boreal summer are between 25 

and 26°C (Locarnini, 2010) suggesting seasonal thaumarchaeotal near-surface production. Highest 

productivity of Thaumarchaeota during summer seems reasonable as this is the season of highest 

precipitation and therefore riverine runoff (Martins, 1982; Gasse, 2000), bringing additional 

amounts of ammonia into the ocean which are used by the Thaumarchaeota for their metabolism 

(Wuchter et al., 2006a; Herfort et al., 2007). Moreover, maximum productivity of Thaumarchaeota 

during the cold season (boreal summer) would be consistent with reports of highest 

coccolithophorid (Sikes and Keigwin, 1994; Leduc et al., 2010) and phytoplankton (Gregg and 

Conkright, 2001) productivity during the warm season (boreal winter/early spring) as 

Thaumarchaeota have been observed to bloom during times when phytoplankton productivity is 

low (Wuchter et al., 2005; Leider et al., 2010). However, given the importance of thaumarchaeotal 

subsurface production reported in other studies (Huguet et al., 2007; Lee et al., 2008; 

Rommerskirchen et al., 2011) subsurface production might potentially have affected TEX H
86 -based 

SST estimates also in this study. Hence the observed cold-bias in SST reconstructions could also be 

explained by the production of archaeal lipids within the thermocline (30 – 70 m water depth) 

during the warm season (winter).  

The temperature difference between Holocene and LGM observed for TEX H
86 -based SST estimates 

is about 3°C, which is within the range of values found in other studies (e.g. Mix et al., 1999; Bard, 

2001; Mulitza et al., 2007). This cooling during the LGM has been suggested to result from 

stronger circulation within the cooler thermocline and advection of subpolar waters into the 

tropics, in combination with equatorial and eastern boundary upwelling (Mix et al., 1999 and 

references therein; Niebler et al., 2003; Mulitza et al., 2007). Our results corroborate the finding of 

a gradual increase of SSTs from the LGM to ∼10 ka BP without evidence for cooling during Heinrich 

Event 1 and the Younger Dryas as has been reported for other marine records from the eastern 

Gulf of Guinea (Gasse et al., 2008; note the contrast to terrestrial records of the region).  

SST reconstructions from this study were compared to paleo-SST estimates based on foraminiferal 

Mg/Ca-ratios that were calculated for two cores off the Sanaga River mouth (Cameroon) ∼300 km 



Manuscript III 

 73 

east of our core site (Weldeab et al., 2005; Weldeab et al., 2007b). It is obvious that Mg/Ca-SST 

estimates are up to 2°C higher than GDGT-based SST estimates during the mid-Holocene and this 

temperature difference is even bigger (up to 4°C) in the Late Pleistocene (Fig. 4.5). As discussed 

above, these differences could be the result of different seasonal productivity of Thaumarchaeota 

and planktonic foraminifera, respectively. Furthermore, TEX H
86 -based SST estimates suggest 

stronger glacial to Holocene warming (3 to 4°C) than Mg/Ca-based SSTs (2°C), which were shown 

to reflect annual mean SSTs. The large temperature offset between Mg/Ca- and TEX H
86 -SST 

reconstructions in the Pleistocene might be explained by a greater seasonality during the LGM 

(4°C instead of 3°C during the Holocene) as reported by Niebler et al. (2003).  

 

4.5 Conclusions 

The relative abundance of soil organic carbon within marine sediments from the eastern Gulf of 

Guinea decreases from the last glacial period until the latest Holocene as reflected by the BIT 

index. This was probably caused by a landward shift of the Niger River mouth as a consequence of 

the rising sea level during the last deglaciation. An additional influence of the West African 

monsoon on the BIT index seems likely for the early and possibly also the late Holocene. Highest 

accumulation rates (AR) of terrigenous material (Al and branched GDGTs) are observed between 

10 and 8 ka BP, which is the time of highest riverine discharge. The increase in riverine discharge 

after 12 ka BP has been caused by an increased precipitation as a consequence of an intensified 

West African monsoon (Cole et al., 2009) and reflects the African Humid Period (deMenocal et al., 

2000). However, the rate of mean sea level change exerted the dominant influence on Al AR after 

15 ka BP. During periods of high rates of sea level rise Al AR are highest, indicating that shelf 

erosion relocated Al formerly deposited on the shelf towards the Niger Fan. On the contrary, shelf 

erosion seems to be less important for the branched GDGTs, even though the peak in branched 

GDGT AR occurs during the time period of maximum sea level rise. It is nevertheless suggested 

that the peak in branched GDGT AR was amplified by soil erosion due to a high precipitation. 

