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Zusammenfassung

Coccolithophoriden, einzelliges marines Phytoplankton, kommt große Bedeutung als Primärproduzenten

in den Ozeanen zu. Diese haptophyten Algen sind durch ein kalzitisches Außenskelett (Coccosphäre), das

aus winzigen Plättchen, den Coccolithen, aufgebaut wird, gekennzeichnet. Die Coccolithen stellen einen

Hauptbestandteil feinkörniger pelagischer Sedimente dar. Als Karbonatproduzenten und photoautotrophe

Organismen, spielen die Coccolithophoriden eine bedeutende Doppelrolle im Kohlenstoffkreislauf, den

sie sowohl über die Karbonat- als auch über die biologische Pumpe beeinflussen. Während ihre

Photosynthesetätigkeit einerseits die Umwandlung des klima-relevantenTreibhausgases CO
2

in organisches

Material beinhaltet, wird CO
2

andererseits während der Karbonatbildung freigesetzt.

Abgesehen von der möglichen Beeinflussung des Klimageschehens durch Coccolithophoriden, reagieren

diese Organismen empfindlich auf sich ändernde Umweltbedingungen im Oberflächenwasser.

Fallenexpelimente und Oberflächensedimentproben liefern grundlegende Informationenbezüglich saisonaler

Veränderungen, Verbreitung, Ökologie und Erhaltung dieser Planktongruppe und damit die notwendige

Eichgrundlage rur ihre paläozeanographischeAnwendung.

Im Rahmen der vorliegendenArbeit, wurden eine Sedimentfallenzeitserie, Oberflächensedimentproben

und zwei Sedimentkerne aus dem Südatlantik (mit Schwerpunkt aufdem südöstlichen Südatlantik),

hinsichtlich ihrer Coccolithen-Zusammensetzungqualitativ und quantitativuntersucht. Darüberhinaus wurden

der Coccolithenkarbonatanteil und dessen Erhaltung bestimmt. Ein Lösungsindex, CEX' , basierend auf

dem unterschiedlichen Erhaltungspotential bestimmter Arten, ermöglichte die Identifizierung

lösungsbeeinflusster Proben.

Ineiner Sedimentfalle, die vom Küstenauftrieb vorNamibia beeinflusst wird, stimmen deutliche saisonale

Unterschiede innerhalb der Coccolithen-Zusammensetzung mit Variationen anderer Floren- und

Faunenelemente überein, was wiederum die Eignung der Coccolithophoriden als sensitive Anzeiger rur

Veränderungen innerhalb der Wassermassenverteilung und des Produktivitätsregimes des hochvariablen

zentralen pelagischen Benguela Stromsystems belegt. Mittels statistischer Analysen an

Oberflächensedimenten wurdenArtzusammensetzung und-verbreitung der Coccolithengemeinschaften

mit hydrographischen Parametern aus der Wassersäule in Beziehung gesetzt, um die ökologischenPräferenzen

einzelner Arten besser fassen zu können. Darüber hinaus kOilllten ökologisch klar abzugrenzende

Gemeinschaften elmittelt werden, die bestimmte ozeanographische Bedingungen charakterisieren und in

ihrerAusdehnung eng an die Nutri- und Thermoklinenposition gekoppelt sind.

Die im Rezenten gewonnene Information bezüglich der ökologischen Präferenzen einzelner

Coccolithenarten wurden genutzt, um die paläozeanographischen Bedingungen im Bereich des Benguela

Küstenauftrieb und derAgulhas Retroflektion anhand zweier Sedimentkerne vom südwest-afrikanischen

Kontinentalhang vor der Walfisch-Bucht und Kapstadt während der vergangenen 250000 lahre zu

rekonstruieren. Dem südöstlichen Süd-Atlantik kommt zentrale Bedeutung in der globalen thermohalinen

Zirkulation zu, als bedeutendes Zentrum hoherPrimärproduktionund als wichtiges Glied im Wärmeaustausch

zwischen Indik und Atlantik. Variationen der Coccolithenvergesellschaftungen im Einflussbereich der

Benguela- undAgulhas-Stromsysteme spiegeln Änderungen in der lateralenAusdehnung nährstoffreicher



Filamente und in der Warmwasser-Zufuhr aus dem Indischen in denAtlantischen Ozean wider. Dieser

Warmwasser-Transfer scheint mitAusnahme kurzfristiger kühler Intervalle, während des untersuchten

Zeitabschnitts permanentvorhanden gewesen zu sein.

Aufder Basis Coccolithen-spezifischer Karbonatanteile wurde in einem weiteren zentralen Punkt der

Arbeit der Beitrag der CoccolithophoridenzumpelagischenKarbonatbudget quantifiziert. Einumfangreicher

Datensatz aus Oberflächensedimenten des Süd-Atlantik ermöglicht die Bestimmung der relativen und

absoluten Anteile der unterschiedlichen planktonischen Karbonatproduzenten (neben Coccolithophoriden

auch Foraminiferen, PteropodenundKalkdinoflagellaten). Hier lassen sich deutliche regionale Unterschiede

in der Kalk- bzw. Aragonitproduktion der einzelnen Planktongruppen erkennen.



Abstract

Coccolithophores, unicellular marine phytoplankton, belong to the most important primmy producers

in the oceans. These haptophyte algae possess a calcitic exo-skeleton (coccosphere), composed ofminute

scales, the coccoliths. The coccoliths constitute a major part ofthe fine-grained, pelagic sediments. As

carbonate producers and photoautotrophic organisms, the coccolithophores playa significant double-role

affecting the carbon-cycle via the carbonate and biologicalpumps. While during photosynthesis the climate

relevant green-house gas CO
2

is removed, it is released during carbonate production.

Apart from the possible influence ofthe coccolithophores on the climate system, these organisms also

respond sensitively to changing enviromnental conditions in the upper water-column. Knowledge ofthe

seasonal fluctuations, the distribution, ecology and preservation ofcoccolith species from trap experiments

and surface sediments provide the groundwork and calibration base for palaeoceanographic studies. In

this thesis the coccolith composition from a sediment-trap time-series, surface sediments and sediment

cores retrieved from the South Atlantic with focus on its south-eastem part are examined qualitatively and

quantitatively. Furthermore the coccolith carbonate contribution and its preservation are determined. The

coccolith dissolution index, CEX' , based on the differential preservation potential ofcertain species, is

used to identif)r dissolution-affected sampies.

In an upwelling-influenced sediment trap offNamibia seasonal fluctuations within the coccolith

composition correspond to variations ofother floral and faunal elements, demonstrating the usefulness of

coccolithophores as sensitive indicators for changing water-mass distribution and productivity regimes

within the highly variable central Benguela Current system. By means ofstatistical analyses the coccolith

composition and distribution ofcoccolith associations is related to hydrographie parameters from the

upper water-column in order to determine the ecological preferences of certain species. Moreover

ecologically discrete associations can be identified which reflect celiain oceanographic conditions and are

strongly coupled to the position ofthe nutri- and thermoclines.

The information on the modern ecological preferences ofthe coccolith taxa is applied to two records

from sediment cores retrieved from the south-westAfrican continental slope offWalvis Bay and Cape

Town covering the past 250 kyrs, in order to reconstruct the palaeoceanographic conditions in the Benguela

upwelling and the Agulhas Retroflection. These areas play key-roles in the global ocean circulation, as one

ofthe most significant centres ofprimary productivity in the world's oceans on the one hand and as an

important inter-basin pathway within the thelmohaline circulation on the other hand. Variations within the

coccolith assemblages mirrorvariations in the lateral extension ofthe Benguela-upwelling filaments and in

the warm-water transport from the Indian Ocean to the Atlantic Ocean. Apart from short-term interruptions

this warm-water transfer seems to be a persistent feature during the past 250 kyrs.

Furthermore the coccolith carbonate contribution to the pelagic carbonate budget based on species

specific carbonate masses is quantified. An extensive smface-sediment data-set covering the entire South

Atlantic allows the detennination ofabsolute and relative shares ofdifferent planktonic carbonate producers

(coccolithophores, i.e. foraminifers, pteropods and calcareous dinoflagellates). Distinct regional differences

concerning the calcite- and aragonite production by the different plankton groups become evident.
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1. General introduction

1.1 Marine pelagic biota as climateforcing organisms

Climate has changed throughout the Earth's history driven by the comp1ex interp1ay oftectonic processes,

changes in strength ofthe sun, orbital parameters, and intema1 response and feedback mechanisms. Many

important c1imatic responses on the Earth, such as low-1atitude monsoon strength, the size ofthe Arctic ice

sheets, oscillations between cold/dry and warm/wet conditions in high latitudes, the circu1ation pattern of

the deep ocean, and the concentration ofgreenhouse gases, are 1inked to the same orbital cyc1es (Ruddiman,

2002).

Due to the capacity ofthe oceans to store 1arge amounts ofheat and the important greenhouse gas,

carbon dioxide (CO), oceans have p1ayed a crucia1 ro1e in atmospheric changes on global time-sca1es.

Late Quatemary CO
2
records exhibit pronounced glacia1 to interg1acia1 variations (Petit et al. , 1999),

which seem to be c1ose1y coup1ed to changes in carbon exchange rates within the ocean (Broecker and

Peng, 1986). Lower glacia1 CO
2

va1ues appear to be tied to an enhanced transfer ofcarbon from the

surface waters to the deep ocean by higher rates ofphotosynthesis and bio1ogic productivity (bio1ogic

pumping) (Berger et al. , 1987).
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According to Westbroek et al. (1993) marine pe1agic biota may influence the global c1imate via three

major forcing functions: A) By means ofthe organic pump, carbon dioxide is removed from the atmosphere

and the upper water layers to intermediate and deep waters by photosynthesis and the subsequent sinking

ofparticulate organic carbon. Only 0.1 % ofthe organic matter produced is preserved in the geological

archive, the rest being remineralized. B) The removal ofdissolved inorganic carbon and alkalinity from the

upper mixed layer and its partial regeneration in the deep sea by calcification, sinking and partial dissolution

ofparticulate inorganic carbon is effectuated via the carbonate pump. About 15-20% ofthe calcium

carbonate production is transferred into the sedimentary archive (Westbroek et al. , 1994; Milliman and

Droxler, 1996). C) Light reflectance back into space may be increased by certain algae due to inordinate

light scattering effects in the ocean and the emission ofdimethyl sulphonioproprionate (DMSP), a metabolic

product. Ifconverted into dimethyl sulphide (DMS), it promotes c10ud condensation.

From a quantitative point ofview among the most important pelagic calcifying organisms in the present

ocean are the coccolithophores, haptophyte algae, which produce minute calcitic platelets, the coccoliths

(Westbroek et al. , 1993). They are significant components ofthe earth's biogeochemical cyc1es (Fig. 1.1),

owing to their great abundance, fast tumover rates, their capability to carry out photosynthesis and

calcification (Winter and Siesser, 1994; Bown, 1998). The evolution ofpelagic calcareous nannoplankton

and planktic foraminifera in the Mesozoic led to the shift in global calcification from the continental shelves

toward the deeper oceans, affecting deep-ocean CO
2
budgets, calcite compensation depths and geological

carbonate tumover rates (Kennett, 1982; Bown, 1998).

Consequently, research on coccolithophores may add significantly to the understanding ofocean and

c1imate history. The knowledge ofpresent-day processes, providing the proper interface between biology

and palaeontology, is aprerequisite forunravelling the past which in turn provides important c1ues to future

scenanos.

Within the framework ofthis thesis the inorganic remains ofcoccolithophores, the coccoliths, have

been studied to better delineate species distlibution, their ecological preferences, their carbonate contribution

and its preservation at different time-slices or intervals. As part ofthe Collaborative Research Project SFB

261, which centres on the reconstruction ofcurrent and productivity systems in the South Atlantic for the

last 300 kyr, the SouthAtlantic Ocean, especially its south-eastem pmi, is in the focus ofattention. Due to

its central position in the global thennohaline system and as the connecting link between the Antarctic and

the North Atlantic, the South Atlantic plays a crucial role with regard to the heat budget ofthe North

Atlantic and to the biogeochemical budget ofthe global ocean (Wefer et al., 1996a). The south-eastem

South-Atlantic is not only ofparticular significance as high productivity centre, but also acts as a key area

in terms ofnOlihward heat tl'ansport, which has been a major factor in c1imate variability during the Holocene

and Pleistocene.

Coccolith investigations on a sediment trap and surface sediments provide the information and calibration

base for the extrapolation into the past by comparison with hydrographic parameters. Moreover, coccolith

fluctuations from two Late Quatemary records have been analysed, in order to gain palaeoceanographic

insights on vmiations ofthe south-eastem South Atlantic current system.
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1.2 Biology 0/coccolithophores

3

One ofthe main open ocean primary producers are the coccolithophores. These marine, unicellular,

flagellate algae belong to the phylumHaptophyta and the division Prymnesiophyceae. They form a substantial

component of the oceanic phytoplankton. Due to the possession of an exo-skeleton (coccosphere)

composed ofminute calcitic scales, the coccoliths, coccolithophores have been constituting a major part

ofthe fme-grained, pelagic sediments for the last about 230 million years. These fossilised remains are

often referred to as calcareous nannofossils.

1.2.1 Life cycle and coccolith production

Basically, two morphologically distinct types ofcoccoliths are produced, the heterococcoliths and the

holococcoliths, which are distinguished by their mode offonnation and the life-cycle stage during which

they are produced (Bown, 1998). The heterococcoliths are constructed from radial arrays ofvariably

shaped crystal units. Formation ofthe heterococcoliths takes place intracellularly (Westbroek et al. , 1989;

Pienaar, 1994). In contrast, holococcoliths are composedofnumerous, minute, equidimensional calcite

crystallites ofsimple shape. Biomineralization ofholococcoliths is presumed to occur outside the cell

Coccolithophorid Life Cycle

Mitosis.......--......

Fig. 1.2. Simplified coccolithophorid life cycle, after Geisen et al. (2002).

(Rowson et al. , 1986). In contrast to the heterococcoliths, the holococcoliths are only rarely preserved in

the sediments. Haptophytes mainly reproduce asexually by binary fission (mitosis). However, as summarised

by Billard (1994) more complex life-cycles with altemating phases with two or more distinct cell coverings

have been observed (Fig. 1.2), probably having separate evolutionary histories. During a diploid stage the
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haptophytes may be moti1e or non-motile. Ifca1cification occurs, heterococcoliths are produced. Within

the haploid stage, the cells are predominantly motile and may be covered by holococcoliths. In both stages

they are capable ofmitotic division. Moreover, meiosis and syngamy have been directly observed in

cultured clones (e.g. Parke and Adams, 1960). The mechanisms however that trigger the transition between

life cycle stages are still poody understood. Recently combination coccospheres in field sampies, composed

ofholo- and heterococcoliths, have been detected (Cortes, 2000; Cros et al. , 2000; Renaud and Klaas,

2001; Geisen et al., 2002). These combination cells are interpreted to represent the morphological expression

ofthe state ofphase transition (Geisen et al., 2002). Since coccolithophore taxonomy is generally based

on the morphological criteria ofthe coccoliths, the observed combinations yield implications for a revised

nomenclature ofholococcoliths, i.e. establishing a single botanical name for the liths produced at different

stages (Cros et al., 2000; Geisen et al. , 2002).

1.2.2 Coccolithfunction

As to the function ofthe coccosphere, no definite explanation has been found so far. Coccoliths seem

to have been adapted to perform a range offunctions, probably mainly the protection ofthe delicate cell

wall from mechanical damage, microbial attack or chemical shock (Young, 1994). Furthermore, flotation

and buoyancy ofacelI, controlling the position within the water colurnn necessary for enhanced nutrient

uptake, may strongly depend on the shape ofa coccosphere and the arrangement ofthe coccoliths. The

latter may also affect light regulation. Ithas been proposed that coccoliths might reflect light from the cell,

allowing coccolithophores to live higher in the water colurnn, or refract light into the cell, enabling some

species to live in the deep photic zone. Moreover, the production ofcoccoliths may yield biochemical

advantages, since carbon dioxide is released during ca1cification which is used forphotosynthesis.

1.2.3 Coccolithophore ecology and biogeography

Coccolithophores generally live in the photic zone where light levels are strong enough to carry out

photosynthesis. In addition to light availability, latitude, ocean cUlTents, watermasses along with their

characteristic nutlient, salinity and temperature profiles, trace elements and vitamins are all thought to

control the distribution ofthe coccolithophores, horizontally and vertically in the ocean (Winter et al. ,

1994).

In contrast to other phytoplankton groups, most coccolithophores tend to be K-selected species, thus

being important components ofthe phytoplankton community in warm stratified, nutrient-poor waters.

Although they exhibit the highest diversity in permanently stable water masses, such as central ocean gyres,

reproduction rates are relatively low due to low nutrient fluxes into the photic zone. Important coccolithophore

species (e.g. Emiliania huxleyi, Gephyrocapsa spp.), in terms ofabundance, are r-selected, being able

to generate large blooms. They respond positively to nutrient enrichment events by increasing their population

size. These species generally exhibit broader ecological tolerances. Within the phytoplankton succession

observed in upwelling areas, they often follow blooms ofdiatoms, when the photic zone becomes silicate

depleted and starts to stratify (Mitchell-Innes and Winter, 1987; Giraudeau and Bailey, 1995).

Within the Subtropical Zone (Fig. 1.3), where constant weather conditions prevail, resulting in a
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Fig. 1.3. Biogeographie eoeeolithophore zones from the Atlantie Oeean redrawn from
McIntyre and Be (1967). 1= Subaretie, 2 = Transitional, 3 =Subtropieal, 4 = Tropieal, 5
= subantarctic. Symbols indicate positions of all sampIes used in this thesis.

pennanently stratified upper water column, a vertical coccolithophore zonation deve10ps. Due to low

amounts ofsuspended material in the upper water column, the photic zone deepens and amiddie to lower

photic zone flora develops. Thriving in or below the thenno-/nutricline they take advantage ofthe relatively

high nutrient availability and low competition due to low light and temperature levels.

The distribution pattern ofcoccolithophores follows broad latitudinal belts or zones basically separated

by frontal systems (Winter et al., 1994) (Fig. 1.3). However, the zonal boundaries are highly dynamic and

seasonally variable. Each ofthese zones is characterized by a specific species assemblage. Figure 1.3

sketches but a simplified pattern ofcoccolithophore biogeography, neglecting regional features such as

coastal upwelling, differences in equatoria1 divergence and eddy formation. The particular environments

are dominated by characteristic assemblages which can be distinguished by their coccolith types and

coccosphere morphology (Young, 1994). Placolith-bearing species, have been recorded to be characteristic

for upwelling areas (equatorial divergence and coastal upwelling) and high-Iatitudes, where they often

reach bloom proportions. They inc1ude Emiliania huxleyi, Gephyrocapsa spp., Umbilicosphaera spp..

Their coccoliths are composed ofa proximal and distal shieldjoined by a central column. Umbelliform
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assemblages, eomposed ofUmbellosphaera spp. and Discosphaera tubifera, bear eoeeoliths with large

proeesses whieh flare distally to produee a double-layered eoeeosphere. They dominate oligotrophie mid

oeean environments. The floriform speeies form eoeeospheres with adense asymmetrieal mass ofeoeeoliths

surrounding a mueh smaller eell. They mainly eharaeterise the deep photie zone assemblage in a stable

water eolumn oflow- to mid-latitudes.

1.3 The beginning 0/research on coccolithophores

Researeh on eoeeolithophores has begun around 170 years ago. In 1836 when C.G. Ehrenberg first

described the eoceoliths from chalk ofRügen as ovoid minerals ofinorganie origin, he regarded them as

eoncretions growing coneentrically around a nucleus.

The term 'eoeeoliths' was created byT.H. Huxley (in Dayman, 1858), due to theirresemblance to

single cells ofthe plantProtococcus. Spheres eomposed ofintedocking eoecoliths, deteeted in sea-floor

samples, were termed 'coeeospheres' by G.C. Wallich (1861). He believed them to be larvae ofplanktic

foraminifers. When H.C. Sorby examined the English ehalk in 1861, he eoncluded from the eoncave

eonvex shape ofthe eoceoliths that they were oforganic origin. Due to their optieal properties, different

from foraminifers, he furtherregarded them as 'independent organisms'.

Before the end ofthe 19th eentury 1. Murray and eo-workers firmly established that eoceospheres

were the skeletons ofminute calcareous algae (Tizard et al. , 1885; Murray and Renard, 1891) and provided

the first rudimentary biogeographie information on the distribution of the living algae. The term

'nannoplankton' was defined by Lohmann (1909), as including the plankton whieh passes through the

finestp1anktonnets (mesh-size 63 /-im).

In the eady 1950s and 1ate 1960s the further advanees in the deve10pment ofmieroseope teehniques,

the transmission e1eetron mieroseope (TEM) and the scanning e1ectron microseope (SEM) in particu1ar,

eontributed to the rapid exploration ofcoeeolithophores, providing new insights into eoecolithophore

structure and classification. During that time the biostratigraphie potential ofcalcareous nannofossi1s was

discovered. They have been used as primary referenee fossil in hydroearbon exploration and seientific

drilling ever since.

1.4 Coccolithophores as sensitive indicators in (palae-J oceanographic andpalaeoclimatological

studies

Since the first appearanee ofealcareous nannofossi1s in Late Triassie sediments (Di Noeera and Seandone,

1977; Jafar, 1983; Bra10wer et al., 1991) their geo10gica1 reeord has been exceptionally abundant and

eontinuous. Being the primary eomponent ofmany marine sediments deposited in the last 239 million

years, this rapid1y radiating group serves as an important biostratigraphie too1 (Bown, 1998).

Besides their biostratigraphie potential, eoeeolithophores have also been reeognized as va1uab1e

instruments to umave1 pa1aeoeeanographie questions. Although on1y a small pereentage ofeoeeoliths

produced by the living assemblage are preserved in sediments, most ofthe fragile speeies being affected

by se1ective destruction or dissolution, the remains ofealcareous nannop1ankton preserved in bottom
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sediments reflect the physica1 and chernica1 characteristics ofoverlying water-masses (summarised in Roth,

1994). Owing to protected and acce1erated bottomward transport via faeca1 pellets or in marine snow, the

sediment coccolith assemblages preserve the general composition ofthe overlying photic zone communities

(McIntyre and Be, 1967; Okada andHonjo, 1973; Baumann et al., 2000b, Kinkel et al., 2000). Thus,

sediment assemblages provide good proxy records ofthe environmental conditions that control the distribution

and production ofcalcareous nannoplankton in surface waters and dissolution oftheir calcitic remains on

the sea floor (Roth, 1994).

In Late Quatemary records coccoliths have been extensive1y utilised as proxy indicators to reconstruct

palaeoenvironmental conditions. Fluctuations in the position offrontal and current systems have been

revealed in a number ofstudies (e.g. McIntyre et al., 1972; Winter and Martin, 1990; Okada and Wells,

1997; Flores et al., 1999). Besides, millennial oscillations, like Heinrich events, have been shown to be

reflected in the coccolith record (Jordan et al., 1996; Lototskaya et al., 1998). Single species or the ratio

between species groups have been applied to monitor variations in surface water productivity or nutri- and

thermocline dynamics (e.g. Molfino and McIntyre, 1990; Jordan et al., 1996; Kinkel et al., 2000).

Moreover, coccolithophores have proved to be important biomarkers (Marlowe et al., 1984). A limited

number ofspecies (inc1uding Emiliania huxleyi and Gephyrocapsa species) produce alkenones, long

chained di- and tri-unsaturated ketones. The ratio ofthese unsaturated ketones is a fimction ofthe particular

growth temperature ofa certain coccolithophores providing a valuable tool for the reconstruction ofpast

sea surface temperatures (Brassell et al., 1986; Prahl et al., 1988; Schneider et al., 1995).

Recently temperature reconstructions on the base ofmorphological traits associated with certain ecological

affinities have been developed. The relative abundance ofGephyrocapsa morphotypes in Holocene deep

sea sediments is used to calculate absolute sea sm"face temperatures (Bollmann et al. , 2002), comparable

to temperature estimates derived from alkenones and planktic foraminifera transfer functions.

1.5 Objectives ofthe thesis

This thesis focuses on coccoliths from a sediment-trap time-series, surface sediments and sediment

cores retrieved fiom the South Atlantic with emphasis on its south-eastem part. Knowledge ofthe seasonal

fluctuations, the distribution, ecology and preservation ofcoccolith species from trap experiments and

surface sediments provide the groundwork and calibration base for palaeoceanographic studies. The

infonnation on coccolithophores' response to the overlying hydrographical conditions are necessary to

improve the applicability ofthe coccoliths as proxy indicators for the reconstructions oflong-term c1imate

changes. Therefore, species distribution and abundances are related to ecological parameters ofthe overlying

water-column by means ofstatistical analysis. Further emphasis is laid on assemblage composition, because

the isolated view ofsingle species is often not as meaningful as regarding the composition ofmain taxa in

relation to each other.

Coccoliths as enviromnent-sensitive indicators have been used as palaeoceanographic tools in orderto

reflect changes in the conditions ofthe upper water-column in two sedimentary records comprising the

past 250 kyr. The sediment cores are located in the south-eastem SouthAtlantic, the central Benguela

upwelling offNamibia and c10se to the present-day Agulhas Retroflection offCape Town, respectively.
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These areas p1ay key-ro1es in the global ocean circu1ation, as one ofthe most significant centres ofprimary

productivity in the world's oceans on the one hand and as an important inter-basin pathway within the

thermohaline circu1ation on the other hand. Monitoring variations in productivity and heat transfer through

time, which are c1ose1y coup1ed with environmental changes, may provide important eIues for the

understanding ofpast and present c1imate changes.

Another central theme ofthis thesis is the estimation ofthe coccolith carbonate contribution and its

preservation. Assessing the preservation ofcoccoliths is essential in order to identif)r and exc1ude dissolution

affected sampies from ecologica1 interpretation. To evaluate the ro1e ofcoccolithophores as calcif)ring

organisms in the carbonate budget not only the coccolith carbonate contribution but also the carbonate

proportions and the distribution patterns ofother pelagic carbonate producers have to be determined. As

important elements in the carbon cyc1e shifts in pe1agic carbonate sources, production and accumulation

may influence atmospheric C02 1evels.

1.6 Material and methods

In this thesis a sediment trap offNamibia, surface sediments from the entire South Atlantic and two

sediment cores retrieved from the south-eastern South Atlantic were examined (Fig. 1.3). The material

analysed is described in detail in the respective sections ofthe manuscripts.

Preparation ofthe trap, surface sediment and core sampies generally followed the same combined

dilution/filtering technique (e.g. Andruleit, 1996), which is repeatedly exp1ained in the manuscript chapters.

A small amount ofsediment was weighed and suspended in tap water. After ultrasonic treatment the

suspension was split in the rotary sampie divider and then filtered onto polycarbonate filters. Small filter

cuts were examined under the SEM allowing the quantification ofcoccoliths per gram dry sediment.

Preparation ofthe trap material was carried out according1y, filtering aliquots ofthe bulk sampie. Total

coccolith numbers and morphometric measurements provide the essential variables for the estimation of

coccolith carbonate. The flow-chart presented in Fig. 1.4 summarises the working steps. All data presented

in this thesis are available from the PANGAEA database (www.pangaea.de).

1. 7 Study area

The hydrography ofthe study area is described in great detail in the respective manuscript chapters.

Trade winds and the westerlies drive the major surface currents in an anticyc10nic motion around the

Subtropical Central Gyre. The southern limb ofthe Subtropical Gyre is formed by the South Atlantic

Current. The Benguela Current which flows in a north-westward direction to converge with the South

Equatorial Current, constitutes the eastern gyre margin. To the west the Subtropica1 Gyre is bounded by

the southward flowing Brazil Current (Peterson and Stramma, 1991) (Fig. 1.5).

The South Atlantic occupies a key position in the global thermohaline circulation. It is especially important

in terms ofcross-equatoria1 heat transfer by upper waters to the N orth Atlantic, which is balanced by the

southward flow ofmore saline and cooler NOlihAtlantic Deep Water (NADW) to the southem hemisphere

(Berger and Wefer, 1996).
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Fig. 1.4. Flow-chart of all routines carried out.

A key area ofthe Atlantic heat conveyor is the south-eastem South Atlantic. Here the Agulhas Current,

which flows around the southem tip ofAfrica in to the South Atlantic, plays a decisive role in inter-basin

heat transfer. Wann Indian ocean water is transported to the south-eastem South Atlantic through the

shedding oflarge lings and eddies from the Agulhas Retrofleetion area south ofAfrica. The delivery of

wann water around the Cape is tied to NADW production (Gordon, 1985). During the glacials shifts in

the position ofthe Subtropical Convergence might have led to areduction in effectiveness or even cessation

ofthis wann-water transfer, thus affecting thennohaline circulation.

Another important feature along the wann-water path is the Benguela upwelling region offsouth-westem

Africa, where the Benguela Current transports wann water quite vigorously equatorwards (Berger and

Wefer, 1996). This region ofstrong coastal upwelling is one ofthe main centres ofhighest ocean productivity

(Berger, 1989). Despite the relatively small area involved, eastem boundary upwelling plays an impOliant

role in global biogeochemical cyc1es and processes affecting the interior ofthe ocean (e.g. Rowe et al.,
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1986; Reimers et a1., 1992). Aeeording to Wa1sh (1991), eontinenta1 margins may be responsib1e for

eycling as mueh earbon as the open oeean. Therefore variations in upwelling strength and nutrient eontent

ofupwelled waters driving produetivity, might lead to 1arge seale ehanges in biologie pumping to the deep

sea with possible impacts on C0
2
levels.

Fig. 1.5. Schematic map of the of the circulation in the upper levels of the South Atlantic
(redrawn from Peterson and Stramma, 1991). Locations ofsurface sediment samples, indicated
as black circles. NEC = North Equatorial Current, GDC = Guyana Current, NECC = North
Equatorial Counter CUlTent, GC = Guinea Current, SEC = South Equatorial CUlTent, SECC =

South Equatorial Counter CUlTent, AC = Angola CUlTent, ABF = Angola Benguela Front, BC
= Brazil Current, BOC = Benguela Oceanic Current, BCC = Benguela Coastal CUlTent, BMC=
Brazil Malvinas Conflucncc, MC = Malvinas Cunent, SAC = South Atlantic Cunent, AGC =

Agulhas Current, ACC = Antarctic Circumpolar Current.
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1.8 Outline ofthis thesis
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Originally this thesis was designed to focus on coccoliths from the south-eastern South At1antic. But in

the course ofthis study the surface sediment sampie set was en1arged to cover the entire South Atlantic.

Results are presented in five chapters which correspond to manuscripts published in or submitted to

internationaljournals, as follows:

SE-Atlantic:

Manuscript 1. Seasonal productivity dynamics in the pelagic central Benguela System inferred
from the flux ofcarbonate and silicate organisms

O. Romero, B. Boeckel, B. Donner, G. Lavik, G. Fischer and G. Wefer (Journal ofMarine Systems 37/
4,259-278,2002)

The particle fluxes are investigated from a one-year (lan. 1992 - lan. 1993) time-series sediment trap

deployed at the pelagic Namibia Upwelling (NU) mooring site. It is located on the edge between the

southemmost part ofthe central Benguela upwelling system in the east and the subtropical South Atlantic

Gyre in the west. The seasonal fluxes ofbulk components, carbonate- and silicate-producing organisms,

and the d15N-isotopic signal are examined in orderto assess the dynamics ofnutrient-rich filaments drifting

offshore and its effects on primary and secondary production in this otherwise meso- to oligotrophic area.

Apart from fluctuations in other organisms, flux patterns ofcoccospheres, single coccoliths and coccolith

carbonate mirror the highly variable character ofthis transitional oceanographic setting.

Manuscript 2. Distribution ofcoccoliths in surface-sediments ofthe south-eastern South Atlantic
Ocean: ecology, preservation and carbonate contribution

B. Boeckel and K.-H. Baumann (Marine Micropaleontology, submitted - revised version)

The coccolith composition ofsUlface sediments underlying different oceanic regimes ranging from nearshore

high productive waters to an oceanic, more oligotroph setting, is examined. By means ofstatistically

determined clusters which are based on the relative abundances ofthe most common species. It is assessed

to what extent the particular patterns and characteristics ofthe overlying water-masses are reflected in the

surface sediment assemblages. Moreover, the applicability ofa dissolution index, based on differential

preservation ofcertain species, is discussed. FUlthennore, the significance ofcoccolithophores as carbonate

contributors in south-eastem South Atlantic surface sediments was estimated.

Manuscript 3. Late Quaternary coccolith assemblages from the south-eastern South Atlantic
Ocean: implications for the palaeoceanographic evolution of the Benguela and
Agulhas Current systems during the past 250 kyr

B. Boeckel, K.-H. Baumann and R. Henrich (Palaeogeography, Palaeoclimatology, Palaeoecology,
submitted)

Two sediment cores from the south-eastern South Atlantic are examined for their coccolith content. Core

GeoB 1710 was retrieved from the continental slope below the marginal zone ofcoastal upwelling, where

upwelling filaments and open oceanic waters mix. In contrast, core GeoB 3603 is located in the vicinity of

the modernAgulhas retroflection influencedby warm Indian Ocean water. Absolute and relative abundances,
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their cocco1ith carbonate content and its preservation are detennined. Manuscripts 1 and 2 provided the

groundwork for species eco1ogy in the study area. F1uctuations in coccolith composition bear substantia1

infonnation on variations in south-eastern At1antic surface water conditions and are used to monitor temporal

shifts in the position ofthe frontal systems, the Bengue1a fi1amentous front and the Agu1has Current in

connection with the Subtropica1 Front, respective1y.

S-Atlantic in general:

Manuscript 4. Distribution patterns ofcoccoliths in South Atlantic and Southern Ocean surface
sediments in relation to environmental gradients

B. Boeckel, K-H. Baumann, R. Henrich and H. Kinkel (Submitted to Deep-Sea Research)

Surface sediments ofthe South Atlantic are examined for their coccolith content, qualitative1y and

quantitatively. Multivariate statistical analysis is used to better identifY ecologicalpreferences ofmost common

species detected in the surface sediments. By means ofcluster analysis, characteristic coccolith assemblages

couldbe identified, which cluster in distinct hydrographic areas. Knowledge ofthe coccolith signal preserved

in the surface sediments in relation to the overlying surface waters is essential in order to improve the

understanding ofthe coccolith record as a proxy for reconstructions ofpalaeoceanographic changes.

Manuscript 5. Contribution of calcareous plankton groups to the carbonate budget of South

Atlantic surface sediments

K-H. Baumann, B. Boeckel, B. Donner, S. Gerhardt, R. Henrich, A. Vink, A. Volbers, H. Willems and K
Zonneveld (The South Atlantic in the Late Quatemary: reconstructions of material budget and cutTent
systems, in press)

Infonnation on the ocean-floor distribution ofcarbonate, which is the main componentofdeep-sea sediments

above the lysocline, is already available. Reliable estimates as to the relative proportions ofthe various

pelagic carbonate producers, however, are still sparse. By means ofcarbonate calculation techniques, the

relative contributions to the bulk carbonate ofcoccolithophores, planktonic foraminifers, pteropods and

calcareous dinoflagellates which are considered to be the most important pelagic calcifYing organisms in

the present ocean, are assessed. To detennine the group specific carbonate export production in response

to hydrography, the modem flux patterns from two sediment traps, located in oceanographically different

regimes, the eastern equatorial Atlantic and the Benguela upwelling respectively, are compared. Moreover,

surface sediments from the South Atlantic are analysed in order to reveal the distribution patterns ofmain

carbonate contributors.
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2. Seasonal productivity dynamics in the pelagic central Benguela System inferred from the

fIux of carbonate and silicate organisms

Romero, 0."*, B. BoeckeII, B. Donner', G. Lavik2, G. Fischer' and G. Wefer1

, Department of Geosciences, Universität Bremen, POBox 33 04 40, 28334 Bremen, Germany

2 Max-Planck-Institute for Marine Microbio1ogy, Celsiusstraße 1,28359 Bremen, Germany

* Corresponding author. E-mail: oromero@uni-bremen.de; Fax: +49-421-218 8916

Abstract

Flux ofbulk components, carbonate- and silicate-beming skeleton organisms, and the Ö15N-isotopic

signal were investigated on an one-year time-series sediment trap deployed at the pelagic NU mooring site

(Namibia Upwelling, ca. 29°S, 13OE) in the central Benguela System. The flux ofbulk components mostly

shows bimodal seasonality with majorpeaks in austral summer and winter, and moderate to low export in

austral fall and spring. The calcium carbonate fraction dominates the export ofparticulates throughout the

year, followed by lithogenic and biogenic opal. Planktonic foraminifera and coccolithophOlids are major

components ofthe carbonate fraction, while diatoms clearly dominate the biogenic opal fraction. Bulk

Ö15N isotopic composition ofparticu1ate matter is positive1y correlated with the total mass flux during

summer and fall, whi1e negative1y corre1ated during winter and spring. Seasona1 changes in the intensity of

the main oceanographic processes affecting the NU site are inferred from variations in bulk component

flux, and in the flux and diversity patterns of individual species or group ofspecies. Influence from the

Namaqua (Hondeklip) upwelling cell through offshore migration ofchlorophyll filaments is stronger in

summer, whi1e the winter flux maximum seems to reflect mainly in situ production, with 1ess influence from

the coasta1 and she1fupwelling areas. On a yearly basis, dominantmicro-organisms cOlTespond well with

the flora and fauna oftropicalJsubtropical waters, with minor contribution ofnear-shore organisms. The

simultaneous occurrence ofspecies with different eco10gical affinities mirrors the fact that the mooring site

was 10cated in a transitiona1 region with 1arge hydrographic variability over short-time interva1s.

2.1 Introduction

The Bengue1a Upwelling System (BUS), one ofthe major eastern boundary current systems, has been

the focus in the last two decades ofaseries ofintensive oceanographic surveys aiming to the understanding

of its comp1ex present-day characteristics. A number of instructive overviews summarise the present

knowledge on the area, and delivers a re1iab1e picture ofthe main processes and mechanisms affecting its

productivity dynamics (Shannon, 1985; Lutjeharms and Stockton, 1987; Lutjeharms et al., 1991; Shannon

and Nelson, 1996). More recent1y, time-series sediment trap experiments have also contributed to the

comprehension ofmechanisms controlling the seasona1 production in the water column and the export of

particu1ates to the seafloor. Wefer and Fischer (1993) and Fischer and Wefer (1996) presented the first
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results on the partic1e dynamics at a mesotrophic trap site offNorthem Namibia (Walvis Ridge) between

1988-1991. These authors show that the seasonality was c1early expressed by a distinct bimodal pattem

in the flux ofthe bulk biogenie components, later also demonstrated for coccolithophorids (Cepek, 1996;

Baumann et al., 1999), siliceous phytoplankton (Treppke et al., 1996), and the 815N signal (Holmes et al.,

1999,2002). Comparatively less attention has been paid to the dynamics ofthe particulate material in the

central and southem areas ofthe BUS. In arecent contribution, Giraudeau et al. (2000) evaluated the

short-term response ofbiogenic production to rapid changes in the coastal upwelling process at the shelf

edge offWalvis Bay (23 OS), and proposed a highly partitioned, three-dimensional model in order to

explain the processes affecting the production ofbiogenic partic1es.

As in other eastem boundary current systems, offshore-streaming chlorophyll filaments playa

key role in the seaward transport of nutrients, particulate material, and organisms from the coastal

area into the pelagial realm ofthe BUS (e.g. Lutjeharms and Stockton, 1987; Shannon and Nelson,

1996). Additionally, these filaments greatly extend the area of high productivity associated with

coastal upwelling by rapidly advecting cold, nutrient-rich waters into the meso- to oligotrophie open

ocean. Impact of filaments on pelagial productivity, however, is thought likely to be small, given

their slow rate ofprogression, and their low concentrations ofnutrients and organisms (low relative

to those over the shelf, though high compared to the surrounding ocean; Shillington et al., 1990).

Because upwelling intensity depends on the wind stress and the seasonally associated atmospheric

changes, the offshore extension ofupwelling and filaments also changes seasonally (Lutjeharms and

Meeuwis, 1987).

Several studies carried out in the water column show that coccolithophorids, diatoms, and

foraminifera constitute the bulk of microplankton thriving in shelf waters off Namibia and South

Africa. The occurrence ofdistinct species assemblages proved to be c10sely related with surface and

subsurface waters masses of the region (e.g. Treppke et al., 1996; Giraudeau, 1993; Cepek, 1996;

Giraudeau et al., 2000, and references therein). Calcareous and siliceous microfossils constitute

some of the most common proxies used by palaeoceanographers in order to unravel the past history

ofthe upwelling process and associated biogenie production ofthe BUS. For example, Giraudeau

(1993) evaluated the foraminifera association, and described spatial variations in the intensity of

coastal upwelling along the SW African coast. Müller et al. (1997) recorded the coccolithophorid

species changes in late Quatemary sediments from the Walvis Ridge and discussed their implications

for the alkenone palaeotemperature record. More recently, Lange et al. (1999) characterised a distinct

diatom maximum within the late Pliocene and early Quatemary, spanning the lower half of the

Matuyama reversed polarity chron.

In this work, we examine one year ofpartic1e flux collected betweenJanuary 1992 and January 1993

at the pelagic NU mooring site (Namibia Upwelling, ca. 29°S, 13OE), located at the edge ofthe southemmost

part ofthe central BUS and the Subtropical SouthAtlantic Gyre. We describe the intra-annual dynamics

ofthe bulk component, coccolithophorid, foraminifer and diatom fluxes and assemblages, as wen as the

815N isotopic signal. A central objective was to determine whether and when offshore spreading ofnutrient

rich filaments influences the primary and the secondary production ofwhat is otherwise considered to be

a meso- to oligotrophie area (Berger, 1989).
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2.2 Oceanographic setting
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The centra1 part ofthe BUS (ca. 25-31 OS) is almost permanent1y under the influence ofupwelling

favourab1e winds (Shannon and Nelson, 1996). The presence ofupwelled water is nearly constant

over a 1arge part ofthe continenta1 she1f, with maxima in austral spring and summer, and a minimum

in fall (Shannon, 1985; Lutjeharms and Stockton, 1987). South of 31 oS, seasonality in the wind

regime is stronger and upwelling-favourab1e winds also reach their maximum during austral spring

and summer (Nelson and Hutching, 1983; Shannon and Nelson, 1996). In addition, extensive seaward

penetrations ofupwelling p1umes are seen offlüderitz (ca. 27°S) and Namaqua (or Hondeklip, ca.

30°30'S). The 1atter upwelling cell, the dosest to the NU trap site, preferentially grows westward, almost

parallel to 300 S offSW Africa (Lutjeharms and Meeuwis, 1987). Satellite-derived images show that the

Figure 2.1. Location of the NU mooring site (open triangle) in the
central Benguela Upwelling System and long-term spatial
distribution pattern of chlorophyll a concentration in surface waters
for Februar)' (A, upper part) and August (B, lower part). Pigment
concentrations extracted from http://seawifs.gsfc.nasa.gov/
SEAWIFS.html.

seaward extent offilamentous components offthe centra1 BUS is increased in austral winter (August) in

comparison with austral summer (February; Fig. 2.1; see also Shannon, 1985; Lutjehanns and Stockton,
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1987). Filament axes have a typica1 zonal dimension of 150-250 km, but in extreme cases they may

stream up to 1000 km (Lutjeharms et al. , 1991; Shannon and Nelson, 1996). This large field ofchlorophyll

filaments, much more extensive than that ofthe proper coastal upwelling, establishes a coldwater archipelago,

where a substantial or even major portion ofthe total primat)' production attributable to upwelling could

directly take place (Lutjeharms and Stockton, 1987).

The water column at the NU site remains stable from November to April (mid austral spring to eady

fall, Fig. 2.2). Mixing starts in mid austral fall and reaches its strongest phase in mid austral winter. Sea

surface temperatures (SST) measured at the mooring station and dose to the coast at ca. 29°S in 1992,

depict a dear seasonal pattern, and c10sely follow the seasonal dynamics ofthe water column mixing. As

shown in Fig. 2.2, SST were highest in austral summer and started to decrease when mixing ofthe water

column began. Lowest SST values occurred inmid austral winter, in coincidence with the mixing ofthe

water column. N ear-shore SST are 2°C lower than at the mooring position from austral summer through

late austral winter. With decreased mixing ofthe water column toward the end ofthe year, SST difference
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Figure 2.2. Monthly average depth ofthe mixed layer (lighter grey shading) at the NU
mooring site, and weekly sea surface temperahlres (SST) close to the coast (closed
circles) and at the NU mooring (open diamonds) during the period of trap deployment
(January 1992-January 1993). SST blended from ship, buoy and bias-colTected satellite
were extracted from http://ingrid.ldeo.c01umbia.edu/SOURCESI.IGOSS. The mixed layer
depth were extracted from http://ingrid.ldeo.columbia.edu/SOURCES/.

decreases.

The BUS is bounded by warm waters of the Angola Current in the north and of the western

boundary Agulhas Current in the south. The southernmost penetration ofAngolan waters over both

Namibian shelfand slope occurs in austral summer and early autumn; maximum shedding ofAgulhas

waters onto the west coast ofsouthern Africa tends to take place in austral summer and in early fall. In

addition to being primarily fed by the South Atlantic Current, the Benguela Current can also be influenced
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by the Agulhas Current and Subantarctic Surface waters, the latter originating from perturbations in the

Subtropica1 Front (Lutjeharrns andMeeuwis, 1987; Peterson and Stramma, 1991).

2.3 Material and Methods

A time-series sediment trap (SMT 230) was deployed at 2516 m water depth at the NU mooring site

(Namibia Upwelling, 29°12'S, BOOTE, 3055 m bottom depth; Fig. 2.1) in the central BUS, offSW

Africa, from January 1992 through January 1993. Sampling was carried out at 19-days intervals. Sampies

were split into 1/16 and 1/64 subsampies for analytical work. Before deployment, 1ml ofsaturated-HgC12

solution was added per 100 ml ofsample solution (seawater from2000 m water depth) in orderto retard

microbial degradation oforganic matter. NaCI was added to the sampling cups to reach a fmal salinity of

38-40%0. After recovery sampies were poisoned again with HgCl
2

(0.5 mU100 ml of seawater) and

stored at 4°C.

The splitting procedure and chemical analyses ofthe <1 mm fraction were carried out at Bremen

University according to the methods described by Fischer and Wefer (1991). We perforrned organic

carbon and carbonate analysis on freeze dried material using a Heraeus-CHN-analyser. Organic

carbon was calculated as C = C I - Ce C03' The contribution oflithogenic material was calculatedarg tota a

as Lithogenic = Total- Biogenic opal- Carbonate - Organic Matter (~ 2 x Carg)' Biogenic opal was

detennined using a sequentialleaching technique (DeMaster, 1981), modified by Müller and Schnei

der (1993).

For diatom analysis, original sampies were rinsed with distilled water and prepared according to

the methodology proposed by Simonsen (1974). Qualitative and quantitative analyses were done at

x400 and xl 000 magnifications using a Zeiss-Axioscope with phase-contrast illumination. Counts

were carried out on pennanent slides (Mountex mounting medium) ofacid-c1eaned material. Several

traverses across the cover-slip were examined, depending on micro-organism abundances. As a

whole, between 450 and 1000 valves were counted for each slide. At least two slides per sampie

were scanned in this fashion. The conventions proposed by Schracler and Gersonde (1978) for

countings ofvalves and fragments were adopted. For diatoms, each individual was identified to the

lowest possible taxonomic level. Counting ofreplicate slides indicated that the analytical error ofthe

flux estimates is :::; 15%. The resulting counts yielded estimates ofdaily fluxes ofdiatom valves per m

2 d- l calculated according to Sancetta and Calvert (1988), as weIl as relative abundance ofspecies or

group of species.

For coccolithophore analysis aliquots of 1/250 were taken. They were further wet-split using an

electrical rotary sampie divider (Fritsch, Laborette 27) with tap water as splitting medium. Due to

varying partic1e content and turbidity of the sampies different aliquots were used, ranging from 1/

400 to 1/12800. In order to disintegrate aggregates the sampies were placed in an ultrasonic bath for

30 seconds (Andruleit, 1996). The aliquots were then filtered onto polycarbonate membranes (Schlei

cher and Schuell™ 47 mm diameter, 0.4 /lm pore size) and carefully rinsed with tap water to avoid the

growth ofsalt crystals while drying. After storage in an oven at 45°C for 24h a small piece ofthe filter (ca.

0.25 cm2
) was cut and mounted on an aluminium stub. For qualitative and quantitative analysis the sampies

were examined with a scanning electron microscope (SEM) at a 5000x magnification. In each sampie at
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least 500 coccoliths were counted on a randomly selected transect with a scanning area ofO.03 to 0.5

mm2
• The conversion ofcoccolith/coccosphere countings into daily coccolith/coccosphere fluxes followed

the fOflTIula given by Andruleit (1996):

Coccolith flux (no. of coccoliths m-Zd- 1) = F x Cx S

AxDxO

where F = effective filtration area (mm2
); C = number ofcoccoliths counted; S = split factor; A = investigated

filter area (mm2
); D = sampling interval (days); and 0 =area ofthe trap aperture (m2

). Daily coccosphere

fluxes were calculated using the same equation, with C as number ofcoccospheres counted.

Foraminifers were rinsed several times with fresh water and dried at 50°C, then separated and weighed.