Interestingly, crenarchaeol AR are highest during times of maximum branched GDGT AR, 

suggesting that Thaumarchaeota are more productive when additional nutrients (ammonia) are 

delivered by the rivers as a consequence of soil erosion.  

SST estimates based on TEX H
86  are cold-biased in relation to modern SSTs (Locarnini, 2010) and 

Mg/Ca-based SST reconstructions from the eastern Gulf of Guinea (Weldeab et al., 2005; Weldeab 

et al., 2007b). A possible explanation for this cold-bias is the influence of a pronounced seasonality 
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of biomarker production. We suggest that highest thaumarchaeotal productivity occurs during the 

cold boreal summer months when phytoplankton is less active. In addition, highest discharge of 

the Niger River (Martins, 1982; Gasse, 2000) and therefore nutrient delivery occurs during boreal 

summer, enhancing thaumarchaeotal productivity by nutrient delivery. During the last glacial 

period SSTs were about 3 to 4°C lower than during the Holocene with an increase towards modern 

values between 20 and 16 ka BP. The amplitude between glacial and interglacial SSTs is higher for 

TEX H
86 -SST estimates than for Mg/Ca-based SSTs, which is probably caused by a higher 

temperature difference between the seasons during the LGM.  
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5. Conclusions and Outlook 

 

5.1 Conclusions 

This thesis comprises three case studies focused on the transport and deposition of terrigenous 

material in the Atlantic Ocean. Eolian transport is the second most important pathway for the 

transport of terrigenous material into the ocean. One case study therefore deals with the chemical 

signature of eolian dust collected off the NW African coast. However, the majority of terrigenous 

material is transported to the oceans by rivers, which is why two river systems were chosen for 

evaluating the deposition of terrigenous material in the adjacent continental margin systems. 

These studies used a multi-proxy approach combining inorganic (elements and element ratios) and 

organic (biomarker) proxies. Three sediment cores were chosen for this approach, including one 

core each from the Amazon shelf and Amazon deep sea fan and another core from the deep Niger 

Fan. Besides tracing terrigenous input into these environments the Amazon case study also 

reconstructed paleo-conditions on the continent based on specific biomarkers (GDGTs). For the 

Gulf of Guinea sea surface temperatures (SSTs) were reconstructed in addition to research on the 

deposition of terrigenous material.  

 

5.1.1 Eolian dust off the NW African coast 

Eolian dust samples taken off the NW African coast between the equator and 35°N were 

investigated for their chemical composition to identify the ‘primary signal’ of eolian dust from this 

region (Manuscript I). A high variability of the chemical composition of these dust samples was 

observed, with a clearly higher variability for samples taken between the equator and 10°N as well 

as north of 20°N. On the contrary, near-crustal values of element ratios are noted for samples 

taken between 10 and 20°N. Besides this connection between chemical composition and 

latitudinal sampling position the chemical composition also depends on the atmospheric dust 

concentration. The largest scatter in chemical composition occurs during periods of low dust 

concentrations while under high dust conditions element ratios similar to crustal values were 

observed. A possible explanation for these features is the admixture of aerosols from different 

sources – sea spray as well as aerosols from biomass burning or anthropogenic activities – under 

low dust conditions which might bias the signal of the eolian dust particles emitted from Saharan 

and Sahelian sources. Biomass burning is especially abundant between the equator and 10°N 

which is clearly reflected by the elevated K/Al-ratios of dust samples from this region. On the 
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contrary, between 10 and 20°N samples were mainly taken under high dust concentrations which 

might explain the relatively constant chemical composition of samples from this region.  