Analysis ofthe foraminiferal species assemblage was done for individuals > 150 /lm. Shells collected in the

traps were primarily empty, that is, dead individuals on their way to the sea floor. In total 12 planktonic

species were found in the sampies.

SI5N measurements were performed on a Finnigan Delta Plus attached to a Carlo/Erba NC2500

automatie elemental analyser as preparation line. The stable isotope determination was made from

N z gas released by flash combustion in excess oxygen at 1050°C. Depending on the organic content,

between 3-10 mg ofbulk material (freeze-dried and homogenised) was taken in and measured against

99.996% pure N z tank gas. One interna1 standard (WST2 6.66%0) was measured for every fifth

sampie. The Nz tank gas and the WST2 internal standard were calibrated against the IAEA standards

N-l and N-2. Standard deviation, determined from replicate measurements, was< 0.2%0.

The Principal Components Analysis (PCA) has been perfonned using STATISTICA 5.5 (StatSoft,

Inc., 2001). The extraction of Principal Components amounts to a variance maximising (varimax)

rotation of the original variable space. The criterion for the rotation is to maximise the variance

(variability) ofthe "new" variable (factor), while minimising the variance around the new variable.

For the PCA we used the coccolith, foraminifera and diatom species or groups of species plotted in

Figs 2.4-2.6. The organism data set from sediment traps results in four factors (assemblages) which account

for ca. 89% ofthe original variance (Appendix, Table 2.2). Fifteen counting groups in 20 sampies resolved

these fOUf factors. Each counting group exceeded 1.5% in at least one sampie.

2.4 Results

2.4.1 Intra-annual variations in bulk composition and 815N isotopic signal

Bulk composition

The general seasonal trend ofthe total flux ofparticulates at the NU mooring site shows abimodal

distribution with high values in mid austral summer and rnid austral winter, and moderate to very low values

in spring and fall (Fig. 2.3a; Appendix, Table 2.1). The total flux ranged from a maximum ofca. 200 mg m

z d-I to a minimum of 12 mg m-z d-I. Calcium carbonate was the dominant bulk component (daily average

= 58.4 mg m-zd- I, Fig. 2.3b). Its relative contribution exceeded 60% ofthe total particle flux at any time
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periods ofhigher fluxes. See also Appendix, Table 2.1.

(dai1y average = 69.4%). The highest relative concentration ofcalcium carbonate is seen at the NU site

from mid austral fall through mid austral winter.

Lithogenic partic1es, biogenic opal and organic carbon were secondmy contributors to the partic1e flux

(Fig. 2.3c-e). The percentage oflithogenic partic1es varied strong1y (range =~ 7.3-19.9%, dai1y average

= 14.3%). The flux ofbiogenic opal was at its highest in austral winter, with secondmypeaks in summer

and spring, whi1e the highest relative contribution is seen between 1ate austral winter and 1ate spring. Organie
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carbon flux was highest in austral summer, with secondary peaks in austral winter and spring. Its relative

contribution varied less (range =~4.0-7.5%, daily average = 5.0%).

dl5N isotopic signal

Values were highest in austral summer (maximum = 8.3%0), but remained rather high through fall

(Fig. 2.3f; Appendix, Table 2.1). Lowest values (4.25-4.35%0) were recorded in winter, in accordance

with high fluxes oftotal mass, calcium carbonate and organic carbon, and the highest opal value.

2.4.2 Composition ofthe calcium carbonatefi-action

Coccolithophorids

The calcium carbonate fraction was mainly composed ofcoccolithophorids, foraminifera and pteropods.

Comparison ofthe two coccolithophore fractions (free coccoliths and coccospheres) showed quantitative

and qualitative differences. The number ofcoccospheres (intact cells) was found to be two orders of

magnitude lower than the free coccolith flux (106 vs. 108
; Fig. 2.3g, h; Appendix, Table 2.1). Both, coccolith

and coccosphere fluxes exhibited the most pronounced peak in winter. A secondary maximum occurred

mid summer. Additionally, the coccospheres peaked again at the end ofthe sampling period (spring

summer transition). Inboth fractions very low values occurred during fall and spring. No significant correlation

exists between coccosphere flux, and those oftotal mass and calcium carbonate (r = 0.33 and 0.28,

respectively).

The free coccolith community was c1early dominated by Emiliania huxleyi (Lohmann) Hay & Mohler

(range relative abundance = 41-79%, annual average = 64.5%, Fig. 2.4a). Secondary contributors were

Calcidiscus leptoporus (Murray & Blackman) Loeblich and Tappan (4.0-11.5%), Florisphaeraprofunda

Okada & Honjo (ca. 1.5-13%), and Gladiolithusjlabellatus (Hadall etMarkali) Jordan & Chamberlain

(ca. 0.2-6.5%) (Fig. 2.4b-d). Both coccolith maxima were dominated by E. huxleyi. Most elevated

relative abundances ofF profunda and G jlabellatus, species thriving in the low photic zone (LPZ),

were recorded in austral fall.

With only fOUf different taxa, diversity ofthe coccosphere assemblage was much lower than that ofthe

free coccolith assemblage, composed of61 different species (Appendix, taxonomic list). The coccosphere

assemblage was also dominated by E. huxleyi, with subordinate contributions by C. leptoporus,

Syracosphaera lamina Lecal-Schlauder, and Oolithotusfragilis (Lohrnann) Martini & Müller (Fig. 2.4e

h).
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Planktonic foraminifera (>150 fJm)

Planktonic foraminifera were present throughout the sampling period (Fig. 2.3i; Appendix, Table 2.1).

The two main peaks in mid austral summer and mid winter followed the general pattern oftotal mass and

calcium carbonate. A notewOlthy difference was observed: while calcium carbonate maximum was highest

in austral summer, foraminifera had their highest flux in austral winter. High contribution ofcarbonate

skeleton bearing pteropods in mid austral summer (Donner, unpubl. data) might explain the weakened

correlation between foraminifera and calcium carbonate fluxes in summer.

The planktonic Globorotolia inflata (d 'Orbigny) c1early dominated the foraminiferal assemblage from

January 1992 through January 1993: its relative contlibution ranged from 22-86%, and the mean annual
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relative abundance raised up to ca. 54% (Fig. 2.5a). The highest peak ofthe G. inflata flux occurred in

mid austral winter; a secondary maximum was seen in mid summer. Subordinate contributions to the

foraminiferal assemblage were made by the dextral Neogloboquadrina pachyderma (Ehrenberg),

Globigerina bulloides (d'Orbigny), Orbulina universa (d'Orbigny), and Globigerinoides ruber white

(d'Orbigny). The right-coiledN pachyderma mostly followed the seasonal pattern ofthe total partic1e,
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calcium carbonate and foraminiferal fluxes, with an additional peak in early austral spring (Fig. 2.Sb). G.

bulloides mainly contributed to mid austral winter and early spring fluxes, with a secondary maximum in

austral summer, while 0. universa had a less-defined seasonal pattern with maxima in almost each season

(Fig. 2.Sc, d). The main flux contribution of G. ruber white was observed in later summer and early fall,

when flux ofparticulates was rather low (Figs. 2.3 and 2.Se).

2.4.3 Composition 0/ the biogenic opal fraction

The biogenic opal flux was composed by diatoms, silicoflagellates, radiolarians, phytoliths and the

dinoflagellate Actiniscuspentasterias (Ehrenberg) Ehrenberg. As number ofindividuals, diatoms dominated

the biogenic opal fraction throughout the year: their flux was always one to four orders ofmagnitude higher

than that ofthe above-mentioned siliceous organisms. Following the seasonal course ofthe coccolithophorids

and foraminifera, diatoms also occUlTed in greatest numbers in mid austral winter, and secondarily in

austral summer (Fig. 2.3i; Appendix, Table 2.1).

The highly diverse diatom assemblage was composed ofalmost 98 species and varieties (Appendix,

taxonomic list). Regardless of the season, less than 12 species or group of species accounted for
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75% ofthe total diatom flux. Most important contributors to the diatom flux were the pelagic species

Fragilariopsis doliolus (Wallich) Medlin and Sims, Azpeitia tabularis (Grunow) Fryxell and Watkins,

A. neocrenulata (Van Landingham) Fryxell and Watkins, and Thalassionema nitzschioides var. iriflata

Kolbe, accompanied by the neritic Actinocyclus curvatulus Janisch, A. octonarius Ehrenberg, and

Coscinodiscus radiatus Ehrenberg (Fig. 2.6a-f). Fragilariopsis doliolus dominated the diatom assemblage

throughout the sampling period (range relative contribution = 11-68%, annual average = 34%). On a

yearly basis the average relative abundance of neritic A. curvatulus, A. octonarius, and C. radiatus

reached all together approximately 20%. Subordinate contributions to the neritic diatom assemblage were

made by resting spores (RS) of Chaetoceros spp. and Thalassiosira oestrupii var. venrickae Fryxell

and Hasle. Thalassionemafrauenfeldii (Grunow) Hallegraef, T nitzschioides var. parva (Heiden)

Moreno-Ruiz, and Thalassiosiraferelineata Hasle and Fryxell occasionally contributed to the oceanic

diatom association.

The diatom community was highly diversified during the austral summer diatom peak. Oceanic

and neritic diatoms equally contributed to this maximum, withA. curvatulus as the dominant species,

c10sely followed by F doliolus. Minor contributions correspond to neritic RS Chaetoceros and T

oestrupii var. venrickae, and open-ocean species ofAzpeitia. This situation is c1early reflected by

the Shannon-Weaver diversity index, which raised up to 2.98 in mid austral summer 1992. With a

diversity index of 1.53, the main diatom peak in austral winter was substantially less diversified than

the summer one: F doliolus relative contribution raised up to 68%, while neritic diatom species

hardly reached 20%. Highest relative contribution ofneritic diatoms was observed in late fall, with

A. curvatulus as the main component (ca. 43%).

2.4 Discussion

2.4.1 Intra-annual variations ofbulk components and the d15N isotopic signal

The recorded flux patterns ofbulk components and organisms at the pelagic NU site offSW Africa at

29°S is weIl correlated with the annual cycle ofthe dominant oceanographic features for the southemmost

part ofthe central BUS. The mooring location is mostly under the influence ofopen-ocean waters, but the

seasonal intensification ofcoastal upwelling and the seaward extension ofchlorophyll filaments is also

reflected by the trapped particulate material, as weIl as in both calcareous and siliceous plankton fractions.

The maximum export ofparticulates in austral summer at the NU site is probably due to the more

intense offshore spreading ofnutrient-rich waters ofthe Namaqua upwelling cell from July through

September (Nelson and Hutching, 1983; Shannon and Nelson, 1996). The occurrence ofthe planktonic

foraminifera N. pachyderma dextral, together with the highest flux of neritic diatoms, also reflects

an influence of near-shore waters. Maximum export of particulates in austral winter seems to be

predominantly the consequence ofin situ production, favoured by strong mixing and low SST at the

edge ofthe Subtropical South Atlantic Gyre (Fig. 2.2). As stated by Shannon (1985), a winter cooling of

surface waters, due to low insolation and stOlmy weather, might be even more efficient than cooling caused

by coastal upwelling. Additional input from the coastal and shelfupwelling areas derived from chlorophyll

filaments, persistently developed in austral winter (Luijehanns and Meeuwis, 1987). Though these filaments
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usually extend seaward between 150 and 250 km, extreme events they may stream up to 1000 km

(Lutjeharms et al., 1991; Shannon and Nelson, 1996).

The Öl5N isotopic signal at the NU site on1y partially co-varies with the seasona1 variability ofthe

particle flux. The Ö15N signal shows 10w variations during austral summer and fall, without reflecting

the summer particle flux maximum. This lack of correlation might have been caused by a different

nutrient source with a heavier N-isotopic signal composition. A certain influence from the coastal

area of intermediate water is suggested by the lowest 8 5N values, which caused a lighter N-isotope

signal due to lower relative nitrate utilisation rates (Altabet et al., 1991). The Ö15N isotopic signal

generally shows variation along with the SST recorded at the SW African coast. An almost similar

pattern in terms of seasonality and absolute values of Ö15N has been recorded farther north at the

Walvis Ridge by Holmes et al. (2002).

2.4.2 Seasonal pattern ofthe carbonate and siliceous plankton assemblages

The temporal variations in composition ofthe coccolithophorid, adult foraminifer and diatom populations

also mirror the seasonal changes ofmain hydrographie conditions close to the NU site offSW Africa. In

coincidence with previous observations in the northem and central area ofthe BUS (Giraudeau and Bailey,

1995; Cepek, 1996; Baumann et al., 1999), the cosmopolitan coccolithophorid E. huxleyi dominated

both coccolith and coccosphere assemblages from January 1992 through January 1993. It has been

reported that E. huxleyi quickly responds to nutrient enrichment by increasing their population size at a

wide spectrum ofenvironments, such as edges ofsubtropical gyres, in equatorial and coastal upwelling

areas, and on continental shelves (Giraudeau and Bailey, 1995). Subordinate contribution by C. leptoporus,

whose timing parallels to that ofcalcium carbonate and total mass, is related with waters ofmoderate

productivity waters (Giraudeau, 1992; Giraudeau and Bailey, 1995), and defmes the transition from coastal,

colder to wanner, pelagic waters ofthe eastem boundary ofthe Subtropical South Atlantic Gyre. The

increased relative contribution ofthe LPZ species F profunda and Gjlabellatus (Okada and Honjo,

1973; Winter et al., 1994) from late austral summer to early winter agrees with a well-stratified water

column and the prevailing oligotrophie conditions at the NU mooring site. When stratification breaks down

in early austral winter (Fig. 2.2), and coastal waters intrude, relative abundance ofthe LPZ taxa abruptly

dropped while the percentage ofE. huxleyi increased (Fig. 2.4).

The succession in the community ofadult planktonic foraminifera is coupled with the dynamics ofthe

main hydrographie setting. Predominance ofthe deep-living planktonie foraminifera G. injlata reflects the

oligotrophie conditions ofthe Subtropical South Atlantic Gyre (Oberhänsli et al., 1992; Kemle-von Mücke

and Oberhänsli, 1999), and reduced upwelling conditions (Giraudeau, 1993; Giraudeau and Rogers,

1994). Giraudeau et al. (2000) consider the right-coiled N pachyderma as upwelling indicator for the

BUS. Our observations coincide with those by Giraudeau and co-workers: in NU samples the highest flux

ofdextral N pachydenna occurred in austral summer, with lessened values in winter and spring, and

lowest ones in fall, hence paralleling wen the seasonal dynamics ofcoastal upwelling in the central part of

the BUS (Lutjehanns and Meeuwis, 1987; Shannon and Nelson, 1996). The planktonic foraminifera G.

bulloides might have reached the NU mooring site along with nutrients by deep-vertical mixing from
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below the nuuicline, as well benefited from the high primmy produetivity ofsurfaee waters derived from

offshore transport ofcoastal waters in austral winter and spring (Kemle-von Mücke and Oberhänsli,

1999).

Qualitative variations in the diatom assemblage also reflect the different water sourees reaehing

the NU mooring site. Neritie diatoms A. curvatulus and C. radiatus reached their highest flux in

austral summer, in eoineidenee with the strong seasonal seaward migration from the coastal waters

(Lutjeharms and Meeuwis, 1987; Shannon and Nelson, 1996). The diatom assemblage ean be

eharaeterized as "mixed" during the summer peak and the low diatom export in late austral fall-early

winter, when eoastal and oeeanie speeies equally eontribute to the diatom community. This suggests

a relatively eonstant input from the coastal area into the open oeean realm, that eontinues throughout

the season of lessened eoastal upwelling (Lutjeharms et al., 1991). The strong dominance of the

mesotrophie, tropieal-subtropieal water assoeiatedF doliolus in the austral winter diatom peak points to

the predominanee ofin situ produetion, probably favoured by a strongly mixed water eolumn. Still, some

influenee from the eoastal area is seen, as suggested by the minor oeeurrenee ofneritie diatoms in winter.

Dominance ofpelagie diatom speeies after the austral winter peak tilllate spring 1992 evidenees that the

oligotrophie Subtropieal South Atlantie Gyre remains the main souree ofwater masses at the NU site with

Table 2.1. Values and organism assemblages given conespond to the main seasonal peaks (austral summer and winter,
see Figs. 2.3-2.6). The floral and faunal associations typical for austral summer and winter derive from the principal
components analysis (see Fig. 2.7 and Table A 2.2).

Summer maximum

Tolal massflux
204 mg2 day·l

Bulk componenls (%)
Calcium carbonate: 68
Biogenic opal: 3.5

Organic carbon: 5.4
Lithogcnics: 17.3

ISOlopic signal (E/ 5N)
High (7.2x)

Floral andfauna composilion (PCA)

Coccolithophorids
F profimda, G../labellalus ,
C. leplopol'IIs

Diatoms
Azpelia spp., A. clillJalulus,
C. radialus

Foramini fera
G. inflala, G. bulloides

Winter maximum

160- 169 mg2 day'l

Calcium carbonate: 70.5 -74
Biogenic opal: 6.5 - 6.7

Organic carbon: 4.0 - 4.6
Lithogenics: 11.6·- 13.7

Low (4.25x)

E. huxleyi

F doliolus, A. oclonarills

ll1ainfaclors andlor processes injlllencing Ihe dynamics ofparlic!e jlllX

*Increased influence of coastal upwelling *Reduced influence of coastal
Namaqua cell upwelling

*Minor seasonal offshore spreading of *Major seasonal offshore spreading
chlorophyll filaments of chlorophyll filaments

*Less in situ production *High in situ production
*Low mixing of the water column *Strong mixing of the water column

via storms
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reduced influence from coastal areas.

The simultaneous occurrence ofcalcareous and siliceous plankton with different ecological requirements

refleets the fact that the NU trap was deployed in a transitional area between offshore and the coastal

waters, where considerable hydrographie variability over short-time intervals exists. Table 2.1 summarises

the main features ofthe intra-annual distribution ofthe flux ofbulk components and organisms at the NU

site. We propose that the influence ofthe coastal upwelling Namaqua cell, reaching the trap site through

chlorophyll filaments, is strongest in austral summer. During the austral winter export peak, though some

seaward transport via chlorophyll filaments is still observed, the pelagic NU site is less influenced by

coastal waters, being particles and organisms partially produced close to the mooring site.

The above presented summary is supported by the Principal Components Analysis ofthe microorganism

Figure 2.7. Three-dimensional scatter-plot of Factors 1,2 and 3 based on
Principal Components Analysis (Rotation, varimax nol'malised). The three
factol's account far 81.25% of the total val'iance (see also Appendix, Table
2.2). Acur: Actinocyclus curvatulus; Aoct: Actinocyclus octonarius; Azp:
Azpeitia spp.: Clep: Calcidiscus leptoporus; Crad: Coscinodiscus radiatus;
Ehux: Emiliania huxleyi; Fpro: Florisphaeraprojimda; Fdol: FragilaJ'iopsis
doliolus; Gfla: Gladiolithusjlabellatus; Gbul: Globigerina bulloides; Grubw:
Globigerinoides rubel' white; Ginf: Globorotalia inflata; Npach:
Neogloboquadrina pachyderma; Ouni: Orbulina universa; Tnit:
Thalassionema nitzschioides val'. injlata.

populations (Fig. 2.7; Appendix, Table 2.2). Factor 1, which explains~55%ofthe variance, is dominated

by the coccolithophorids F profunda, G jlabellatus (both typical for the LPZ), and C. leptoporus, and

the diatoms Azpeitia spp., A. curvatulus, and C. radiatus. Except for F profimda and C. leptoporus,

all these organisms had their highest fluxes during the austral summer, though the relative contributions

show rather different seasonal patterns. The only planktonic foraminifera with a high contribution in this
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factor is G. inflata. Factor 3 (~10.6 % ofthe total variance) can be characterized as the "winter factor".

Main components are the coccolithophorid E. huxleyi, the planktonic foraminifera G. inflata and G.

bulloides, and the diatoms F doliolus andA. octonarius. The flux ofalmost each Factor 3 components

peaked in austral winter. Factor 2 accounts for 15.5% ofthe variance and is dominated by the planktonic

foraminiferaN pachyderma right, 0. universa, and G. ruber white. This factor represents a seasonally

"mixed" signal (see Fig. 2.5). The pelagic diatom T nitzschioides var. inflata, the main component of

Factor 4, represent the spring signal. The planktonic foraminifer N pachyderma right, and the diatoms

Azpeitia spp. and C. radiatus also share high values in Factor 4.

2.4.3 Regional variability ofparticlefluxes offsouth-western Africa

We now compare the northem WR and NU mooring sites. The WR mooring was deployed in the

Walvis Ridge (northem BUS, ca. 20oS, 9°E; ca. 600 m water depth), in a transition area between

coastal and open-ocean regimes, between March 1989 and February 1992. Although fluxes at both

trap sites were obtained during different sampling periods and traps were deployed at different

depths, a general pattern in the mean annual values and the seasonal dynamics is recognized. The

magnitude and seasonal variations ofthe flux ofbulk components, and the qualitative changes in the

micro-organism populations allow us to characterise and distinguish the northem and central pelagic

areas ofthe BUS.

In good agreement with primary productivity values calculated from satellite imagery (Antoine et

al., 1996), the yearly flux of total mass recorded at the WR site is higher than that collected at the

NU site (Table 2.2). At both sites, sedimentation ofparticulates is clearly biogenic, dominated by calcium

carbonate, mainly delivered by coccolithophorids and foraminifera. Organic matter and biogenic opal

(mainly diatoms) are secondary components, while the input ofterrigenous material remains moderate to

low at both sites (less than 15%). Striking differences among the bulk components at both trap locations

lay in the higher absolute conuibution oforganic carbon (almost three-fold higher), and the higher flux of

calcium carbonate at the WR site. Among the calcium carbonate-producers, coccoliths (as number per

day) contributed the most at the NU site, while the opposite is true for foraminifera: highest yearly flux was

recorded at the WR site. Though interannual variability is expected and differences in trap depth should be

kept in mind, the diatom flux at the WR site in 1989 was one order ofmagnitude higher than at the NU site.

As for other trap sites close to or under the influence ofcoastal upwelling, main bulk components at

WR and NU sites yield high seasonality, mostly showing a typical bimodal pattern. Bulk components,

siliceous phytoplankton and coccolith maxima in austral spring and fall in the Walvis Ridge are directly

con'e1ated with the seasonal dynamics ofcoastal upwelling occurrence, offshore migration ofchlorophyll

filaments offCape Frio (19°S), and the bimodal pattern ofwind stress (Shannon and Nelson, 1996). In

turn, fluxes are inversely correlated with SST fluctuations (Wefer and Fischer, 1993; Fischer and Wefer,

1996; Cepek, 1996; Treppke et al. , 1996; Romero et al. , 1999). According to Lutjeharms and Stockton

(1987), it is particularly noticeable that the Cape Frio upwelling plume seems to follow the bottom topography

ofthe Walvis Ridge, reaching the WR site as an effect ofconsistent wind-stress patterns in austral fall and

spnng.
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Table 2.2. Comparative summary on an annua1 basis ofthe major components ofthe particle flux and organism assemb1ages
at two pe1agic mooring sites in the Bengue1a Upwelling System: the NU site (this study) and the WR site (20°03 'S,
09°09'E, Walvis Ridge, March 1989-February 1990).

NU site (29°12'S, l3°0TE; trap depth: 2516 m)

Yearly j1uxes (bulk components, gm ,] year -1 )

WR site (20°03 's. 09°09'E; trap depth: 599 m)

Total mass

Calcium carbonate

Lithogenics

Biogenic opal

Organic carbon

Olganisms

Coccoliths

Foramin ifera

Diatoms

30.7

21.3 (69.4%)

4.4 (143%)

2.9 (9.4%)
1.6 (5.2%)

1.6 10 '2 m-2year" ,

1.3 10 5 individuals m,2 year"'

1.5 lOs valves m,2 year"'

43.9 '

27.5 (62.5%) ,

3.4 (7.8%) "

3.9 (8.8%) ,

4.6 (10.5%)'

1.1 10" m'2 yem·-'b

3.4 106 individuals m-2 year"' ,

20.0 lOs valves m-2year"' d"

Season o{highest total Summer and winter
massjlux

Flora composition

Fall and spring'"'

Coccoliths

Diatoms Assemblage

Faunal composition

E. huxlevi dominates throughout the year; G. j1abellatlls,
G. ericsonii, C. leptoporus and F. profill1da as secondary
contributors

dominated by the pelagic F. doliolus; higher eontribution
of coastal species in summer

Foraminifera G. injlata is the most important eomponent
year-round; secondary contributions by dextralN.
pachyderma, G. bulloides and 0. universa

E. huxleyi dominates throughout the year; C.
leptoporus, G. oceanica, and U. sibogae as
subordinate speciesb

Mainly neritic spccies, accompanied by oceanic,
tropical and subtropical planktonic diatomsd

.,

G. inflata and N. dlltertrei dominate the flux,
with secondary contributions by dextralN.
pachyderma, G. bulloides and 0. universa '

For the latter, the flux ofbulk eomponents (expressed as g m ,1 year,J) was taken from Fischer and Wefer (1996). The annualmean
relative contribution is given in brackets. Data for organism fluxes and assemblage composition were taken from Cepek (1996),
Treppke el a1. (1996), Romero et al. (1999) and Donner (unpublished data).
"From Wefer and Fischer (1993) and Fischer and Wefer (996).
b From Cepek (1996).
'From Donner (unpublished data).
d From Treppke et a1. (1996).
, From Romero et a1. (1999).