The results from this study clearly show that it is not possible to define one ‘primary signal’ for 

eolian dust delivered to the Atlantic Ocean off NW Africa. A clear source assignment based on the 

chemical composition of eolian dust has proven very difficult (this study; Arimoto, 2001; Trapp et 

al., 2010) especially as mineral aerosols from different sources are already mixed during uplifting 

(Schütz and Sebert, 1987; Trapp et al., 2010). Additional modifications occur during transport by 

wind direction and strength and transport path. The large variability in the chemical composition 

of eolian dust might also be expressed in the marine sediment record. Without a clear ‘primary 

signal’ it is difficult to identify alterations of the dust particles occurring during transport through 

the water column. However, largest amounts of eolian dust are presumably deposited under high 

dust conditions when the variability in the chemical composition of the dust is relatively small. 

Moreover, sediments integrate over a long time period and a large number of dust events which 

might also reduce the variability in the chemical composition reflected in marine sediments. 

Further research is nevertheless needed to investigate the coupling between the ‘primary signal’ 

in eolian dust and the signal reflected by marine sediments.  

 

5.1.2 Deposition of terrigenous material in continental margin systems 

 

5.1.2.1 The Amazon continental margin  

The delivery of soil organic carbon (SOC) into sediments from the Amazon shelf and deep sea fan 

has been successfully proven in this study by measurement of branched GDGTs and (soil-marker) 

BHPs (Manuscript II). The BIT index has been calculated for assessment of the relative abundance 

of SOC in the marine sediments. The results show that the relative abundance of SOC is even 

higher in Amazon Fan sediments than on the Amazon shelf. This is consistent with a more direct 

delivery of terrigenous material due to an offshore shift of the river mouth caused by glacial sea 

level fall. Unexpectedly invariant BHP and branched GDGT compositions within each of the two 

gravity cores led to the conclusion that the material was delivered from one single source region. 

Based on unexpectedly high relative abundances of BHPs specific for aerobic methane oxidation a 

floodplain lake source was suggested as larger amounts of these specific BHPs are not known from 

marine environments or soils. This hypothesis is supported by the high similarity between the BHP 

composition of the marine sediments and a sediment sample from a recent floodplain lake in the 

western Amazon Basin (Lago Socó). These results indicate that the OC deposited on the Amazon 
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shelf and fan has already experienced reworking on the continent as compounds were presumably 

produced and/or temporarily stored in a floodplain lake environment. High 14C ages of TOC in 

Amazon shelf sediments and the presence of pre-Quaternary pollen in Amazon Fan sediments 

(Hoorn, 1997) support this conclusion of sediment storage and pre-aging on the continent. 

However, 14C ages of TOC in Amazon Fan sediments do not indicate a high importance of old OC. 

The influence of reworking by currents on the marine sediments and the biomarker signals could 

not be assessed, but it can definitely not be excluded as reworking is an important and common 

process in continental margin systems. Reworked OC in continental margin systems off large rivers 

seems to be more important than commonly considered, which has implications for the 

interpretation of proxy records from such sediments and for constraining the global carbon cycle.  

Branched GDGTs were also used for reconstruction of mean annual air temperatures (MAT) and 

soil pH. Reconstructed soil pH values are considerably higher than actually measured pH values in 

soils from the Amazon Basin. Based on this observation it is suggested that branched GDGTs were 

also produced in situ within the floodplain lake as has been reported before (e.g. Tierney and 

Russell, 2009; Tierney et al., 2010). A slight cold-bias of reconstructed MAT might also be due to in 

situ production of branched GDGTs within floodplain lakes. However, MAT-reconstructions for 

Amazon shelf sediments are at the lower end of recently measured air temperatures in the 

Amazon Basin. MAT reconstructed for the glacial sediments from the Amazon Fan are about 3 to 

4°C lower than recent temperatures. Glacial MAT estimates show a trend nearly identical with that 

observed by Bendle et al. (2010) on an ODP core from the Amazon Fan. Very low MAT are also 

observed for Holocene samples from the Amazon Fan, but in contrast to Bendle et al. (2010) we 

assume that this is due to the very low amounts of terrigenous material being delivered to the 

Amazon Fan during the Holocene as the major deposition area is now located on the Amazon 

shelf. Based on the MAT estimates from the Amazon shelf which reflect recent measured air 

temperatures it is argued against an increased delivery of Andean material in the Holocene as 

proposed by Bendle et al. (2010). This might be supported by reports from the Ganga-

Brahmaputra system – which is similar to the Amazon concerning the dispersal system (Walsh and 