Species ofcoccoliths and foraminifera dominant at both trap positions are representative ofopen

ocean conditions, with coastal-upwelling related species as accompanying components. As above

shown, this pattern remains unchanged almost throughout the year. The coccolith community at the

WR site was dominated by the cosmopolitan E. huxleyi (52-74%), with minor contributions by G.

oceanica, C. leptoporus and U sibogae (Cepek, 1996; Baumann et al. , 1999). The flux ofcoccoliths

closely followed that ofthe total mass and calcium carbonate, with highest abundances during periods

ofmore intense coastal upwelling in late austral fall and early spring in the northemBUS (Cepek, 1996).

During the period ofhighest particle export, the foraminifer G. iriflata clearly dominated the assemblage at

the WR position, accompanied by Neogloboquadrina dutertrei (d'Orbigny), dextral N pachyderma

and G. bulloides as subordinate components (Donner, unpubl. data). The OCCUlTence ofcoastal water

associated diatoms at the WR site indicates offshore influence from the coastal domain through the Cape

Frio chlorophyll filament (Treppke et al. , 1996; Romero et al. , 1999). In contrast with the NU site, diatoms

typical for oceanic waters played a subordinate role at the WR mooring almost throughout the year.

Coccolith and coccosphere fluxes at the NU site are qualitatively similar to those recorded by a high-
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resolution time-series experiment at a shelf-edge site offWalvis Bay between September 1989 and January

1990 (Giraudeau et al., 2000). Once again interannual variability should be considered, but it is interesting

to see that, at least for the months in comparison, the free coccolith fraction was one order ofmagnitude

higher at the NU site. Upwelled waters at the near-shore trap site offWalvis Bay extend up to the mooring

location almost throughout the experiment and detennine the assemblage composition (Giraudeau et al.,

2000). Emiliania huxleyi overwhelmingly dominates both coccolith and coccosphere assemblages along

the southem part ofthe BUS. Subordinate contributors wereHelicosphaera carteri (Wallich) Kamptner,

G oceanica, C. leptoporus, G muellerae Breheret, and Coronosphaera mediterranea (Lohmann)

Gaarder. As expected, the composition ofthe foraminifera assemblage at the near-shore trap location off

Walvis Bay at 23 oS was dominated by the right-coiledN pachyderma and G bulloides, preferentially

distributed within a mixed domain ofmature upwelled waters, and the oppOltunistic species Turborotalia

quinqueloba (Natland).

2.4. 41mplications for palaeoreconstructions

In order to use the calcareous and siliceous microfossil record for the interpretation ofpast oceanographic

conditions in the BUS, it is necessary to understand the nature ofpresent-day occurrence ofdominant

organisms. To make use ofthese data we need to assess the accuracy with which the fossil record reproduces

the originalliving assemblage. The taxonomie composition and distribution ofthe sediment trap associations

at the NU site is a first step in order to interpret the microfossil signal. Hence, our observations are of

relevance for palaeoceanographers who need to identify and calibrate c1imate-ocean proxies for the

sedimentary record.

For the calcareous organisms, a good agreement exist between water column and surface sediment

assemblages. As in NU sediment trap sampies, the coccolithophorid association found in shelf

sediments off Namibia is dominated by E. huxleyi, with C. leptoporus, G oceanica, and

Umbilicosphaera sibogae (Weber-Van Bosse) Gaarder as secondary components (Baumann et al.,

1999). Emiliania huxleyi has been characterized as the only species observed in high abundances

across the main hydrographieal boundaries from coastal upwelling to the oceanic domain in the

southem BUS (Giraudeau and Bailey, 1995). Its world-wide geographical distribution both in the

water column and in the surface sediments reflects its broad range ofecological tolerance (Baumann

et al., 1999). Among the planktonic foraminifera, G. inflata and N pachyderma (right) dominate the

microfossi1 association in pelagic surface sediments of the Cape Basin, with G. bulloides and 0.

universa as accompanying species. Globorotalia injlata, often a dominant component in temperate

waters, shows its highest percentages in core top sediments around 400S in the South Atlantic (KernIe

von Mücke and Hernieben, 1999). Increasing numbers ofG. bulloides in surface sediments south of300S

has been interpreted as reflecting its preference for fertile transitional and subpolar waters (Kemle-von

Mücke and Oberhänsli, 1999), and the lesser influence ofcoastal upwelled waters into the pelagic Cape

Basin (Kemle-von Mücke and Hernieben, 1999).

A good agreement exists between the biocoenotic and the thanatocoenotic diatom community in the

Cape Basin. On studying the fossil diatom populations preserved in core top sediments offSW Africa,

Romero et al. (1999) observed thatF doliolus and T nitzschioides var. nitzschioides are main components
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of the diatom thanatocoenosis. Schuette and Schrader (1981) found A. octonarius and severa1

merop1anktonic Coscinodiscus spp. to be secondary components ofthe preserved diatom community in

near-shore areas offSouth West Africa. Fragilariopsis doliolus, a common component ofwarm-water

diatom floras (Romero et al. , 1999,2000,2001), appears usually well preserved in pe1agic sediments in

mid-1atitudes areas. Thalassionema nitzschioides var. nitzschioides is a typica1 component ofmid-1atitudes

coasta1 diatom assemblages (Romero et al. , 1999,2001), and has been reported in bloom concentrations

in and near Walvis Bay (Schuerte and Schrader, 1981). In sediments underlying the NU trap site,

representatives of a tropicalJsubtropical diatom flora, such as species ofAzpetia, Alveus marinus,

Thalassiosira oestrupü var. oestrupü, and Thalassionema nitzschioides var. pm--va, have been reported

(Romero et al. , 1999,2000). All ofthese species were present in the NU trap sampies (Appendix, Table

2.2), some ofthem as secondary components ofthe diatom assemblage. As for the sediment trap, the

mixture ofdiatoms with different ecological affinities preserved in surface sediments ofthe Cape Basin

mirrors the complicated hydrology ofthis transitional region ofinterplay between oceanic and coastal

conditions (Romero et al. , 1999). In summary, our sediment trap observations confmn that the microfossil

signal preserved in near-shore and pe1agic areas off SW Africa are in good agreement with the main

organisms thriving in overlying waters. Hence, coccolithophorids, planktonic foraminifera and diatoms can

be used as reliable indicators ofhydrographic conditions in the Cape Basin.

2.5 Conclusions

A central objective ofourwork was to determine whether and when offshore spreading ofnutrient-rich

filaments influence the export ofparticulates and organisms in a pelagic area in the Benguela Upwelling

System. To answer this question we follow the year-round dynamics offlux ofparticulates, and the

quantitative and qualitative variations in the coccolithophorid, planktonic foraminifera, and diatom

assemblages. We demonstrate that the biogenic sedimentation at a pelagic trap site offSWAfrica is mostly

under the influence ofthe moderate productivity regime ofthe Subtropical South Atlantic Gyre, with some

influence ofthe Namaqua coastal upwelling cell.

The flux ofbulk components mostly shows bimodal seasonality with major peaks in austral summer and

winter, and moderate to 10w expOli in austral fall and spring. The calcium carbonate fraction dominates the

export throughout the year, and is mainly delivered by planktonic foraminifera and coccolithophorids.

Lithogenics, biogenic opal, and organic carbon are secondary components. The dl5N isotopic signal of

particulate matter correlates well with the total mass flux in austral summer and fall, but appears negatively

eorrelated during austral winter and spring.

Significant seasonal differences in the floral and faunal populations trapped at the NU site support

the usefulness ofthese data as sensitive indicators ofwater masses and main productivity regimes

(oceanic and upwelling) in the eentral pelagie Benguela Current System. The riehly-eomposed populations

ofeoeeolithophOlids, planktonic foraminifera, and diatoms quickly response to the dominant hydrographie

eonditions at the NU mooring site, and offer reliable clues in order to understand the prevailing hydrographic

conditions. The coeeolithophorids C. leptoporus, and the diatomsAzpeitia spp.,A. curvatulus, and C.

radiatus can be characterized as the "summer association", are aeeompanied by the coccolithophorids F
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proJunda, G flabellatus (both representatives ofLPZ), and the planktonic foraminifera Ginflata. The

winter association is predominantly composedby the coccolithophoridE. huxleyi, the planktonic foraminifera

G inflata and G bulloides, and the diatoms F doliolus andA. octonarius. The planktonic foraminifera

N pachyderma right, 0. universa, and G. ruber white builds a seasonally "mixed" group. The continuous

sediment trap record gained at the NU site provides useful information on seasonal dynamics ofthe expOlt

signal and will help to interpret the palaeoceanographical signal preserved in the BUS.
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Appendix

Taxonomy: The following listpresents all the

species, varieties or formae ofcoccolithophorids

(Prymnesiophyceae), planktonic foraminifera

(Foraminifera) and diatoms (Bacillariophyceae)

found in sediment trap sampies at the NU mooring

site in the central BenguelaUpwelling System from

January 1992 through January 1993.

Coccolithophores

Acanthoica Lahmann, 1903, emend. Schiller, 1913 and Kleijne, 1992
Acanthoica quattrospina Lahmann, 1903
Aigirosphaera olJ'za Schlauder, 1945
Alisphaera unicol"llis Okada & Mclntyre, 1977
Alisphaera Heimdal, 1973
Alveosphaera Jordan & Young, 1990
Anacanthoica acanthos (Schiller, 1925) Deflandre, 1952
Anoplosolenia brasiliensis (Lohmann, 1919) Deflandre, 1952
Calcidiscus leptoporus (Murray & Blackman, 1898) Loeblich & Tappan, 1978
Calciosolenia murrayi Gran, 1912
Calciopappus rigidus Heimdal, in Heimdal & Gaarder, 1981
Ca~vptrolithina weftsteinii (Kamptner, 1937) Kleijne, 1991
Ca~)ptrolithophora papillifera (HalIdai, 1953) Heimdal, in Heimdal & Gaarder, 1980
Ceratolitlllls eristatus Kamptner, 1950
Coccolithus pelagicus (Wallich, 1877) Schiller, 1930
Coronosphaera mediterranea (Lohmann, 1902) Gaarder, in Gaarder & Heimdal, 1977
Cricosphaera quadrilaminata Okada & McIntyre, 1977
Discosphaera tubifera (Murray & Blackman, 1898) Ostenfeld, 1900
Emiliania huxleyi (Lohmann, 1902) Hay & Mohler, in Hay et al., 1967 var.lllIx/~l'i

Florisphaera projimda (Okada & Honjo, 1973) Okada & Mclntyre, 1977
Gephyrocapsa ericsonii McIntyre & Be, 1967
Gephyrocapsa muellerae Chamberiain, 1993
Gephyrocapsa oceanica Kamptner, 1943
Gephyrocapsa ol"llata Heimdal, 1973
Gladiolithus (labellatus (Halldal et Markali) Jordan & Chamberlain, 1993
Havasterpeiplexus (Bramlette & Riedei, 1954) Bukry, 1973
Heiicosphaera carteri (Wallich, 1877) Kamptner, 1954
Helicosphaera pavimentum Okada & McIntyre, 1977
Michaelsarsia Gran, 1912, emend. Manton et al., 1984
Michaelsarsia elegans Gran, 1912, emend. Manton et al., 1984
Neosphaera coceolithomOipha Lecal-Schlauder, 1950
Oolitholusf;'agilis (Lohmann, 1912) Martini & Müller, 1972
OphiasterGran, 1912, emend. Manton & Oates, 1983
Ophiaster reduclus Manton & Oates, 1983
Pontosphaera Lohmann, 1902
Retieulofenestra Hay, Mohler & Wade, 1966
Rhabdosphaera clavigera Murray & Blackman, 1898
Rhabdosphaera xiphos (Dellandre & Fert, 1954) Norris, 1984
Sc)phosphaera apsteinii Lohmann, 1902
Svraeosphaera Lohmann, 1902
Svraeolithus catilliferus (Kamptner, 1937) Dellandre, 1952
Svracosphaera an;hos (Lohmann, 1912) Jordan & Young, 1990
Syracosphaera borealis Okada & Mclntyre, 1977
Svracosphaera eorolla Lecal, 1966
Syraeosphaera corrugis Okada & Mclntyre, 1977
Svracosphaera epigrosa Okada & Mclntyre, 1977
Svraeosphaera exigua Okada & Mclntyre, 1977
Svracosphaera halldalii Gaarder in Gaarder & Hasle, 1971
Svracosphaera histriea Kamptner, 1941
Svracosphaera lamina Lecal-Schlauder, 1951
Svracosphaera molischii Schiller, 1925
~vracosphaera nana (Kamptner, 1941) Okada & Mclntyre, 1977
Svraeosphaera nodosa Kamptner, 1941
Syraeosphaera orbiculus Okada & McIntyre, 1977
Sl'raeosphaera prolongata Gran, 1912 ex Lohmann, 1913
Svracosphaera pulchra Lohmann, 1902
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Syraeosphaera rotula Okada & Mclntyre, 1977
Umbellosphaera ilngularis Paasche, in Markali & Paasche, 1955
Umbellosphaera tenuis (Kamptner, 1937) Paasche, in Markali & Paasche,
1955
Umbilieosphaera hulburliana Gaarder, 1970
Umbilieosphaera sibogae (Weber-Van Bosse, 1901) Gaarder, 1970

Diatoms
Actinoeyclus eurvatulus Janisch, 1874
Aetinoeyclus elongatus Grunow, 1881
Aetinocvclus exigllus Fryxell & Semina, 1981
Aetino;vclus oetonarills Ehrenberg, 1838
Aptinol;tyehus senarius (Ehrenberg) Ehrenberg, 1838
Aptinoptyehus vulgaris Schumann,1867
Alveus marinus (Grunow) Kaczmarska & Fryxell, 1996
Amphora oslreOl'ia Brebisson, 1849
Amphora sp.
Asterolampra mOlylandica Ehrenberg, 1844
Asteromphalus arachneBn'bisson, 1857
Asteromphalus cleveanus Grunow, 1874
Asteromphalus elegans Greville, 1859
Asteromphalusflabellatus (Brebisson) Greville, 1859
Aulaeoseira islandica (Müller) Simonsen, 1906
Azpeilia afhcana (Janisch ex Schmidt) Fryxell & Watkins, 1986
Azpeitia neocrenulata (Van Landingham) F/yxell & Watkins, 1986
Azpeitia nodulifera (Schmidt) Fryxell & Watkins, 1986
Azpeitia tabularis (Grunow) Fryxell & Watkins, 1986
Bacteriastrum elongafum eleve, 1897
BacteriaSll7nn_ji,rcatulil Shadbolt, 1854
Bacteriastrum hyalinum Lauder, 1864
Biddulphia alternans (Bailey) Van Heurck
Calenula pelagiea Mereschkowsky
Chaetoceros didymus Ehrenberg, 1845
Chaetoceros messanensis Castraeane, 1875
Resting spore (RS) Chaetoeeros affinis, Lauder, 1864
RS Chaetoceros debilis Cleve
RS Chaetoeeros diadema (Ehrenberg) Gran, 1897
RS Cltaetoceros radieans Schütt, 1895
RS Chaetoeeros socialis Lauder, 1864
RS Chaeloceros vanheurckii Gran, 1900
RS Chaetoeeros spp.
Coseinodiscus OIgus Ehrenberg, 1839
Coscinodiscus centralis Ehrenbelg, 1839
Coseinodiseus oculus-iridis Ehrenberg, 1854
Coseinodiscus radiatlls Ehrenberg, 1841
Cymatosira lorenziana Gru17ow, 1862
D~/phineis karstenii (Boden) Fryxell, 1878
Delphineis surirella (Ehrenberg) Andrews
Diploneis bambus Ehrenbelg, 1844
Diplolleis papula var. eOllslricta Hnstedt, 1927
Fragilariapsis doliolus (Wallich) Medlin & Sims, 1996
Fragilariopsis kelguelensis (O'Meara) Hustedt, 1952
Hantzsehia amphyoxis (Ehrenberg) Grunow, 1880
Hemidiscus cUlieiformis Wallich, 1860
Lioloma elongatum (Grunaw) Hasle, 1996
Lu/icola mutica f. mulica Kützing, 1844
Nitzschia bicapitata Cleve. 1901
Nilzschia braarudii Hasle, 1960
Nitzseltia eapuluspalae Simonsen, 1974
Nitzschia dietrichii Simonsell, 1974
Nitzschia interruptestriata (Heiden) Simollsen, 1974
Nitzscltia kolaczekii GrunolV, 1877
Nitzschia sicula (Castracane) Hustedt, 1958
Nitzseltia sieula aff. Nilzsehia cf. sicula
Plallktoniella sol (Wall ich) Schütt, 1860
PleurosigmQ directum Grunow, 1880
Pseudo-nitzsehia pungens (GrunolV ex eleve) Hasle, 1965
Pseudosolenia calvar-avis (Schultze) Sundströll1, 1986
Pseudostaurosira brevistriala (Grunow) Williams & Round, 1987
Pseudotriceratium pUlietatum (Wallich) Simonsen, 1974
Rhizosolenia be/gonii Peragallo, 1892
Rhizosolenia pungens Cleve-Euler, 1937
Rhizosolellia styliformis Brightwell, 1858
Roperia tesselata (Roper) Grunow, 1880
Stellarima stellaris (Roper) Hasle & Sims, 1986
Thalassionema baeillare (Heiden) Kolbe, 1955

Thalassionema aff. T cfbacillare 1
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Thalassionema aff. T. cfbaci!1are 2
Thalassionema frauenfeldii (Grunow) HallegraeJJ, 1986
Thalassionema nitzschioides var. nifzschioides (Grunow) Van Hcurck
Thalassionema nitzschioidesJ capitulata (Casfracane) itforeno-Ruiz, 1996
Thalassionema nifzschioides var. il?flata Kolbe, 1928
Thalassionema nitzschiodes var. parl-'G (Heiden) Moreno-Ruiz, 1996
Thalassiora anguste-lillcata (Schmidt) Fryxell & Hasle. 1977
Thafassiora bioculata (Grunow) Ostenfeld, 1903
Thalassiora eccenfrica (Ehrenberg) eleve. 1904
Thalassiora elsayedii Fryxell, 1975
Thalassiora endoseriata Hasle & Fryxell, J977
Thalassiora ferelineata Hasle & Fryxell, 1977
Thalassiora leptopus (GlUTIOW) Hasle & Fryxcll, 1977
Thalassiora lineata Josuc. 1968
Thalassiora mendiolana Hasle & Heimdal. 1970
Thalassiora nanolineata (Mann) Fryxell & Hasle, 1977
rhalassiora oestrupii var. oesn'upii (Ostenfeld) Hasle. 1972
Thalassiom oestrupii var. venrickae Fryxell & Hasle, 1972
Thalassiom pacifica Gran & Angst, 1931
Thalassiara poro~i1Tegulata Hasle & Heimdal, 1970
Thalassiora rotula Meunier, 1910
Thalassiara sacketii [. sacketii Fr)'xclL 1977
Thalassiora symmetriea Fryxell & Hasle, 1972
Thalassiora synulletIiea Fryxcll & Haslc, 1972
Trachyneis aspera eleve, 1894

Foraminifera
Globigerina bulloides d'Orbigny, 1826
Globigerinoides rubel' d'Orbigny, 1839
Globigerinoides saccul!fer Brady, 1877
GloborotaUa h!flata d'Orbigny, 1839
Globorotalia truncatulinoides d 'Orbigny, 1839
Globorotalia hirsuta d'Orbigny, J839
Globorotalia seitula Brady, 1882
Globigerinella caUda Parker, 1962
Globigerinella siphon((era d'Orbigny, 1839
Neogloboquadrina dutertei d'Orbigny, 1839
Neogloboquadrina pachyderma Ehrenberg, 1861
Orbulina universa d'Orbigny, 1839

Chapter2
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TableA2.1: Daily fluxes oftotal mass, calcium carbonate, Iithogenics, biogenie opal, organic carbon, Ol5N isotopic signal, coccoliths, coccospheres, foraminifera and diatom

gained at the NU mooring site (29°12'S, l3°0TE) in the Benguela Upwelling System from January 1992 through January 1993. Fluxes are expressed as folIows: bulk

components (mg m-2 d- 1
); olsN isotopic signal (%0); coccolithophorids (coccoliths x lOH m-2 d- 1 and coccospheres x I 06 m-2 d- I); foraminifera: individuals; and diatoms (valves

x 105 m 2 d- 1
). In addition, the relative contribution (%) ofcalcium carbonate, Jithogenics, biogenie opal, and organic carbon is givcn.

Samp je Trap cup Bulk componcnts: fluxes (mg m- l day-') Relative contribution (%) N isotope Organisms
no. (opcncd) Total Calcium Lithogcnics Biogcnic opal Organic Calcium Lithogcnics Biogcnic opal Organic 815N Coccoliths Coccosphcrcs Foraminifcra Diatoms (valvcs

mass carbonate carbon carbonatc carbon (%0) (1 08nf'day"l) (IO"m"day"l) (>150,lm) x I05 m"day"l)
(individuals m·2

day"l)

I 01-20-92 73.5 54.0 7.9 3.1 4.2 73.4 10.8 4.3 5.8 6.8 8.5 00 298 3.3

2 02-08-92 2036 139.3 35.3 7.2 10.9 68.4 17.3 3.5 5.4 7.3 100.9 0.0 1325 9.9

3 02-27-92 143.2 97.1 24.0 7.0 76 67.8 16.7 4.9 5.3 6.5 63.9 11.9 253 4.7

4 03-17-92 880 60.8 13.5 4.2 4.8 69.1 15.3 4.7 5.4 6.4 27.2 0.0 140 2.1

5 04-05-92 49.7 33.3 8.8 2.4 2.6 67.0 17.8 4.93 5.2 6.2 23.4 0.0 35 1.4

6 04-24-92 48.2 33.3 7.8 2.3 2.4 69.1 16.2 4.9 4.9 6.3 21.7 0.0 143 1.3

7 05-13-92 61.7 46.8 4.5 3.1 3.7 75.9 7.3 5.0 5.9 5.9 28.6 5.2 362 1.3

8 06-01-92 49.9 36.8 5.4 2.9 2.4 73.7 10.9 5.9 4.8 6.5 18.2 3.3 160 1.3

9 06-20-92 54.9 41.2 5.3 3.5 2.5 75.0 9.6 6.3 4.5 6.3 25.3 4.7 115 1.7

10 07-09-92 39.8 29.2 4.8 2.2 1.9 73.2 12.0 5.5 4.6 6.1 19.0 3.6 130 1.3

11 07-28-92 168.8 124.7 19.6 10.9 6.8 73.8 11.6 6.5 4.0 4.4 71.8 0.0 729 10.1

12 08-16-92 159.7 112.6 21.9 10.6 7.3 70.5 13.7 6.7 4.6 4.3 234.6 42.3 2075 19.3

13 09-04-92 102.6 71.4 12.3 9.9 4.5 69.6 12.0 9.7 4.4 5.0 64.2 0.0 450 7.1

14 09-23-92 74.5 51.1 10.8 5.4 3.6 68.6 14.5 7.3 4.8 6.2 29.0 0.0 280 2.9

15 10-12-92 83.7 55.7 12.7 7.3 4.0 66.6 15.2 8.7 4.8 5.5 44.6 0.0 374 3.6

16 10-31-92 98.6 63.5 16.1 8.6 5.1 64.5 16.4 8.7 5.2 6.3 43.0 7.7 261 4.1

17 11-19-92 86.1 52.9 17.1 6.1 5.0 61.5 19.9 7.1 5.8 6.4 14.8 2.8 190 3.8

18 12-08-92 49.9 33.3 7.1 4.6 2.5 66.7 14.2 9.2 5.0 6.7 22.1 0.0 66 1.2

19 12-27-92 34.7 22.4 4.6 2.5 2.6 64.4 13.4 7.2 7.5 8.3 23.6 17.1 34 0.8

20 01-15-93 12.3 8.5 1.6 0.6 0.8 69.4 13.1 4.7 6.4 7.2 2.9 0.0 26 0.1

I
w
Vl
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Table A 2.2: Varimax Loadings Matrix (Rotation: varimax nOlma1ized). Factor scores for analysis on sediment trap
samp1es using taxa with abundances higher than 1.5% oftotal assemblage in at least one sample. Dominant species or
groups of species within each factor (Loadings > 0.700) are printed in bold type.