Nittrouer, 2009) – where recent studies have shown that at least 50 % of material delivered from 

the Himalaya are oxidized in the floodplain and replaced by lowland organic carbon (Galy et al., 

2011). The climatic signal delivered from the mountains is therefore to a large extent overprinted 

by lowland signatures, which is suggested to be the case also in the Amazon Basin.  
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5.1.2.2 The Niger Fan 

The delivery of terrigenous material to the Niger Fan during the last ~35 ka BP has been 

investigated based on the accumulation rates of aluminum (as a lithogenic element) and branched 

GDGTs. Low BIT values in contrast to reports of a predominance of terrigenous material in these 

sediments (Zabel et al., 2001; Adegbie et al., 2003; Holtvoeth et al., 2005) indicate that only a 

minor portion of the terrigenous material represents SOC. The relative abundance of SOC relative 

to marine OC decreases towards the Holocene, probably caused by a landward shift of the river 

mouth due to a rising sea level during the last deglaciation, with additional influence of monsoonal 

precipitation during the early and late Holocene. The trend in the Al AR after 15 ka BP shows a 

high similarity to the rate of mean sea level change, indicating that Al AR are predominantly 

determined by shelf erosion as a consequence of deglacial sea level rise. Al AR are additionally 

modified by the increased intensity and resulting precipitation of the West African monsoon 

during the African Humid Period (14.8 - 5.5 ka BP; deMenocal et al., 2000). Branched GDGT AR, on 

the contrary, seems to be less affected by shelf erosion but appears to be mainly controlled by soil 

erosion as a result of the interplay between increased monsoonal precipitation and corresponding 

vegetation cover. A high similarity between the branched GDGT and crenarchaeol AR indicates 

that thaumarchaeotal productivity might have been enhanced by the delivery of nutrients from 

soils. Carbonate AR reflect a higher marine productivity during the last glacial period, probably due 

to increased nutrient concentrations in the surface ocean. In accordance with Zabel et al. (2001) it 

is suggested that the increase in marine productivity was induced by nutrients delivered to the 

ocean by the Niger River.  

Paleo-SSTs for the Gulf of Guinea were reconstructed based on GDGTs and TEX H
86 . Comparison 

with actually measured SSTs in the Gulf of Guinea (Locarnini, 2010) and SST estimates by Weldeab 

et al. (2005; 2007b) (based on Mg/Ca-ratios of planktonic foraminifera) reveals that TEX H
86 -SST 

reconstructions show a cold-bias of ~2°C in the Holocene and up to 4°C in the Late Pleistocene. 

This is explained by a high seasonality of biomarker production, with Thaumarchaeota being 

especially active during cold boreal summer when phytoplankton is less active. However, an 

additional influence of thaumarchaeotal subsurface production can not be excluded. The 

temperature difference between the Holocene and the LGM is higher for TEX H
86 -SST estimates 

compared to Mg/Ca-based SSTs (3 and 2°C, respectively). The larger difference between Mg/Ca-

based SST-estimates (Weldeab et al., 2005; Weldeab et al., 2007b) and TEX H
86 -SSTs during the last 
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glacial period might have been caused by a larger temperature difference between the different 

seasons during the LGM (Niebler et al., 2003).  

 

5.1.2.3 Organic carbon in Niger and Amazon continental margin systems 

The two continental margin systems investigated in this study were both affected by sea level 

changes in association with changes between glacial and interglacial conditions. Lowered sea level 

during the last glacial period led to a more direct delivery of terrigenous material to the Amazon 

and Niger deep sea fans. However, several differences can be noted between the two settings. The 

most apparent difference is the clearly lower abundance of soil organic carbon in the sediments of 

the Niger Fan compared to the Amazon shelf and fan sediments. While BIT values of 0.62 and even 

up to 0.92 are reported from the Amazon shelf and fan, BIT in Niger Fan sediments only reaches a 

maximum value of 0.23. Soil-marker BHPs were identified in all but the uppermost Holocene 

sample from the Amazon Fan (and shelf) but a test study based on six samples showed that soil-

marker BHPs are only present in the deeper part of the Niger Fan core (Table 5.1), representing 

sediments from the last glacial period. During recent times soil-marker BHP concentrations are 

probably below detection limit. However, TOC contents are clearly higher in sediments from the 