Organism Species or group of species Factor 1 Factor 2 Factor 3 Factor 4

Coccolith. E. huxleyi 0.548 0.042 0.790 0.037
C. leptoporus 0.739 -0.018 0.569 0.162

F. profunda 0.837 0.097 0.394 -0.139

G. jlabellatus 0.889 -0.045 0.087 -0.230

Planktonic G. injlata 0.613 0.197 0.720 0.048
Foraminifera N. pachydenna 0.324 0.750 0.275 0.360

G. bulloides -0.209 0.526 0.707 0.261

0. universa 0.134 0.939 0.155 -0.086

G. ruber white -0.076 0.787 -0.238 -0.389

Diatoms F. doliolus 0.343 0.004 0.913 0.037
Azpeita spp. 0.858 0.212 0.134 0.319

T nitzschioides var. injlata 0.033 -0.108 0.051 0.849
A. curvatulus 0.872 0.110 0.300 0.174

A. octonarius 0.614 -0.027 0.733 0.111

C. radiatus 0.710 0.112 0.410 0.476

Variance 55.07 15.53 10.64 7.58
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3. Distribution of coccoliths in surface sediments of the south-eastern South Atlantic Ocean:

ecology, preservation and carbonate contribution

Babette Boeckel and Karl-Heinz Baumann

Universität Bremen, Fachbereich 5 - Geowissenschaften, Postfach 330 440, D-28334 Bremen, Germany.

Abstract

Recent coccoliths from 52 surface sediment sampies recovered from the south-eastern South Atlantic

were examined qualitatively and quantitatively in order to assess the controlling mechanisms for their

distribution patterns, such as ecological and preservational factors, and their role as carbonate producers.

Total coccolith abundances range from 0.2 to 39.9 coccoliths x 1Q9g-1sediment. Four assemblages can be

delineated by their coccolith content characterising the northem Benguela, the middle to southern Benguela,

the Walvis Ridge and the deeper water. Distinctions are based on multivariate ordination techniques applied

on the relative abundances ofthe most abundant taxa, Emiliania huxleyi, Calädiscus leptoporus,

Gephyrocapsa spp., Coccolithuspelagicus and subtropical to tropical species. The coccolith distribution

seems to be temperature and nutrient controlled co-varying with the seaward extension ofthe upwelling

filament zone in the Benguela. A preservation index (CEX') based on the differential dissolution behaviour

ofthe delicate E. huxleyi and Gephyrocapsa ericsonii versus the robust C. leptoporus is applied in

order to detect the position ofthe coccolith lysocline. Although some sampies were recognised as dissolution

affected, the distribution ofthe coccoliths in the surface-sediments reflects the different oceanographic

surface-water conditions. Mass estimations ofthe coccolith carbonate reveal coccoliths to be only minor

contributors to the carbonate preserved in the surface sediments. The mean computed coccolith carbonate

content is 17 wt.-%, equivalent to a mean contribution of23% to the bulk carbonate.

3.1Introduction

A major oceanic feature in the south-eastem South Atlantic Ocean is the Benguela upwelling system. It

belongs to one ofthe major eastem boundary upwelling systems ofthe world. Favouring enhanced primary

productivity it acts as a substantial CO2 sink. By means ofthe biological pump, primary producers, such as

coccolithophores, contribute to the possibly climate-relevant transfer ofcarbon from surface waters to the

deep ocean.

Coccolithophores not only thrive abundantly in the photic zone ofoligotrophic water-masses, but also

constitute a considerable part ofthe phytoplankton community in high productivity regions. Seasonally

high proportions ofcoccolithophores have previously been reported fi:om upwelling areas (Mitchell-Innes

and Winter, 1987; Kleijne etal., 1989; Brown andYoder, 1994; Giraudeau andBailey, 1995; Tynoell and

Taylor, 1995; Broerse et al., 2000a). Coccolithophores react sensitively to changes in the properties ofthe

surface-water masses, reflected in their variable assemblage composition and distribution (McIntyre and
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Be, 1967).

Moreover, this plankton group attains additional significance as carbonate producers. The coccolithophore

cell is enclosed in an exo-skeleton composed ofminute calcite scales, the coccoliths. These coccoliths not

only constitute a major component offine-grained deep-sea sediments but passed on to the fossil record

also containvaluable palaeoceanographic information. In comparison to the plankton community the sinking

assemblages have been observed to reach the sea-floor highly altered (Honjo and Okada, 1974; Roth and

Berger, 1975; Steinmetz, 1994; Kinkel et al., 2000).

In this study it is examined whether recent coccolith assemblages reflect the characteristics ofthe

overlying photic zone and to what degree dissolution distorts this image. The subtropical south-eastem

Atlantic Ocean is especially suitable for that purpose, because the study area is characterised by the close

vicinity ofsmall-scale oceanic domains with their distinctive features (i.e. upwelling, open-oceanic, mixed

water-bodies). Knowledge ofthe surface sediment assemblages is aprerequisite for reconstructing past

variations in the characteristics and extension ofthe frontal systems.

A number ofcore-top studies from the Benguela upwelling regime and the Agulhas Current have

already revealed the relation between the biogeographical distribution ofcoccoliths and water-temperature,

nutrient concentration and preservation (Fincham and Winter, 1989; Giraudeau, 1992; Giraudeau and

Rogers, 1994; Flores et al., 1999; Shokati et al., 1999). Part ofthe data presented in this study has

already been described by Shokati et al. (1999). The detailed works by Giraudeau (1992) and Giraudeau

and Rogers (1994) focus on the subordinate species from surface sediments confined to the shelf and

upper slope off South-west Africa. In contrast to their work, we extended the sampling area further

offshore to cover the slope entirely and onto the Walvis Ridge in order to compare the sediments underlying

the various oceanic regimes.

Although single species already irnply a variety ofenvironmental information, the ecological spectrum of

most taxa is rather broad. Only the intersection ofthe ecological implications ofthe dominant forms that

constitute an assemblage allows a sharper defmed, more circumscribed characterisation ofthe oceanographic

setting. Therefore it can be instructive to considerthe entire assemblage. Dominant coccolith taxa, such as

Emiliania huxleyi and Gephyrocapsa, omitted by Giraudeau (1992) and Giraudeau and Rogers (1994),

are included here. Multivariate statistics and cluster analysis have been applied to identify distinct species

assemblages. Furthermore quantitative studies on the entire assemblage allow the assessment ofthe carbonate

contribution from coccoliths preserved in the sediment.

3.20ceanography

The oceanographic research conducted in the Benguela has been summarised in a number of

comprehensive reviews (Lutjeharms and Stockton, 1987; Peterson and Stramma, 1991; Lutjeharms,

1996; Reid, 1996; Shannon and Nelson, 1996). Abriefoutline ofthe prominent features is given below

(Fig.3.1).

As one ofthe four major coastal upwelling systems existing at the eastem boundaries ofthe world's

oceans, the Benguela serves as an important centre ofprimary production. The complex interplay ofthe

wind systems results in the upwelling ofcold nutrient-rich water along the south-west African coastbetween
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Fig. 3.1. Surface-water circulation in the Benguela modified after Lutjehmllis (1996)
and Shannon and Nelson (1996) with BCC = Benguela Coastal Current, Benguela
Oceanic CUlTent = BOC.
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15° and 35°S (Fig. 3.2A, B). At approximately 300 S the eastem boundary current ofthe South Atlantic

Gyre, the Benguela CUlTent, divides in two branches, the Benguela Coastal Current (BCC), which transports

cold water towards the north and the warmer Benguela Oceanic CUlTent (BOC), which proceeds

equatorwards in a north-westerly direction. Towards its northem and southem ends the Benguela is bounded

by two warm water-regimes, the Angola Cunoent and the Agulhas Current, respectively. Both contribute

to an intermittent warm water-influx into the system.

Mainly dependent on the seasonal position ofthe South Atlantic High the principal perennial area of

strong southerly, upwelling-favourable winds lies nearLüderitz (27°S). Hence upwelling is mostpronounced

in the central Benguela (25°-27°S), which exhibits strong upwelling throughout the year; dividing the Benguela

into a northem and southem subsystem. The southem subsystem experiences times ofupwelling relaxation

when the South Atlantic High occupies its northemmost position in austral winter. The restricted mixing

domain ofthe southem cells between 31 ° and 34°S terminates in a sharp front. In contrast, the nOlihem

subsystem comprises secondmy upwelling cells with a wide oceanic, filamentous mixing domain, located

between 18° and 24oS which are more perennial with maximum upwelling occUlTing in late winter. Elevated

nitrate concentration in the surface water in the central to northem Benguela are shown in Fig. 3.2B. The

differences in the seaward extension ofthe filamentous zone are mainly a function ofwind regimes, shelf
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Fig. 3.2. A. Grey shades represent mean annual sea-surface temperatures (SST, 0 m
water-depth) adapted from Levitus and Boyer (1994). Point labels indicate SSTs
reconstructed from a1kenone measurements from core-top studies (Müller et al. , 1998),
B. Mean annual nitrate at the sea-surface (0 m water-depth) adapted from Conkright et
al. (1994),

morphology and the course ofthe coastline. Moreover, in the northern Benguela sea surface temperatures

(SSTs) are slightly higher due to its latitudinal position, which causes a higher insolation, and seasonal

intrusions by warm Angolan waters.

There are a number of subsurface and deep water-masses present offthe west coast of southern

Afiica. Thermoc1ine waters, which upwell along the coast, comprise Western South Atlantic Central Water,

Indian Ocean Central Water and Tropical Atlantic Central Water. In the Cape Basin the North Atlantic

Deep Water (NADW) is sandwiched between the Antarctic Intermediate Water (AAIW) stratum at 700

- 800 m water-depth above and the Antarctic Bottom Water (AABW) below. Prevented from a further

equatorwards path by the Walvis Ridge as a topographie baITier the latter proceeds slowly c1ockwise,

moving southwards at depths greater than 4000 m west ofthe Benguela continental shelf. The position of

this carbonate corrosive deep-water is responsible für the depth ofthe calcite lysoc1ine ofabout 4000 m
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in the northern Cape Basin. Dittert et al. (1999) p1ace the sedimentary calcite 1ysoc1ine in the western Cape

Basin at4300 m, inits eastem part at a water-depth of4100 m and the calcite compensationdepth (CCD)

at 5000 m.

3.3 Material

The 52 core-top sampies investigated in this study were retrieved during METEOR-cruises to the

south-eastern Atlantic, M12/1 (Wefer et al., 1990), M20/2 (Schulz et al. , 1992), M23/1 (Spieß et al.,

1994), M34/1 (Bleil et al., 1996), and M34/2 (Schu1z et al. , 1996). The positions ofthe surface sediment

sampies (Table A 3.1) are indicated in Figure 3.3. Bach surface sediment sampie represents the topmost

centimetre of a multicore or box-core. Data from oxygen isotopes and AMS 14C measurements from

gravity, piston, and multicores from the vicinity ofthe surface-samples indicate an Holocene age for the

surface and provide information on sedimentation rates in the study area: 14.2 cm ka-1for the shelfoff

Namibia (Summerhayes et al., 1995), an average of6.1 cmka-1furtherdown the slope (Kirst, 1999),3.1

cm ka-1for the continenta1 mm'gin offCape Town (Esper et al. , 2000) and 1.2 cm ka-1for the Walvis Ridge

(Bickert and Wefer, 1996). Due to these differences in sedimentation rates the surface sediment sampies

may cOlnprise a 1arge time-span covering several hundreds or thousands ofyears. Nevertheless considering

that c1imatic and oceanic settings throughoutthe Holocene are comparable to present-day conditions, the

sampies can be regarded as representative for sediments accumu1ating presently.

Fig. 3.3. Map ofthe Bengue1a region with samp1e 1oeations and their GeoB-No. For the
exaet geographie positions see Tab1e 3.1.
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3.4 Methods

3.4.1 Quantification 0/coccoliths and coccolith carbonate assessment

Chapter3

The sediment samples were examined not only qualitatively and quantitatively for their coccolith content

but also for the coccolith carbonate contribution. For coccolithophore analysis 40 to 100 mg ofdry bulk

sediment were used. Samples were brought into suspension using tap water. In order to disintegrate

aggregates the suspension was placed in an ultrasonic bath for 30 seconds. It was fillther wet-split using an

electrical rotary sample divider (Fritsch, Laborette 27) with tap water as the splitting medium. The suspension

was then filtered onto polycarbonate membranes (Schleicher and Schuell™ 47 mm diameter, 004 /lm pore

size. After storage in an oven at 45°C for 24h a small piece ofthe filter (around 0.25 cm2
) was cut and

mounted on an aluminium stub. For qualitative and quantitative analyses the samples were examined under

a scanning electron rnicroscope (SEM) at a magnification of5000x. Coccoliths were counted on a randomly

selected filter transect. Around 500 coccoliths were counted in each sample on a scanning area ofO.02 to

0.92 mm2
• For taxonomic identification the descriptions ofJordan and Green (1994) and Jordan and

Kleijne (1994) were used. The conversion ofcoccolith countings into coccoliths per gram ofsediment

followed the formula given by Andruleit (1996):

Coccolith' s absolute abundance (no. ofcoccoliths g-lsediment) = F x Cx S

A x W

withF= effective filtration area (mm2
); C = number ofcoccoliths counted; S = split factor; A = investigated

filter area (mm2
); W = weight ofbulk dry sediment (g).

Quantification ofthe coccolith CaC0
3
-contribution to the bulk sediment was detennined using the

mass equation ofYoung and Ziveri (2000), where the shape ofa coccolith type, its average length and the

density ofcalcite are considered. The average length ofthe most common species was detelmined in two

surface sediment samples, GeoB 3725-1located on the slope offNamibia (23°32'S; 12°37'E) and

GeoB 3603-1 on the continental margin offCape Town (35°13 'S; 17°54'E). Theywere considered as

representative for certain geographical areas in which the remaining surface samples were grouped. In

each ofthe selected samples the SEM-images ofup to 50 randomly chosen coccoliths per species were

captured and measured using the image analysis program Scion Image. Mean coccolith lengths are listed

in Table A 3.2. The carbonate mass estimations for the subordinate coccolith taxa were those calculated

byYoung and Ziveri (2000). Calcu1ating the coccolith-CaC0
3

conuibution using averaged CaC0
3
-values

for certain species implies a substantial error, since variations in shape and size ofsingle coccoliths cannot

be considered in particular (see Young and Westbroek, 1989; Baumann, 1995).

3.4.2 Preservation

In order to assess the effect of carbonate dissolution on the coccolith assemblages the ratio oftwo

cosmopolitan and abundant species was adapted from Dittert et al. (1999). They used the differential

preservation ofEmiliania huxltyiwhich produces very delicate coccoliths with fragile t-shaped elements
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and the dissolution resistant Calcidiscus leptoporus, which is built oflarger strong1y calcified coccoliths.

E. huxleyi be10ngs to the fami1y ofthe Noe1aerhabdaceae whose members have been subjected to a

substantia1 phy10genetic deve10pment since the ear1y Pliocene (Thierstein et al., 1977). Hence changes in

relative abundances ofE. huxleyi might be also evo1utionari1y steered. We therefore modified the index by

inc1uding Gephyrocapsa ericsonii (CEX') in order to create a calibration base for its app1ication to Late

Quatemary records when E. huxleyi was not as abundant as presently.

The C. leptoporus - E. huxleyi + G. ericsonii dissolution index (CEX') is ca1cu1ated as follows:

CEX' = E. huxleyi (%) + G. ericsonii (%)

E. huxleyi (%) + G. ericsonii (%) + C. leptoporus (%)

By means ofthe CEX, Dittert et al. (1999) were ab1e to distinguish the depositiona1 regimes above and

be10w the 1ysoc1ine corresponding to results from other dissolution proxies. A CEX va1ue ofless than 0.6

coincided with a depositiona1 environment be10w the calcite 1ysocline. Calibration ofthe CEX' revea1s a

slight offset (5% increase) towards a va1ue ofO.63 as the critica1 boundary (Fig. 3.4).

1
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Fig. 3.4. The cross-plot ofthe CEX calculated according to Ditteli et al.
(1999) versus the newly developed CEX' reveals a high correlation
between both indices. There is only a slight offset between CEX and
CEX' values observable. Low CEX and CEX' values plotted far offcan be
neglected, since these sampies contain very few coccoliths resulting in
large variations within the relative percentages.

3.4.3 Statisticalmethods

The statistica1 ana1yses app1ied are inc1uded in the mu1tivariate statistica1 package MVSP 3.12d.

Detrended correspondence analysis (DCA) was performed, which is based on the assumption that the

most important environmental gradient is responsib1e for the 1argest valiation in species composition. The

first two DCA axes representing the most prominentunderlying environmental gradients are determined by

a two way weighted averaging a1gorithm. Depending on the degree ofvariance discrete groups can be

identified. Outlying cases or samp1es that contain too few coccoliths « 1 xl 09 cocco1iths g-l sediment)

have been removed from the ana1yses. The 1atter samp1es are not suitab1e for an oceanographic interpretation,
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since the original signal from the photic zone is obscured by strong dilution or by severe dissolution.

Furthennore we perfonned cluster analysis (centroid linkage method; distance metric is 1-Pearson corre1ation

coefficient) on the data set in order to detect the species characteristic for distinct groups. The species

environment re1ationships have been deterrnined using the direct multivariate gradient analysis, canonica1

correspondence analysis (CCA). Environmental data were extracted from the Levitus and World Ocean

(Conkright et al. , 1994, 1998; Levitus andBoyer, 1994; Levitusetal., 1994). Thefina1axesofordination

represent linear combinations ofthe environmental and species data. Environmental gradients are represented

by arrows, whereas species are marked by triangles which lie at the centroid ofspecies abundance. The

position ofthe species points in relation to the arrows is detennined by perpendicu1ar projection ofthe

particu1ar species on the enviromnenta1 variable which indicates the environmental affmities ofthis species.

3.5 Results and discussion

3.5.1 Jmplications ofvariations in total coccolith abundances

In the surficia1 sediments offsouth-westem Africa the bulk coccolith abundances vary from 0.2 to 39.9

coccoliths xl 09g-1 sediment (Fig. 3.5A). The spatia1 distribution ofcocco1iths in the surface sediments is

1arge1y a product ofan interp1ay ofdifferent processes affecting the plankton and sinking assemblage in the

water-co1umn. Hence coccolith concentration mirrors primm)' cocco1ith production itse1f, but is also

20'S
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Fig. 3.5. Maps of the south-eastem South
Atlantic showing: A. absolute abundances
of total coccoliths; B. CEX' dissolution
index; values below 0.63 indicate severe
dissolution; C. Pie-charts depicting the
coccolith carbonate contribution with size
of charts indicating the amount of bulk
carbonate (unpubl. data from P.J. Müller,
Univ. Bremen).
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controlled by dilution due to the variable contribution ofother sediment components, such as other biogenic

and terrigenous particles, by lateral transportation and by dissolution processes.

Highest coccolith concentrations are detected in middle to lower slope sediments (1000 - 2000 m

water-depth) ofthe southem Benguela, adjoining to a zone ofextensive upwelling. They can be attributed

to an elevated nutrient availability (Fig. 3.2B), but also to a minar importance ofdilution effects. High

concentrations on Walvis Ridge are related to an even 1esser extent of dilution in this open-oceanic

environment. In the open ocean oftropica1 to temperate regions coccolithophores are considered to be the

most important primmy producers (Brand, 1994).

Medium abundances mostly characterise the slope sediments in the northem Benguela progressively

decreasing towards the continent (Fig. 3.5A). Theyare located undemeath an extensive zone ofupwelling

filaments, which may extend up to 625 km offshore (Lutjeharms and Stockton, 1987). It is generally

accepted that environments along frontal features such as continental shelf-edge fronts just offshore ofthe

upwelling front favour enhanced phytoplankton productivity (Holligan et al. , 1983; Dengier, 1985).

Coccolithophorids prefer more mature upwelled waters (Mitchell-Innes and Pitcher, 1991) which are

advected offshore via filaments. During periods ofupwelling relaxation coccolithophores may reach bloom

proportions and dominate the phytoplankton biomass (Giraudeau et al. , 1993). Additionally the complex

current system over the shelfdoes not only induce the offshore transport ofnutrients, but adds to the

dilution ofthe coccolith fraction by advection ofresuspended material, mostly relict carbonates and organic

20'S
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02.5-5 0>20

Fig. 3.6. A. Bulk carbonate in the studied
surface sediments (unpublished data from
P.J. Müller, Univ. Bremen). B. Compilation
of opal data in surface sediments of the
south-eastem South Atlantic (Archer, 1996;
lmpubl. data trom P.J. Müller, Univ. Bremen).
C. Total organic carbon (TOC) in surface
sediments (unpublished data from P.l.
Müller, Univ. Bremen). Note that data were
not available for all GeoB locations.
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matter, through Ekman transport from the outer shelfand shelfbreak to the slope (Giraudeau et al. , 2000).

A side-effect ofenhanced accumulation oforganic material is elevated microbial degradation which causes

acidification ofthe bottom-water and thus enhanced carbonate dissolution at the sediment-water interface.

Lowest coccolith concentrations in the shelfsediments (Fig. 3.5A) may be partly induced by terrigenous

input due to river discharge (Orange river) or by means ofkatabatic wind events during autumn and winter

(Shannon, 1985). Since the zone ofintensified upwelling on the shelfis a centre ofdiatom production, the

main component ofthe inner shelfsediments is opaline silicate (Fig. 3.6B) (Rogers and Bremner, 1991).

Undemeath the high productive zones the degradational processes oforganic matter, which exhibits highest

values on the shelf(Fig. 3.6C) may favour enhanced carbonate dissolution. Very low coccolith concentrations

in the abyssal Cape Basin at water-depths between 4759 and 5086 mare associated with their deposition

below the lysocline and the CCD, respectively.

3.5.2 Applicability ofthe preservation index, CEX'

For ecological interpretation, it is essential to identif)r the coccolith assemblages affected by dissolution.

Therefore several quantitative or qualitative coccolith dissolution indices have been developed (Roth and

Thierstein, 1972; Schneidermann, 1977; Roth and Coulboum, 1982; Matsuoka et al. , 1991; Broerse et

al.,2000c).

The relative enrichment ofC. leptoporus versus the dissolution susceptible E. huxleyi, which is most

likely to be caused by selective dissolution can be observed when comparing the species composition

from trap experiments and surface-sediments ofthe south-eastem South Atlantic. C. leptoporus increases

relatively by 8 to 10% at the expense ofE. huxleyi from the sinking coccolith assemblage to the surface

Fig. 3.7. Comparison between relative abundances ofimportant taxa from sediment traps deployed on
the Walvis Ridge (Cepek, 1996) and in the filament zone ofthe Benguela (Romero et al., 2002) with those
from surface sediments located in the vicinity ofthe traps.
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sediments (Fig. 3.7). Nonetheless we have to bear in mind that dissolution indices based on differential

dissolution behaviour might always be influencedby the possibly different ecological affinities ofthe species

involved which are discussed below. In this particular area the probable co-variation between trophic

conditions and water-depth, which cannot be deciphered unambiguously, lays further constraints on the

CEX'.

In oUf study the majority ofsamples (73%) with a CEX' value below 0.63, indicating severe dissolution,

are encountered at a water-depth ofabout 3800 m or deeper, which places the top ofthe inferred sedimentmy

coccolith lysocline at 3800 m (Fig. 3.8). Its position corresponds to results from a foraminifer corrosion

index (BDX') applied by Yolbers and Henrich (2002b). Locally enhanced biochemical degradation of

organic matter underlying high productive zones is probably responsible for the few low CEX' values

located on the she1fand continental margin. A few samples in the deep Cape Basin with especially low

absolute coccolith abundances «1 x 109 coccolithsg-I sediment) were not identified by the CEX' as affected

by dissolution. These samples have probably been subjected to a more progressive dissolution which

affected the whole assemblage, including robust forms such as C. leptoporus. The applicability ofthe

differential dissolution behaviour is limited here. The CEX' serves as a mere approximation. In order to

obtain more reliable results an integrated approach combining different dissolution proxies (e.g. BDX',

carbon rain ratio, foraminiferal fragmentation indices) is necessary.

CEX'
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Fig. 3.8. CEX' values plotted against water-depth. Lower CEX' values hint towards
increasing dissolution. Asterisks mark those samples with total coccolith numbers of
less than 1.0 xl 09 g'l sediment where the CEX' is not functional.