Niger Fan (1.2 to 1.8 wt%) compared to the Amazon shelf (0.6 to 0.7 wt%) and fan (Holocene: 

0.3 wt%; Pleistocene: 0.5 to 1 wt%). This might indicate a higher marine productivity in the Gulf of 

Guinea, but former studies have shown that sediments from this region mainly consist of 

terrigenous material (Zabel et al., 2001; Adegbie et al., 2003; Holtvoeth et al., 2005). It is 

consequently suggested that the organic terrigenous fraction on the Niger Fan mainly consists of 

fresh plant material in addition to inorganic terrigenous matter, but only a small fraction of SOC. 

Accordingly, in this region the BIT significantly underestimates the terrigenous input, as reported 

before from the Vancouver Fjord (Walsh et al., 2008). On the contrary, Amazon shelf and fan 

sediments contain a higher abundance of SOC compared to fresh plant material (Aller et al., 1986; 

Hedges et al., 1986b). Given the often high 14C-ages of SOC (e.g. Martinelli et al., 1996; Pessenda 

et al., 2010 and references therein) organic carbon in marine sediments containing large SOC 

amounts can be significantly older than its depositional age as it has been shown for Amazon shelf 

sediments (e.g. Sommerfield et al., 1995; this study). However, similar observations have not been 

made for the Niger Fan sediments, indicating that 14C-ages of TOC are not biased by the deposition 

of old SOC.  
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Table 5.1: BHP concentrations for six samples of GeoB4901. Compound structures as in Appendix 
3.1 (section 3.7).  
 

  

a [M + H]+ 
b [M + H - CH3COOH]+ 

 

5.2 Outlook 

 

Eolian dust 

Earlier studies suggest that the chemical composition and grain size distribution of eolian dust 

samples taken off the West-African coast show a clear latitudinal trend and allow a distinction of 

different source areas (Stuut et al., 2005; M. Zabel, unpublished data). However, the chemical 

composition of eolian dust samples taken between the equator and 35°N shows a large variability 

and does not reflect a clear trend (Manuscript I). It is therefore difficult to define a clear ‘primary 

signal’ of eolian dust input into the Atlantic Ocean. However, further research should not simply 

concentrate on the primary signal (eolian dust) or the interpretation of the sedimentary signal, but 

it should rather investigate the coupling between these two signals. Considering that sedimentary 

signals are used to reconstruct paleoclimatic conditions it is important to know what happens to 

the eolian dust during its transport through the water column. It has been shown that microbial 

activity, aggregation, adsorption, mineralization and dissolution can severely alter particulate 

matter in the water column (e.g. Fowler and Knauer, 1986). The effect of these alteration 

processes need to be assessed and, if possible, quantified to improve the accuracy of paleoclimatic 

reconstructions. First results already show that large changes in element concentrations and 

element ratios are observed with increasing water depth (M. Zabel, unpublished data; W. Kallweit, 

unpublished data). It is nevertheless essential to collect more samples of particulate matter from a 

large range of water depths (in continuous profiles) and locations, ideally in different seasons. This 

might help to reveal if the changes in the chemical composition we observe in the water column 

reflect a rather constant situation or if the variations with depth are directly related to the delivery 

of eolian dust particles during the last days or weeks before sampling. The latter would imply that 

the eolian dust signal is directly exported to the deep sea. 
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Biomarkers 

Further research is clearly needed concerning the BHPs and their distribution in specific 

microorganisms and environments. Even though many bacterial taxa have already been screened 

for their BHP content there are still compounds that have not been identified in cultured bacteria 

yet (e.g. Talbot and Farrimond, 2007 and references therein). A more comprehensive screening of 

bacteria for their BHP content might therefore enhance the interpretation of BHP signals from 

environmental samples. However, it should be considered that it will never be possible to screen 

the full range of hopanoid producing bacteria, e.g. due to the fact that some microorganisms 

might not be cultivable. A more promising approach might therefore be the microbiological 

investigation of specific genes encoding for enzymes involved in hopanoid biosynthesis (Bradley et 

al., 2010). This approach might also lead to new hypotheses concerning the interpretation of BHP 

abundances. For example, Bradley et al. (2010) propose that the high concentrations of 

adenosylhopane in soils might simply be due to the lower activity of a specific gene (hpnG) 

encoding the enzyme for cleaving adenine from adenosylhopane. This would indicate that 

adenosylhopane rather reflects certain physiological or environmental conditions but that its 

potential for use as a phylogenetic marker is limited.  

An assessment of the possible role or source organisms of adenosylhopane and related 

compounds would also be helpful in comparison of soil-marker BHPs with branched GDGTs. Both 

compound groups are presumably produced by soil-living bacteria, but the actual producers have 

not been identified yet. It is nevertheless assumed that soil-marker BHPs are produced by aerobic, 

probably nitrogen-fixing, bacteria (Kim et al., 2011), while branched GDGTs are synthesized by 

heterotrophic, anaerobic Acidobacteria (Weijers et al., 2009a; Weijers et al., 2010). Consequently, 

soil-marker BHPs and branched GDGTs seem to be produced in different ecological niches of the 

soils which might explain missing correlations between the two biomarker groups (Kim et al., 

2011). While detailed studies of branched GDGTs in soils and their relationship to soil pH and 

mean air temperature exist (e.g. Weijers et al., 2007a; Peterse et al., 2010; Weijers et al., 2011), 

similar studies should be conducted on BHPs. Environmental conditions might be an important 

factor affecting BHP diversity (Pearson et al., 2009). Further research should address the response 

of the BHP distribution to changes in environmental conditions such as temperature or 

precipitation, varying vegetation cover, soil type and soil pH. First indications exist linking BHP 

diversity with soil pH (Kim et al., 2011). Deciphering their linkage with environmental conditions, 

BHP distribution might potentially give additional information about the environmental conditions 
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during BHP production, beyond the simple identification of soil organic carbon transport into 

aquatic sediments.  

 

Compound-specific radiocarbon dating 

A promising approach in identifying organic carbon sources and depositional processes is 

compound-specific radiocarbon dating (e.g. Mollenhauer and Rethemeyer, 2009 and references 

therein). This technique might provide insight into the depositional processes occurring for 

example in the Amazon shelf and fan region. Our hypothesis of resuspension and redeposition of 

floodplain lake sediments containing BHPs might be tested by compound-specific radiocarbon 

dating. It would also be possible to identify age offsets between the radiocarbon ages of different 

biomarker compounds, e.g. branched GDGTs and various BHPs. Such an approach might provide 

the basis for quantifying the extent of old carbon deposition and sediment reworking, not only in 

Amazon shelf and fan sediments but also in other continental margin systems. For this approach 

additional samples from different floodplains and floodplain lakes, Amazon soils and also the 

Amazon River (suspended material as well as riverine sediments) would be needed to compare the 

biomarker signatures and radiocarbon ages of recent materials for a better source assignment of 

the biomarkers identified in the marine sediments. However, it should be taken into account that 

the riverine particulate matter is not representative for the organic matter accumulating on the 

Amazon shelf (Sommerfield et al., 1996). Processes affecting the organic matter at the river mouth 

or the influence of oceanic currents should therefore also be considered.  

 

Different fractions of terrigenous material in marine sediments 

The case study from the Niger Fan (Manuscript III) has shown that it is important to differentiate 

between the sources of terrigenous material deposited in marine sediments. It has previously 

been reported that the amount of terrigenous material in marine sediments can vary significantly 

if different organic proxies (e.g. δ13C, C/N, lignin phenols and the BIT index) are applied for these 

assessments (Walsh et al., 2008; Weijers et al., 2009b). The largest difference is noted if the BIT 

index is compared to other proxies for terrigenous input (including lithogenic elements as 

inorganic proxy), as the BIT only reflects the relative abundance of soil organic carbon, which can 

be significantly lower than the overall terrigenous input. A differentiation between the fractions of 

terrigenous material (e.g. SOC, inorganic material or fresh higher plant material) is not only 

important with regard to estimations of the terrigenous input, but also in terms of reconstructing 

the dominant sedimentation processes. The Niger Fan case study shows that the controlling 
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factors on the deposition of different terrigenous compounds can vary even for samples from one 

location, underlining the importance to discriminate between the fractions of terrigenous material 

if the deposition history of these materials shall be reconstructed.  
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