3.5.3 Relative abundances ofindividual coccolithophore species

A total of39 heterococcolithophore taxa was identified The six most abundant coccoliths (Figs. 3.9,

3.10) were those ofE. huxleyi (48%), C. leptoporus (22%), G ericsonii (7%), Gephyrocapsa oceanica

(4%), Coccolithus pelagicus (3%), and Umbilicosphaera sibogae (3%). Furthermore, subordinate

taxa comprised as subtropical to tropical species group (Table 3.1) exhibit a mean value of9%. Based on
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DCA (Fig. 3.11) andc1usterana1ysis (Fig. 3.13), consideringthe most

abundant species or species groups, four associations have been

recognised (Fig. 3.12), which provide the base ofdiscussion. Since

E. huxleyi is the most abundant cocco1ithophore species in the surface

sediments ofthe Bengue1a (Fig. 3.9A), the discrimination between

groups is mainly (except for Group A) based on variations in the other

abundant taxa. The CCA (Fig. 3.14) reveals certain ecological affinities

ofthe main taxa.

Table 3.1. List oftropical to
subtropical species.

subtropical to tropical taxa

D. tllb!{era

F pro{zll1da

G..f7abellatlls

R. clavigera

Syracosphaera spp.

U. irregularis

U. tenuis

U. sibogae
Group A is confined to a belt between 1000 and 2000 m water

depth contiguous to the majorupwelling strip extending from the midd1e

to southem Benguela (Fig. 3.12). The most abundant cocco1ithophore species in the surface sediments of

the Benguela, E. huxleyi, overwhelming1y dominates the group Aassemblage (Figs. 3.12,3.13). E. huxleyi

is considered to be the most ubiquitous coccolithophore in the world's ocean (McIntyre and Be, 1967).

Its consistentpresence in tropica1 to subpolar waters reflects its ability to tolerate a wide range oftemperatures
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Fig. 3.9. Maps with relative abundances ofthe Noelaerhabdaceae in the south-eastem South Atlantic
surface sediments with A. E. huxleyi; B. G. ericsonii; C. G. muellerae; D. G. oceanica.
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and salinities (McIntyre et aL, 1970; Okada and McIntyre, 1979). This is also suggested by its position in

the CCA diagram (Fig. 3.14), where this species plots dose to the centre ofordination, which implies an

independence from specific ecological conditions. Nonetheless, maximum abundances ofthis opportunistic

strategist can probably be linked to the high nutrient availability in the Benguela. Brand (1994) reported

this species to become very abundant in nutrient rich environments such as edges ofsubtropical central

gyres, upwelling regions and along continental margins. In the CCA (Fig. 3.14) a weakrelation ofE.

huxleyi to elevated chlorophyll concentrations is expressed which might be associated with its ability to

reach bloom proportions. Indeed small but intense blooms ofE. huxleyi have been recorded by Mitchell

Innes and Winter (1987) in a plankton study offthe Cape Peninsula.

The samples offCape Town were expected to differ in composition from those located farther north by

bearing a strong tropical signature due to the warm-water influx from the Indian Ocean via the Agull1as

Current. Only slightly elevated percentages ofthe subtropical to tropical taxa in the samples located in

vicinity to the Agulhas retroflection point towards the influence ofthe Agulhas Current (Fig. 3.1 OD). The

tropical signal is presumably weakened by components from the upwelling assemblage ofthe Cape Peninsula

cello
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0'

20"8

• none
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o
..

subtropical/tropical [%]
• none 07·10

: ~~ 7 8;~515

Fig. 3.10. Maps with relative abundances of important species 01' groups in the south-eastem South
Atlantic surface sediments with A. C. leptoporus; B. C. pelagicus; C. U. sibogae; D. subtropical and
tropical taxa.
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Fig. 3.11. Plot ofthe detrended correspondence analysis (DCA) scores of43 sampies, based on the relative abundances
of the eight most important taxa, leading to the formation of four discrete groups.

The distribution ofGroup B assemb1ages is mainly eonfined to the Wa1vis Ridge (Fig. 3.12). As dedueed

from the CCA (Fig. 3.14) e1evated pereentages ofsubtropiea1 to tropiea1 taxa and U. sibogae, whieh

eharaeterise this group (Figs. 3.12,3.13), ean be attributed to the warmer water and more oligotrophie

eonditions ofthis open-oeean environment.

U. sibogae appears in two varieties,foliosa and sibogae, whieh display an eeo10gieally divergent

behaviour. We did not eount the two varieties separately, but from qualitative analyses, we observed the

Joliosa-variety to be more dominant in the Benguela, whereas the U. sib. var. sibogae reaehed higher

numbers in the sediments ofWalvis Ridge. This pattern eoineides with the eeologiea1 preferenees observed

for both varieties. U. sib. var.foliosa is able to reaeh high quantities in high nutrient upwelling region

(Broerse et al., 2000; Ziveri and Thunell, 2000). Whereas U. sib. var. sibogae is eonsidered to be a

subtropieal and tropieal form assoeiated with wann oligotrophie eonditions (Okada and MeIntyre, 1979;

Ziveri et al., 1995).

Group C is eharaeterised by elevated abundanees ofC. pelagicus and Gephyrocapsa spp. (mainly

G. oceanica and G. muellerae) (Figs. 3.12, 3.13). As shown by the CCA (Fig. 3.14) these speeies

respond positively to elevated nutrient eonditions. C. pelagicus, in partieular, shows strong affinities for

higher nutrient eoneentrations. High abundanees ofthese speeies are possib1y related to the more dynamie

eonditions prevalent in the wide filament zone ofthe nOlihern to eentral Benguela.

In palaeoeeanographie studies C. pelagicus has often been used as a eold-water proxy (McIntyre et

al., 1970; Geitzenauer et al., 1976). Reeently the presenee of C. pelagicus has been reported from

several upwelling areas, i.e. offthe Iberian eoast (Caehao and Moita, 2000), offNW-Afriea (Blaseo et
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al., 1980) and from the Bengue1a upwelling area (Giraudeau and Bai1ey, 1995). Giraudeau and Rogers

(1994) associated the area ofhighest percentages ofC. pelagicus in the northem part ofthe Bengue1a

with its preference for a sustained high biomass in high1y dynamic environments. Its 10w abundance in the

centra1 to southern Bengue1a region (Fig. 3.1 OB) seems to be re1ated to the restricted filamentous zone and

more stab1e conditions ofthe southern subsystem. The presence ofa few bad1y preserved coccoliths on

the Wa1vis Ridge might indicate an offshore transport through filaments.

Gur observations on G. oceanica coincide with Giraudeau (1992) who attributes the distribution pattern

ofthis opportunistic species to its to1erance for fertile waters. Severa1 studies carried out in other high

fertility areas ofthe wor1d have described G. oceanica to rapid1y respond to e1evated nutrient conditions

tropical taxa.
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Group A [E. huxleyi

[ U. sibogae

Group B
sub-trap.

[ Gm,,'.m'
Group C G. aceanica

C. pelagicus

[G. ericsanii

Group D
C. leptaparus

by an inerease in population size (Kleijne et al. , 1989;

Broerse et al., 2000). Affinities of G. muellerae for

cooler waters are well-known (Winter et al., 1994;

Samtleben et al. , 1995a). In addition, this speeies might

prefer higher nutrient eonditions as deduced from the

CCA (Fig. 3.14).

The dose vieinity ofGroups A and C in the northem

to central Benguela ean be related to the wide

filamentous mixing zone in the northem Benguelawhieh

favours the small-seale eo-existenee of various

eeologieal niehes. Apart from that, the hydrographie Fig. 3.13. Cluster analysis (centroid linkage
method, distance method is l-Pearson cOlTelation

subdivision into the northem and southem subsystems, coefficient) on the relative abundance ofthe eight

whieh are separated by the eentral Lüderitz upwelling most important taxa and the resulting groups.

eell at about 27°S latitude, is weIl refleeted by the predominanee ofassemblage A in the slope sediments

ofthe southem subsystem (Fig. 3.12).

The distribution ofGroup D along the 4000 m isobath with high abundanees ofC. leptoporus and

elevated pereentages ofG. ericsonii, whieh in this study comprises forms ofless than 2.7 flm length, ean

be attributed to intennediate to low nutrient eonditions in the surfaee waters as inferred from the CCA

(Fig. 3.14). This observation is in agreement with a plankton study offWalvis Bay by Giraudeau and

Bailey (1995) where G. ericsonii was more abundant in the stratified wann oeeanie waters.
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The opinions on the nutrient demand ofC. leptoporus

greatly diverge. On the one hand high fertility conditions

are postulated (Roth and Berger, 1975; Andruleit et al. ,

2000), on the other hand this oceanic species is assigned

to preferentially thrive in low to intermediate nutrient

concentrations (Brand, 1994; Ziveri et al. , 1995). In the

Benguela Giraudeau (1992) identifies the growth optimum

ofC. leptoporus in relatively oligotrophic conditions west

ofthe main upwelling zone. These differences in nutrient

requirements could be related to the presence ofdifferent

morphotypes (Knappertsbusch et al. , 1997), which have

not been discliminated in this study. Recently, Geisen et al.

(2002) provided strong evidence for the division of C.

leptoporus morphotypes in discrete (sub-)species.

Moreover, highest abundances ofC. leptoporus along

the edge ofthe filament front (Fig. 3.1OA) which coincides

partly with the 4000 m isobath (Lutjeharms and Stockton,

1987), the approximate position ofthe lysocline, might presumably be controlled by both, ecological and

preservational factors. Group D is likely to correspond to the "deep-water" assemblage identified by

Fincham and Winter (1989) in the south-eastern Indian Ocean which also contains high amounts ofC.

leptoporus (23%).

The distribution ofthe identified assemblages broadly reflects the different oceanic or depositional

regimes. The comparison ofwater-depth and total coccolith abundance ofthe distinct groups (Fig. 3.15)

reveals not on1y their confinement to certain bathymetric intervals. Moreover, this pattern seems to be a

function ofgradually changing trophic conditions further offshore. These results obtained from the sediment

surface assemblages provide the groundwork for further palaeoceanographic reconstructions ofvariations

in surface water conditions in this area.

3.5.4 Coccolith carbonate

The mean computed coccolith CaC0
3

contribution in the surface sediments ofthe south-eastem Atlantic

Ocean is 17 wt.-% (range: 0.1 wt.-% to 79 wt.-%), a value that is equivalent to 23% ofthe total CaC0
3

concentration in the surface sediments (Fig. 3.5C). The major part ofthe coccolith CaC0
3
is produced by

C. leptoporus (29%), C. pelagicus (28%), Oolithotusfragilis (10%), Helicosphaera spp. (9%), E.

huxleyi (8%), U. sibogae (6%), and Rhabdosphaera clavigera (3%).

The bulk carbonate content ofthe surface sediments tends to increase with distance from the south

west African coast (Fig. 3.6A), probably due to reduced dilution by terrigenous material and by the

increased importance ofcalcifYing primary and secondmy producers. But as far as coccolith carbonate is

concerned, there is no clear distribution pattern observable (Fig. 3.5C). The coccolith carbonate contribution

of the oceanic sites of the Walvis Ridge are surprisingly low with a mean of 17%, even though
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coccolithophores are generally believed to be the main carbonate producers in the open ocean (e.g.

Westbroek et al., 1994). In contrast, sampies underlying the higher productive areas ofthe Benguela

contain a higher mean coccolith carbonate percentage of24%. ResuIts from trap experiments offNamibia

reveal a mean coccolith carbonate contribution during an upwelling event of20% (Giraudeau et al., 2000)

and a mean annual contribution of44% (Baumann et al., in press.). Giraudeau et al. (2000) identified the

major part ofthe carbonate to be resuspended she1fmaterial.

The calculated coccolith contribution to the total CaC0
3
content ofthe sediments is lowest c10se to the

continent and in the Cape Basin be10w the calcite lysoc1ine, where overall carbonate values (Fig. 3.4) are

found to be lowest as weIl. Highest values (up to 39%) are encountered along the 4000 m isobath, off

Walvis Bay, in the southem Benguela area, and on Walvis Ridge (Fig. 3.5C). Maxima along the 4000 m

isobath, which coincides with the approximate position ofthe front separating the filamentous zone from

the open-ocean, are related to the spatial distribution ofhigh absolute abundances of C. leptoporus,

which is the dominant coccolith carbonate producer in the area.

Preservational effects may favour the increase ofcoccolith carbonate in contrast to other calcifying

organisms. Unfortunately no information is available on the other carbonate producers such as foraminifers.

Hay (1970) found coccoliths to show a stronger dissolution resistance in the deeper waters than foraminifers.

This effect can be attributed to their organic coating (McIntyre and McIntyre, 1971) or to the acce1erated

transpOltvia sinking vehic1es, the faecal pellets (Honjo, 1975). Still all ofthe calculatedpercentages concede

coccolithophores only a minor role in the amount ofcarbonate preserved in the sediments. The actual

amount ofcarbonate delived from cocco1iths might be higher than computed. The applied method rather

implies an underestimation because only complete coccoliths are considered and detrital coccolith carbonate

is neglected.

3.6 Conclusions

Investigations ofcoccoliths from surface sediments ofthe south-eastem South Atlantic Ocean can be

summarised as follows:

1. Absolute abundances vary between 0.2 and 39.9 coccoliths xl 09g-1 sediment (Fig. 3.5A). Lowest

abundances are dissolution affected, either on the shelfby enhanced respiratory activity or in the deep

sea by carbonate corrosive water-bodies. A steady seaward increase of coccoliths is attributed to

decreasing effects ofdilution and favourable ecological conditions in the upper water-column.

2. A dissolution index (CEX') was applied which is based on the differential dissolution susceptibility of

the fragile coccoliths ofE. huxleyi and G. ericsonii versus the more robust C. leptoporus. In the Cape

Basin the CEX' identifies the "coccolith" lysocline at a water-depth of3800 m (Fig. 3.8).

3. Based on multivariate ordination techniques applied on the relative abundances ofthe most abundant

taxa E. huxleyi, C. leptoporus, Gephyrocapsa spp., C. pelagicus, and subordinate subtropical to

tropical species, four distinct coccolith assemblages were identified (Figs. 3.12-3.14). They exhibit a

c1ear connection to the oceanographic features ofthe overlying water-masses and to the depositional

environment:

A) Amiddie to southern Benguela assemblage west of a sharply defined narrow upwelling front is
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overwhelmingly dominated by E. huxleyi.

B) An oceanic assemblage predominantly found on the Walvis Ridge with elevated abundances of U

sibogae and subordinate subtropical to tropical species is associated with warmer, more oligotrophic

conditions ofthe open ocean.

C) Underlying the wide, upwelling filamentous zone ofthe northern Benguela this assemblage contains C.

pelagicus, G. oceanica and G. muellerae as characteristic elements. This association seems to benefit

from the elevated fertility conditions in this highly dynamic environment

D) Abundant C. leptoporus and elevated percentages ofG. ericsonii are related to intermediate to low

nutrient conditions in the overlying photic zone. Moreover the great abundance ofthe dissolution resistant

C. leptoporus in this deep-water assemblage along the 4000 m isobath may be partly preservationally

controlled.

4. Mass estimates of coccolith carbonate in the surface sediments document coccoliths to be minor

contributors ofthe carbonate accumulating in the sediment and show an inconsistent coccolith carbonate

distribution pattern (Fig. 3.5C). The mean coccolith carbonate in the surface sediments amounts to 17

wt.-% with mean coccolith carbonate contributions of23%.
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Appendix
Table A 3.1. Location ofthe surface sediments sampies and water-depth.

GeoB- METEOR- Latitude Longitude Water-depth [m]
Sampie Expedition

1203-2 12-1 26.55 S 5.02 E 2395

1204-3 25.05 S 5.50 E 2241

1207-2 24.60 S 6.86 E 2593

1208-1 24.49 S 7.11 E 2971

1211-2 24.47 S 7.54 E 4089

1212-2 24.33 S 8.25 E 4669

1213-2 24.53 S 7.70 E 4427

1216-2 24.93 S 6.79 E 2263

1217-1 24.95 S 6.73 E 2007

1220-2 24.03 S 5.31 E 2266

1704-1 20-2 19.41 S 11.61 E 399

1707-2 19.70 S 10.66 E 1234

1709-3 23.59 S 10.76 E 3837

1710-2 23.43 S 11.70 E 2983

1711-5 23.32 S 12.38 E 1964

1712-2 23.26 S 12.80 E 1007

1713-6 23.22 S 13.02 E 597

1714-1 23.14 S 13.54 E 200

1715-1 26.48 S 11.64 E 4097

1716-2 27.96 S 14.01 E 1481

1718-1 28.71 S 15.21 E 167

1721-4 29.18 S 13.09 E 3079

1722-3 29.45 S 11.75 E 3971

1724-3 29.97 S 8.04 E 5086

1726-1 30.27 S 3.26 E 1006

1728-3 29.84 S 2.4IE 2887

2008-1 23-1 31.09 S 11.74 E 4312

3602-2 34-1 34.80 S 17.76 E 1880

3603-1 35.13 S 17.54 E 2851

3604-4 31.79 S 15.50 E 1510

3605-1 31.45 S 15.30 E 1373

3606-2 25.47 S 13.08 E 1793

3607-1 23.89 S 14.33 E 97

3608-1 22.36 S 12.20 E 1972

3701-1 34-2 27.95 S 14.00 E 1488

3702-1 26.79 S 13.45 E 1319

3703-1 25.52 S 13.20 E 1376

3705-1 24.31 S 12.10 E 1305

3706-1 22.73 S 12.60 E 1313

3707-1 21.63 S 12.20 E 1350

3709-1 21.49 S 11.25 E 2709

3710-1 20.66 S 11.40 E 1313

3711-1 19.84 S 10.78 E 1214

3715-1 18.96 S 11.05 E 1204

3717-1 24.84 S 13.35 E 855

3718-4 24.90 S 13.16 E 1316

3719-2 25.00 S 12.87 E 1995

3720-1 25.60 S 12.67 E 2516

3722-1 25.25 S 12.02 E 3505

3723-1 25.40 S 11.5 E 4024

3724-1 26.14 S 8.93 E 4759

3725-1 23.32 S 12.37 E 1980

Chapter3
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Table A 3.2. Mean coccolith lengths and corresponding coccolith carbonate masses
for selected species based on size measurements carried out within this study.

57

species

C. /eptoporus

C. pe/agicus

E. hux/e)'i

F projimda

G. ericsonii

G. lI1uellerae

G.oceanica

H. carteri

S. jJulchra

U. sibogae

mean 1ength [I!m] cocco1ith mass [pg]

GeoB 3725-1 GeoB 3603-1 GeoB 3725-1 GeoB 3603-1

5.3 5.6 32.2 37.1

11.8 10.6 266.2 193.5

3.6 3.4 1.3 1.0

3.4 2.9 3.2 1.9

2.5 2.2 2.1 1.5

3.8 3.0 7.4 3.7

5.1 5.5 17.9 22.5

10.3 9.7 147.5 122.7

4.6 4.8 7.9 8.8

6.0 5.6 33.5 26.7
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Abstract

Two sediment cores retrieved from the south-eastem South Atlantic Ocean, the northem Benguela

upwelling region (core GeoB 1710-3 off Namibia) and its southem end close to the Agulhas

retroflection area (core GeoB 3603-2 offCape Town), respectively, were examined for absolute and

relative coccolith abundances and their coccolith carbonate content. Coccolith fluctuations yield

palaeoceanographic clues forunraveIling the late Quatemary histOlY ofthese areas cmcial in terms of

primary productivity, as weIl as heat and salt transfer from the Indian to South Atlantic Ocean.

Although offNamibia mean total coccolith numbers of25.1 xl09 coccoliths g"lsediment are slightly

lower than off Cape Town (mean 30.4 xl 09 coccoliths g"lsediment), the mean coccolith carbonate

contribution in this more productive area is higher (mean 38 wt.-%) equalling on average halfofthe

bulk carbonate. In contrast, coccoliths ofGeoB 3603-2 only account for one third ofthe carbonate

(mean 20 wt.-%). Here, the main coccolith carbonate contributors are Calcidiscus leptoporus,

foIlowed by Helicosphaera spp., Coccolithuspelagicus, Gephyrocapsa muellerae and Gephyrocapsa

ericsonii. In contrast, at the upwelling Site 1710 the succession ofmain contributors is as follows:

C. leptoporus, C. pelagicus, G. muellerae and Helicosphaera carteri. Carbonate preservation is

estimated by means of the coccolith dissolution index, CEX', which is based on the differential

dissolution-resistance ofdelicate E. huxleyi and G. ericsonii versus the heavily calcified C. leptoporus.

GeneraIly good preservation of coccoliths throughout the past 250 kyr is indicated by constantly

high values in core GeoB 3603 for the Agulhas region, whereas several distinct dissolution events

are recorded in the Namibia core 1710 at stages 7.4, 6.6 and 2.2. These dissolution spikes are

attributed to supralysoclinal dissolution associated with increased supply and decay oforganic matter

either due to enhanced short term increases in productivity and/or intensified resuspension ofmarine

organic matter from emerged shelves. A weIl-known general evolutionary pattem of the Late

Quatematy coccolith record is the abundance shift between the gephyrocapsids and E. huxleyi. At

the upwelling site the beginning reversal occurs in the early MIS 2 (22 ka BP), much later than in

open-ocean sites of subtropicallatitude. At Site GeoB 3603 it is recorded at 75 ka BP. The ratio of

subtropical to tropical species versus G. muellerae is used to monitor changes in the lateral extension

ofthe upwelling filamentous front at Site GeoB 1710. A pronounced glacial to interglacial cyclicity

is weIl developed. Coinciding with peaks in low-latitude boreal summer-insolation the recorded

maxima indicate a narrow zone ofupweIling filaments due to weakened zonality and intensity ofthe
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SE-trade winds. OffCape Town relatively high abundances ofsubtropical to tropical species throughout

the record suggest that the warm-water influx via the Agulhas Current has been a general feature for most

ofthe past 250 kyr, except for short intervals with peaks in cool-water species at 150 ka and 65 ka BP.

4.1 Introduction

In this study we focus on the temporal and spatial development oftwo major oceanic features ofthe

south-eastern SouthAtlantic Ocean, the Benguelaupwelling systemand theAgulhas retroflection respectively.

The Benguela System belongs to one ofthe major eastem boundary upwelling systems ofthe world.

Favouring enhanced primary productivity the system acts as an important CO2 sink through the biological

pump. Incontrast, via the retroflection ofthe Agulhas Current, one ofthe majorwesternboundary currents,

warm saline Indian Ocean water is transported into the Atlantic Ocean through the shedding oflarge

eddies and rings. Assessing the variability in time ofthe hydrological dynamics and biological activity ofthis

complex study area by a micropalaeontological approach might broaden our knowledge on its

palaeoceanographic evolution.

Coccolithophores are important members of the phytoplankton community in the oceans. This

carbonate producing algae group populates a wide spectrum of oceanic regimes. They do not only

predominate the photic zones in the stratified waters of the subtropical and tropical regions of the

world (Brand, 1994), but they are also significant contributors to the total phytoplankton community

in coastal upwelling domains (Mitchell-Innes and Winter, 1987; Giraudeau and Bailey, 1995). Here

blooms of coccolithophores occur in times ofupwelling relaxation, when the upper water column

becomes stratified and silicate-depleted (Mitchell-Innes and Winter, 1987; Giraudeau et al., 1993).

As impoliant primary and carbonate producers they playa significant double-role within the carbon

cyc1e affecting the biological and carbonate pump. The minute calcite scales covering the

coccolithophore cell fOlm a substantial constituent offine-grained deep-sea sediments.

Although sediment assemblages are subject to a number ofalteration processes, they still reflect

a reasonable picture ofthe living communities in the water-column (Honjo and Okada, 1974; Roth

and Berger, 1975; Baumann et al., 1999); yielding an integrated view ofbiological and oceanographic

fluctuations and thus serving as a tool for palaeoceanographic reconstructions.

In this paper we present Late Quatemary coccolithophore assemblages of two sediment cores

from the subtropical south-eastem Atlantic Ocean. This region is especially suitable for studies on

fluctuations in the coccolithophore communities because it is characterised by the c10se vicinity of

several oceanic regimes with their distinctive features (i.e. continental margin upwelling, open-oceanic,

mixed water-bodies). Temporal shifts in the position ofthe frontal systems can be traced by variations

in the fossil record. The cores are located undemeath two completely different oceanic regimes

encountered along the slope off south-westem Africa. One core is located on the continental slope

below the marginal zone of coastal upwelling, where upwelling filaments and open oceanic waters

mix and where present day organic matter fluxes are shown to be moderate (Berger et al., 1987;

Lutjeharms and Stockton, 1987); whereas the other core is located in the vicinity ofthe modern Agulhas
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retroflection influenced by wann Indian Ocean water. The cores have been investigated for their cocco1ith

composition, their absolute and relative abundances, their coccolith carbonate content and preservation of

coccolith carbonate. The Late Quatemary coccolith records ofboth cores bear substantial infonnation on

variations in south-eastem Atlantic surface water conditions through time.

4.2 Hydrographie setting

The oceanography ofthe south-eastem South Atlantic has been subject to extensive studies over the

past decades. Important reviews were provided by Lutjehanns and Meeuwis (1987), Lutjehanns and

Stockton (1987), Peterson and Stramma (1991), Lutjehanns (1996), Reid (1996), Shannon and Nelson

(1996). Based on these studies a summary ofthe main features ofthe area is given below (Fig. 4.1 ).

The Benguelaregion constitutes one ofthe foUf major current systems that exist at the eastem boundaries

0°

Angola
Basin

200 S

• oa
Subtropical

40° Convergence

lII2] coastal upwelling ,. warm eddy

• max, filament extension 200m

• warm water - 3000m

'-----c::.-------=----===+~ ~
Antarctic Circumpolar Current

Fig. 4.1. Sm'face water circulation in the Benguela modified after Lutjehmllis (1996)
and Shannon and Nelson (1996) with AC = Angola CUlTent, ABF = Angola Benguela
Front, BCC = Benguela Coastal CmTent, BOC = Benguela Oceanic CUlTent. Open
circles indicate the core positions.
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ofthe world oceans characterised byupwelling ofcold nutrient rich water along the coast which is a major

source for enhanced primary productivity. The physical forcing ofthe Benguela upwelling is the coastal

arm ofthe BenguelaCurrent forming the north-eastem element ofthe anticyeIonic South Atlantic Gyre. At

about 300 S it diverges into a coastal northward flowing branchofcoldupwelled water, namely the Benguela

Coastal Current (BCC), and an equatorward drift ofwarmer surface water, the Benguela Oceanic Current

(BOC).

Coastal upwelling extends from southern Angola along the west coast ofNamibia and South

Africa, around the southemmost part ofthe continent. The prevailing winds along the west coast of

southem Africa are controlled by the anticyeIonic motion around the South Atlantic High pressure

system, the seasonallow-pressure field over the land, and the eastward moving cyeIones which

cross the southem part ofthe subcontinent. Upwelling is produced by the prevailing SE trade winds,

which show seasonal shifts, i.e. an equatorwards movement during winter and a poleward retreat

during summer.

The unique feature of this eastem boundary current is that the system is bordered at both, its

equatOlward and poleward ends, by Walm water regimes, the Angola Current and the Agulhas

Current respectively. These boundaries are not fixed in space and time, but are highly dynamic. At

the Angola-Benguela Front (ABF) the BCC encounters the warm southward flowing Angola Current.

Its average position migrates seasonally over 2° latitude being farthest north in winter.

The southem end ofthe Benguela system, the retroflection ofthe Agulhas Current, takes a crucial

part in the global circulatory system. It is responsible for the transport of a substantial amount of

Walm water and salt from the Indian Ocean to the South Atlantic Ocean through the intelmittent

shedding oflarge rings and filaments. The interaction ofthe Agulhas rings and the South Atlantic

upwelling system may contribute to the overall level ofproductivity ofthe Benguela system.

4.3 Previous studies

The south-eastem South Atlantic serves as a key area for providing vital eIues on changes ofthe global

circulation system over time. Monitoring the gyre margin properties and the Agulhas Current contribution,

the study region has been subject ofa number ofintensive investigations. They focus on the history ofthe

Benguela Current system and herewith on the latitudinal displacement ofthe frontal systems in respect to

effects on the cross-equatorial heat-transferand the global thelmohaline circulation. Conceptions onvariations

in intensity and lateral extension ofthe Benguela upwelling system and thus on the productivity during

glacials and interglacials greatly diverge. Diester-Haass et al. (1990, 1992) postulate cyeIic north-south

migrations ofthe upwelling system along the SW-African coastwith weakenedupwelling occurring during

glacials. In contrast, indications formaximum upwelling intensity and extension during cold periods have

been found by Oberhänsli (1991), Hay and Brock (1992), Summerhayes et al. (1995), Little et al. (1997a,

b) and Volbers et al. (subrn.) as a response to changes in trade wind dynamics. An increased north

westwarddeflection ofthe BOC during glacial maxima and enhancedsouthward transpolt ofwarm equatorial

water is inferred by Schneider et al. (1995). Strong indications are given for frontal shifts ofthe Angola

Bengue1a front controlled by meridional movements ofthe trade wind belt (Schneider et al., 1995; Jansen
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et al. , 1996). Corresponding oscillations in the position ofthe Subtropica1 Front1inkedto possib1e variations

in the influx ofIndian Ocean water and thus to changes in salt and heat transfer into the South Atlantic

Ocean are discussed in various studies (e.g. Prell et al., 1980; Gordon et al., 1992; Wefer et al., 1996a;

Kirst, 1998; Rau et al., 2002). Be and Duplessy (1976) and Morley (1989) suggest a maximum displacement

ofthe Subtropical Convergence Zone of 10° northwards during glacial periods for the past 540 kyr

inferring a temporal cessationofthe wann-water influx through the Agulhas. Prell et al. (1980) and Niebler

(1995) estimate that during glacial times the Subtropical Convergence Zone moved northward by only 2

to 3° latitude.

In many previous studies variations in coccolith assemblages have been applied for reconstructing

palaeoceanographic changes in the Benguelaand Agulhas Systems. Core-top studies from samples located

undemeath the Benguela upwelling regime and the Agulhas Current reveal the correspondence between

certain coccolithophore index species or characteristic assemblages and the oceanographic features ofthe

overlying water-masses (Fincham and Winter, 1989; Giraudeau, 1992; Giraudeau and Rogers, 1994;

Baumannet al., 1999; Flores et al., 1999; Boeckel and Baumann, subrn.). Theirbiogeographical distribution

appears to be related to surface water-temperature and nutrient concentration. In addition, the differential

preservation potential is critical for the sediment assemblages. Time-series analyses on coccoliths mainly

focus on the southem part ofthe Benguela region and in particular on areas influenced by the Agulhas

Current. Shifts in species composition observed in several cores situated in the present day Agulhas Current

area are attributed to changing conditions in upwelling influence and eddy formation (Winter and Martin,

1990). Flores et al. (1999) associate the pronounced glacial- interglacia1 cyclicity observed in the coccolith

record ofcore PS2487-6 throughout the past 25 Marine Isotope Stages (MIS) to shifts in the Subtropical

Convergence, linked to an east- and westward displacement ofthe Agulhas Cunent retroflection. From

their record it is assumed that the transfer ofwarm water by the Agulhas Current has been a general feature

ofthe past 950 kyr.

4.4 Material and Methods

The two gravity cores fi'om the continental margin offsouth-westem Africa investigated in this study

were recovered during METEOR-cruises M 20/2 (Schulz et al., 1992) and M 34/2 (Schulz et al., 1996).

Core GeoB 1710-3 with arecoveryof10.7 m is retrieved from the continental marginoffNamibia at

23°26' S latitude and 11°42'E longitude, at a water-depth of2987 m. Core GeoB 3603-2 with a recovery

of11.3 m is retrieved from the continental margin offCape Town at 35°08'S latitude and 17°33'E longitude,

at a water-depth of2840 m. The recovered sediment cores consist ofbioturbated biogenic muds rich in

foraminifers and coccoliths. They have been investigated for a number ofgeochemical parameters, such as

stable isotopes (Bickert and Wefer, 1999; Schneider et al., 1999), their carbonate and total organic

carbon contents (Kirst et al. , 1999; unpubl. data by P.J. Müller, Univ. Bremen) and alkenone concentrations

(Kirst et al., 1999; Schneider et al. , 1999). The chronology for the cores (Fig.4.2) is based on foraminiferal

oxygen isotope records (data fi'om T. Bickert, Univ. Bremen, pub1ished in Schmiedl and Mackensen,

1997; Schneider et al., 1999). The sampling intervals for coccolith analyses differ from the sampling

scheme ofthe above mentioned geochemical analyses. With a sedimentation rate of4.4 cm ka-1 core
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Fig. 4.2. Time-series of the oxygen isotopes (&180) from the foraminifer Cibicidoides
wuellerstoifi (Sclmlied1 and Mackensen, 1997), alkenone derived sea-smface temperatures
(SST) (Kirst et a1., 1999; Sclmeider et a1., 1999), total coccolith abundance and coccolith
accmnulation rates of cores GeoB 1710-3 and GeoB 3603-2 are displayed. Veliical grey
shaded bars represent interglacial MIS.

GeoB 1710-3 was sampled at 10 cm intervals for coccolith analysis (a total of 100 sampies) resulting in a

resolution of2.3 ka. The mean sedimentation rate of core GeoB 3603-2 is 3.0 cm ka-1
• At sampling

intervals of5 cm (a total of 150 samples) the mean resolution is 1.7 ka.

4.4.1 Coccolith analyses

For coccolithophore analysis 40 to 100 mg ofdry bulk sediment were brought into suspension using

tap water. After placing the sampies in an ultrasonie bath for 30 seconds in order to disintegrate aggregates,

they were further wet-split by means ofan electrical rotary sampie divider with tap water as the splitting
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medium. The suspension was then filtered onto polycarbonate membranes (47 mm diameter, OAllm pore

size), which were stored in an oven at 45°C for 24h. Then a small piece offilter (around 0.25 cm2
) was cut

and mounted on an aluminium stub. A magnification of5000x was used to examine the coccoliths qualitative1y

and quantitatively under the Scanning Electron Microscope (SEM), a Zeiss DMS 940A. Coccoliths were

counted on a randomly selected filter transect. About 500 coccoliths were counted in each sampie on

scanning areas between 0.003 and 0.19 mm2
• The coccoliths were taxonomically identified following the

descriptions ofJordanand Green (1994) andJordan andKleijne (1994). A table ofthe taxa is listed in the

appendix. The conversion ofcoccolith countings into coccoliths per gram ofsediment was calculated as

follows (e.g. Andruleit, 1996):

F·N·S
C= A.W

where C = Coccolith' s absolute abundance (no. ofcoccoliths g-l sediment); F = effective filtration area

(mm2
); N = number ofcoccoliths counted; S = split factor; A = investigated filter area (mm2

); W = weight

ofbulk dry sediment (g).

Fluctuations in the percentage ofother sediment components may affect the number ofcoccoliths

per gram of sediment. Coccolith accumulation rates (AR, coccoliths cm-2 ka- 1) were detennined in

order to preclude dilution effects by other sediment components following the fonnula by Flores and

Sierro (1997):

Coccolith AR = R . DBD· C

where R =average sedimentation rate (cm ka-1), DBD =dry bulk density (g cm-3
), C =number ofcoccoliths

g-l sediment.

In order to assess the diversity of an assemblage the Shannon-diversity index was calculated. It

takes the relative abundance ofa species within an assemblage into account and is calculated according

to Pielou (1966) as follows:

s

- LPilogPi
i=l

where s = number ofspecies;P
i
= proportion ofspecies (i) in sampie.

The sediment sampies were also examined for the coccolith carbonate contribution. Quantification of

the coccolith CaCO3-contribution to the bulk sediment was detetmined using the mass equation ofYoung

and Ziveri (2000) where the shape ofa coccolith type, its average length and the density ofcalcite are

considered. This coccolith carbonate calculation technique implies a substantial error ofup to 50%. The

average length ofthe most common species was detetmined in four to eight sampies ofeach core. For the

rest ofthe sampies extrapolated values were used. In each ofthe selected sampies the SEM-images ofup

to 50 randomly chosen coccoliths per species were captured and measured using the image analysis
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Table 4.1 Mean coccolith lengths.

eore GeoB 1710-3 GeoB3603·2

.ge (ka] 0.0 41.7 95.5 152.8 212.5 0.0 241 41.1 52.2 66.9 95.2 98.0 130.8 153.3 212.5

species length hun] length [ern]

c. leptoporus 5.3 6.7 5.8 6.7 5.9 5.6 6.3 5.9 6.5 6.7 5.8 5.7 7.0 6.9 5.7

C. pelagicus 12.2 12.3 12.2 11.7 11.6 10.2 11.8 12.3 12.8 10.6 13.4 13.1 12.3

E. Iw,,'deyi 3.5 3.7 3.5 3.8 3.3 3.4 3.6 3.7 3.5 3.4 3.6 3.0 3.4 3.7 3.4

F.proJunda 3.4 2.6 3.0 3.7 3.4 2.9 2.6 2.4 2.8 2.7 2.7 2.4 2.7 3.0 2.7

G. caribbeanica 3.5

G. ericsonii 2.4 2.3 2.1 2.3 2.2 2.2 1.9 1.8 1.8 2.0 1.8 1.9 2.2 2.0 2.2

G. muellerae 3.5 3.5 3.5 3.3 2.9 3.0 3.6 3.5 3.9 3.4 3.4 3.3 3.5 3.3 2.9

G.oceanica 5.0 4.9 4.7 5.0 4.4 5.5 4.8 5.3 5.2 5.3 4.9 4.8 4.9 5.1 4.9

H. carterf 10.3 9.2 9.8 10.0 9.0 9.7 9.3 8.9 9.3 8.1 9.1 9.1 9.8 8.8 9.2

O.ji-agilis 5.5 4.8 5.2 5.5 4.6 4.8 5.5 4.1 4.6 4.9

S.pulchra 6.0 5.7 5.0 5.4 4.8

U. hulburtiana 3.7 3.4 3.4

U. sibogae 6.0 5.4 5.4 5.3 4.4 5.6 5.0 5.1 4.9 4.9 5.1 4.8 4.8 4.6 4.6

prograrn Scion Image. Mean coccolith lengths are listed in Table 4.1. The carbonate mass estimations for

the subordinate coccolith taxa are taken from Young and Ziveri (2000).

4.4.2 Coccolith Dissolution Index (CEX')

In order to assess the effect ofcarbonate dissolution on the coccolith assemblage the dissolution index

(CEX) developed by Dittert et al. (1999) has been slightly modified. Originally, it is based on the differen

tial preservation behavioUf ofEmiliania huxleyi which produces vety delicate coccoliths with fragile t

shaped elements and ofthe dissolution resistant Calcidiscus leptoporus, which is built oflarger strongly

calcified coccoliths. E. huxleyi belongs to the family ofthe Noelaerhabdaceae whose members have been

subject to a substantial phylogenetic development since the early Pliocene (Thierstein, 1977; Rine and

Weaver, 1998). Hence changes in relative abundances ofE. huxleyi mayaiso be evolutionarily steered.

The investigated sediment record covers more than 70 kyr, a time period when the floral turnover between

the gephyrocapsids andE. huxleyi occurred. Therefore, Boeckel and Baumann (subrn.) included another

small and fi.-agile species, Gephyrocapsa ericsonii, which was abundant prior to 70 ka BP.

The C. leptoponls - E. huxleyi + G. ericsonii dissolution index (CEX') is calculated as follows:

CEX' = [E. huxleyi (%) + G. ericsonii (%)]/[E. huxleyi (%) + G. ericsonii (%) + C. leptoporl'{s (%)]

4.5. Results

4.5.1 Coccolith carbonate andpreservation

Carbonate is the main sediment component in both cores. Core GeoB 1710-3 contains an average of

75 wt.-% bulk carbonate, ranging from 36 to 88 wt.-% (Fig. 4.3). Lowest carbonate contents are found

in the glacials, e.g. in 10wetIDost MIS 6, in 4 and 2 respectively. The calculated coccolith carbonate varies

between 10 and 87 wt.-% with a mean of38 wt.-%, in other terms it contributes a mean percentage of

51% to the total carbonate content. The calculated coccolith carbonate fluctuations are not obviously
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Fig. 4.3. Time-series ofthe total organic carbon (TOC) record ofcore GeoB 1710-3 (Kirst et al., 1999) and dissolution
index (CEX') with dashed horizontalline marking a ratio of 0.63, bulk carbonate (unpubl. data of P.J. Müller, Univ.
Bremen) and coccolith carbonate records ofcores GeoB 1710-3 and GeoB 3603-2. Vertical grey-shaded bars represent
interglacial MIS.

linked to those seen in the bulk carbonate record. Low values in coccolith carbonate however coincide

with minima in the bulk carbonate content. In one sample from MIS 5 coccolith carbonate exceeds the

bulk carbonate curve. This might be caused by the error implied in the coccolith carbonate ca1culation

technique. But it could also be due to the staggered scheme ofcarbonate measurements and coccolith

countings, where only interpolated bulk carbonate values are available. The relative contribution ofthe

species to the coccolith CaC0
3

content shows an absolute dominance of C. leptoporus with a mean

contribution of42% and peak values ofup to 63% (Fig. 4.4). During glacial intervals C. pelagicus and G.

muellerae are important CaC0
3
contributors reaching maximum percentages ofup to 83% and 35%

respectively. In contrast, H carten contributes significantly to the coccolith carbonate in interglacial periods

with a maximum share of19%.

In core 3603-2 the bulk carbonate content rather exhibits a monotonous record during the past

250 kyr with a mean of70 wt.-% fluctuating within a narrow range between 60 and 77 wt.-% (Fig. 4.3).

The minimum CaC0
3

content is reached in MIS 7. Coccoliths produce about 20 wt.-% ofCaC0
3

,

vmying from 5 to 43 wt.-%. They account for a mean contribution of29% to the total carbonate content.

Apmi from interglacials 7 and 5 where the coccolith cm'bonate content parallels that ofthe bulk carbonate,

the two records delineate a dissimilar pattern. With a mean value of35% C. leptoporus also represents

the main coccolith carbonate producer in the record offCape Town, sometimes contributing as much as

57% to the coccolith carbonate (Fig. 4.4). Apart from high percentages in the Holocene, the secondmost

important coccolith carbonate contributor, Helicosphaera spp., in contrast to the core offNamibia, is



Fig. 4.4. Relative coccolith carbonate mass contributions by different taxa for cores GeoB 1710-3 and GeoB 3603-2.

more important in glacial intervals reaching up to 35%. Moreover, the sedimentary record ofthe past 170

kyr yields C. pelagiClls (up to 29%) and G. muellerae (up to 24%) as important glacial coccolith carbonate

producers. In contrast, the period between 250 and 170 ka is marked by elevated contributions by G.

ericsonii and O.fragilis with highest values ofboth species above 30%.

Drops in the bulk absolute abundance along with an increase in large, more robust forms, such as C.

leptoporus, C. pelagicus and G. oceanica (Fig. 4.5), which are considered to be more dissolution

resistant (Roth and Berger, 1975; Roth and Coulboum, 1982), hint towards dissolution. In GeoB 1710

3 minima in bulk coccolith abundance (Fig. 4.2) coincide with extraordinarily high values in dissolution

resistant species in MIS 7 (227 ka), in lowelmost MIS 6 and in lowermost MIS 2 (Fig. 4.5). These
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Fig. 4.5. Relative abundances ofthe most common coccolith taxa of cores GeoB 1710-3 and GeoB 3603-2. Note the
different scalings in the Coccolithus pelagiczls records. Veliical grey-shaded bars represent interglacial MIS.

intervals are regarded as affected by dissolution. The CEX' values ofthe core offNamibia range from 0.4

to 0.9 (Fig. 4.3). Lowest values which indicate dissolution cOlTespond to the mismatches detected when

compming total coccolith abundances with extreme peaks in the robust taxa. According to Boeckel and

Baumann (subm.) a CEX' value ofless than 0.63 indicates adeposition below the calcite lysocline. From

the CEX' three weH developed dissolution spikes are identified: in MIS 7 (at approximately 225 ka BP),

within lowermost MIS 6 and in lowennost MIS 2.

Comparison ofabsolute (Fig. 4.6) and relative abundances (Fig. 4.5) ofthe most important species in
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Fig. 4.6. Absolute abundances ofthe most conunon coccolith taxa ofcores GeoB 1710-3 and GeoB 3603-2. Vet1ical grey
shaded bars represent interglacial MIS.

GeoB 3603-2 does not reveal any obvious signs ofdissolution in the studied intervaL AdditionaIly, CEX'

values vary on a high level between 0.8 and 0.9 (Fig. 4.3). These high values indicate moderately to weIl

preserved assemblages.

4.5.2 Relative and absolute abundances oJcoccoliths

Core GeoB 1710-3 offNamibia displays a mean in total coccoliths of25.1 x I09 coccoliths g.lsediment,

ranging from 1.0 to 58.4 xl 09 coccoliths g.lsediment (Fig. 4.2). Maximum values occur in MIS 7 and
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Table 4.2. List of subtropical to
tropical species

subtropical to tropical taxa

Discosphaera tubi/era

Florisphaera projimda

Gladiolithus jlabellatus

Rhabdosphaera clavigera

Syracosphaera spp.

Umbellosphaera irregularis

Umbellosphaera tenuis

Umbilicosphaera sibogae

71

during an intetval from 160 ka to 100 ka BP. Minimum

values are recorded in the glacials (early MIS 6, MIS 4

to 2) and in the Holocene. In general, fluctuations in the

absolute abundances resemb1e the coccolith

accumulation rates which vary between 2.4 and 222.3

x109 coccoliths cm-2ka-1 (Fig. 4.2). The pattern

delineated by the total coccolith numbers is unparalleled

in the absolute abundance of dominant species.

Moreover most ofthe species display different patterns

in absolute (Fig. 4.6) and relative abundances (Fig. 4.5).

From 250 ka to about 13 ka the two dominant species

are Gephyrocapsa muellerae and Gephyrocapsa ericsonii, both attaining values greater than 65%. In

particular glacial assemblages are predominated by G. muellerae, whereas in the interglacials G. ericsonii

exhibits highest abundances. An important accessOlY species throughout the record is Calcidiscus

leptoporus ranging from 4 to 40%. Moreover, subtropical to tropica1 species are consistently present,

fluctuating around a mean of9% with highest values of24% (Table 4.2). Emiliania hu;'(leyi clearly is the

dominant coccolith in the Holocene, reaching values up to 46%.

In core GeoB 3603-2 off Cape Town mean absolute abundances reach 30.4 xl 09 coccoliths g

lsediment, ranging from minimum values of 5.0 xl 09 cocco1iths g-lsediment to a maximum of 84.1

xl 09 coccoliths g-lsediment (Fig. 4.2). Pronounced peaks are recorded in bulk coccolith abundance in

stage 7 with declining values towards Termination 11 where a distinct rise in abundance marks the

onset of high values throughout stage 5. A drop in abundance in early stage 4 leads to decreasing

numbers towards stage 2. This trend ends in a slight increase towards the Holocene. An ana10gous

pattern with elevated numbers in the interglacials (MIS 7, 5 and 1) is delineated by the coccolith

accumulation rates, which vary from 10.1 to 198.0 xl 09 coccoliths cm-2ka-1 (Fig. 4.2). The described

pattern is generally obsetved in the absolute abundances (Fig. 4.6) ofthe dominant species, with the

exception ofG. muellerae which is the most abundant coccolith in the glacials with maximum values

of40%. G. ericsonii predominates the assemblages during MIS 7 to 5 with a mean of64% and peak

values ofmore than 80%. In assemblages younger than 50 ka E. huxleyi is the dominant species with

a maximum abundance of68%. Important subordinate taxa comprise subtropical to tropical species

including F. profimda. This group is especially significant from 150 ka BP to the Recent, fluctuating

around 11 % with highest abundances of 28%. Other notable accessory taxa are C. leptoporus with

maximum percentages of 11% and G oceanica ranging up to 6%.

4.6. Discussion

The comparison ofthe coccolith fluctuations from two adjacent sediment cores in oceanographically

distinct areas reveals local characteristics as weIl as similarities within the fossil record. While core 3603

2 delineates an uniform pieture with rather gradual trends except for marked changes at Termination I1, the
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highly variable 1710-3 record is subject to changes at higher frequencies. In the following, fluctuations in

coccolith abundances, changes in coccolith preservation and coccolith carbonate contents are discussed

in order to characterise not only the palaeoenvironmental conditions in the surface-waters but also to

consider other aspects, like evolutionary trends for example, affecting the sediment assemblages in the

south-eastern South Atlantic.

4.6.1 Preservation

Carbonate dissolution indices have been used to monitor changes in the position ofthe lysocline and as

tools for the reconstruction ofthe depth distribution ofthe water-mass properties (e.g. Dittert et al., 1999;

Volbers and Henrich, 2002a, b). From surface sediments in the south-eastem SouthAtlantic CEX' values

below 0.63 correspond to areas oflocally enhanced productivity mostlyon the nearshore shelfand slope

01' to the 3800 m deep calcite lysocline associated with the top ofthe Antarctic Bottom water (Boeckel

and Baumann, subrn.). Late Quaternary changes in water-chemistry 01' in the distribution ofthe deep

water-masses have been discussed by several authors (e.g. Oppo and Fairbanks, 1987; Raymo et al.,

1990; Bickert and Wefer, 1996). Bickert and Wefer (1996) assurne the glaciallysocline level to have risen

not much above 4000 m. Most recent reconstlUctions ofthe southem-Atlantic sedimentary calcite lysocline

by new proxies, e.g. the Globigerina bulloides dissolution index, BDX', encounter it at the same level in

the eastem and western basins during the last glacial maximum at around 3200 m in the southem part,

dropping to 4000 m near the equator (Volbers and Hemich, subrn., Henrich et al., subm.). Even inferring

a lysocline 900 m shallower during glacials than today (Howard and Prell, 1994) both cores, retrieved

from water-depths of2987 m and 2840 m, are located in water-depths too shallow to monitorthose

potential changes. Ifthe influence ofa more carbonate corrosive water-bodywere responsible for dissolution,

both cores should be affected equally.

In contrast to core 1710-3 coccolith assemblages in GeoB 3603-2 contain moderate to weIl preserved

assemblages. Carbonate deposited in sediments above the lysocline /CCD underlying meso- to oligotrophie

surface waters is more likely to be preserved than in higher productive environments where enhanced

organie carbon availability results in the acidification ofthe water-column, pore-waters inparticular, due to

intense microbial degradation (Emerson and Bender, 1981). F01' the past 250 kyr the coccoliths from core

3603-2 deposited underneath more oligotrophie surface-waters display relatively constant preservational

conditions without obvious signs ofdissolution.

In core 1710-3 major peaks in the organic carbon content (Fig. 4.3) coincide with dissolution signals

indicated by low CEX' values in MIS 6.6 and 2.2. The temporarily enhanced supply oforganic material

during MIS 6.6 is regarded as a regional phenomenon encountered at lower slope sites ofsouth-westem

Africa (Kirst et al. , 1999; Bertrand et al., 2002). A possible explanation is the lateral transport from the

shelfat the beginning ofthe glacials when the sea-level was lowered and eroded shelfmaterial was transported

down-slope (Kirst et al. , 1999; Volbers and Henrich, 2002a). The enhanced delivery ofmetabolisable

organic matter is also discussed as a response to a basinward shift ofthe upwelling front system and ofthe

related trophic areas (Bertrand et al., subrn., Volbers and Henrich, 2002a, Volbers et al., subm.), possibly

combined with an enhanced upwelling activity (Abrantes, 2000). In GeoB 1710-3 high total organic
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carbon values in MIS 4 and 2 are interpreted as remnants ofenhanced productivity presumably caused by

intensified upwelling (Kirst et al., 1999; Abrantes, 2000).

Inthis study low CEX' values reflect supralysoclinal dissolution due to the locally enhanced accumulation

and degradation oforganic material, either as a result ofincreased productivity or ofenhanced downslope

transport oforganic material during glacial sea-levellowstands ratherthan changes inwater-mass inventories.

4.6.2 Coccolith carbonate

Disregarding those sections affected by carbonate dissolution discrepancies between bulk and the

coccolith carbonate record either milTor primary changes in coccolith productivity or in the

productivity of other carbonate producers. From sediment trap studies (Romero et al., 2002) and

surface sediments (Baumann et al., in press) we know that among the other calcifying plankton

groups mainly foraminifers account for high carbonate values. Other than that variable input of

detritic carbonate might play an important role in the Benguela upwelling region as noted by Giraudeau

et al. (2000) in a sediment trap study. Coccolith detritus, in particular, which cannot be recognised as

coccoliths, is not considered in the countings and might lead to an underestimation ofthe actual coccolith

carbonate.

For vast intervals the bulk and the coccolith carbonate record of both cores do not match. In

neither core does the coccolith carbonate control the bulk carbonate record. Factors determining the

proportion ofthe different carbonate contributions, like coccolith carbonate productivity and coccolith

preservation on the one hand and the productivity offoraminifers and input ofcarbonate detritus on

the other hand, are too complex to be deciphered by the available data alone. Similarities in both

records are observed only in MIS 7 (227 ka BP) ofboth cores and in the lowermost parts ofMIS 6

and 2 of core 1710-3. These cOlTesponding minima in bulk-, coccolith carbonate and the CEX'

indicate dissolution events (Fig. 4.3). The coccolith carbonate record in both cores basically delineates the

fluctuations in absolute abundance ofC. leptoporus (Fig. 4.6) as the main coccolith carbonate producer

(Fig. 4.4). In core 1710-3 only a few additional species make up 80% ofthe coccolith carbonate, whereas

in core 3603-2 more species contribute to the main coccolith carbonate amount. This is probably due to

the higher diversity in the more oligotrophic, subtropical to tropical water-masses ofsite 3603-2.

In the sedimentalyrecord ofthe northem and southem Benguelacoccoliths account for a mean carbonate

contribution of51 % (range 11.3-106.0%) and 29% (range 6.7-60%), respectively. This cOlTesponds to

estimates ofthe coccolith carbonate contribution ofaround 33% from sediment trap studies by Broerse et

al. (2000a) and Sprengel et al. (2000), and of23% in surface-sediments by Boeckel and Baumann (subm.).

Although pronounced dissolution events are recorded in the core underlying the lrigherproductive region,

mean bulk carbonate as weIl as mean coccolith carbonate still display higher values than the records from

core 3603-2, the more oligotrophic site. Hence, more coccolith carbonate is produced and buried in the

sediments underlying the higherproductive system. Nevertheless, in high fertile regions the applicabilityof

coccolith carbonate as indicator for productivity seems rather problematic due to the non-quantifiable loss

ofcarbonate to dissolution caused by the enhanced supply and microbial break-down oforganic matter

(compare Milliman et al., 1999; Hemich et al., subm.).
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Members ofthe family Noe1aerhabdaceae which produce the most abundant coccoliths inboth records

were subject to a rapid phylogenetic evolution during the Cenozoic (Bollmann et al. , 1998, Bown, 1998).

In Late Quaternary records shifts in dominance and different acme zone ofGephyrocapsa spp. and E.

huxleyi are widely used as biostratigraphic tools (Rine and Weaver, 1998). Nonetheless, the patterns

bear an ecological overprint, whereby the interaction between both controlling mechanisms cannot be

precluded (Bollmann et al., 1998).

In both cores the last common occurrence of Gephyrocapsa caribbeanica falls into MIS 7 and it

finally vanishes in MIS 6 (Fig. 4.7). These observations are in good accordance with those made by

Pujos-Lamy (1977), Weaver and Thompson (1993) and Flores et al. (1999). Since G caribbeanica
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Fig. 4.7. Top, ruruüng averages (window width 5) of relative abundances of
Emiliania huxleyi, Gephyrocapsa muellerae and Gephyrocapsa caribbeanica
in core GeoB 1710-3. Bottom, relative abundances ofE. huxleyi, Gephyrocapsa
ericsonii, and G caribbeanica in core GeoB 3603-2. Vertical grey-shaded
bars represent interglacial MIS.
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produces rather dissolution resistant coccoliths, its abundance peak in core 1710-3 at MIS 6 is related to

the bad preservation during this interval.

In this studyall Gephyrocapsa smaller than 2.7/lm were included into Gephyrocapsa ericsonii,

which therefore comprise 'Gephyrocapsa minute' distinguished by Bollmann (1997) and most of

'small Gephyrocapsa' by Lototskaya et al. (1998). The temporal distribution of G ericsonii in both

cores corresponds to some extent positively to the sea-surface temperatures (SST) alkenone record.

In core GeoB 3603-2 this correlation is found during MIS 8 to 4. The higher percentages of G.

ericsonii in core 3603-2 in comparison to core 1710-3 can therefore be explained by the higher

average SST. Okada and Wells (1997) termed small placoliths as stenothermal. After Bollmann

(1997) 'Gephyrocapsa minute' is preferentially encountered in surface sediments underlying waters

with a temperature range of 19-27°C. Lototskaya et al. (1998) related 'small Gephyrocapsa' to

higher produetivity. Although present conditions in the water-eolumn overlying eore 3603-2 are not

as nutrient-rich as in the northem Bengue1a where core 1710-3 is loeated the site might still be

influenced byupwelling conditions from the Cape Peninsula upwelling cell (Lutjeharms and Stockton,

1987). For core 1710-3 concordant to sharp declines in temperature from interglacial to glacial

conditions G ericsonii suffers dramatic decreases in favour of G muellerae. The former is never

able to recover but instead becomes a subordinate speeies from MIS 4 to the Recent. Lototskaya et

al. (1998) associated shifts in dominance between G muelierae and 'small Gephyrocapsa' with

increasing temperature and higher productivity.

For both reeords absolute and relative abundances of Gephyrocapsa muelierae are inversely

correlated to SST. G muellerae becomes especially abundant when temperatures reach or remain

under 18°C. In Bollmann (1997) 'Gephyrocapsa cold', whieh ean be regarded as an equivalent to

our G. muellerae, is preferentially found in regions with water temperatures below 21°C. The overall

lower temperatures in the alkenone SST record of core 1710-3 most readily explain the higher

abundances of G. muellerae compared to the southem core. This species is known to prefer lower

temperatures (Winter et al., 1994; Samtleben et al., 1995a). Results from Late Quatemary reeords

display relative increases ofG muelierae in colder intervals (Wells and Okada, 1997; Lototskaya et al.,

1998).

The shift in dominance between Gephyrocapsa spp. and E. huxieyi is widely used as a

biostratigraphical tie-point. This dominance reversal of Gephyrocapsa caribbeanica (equivalent to

our taxonomie eoncept of G. muellerae) - Emiliania huxieyi sensu Thierstein et al. (1977) is defined

as the point at which E. huxieyi begins to increase to beeome the dominant member of the modem

flora. The dominance reversal between medium-sized Gephyrocapsa and E. huxieyi is reported by

Thierstein et al. (1977) to occur as aglobai time-transgressive event between 85 and 73 ka BP dependent

on latitude. In eore 1710-3 there is merely an intennittent inerease inE. huxieyi deteetable during MIS 3

to 2, but G. muellerae remains the dominant species in the reeord (Fig. 4.7). The reversal between the

two species takes place very late in the record (22 ka BP). The E. huxieyi acme zone is eonfined to the

Holocene. Our fmdings are in good agreement with those ofSummerhayes et al. (1995) and Jordan et al.

(1996) from upwelling areas off south-west and north-west Africa respectively, where the ratio ofE.
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huxleyi to G. muellerae increases sharply from MIS 2 to MIS 1. Hence this relatively young reversal in

dominance between the gephyrocapsids andE. huxleyi seems to be a general feature ofcoastal upwelling

regions where an earlier expansionofE. huxleyi was probably controlledby low surface watertemperatures,

conditions which were more favourable to the growth ofG. muellerae. Therefore we conclude that in

regimes with distinct oceanographic features such as upwelling systems the evolution of the

Noelaerhabdaceae did not follow the generallatitudinally coupled time-transgressive pattern.

From core 3603-2 E. huxleyi seems to be able to tolerate coolertemperatures, as proven by increasing

abundances especially in the glacials when temperatures sink below 20°C (compare Figs. 4.2 and 4.5).

But until early MIS 3 G. muellerae still seems to be better adapted to colder conditions. E. hu.xleyi has

probably undergone a stepwise evolution to its present eurythermal character. In core 3603-2 where

warmer conditions prevailed throughout the record as seen from the alkenone SST record (Fig. 4.2), the

reversal between gephyrocapsids andE. huxleyi is weIl deve10ped beginning in late MIS 5 (75 ka BP)

(Fig. 4.7). But again the pattern differs from that described by Thierstein et al. (1977) in terms of G.

ericsonii being the dominant gephyrocapsid instead of"medium-sized" Gephyrocapsa. It has been noted

by Weaver (1993) that occasionally G muellerae is outnumbered by Gephyrocapsa aperta « 1.5 )lm;

Kamptner, 1963). In core GeoB 3603-2 G ericsonii clearly is the dominant taxon until about 65 ka BP.

Simu1taneously with the increase inE. huxleyi, G. muellerae shows re1ative1y high abundance during MIS

4 to 2 as weIl. Neverthe1ess the E. huxleyi acme zone can still be identified; at about 50 ka BP it became

the dominant species.

In both records during the past 250 kyr peaks in abundance of Gephyrocapsa oceanica seem to

slight1y lead significant transitions especially shifts from glacial to interglacia1 conditions where major

floral turnovers are observed. It shows maximum abundances when huge temperature jumps are

recorded. This pattern might indicate the ability of G. oceanica to promptly react to changing

conditions. This opportunistic strategist seems to benefit from the reorganisation ofthe flora where

eco10gicalniches become suddenly avai1ab1e. In surface sediments ofthe northern Benguela Giraudeau

(1992) and Boeckel and Baumann (subrn.) observed elevated abundances ofG. oceanica. There, its

spatial distribution is linked to re1ative1y highnutrient conditions ofthe slight1ywatmermore matureupwelling

waters. Winter and Martin (1990) associated G oceanica to high fertility environments and concluded

that for the Agulhas CUtTent region peaks are related to high productivity pulses.

4.6.4 Fluctuations in subordinate coccolithophore taxa

Disregarding the extreme1y high percentages ofCalcidiscus leptoporus caused by the dissolution of

more de1icate forms, the species is positive1y corre1ated to temperature in both cores. This observation is

in agreement with Wells and Okada (1996) who 1inked relatively high proportions ofC. leptoporus to

warm interg1acial conditions. On the other hand absolute and relative abundances ofC. leptoporus are

much higher in the core offNamibia which generally displays colder temperatures. The relatively higher

nutrient levels in the surface waters overlying core 1710-3 could be responsible for the difference. In trap

experiments in the Arabian Sea Andru1eit et al. (2000) found C. leptoporus to react positively to higher

nutrient levels. From surface sediments studies in the Benguela the higher abundances ofthe species were
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Fig. 4.8. Time-series of the alkenone-based sea-surface temperatures (SST), the mid-month
insolation record of l5°N for July (Berger and Loutre, 1991), the running average (window
width 3) ofthe ratio of subtropical to tropical species versus Gephyrocapsa muellerae with
high values indicating a nanow upwelling strip and low ratios pointing towards a wide
filamentous mixing zone, are displayed. Black boxes represent pachyderma-events by Litde
et al. (1997a). Below, the Shannon diversity index and the dissolution index (CEX'). Diagonally
hatched bars indicate major dissolution events as detected by the CEX'. Vertical grey-shaded
bars represent interglacial MIS.

associated with intennediate to low nutrient conditions besides being controlled by the decrease ofmore

dissolution prone taxa (Boeckel and Baumann, subrn.).

In core 3603-2 the record ofrelative abundances ofthe lower photic zone species, Florisphaera

profimda, reveals a peculiar pattern ofrelatively stable conditions from 250 ka BP to 150 ka BP and a

subsequent shift towards stronger fluctuations with higher excursions. Fluctuations in the relative abundance

ofF. profunda are associated with changes in nutricline depth (Molfino and McIntyre, 1990). High

abundances ofF.profunda are correlated with lower productivity due to a deep nutricline. In a sediment

trap offNamibia abundances ofF. profimda are weIl correlated to periods ofhigher stratification within

the water-column (Romero et al., 2002). Moreover, decreases in relative abundance ofthis species are

associated with lower temperatures in the deeper photic zone (Okada and WeIls, 1997). Therefore we

associate higher values with wanner temperatures and a more stratified water-column. This might be due
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to the influx ofnutrient-depleted and Walm surface waters via the Agulhas Current.

LowerF. profimda percentages in core 1710-3 can be explained by the more turbulent water-column

ofthis upwelling influenced site, so that upper-photic zone species find better conditions. Considering the

rather cool SST ofMIS 3 to 2 the percentages ofthe subtropical to tropical assemblage, where F.profimda

is inc1uded, are relatively high during this period. From nearshore SST records Kirst et al. (1999) detected

signs for a warm-water influence which they attribute to episodic Wallll-waterprotrusions from the north,

in the modem ocean known as Benguela Niiio events. These indications cannot be seen in the alkenone

SST record from core 1710-3, but in the record ofsubtropical to tropical species.

Disregarding the elevated percentages ofthe robust species, Coccolithuspelagicus, due to dissolution

effects, the temporal distribution ofthe taxon in core 1710-3 follows a broad scheme ofhighest abundances

in colder intervals. Although known as a dominant part ofsub-polar coccolith assemblages (e.g. McIntyre

and Be, 1967; Rothand Berger, 1975; Samtleben et al. 1995a; Wells and Okada, 1997), C.pelagicus

has recently been reported from Atlantic upwelling areas (Blasco et al., 1980; Giraudeau and Bailey,

1995; Cachao and Moita, 2000). Giraudeau and Rogers (1994) and Boeckel and Baumann (subm.)

encountered elevated percentages ofthis species in surface-sediments ofthe northem Benguela. They

were associated with the dynamic conditions in the wide filalllentous zone ofthe northem Bengue1a. Presently

there are two morphotypes ofC. pelagicus distinguishable, a small cold-water type (6-11 )..lm) found in

sub-Arctic environments and a large form (10-16 ).!ffi) in temperate and upwelling regions (Baumann et al.,

2000a). Here we encountered the upwelling type with a coccolith length ofat least 11.7 )..lm. Higher

relative abundances ofC. pelagicus can therefore be interpreted as indicative for upwelling conditions

associated with the generation ofa wide filamentous zone. Therefore an increase in abundance ofC.

pelagicus is not indicative for an influx ofsubpolar Southem Ocean waters and thus for a northward

migration ofthe subtropical front, but instead originates from periods oflocally favourable conditions for

the growth ofC. pelagicus in the northem Benguela.

In core 3603-2 again the large morphotype ofC. pelagicus which might be associated with the Cape

Peninsulaupwelling cell is present. Its appeal'ance is limited to low percentages (with an average ofO.2%),

an abundance which precludes any palaeoceanographic interpretations. Nevertheless this finding is in

accordance with surface sediment studies (Boecke1 and Baumann, subrn.) ofthe southem Benguela where

this species only appeared in velY low numbers partly associated with the narrowly restricted filamentous

mixing area ofthe southem Benguela and the tropical influx via the Agulhas CUlTent.

4.6.5 Palaeoceanographic implicationsfor the Benguela upwelling system

Situated on the continental margin about 300 km offshore, surface-waters overlying core 1710-3 are

presently part ofthe filamentous mixing area, which may extend up to 625 km offshore (Lutjeharms and

Stockton, 1987). At present the lal'gest offshore displacement ofmore oligotrophie subtropical waters is

observed when the anticyclonic subtropical gyre occupies its northemmost position (Lutjeharms and

Stockton, 1987). In the QuatemalY its position and corresponding variations in upwelling-generating trade

winds are precessionally controlled (Summerhayes et al., 1995). Coccolithophores are expected to react

sensitively to the lateral extension ofupwelling filaments which carry nutrients and colder water to an
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otherwise rather oceanic environment. Intensified upwelling or a widening ofthe filamentous zone,

respectively, should be reflected in the record in terms ofenhancedphytoplanktonproductivity and lowered

SST. A widening ofthe upwelling filament mixing zone due to stronger and more zonally directed trade

winds coupled with an intensification ofthe upwelling process would have clearly broadened the zone of

intense bioproductivity.

Generally a diverse coccolithophorid flora is found in more oligotrophic conditions, that is in

warm low productivity 'blue water' regions (Winter et al., 1994). Therefore stronger upwelling of

nutrient-rich waters might result in lowered coccolith diversity and a higher abundance of

opportunistic, r-selected species. Indeed fluctuations in the Shannon Index indicating coccolith

diversity co-vary with the ratio between subtropical to tropical species and G. muellerae (subtrop.l

G. muellerae ratio; Fig. 4.8) which is applied to monitor changes in the Benguela upwelling system.

Although G. muellerae has been associated with cold water and not necessarily with elevated nutrient

concentrations in the upper water-column (Winter et al., 1994; Bollmann, 1997), the ratio ofwarm

to cold-water taxa is thought to mirror E-W oscillations of the frontal system.

SUlface sediments from the northern Cape Basin underlying more oceanic water-masses contain

elevated numbers of subtropical to tropical species (Boeckel and Baumann, subm.). Analogously,

the intervals with high ratios, are thought to represent times of a minimum offshore divergence.

They generally correspond to times of elevated SST during interglacial conditions, with highest

ratios encountered in MIS 7 (210-190 ka BP), MIS 5 (127-115 ka BP, 82 ka BP), MIS 3 (35 ka BP)

and MIS 1. Highest values in MIS 5 to 1 correspond to a maximum southward migration of the

Angola-Benguela Front as reconstructed by Jansen et al. (1996). However, a possible phylogenetic

overprint altering the ratio in favour ofsubtropical to tropical species beginning in MIS 3 when E. huxleyi

started to gradually replace G. muellerae cannot be excluded.

On the other hand, low ratios are thought to characterise times ofenhanced upwelling and a wide

filamentous mixing zone. They are linked to times oflowered SST, observed in MIS 6 (160-132 ka BP),

late MIS 5 to early MIS 3 (75-50 ka BP) and MIS 2 (20-17 ka BP) (Fig. 4.8). The general picture

reflects the co-variation ofthe ratio with the glacial to interglacial cyclicity. It is weIl corre1ated with the

alkenone derived SST record (Fig. 4.9). In otherpalaeontological studies (Little et al., 1997a, b; Volbers

et al., subm.) the con'espondence to a simple glacial to interglacial pattern cannot be detected. Little et al.

(1997a), for example, recorded high abundances ofleft-coiling Neogloboquadrinapachyderma in GeoB

1711, a core located slightly more proximal than GeoB 1710-3, where thesepachydenna-events were

also detected by Volbers and Henrich (2002a). Thesepachydenna-events were associated with times of

maximum trade wind intensity and zonality inducing enhanced upwelling. They are temporally consistent

with a low subtrop.lG. muellerae ratio (Fig. 4.8). Peaks in the ratio are less pronounced in the glacials

than in the interglacials. This phenomenon is probably due to the overall cooling ofthe surface waters

during the glacials which lead to the general reduction in the partly stenothermal subtropical to tropical

species.

Peaks in the subtrop.lG. muellerae ratio and a high Shannon-diversity index coincide with maxima in

precession-related northern hemisphere summer (July) insolation at 15°N (Fig. 4.8). The strong response
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ofSST and surface water productivity to precession-forced

insolation changes in both hemispheres is a widely known

phenomenon in the equatorial and subtropical eastem South

Atlantic (e.g. Molfino and McIntyre, 1990; Schneider et al.,

1995). Maximum low-latitude summer insolation over central

Africa triggers strongerAfrican summermonsoons which in turn

weaken the trade winds (Kutzbach 1981; McIntyre et al. , 1989).

In the Late Quatemary variations in south-eastem trade wind

intensity and zonality drive changes in upwelling offSW-Africa

(Schneider et al. , 1996; Little et al., 1997a,b). When the trades

are weak and blow in a more meridional direction, upwelling is

reduced and the associated fi1amentous front occupies a very

proximalposition. Hence subtropical and tropical coccolithophore

species pro1iferate in the wann, nutrient-poor subtropical surface

4.6.6 Palaeoceanographic ünplicationsfor the Agulhas Current

A frontal displacement towards the equatormay have caused the influx ofthe wann Agulhas water into

the South Atlantic Ocean to cease and favoured the advection ofcolder southem water (Hay and Brock,

1992; Summerhayes et al., 1995; Wefer et al. , 1996a; Little et al., 1997a, b). Arecent study by Rau et al.

(2002) suggests the complex dynamics ofIndian Ocean surface water input to be decoupled flum migrations

ofSouthem Ocean waters and their associated belt ofhydrological fronts. Even with a more eastward

retroflecting current several mechanisms, i.e. rings, filaments, are conceivable to still convey wann Indian

water into the South Atlantic. A substantial equatorwards displacement ofthe Subtropical Front might

therefore not have obstructed the wann water transport into the South Atlantic.

If there was an influence of Southem Ocean water we would expect the southem core position to

exhibit a strong signal from the southem flora. But instead from the coccolith composition we

cannot make out any characteristic southem assemblages as detennined by Flores et al. (1999) from

surface sediments. Instead we observe a rather stable Agulhas coccolith composition in core 3603

2 with relatively high percentages ofF profimda which is thought to cany a subtropical to tropical

signal. We therefore assurne that the influx through theAgulhas Current into the South-Atlantic has

been ageneral feature formost ofthe past250 kyr. Very shortperiods within MIS 6 (150 kaBP) and

4 (65 ka BP), however, yield indications towards the reduced influx ofwanner water. Here absolute and

relative abundances ofG. muellerae are at maximum, hinting towards colder conditions. Apart from the

reduction ofwann Agulhas water transport into the South Atlantic due to an equatorward movement of

the subtropical front which might have caused the retroflection to be located in a more eastward position

and allowed the influx ofSouthem Ocean waters, a simple explanation could be the influx ofslightly cooler

Indian Ocean water into the South Atlantic dUling glacial episodes.

Based on the SST record of a core located between the subtropical and the subantarctic front in
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the Atlantic Southern Ocean Kirst (1998) inferred that in stage 6 the subantarctic front reached its northward

position at about 150 ka BP, while at times ofmaximal glaciation it was already shifting back south.

According to their SST reconstmctions the southward frontal movement preceded deglaciation by about

20 ka BP. The coccolith record delineates a similarpicture. Immediately following the mid-glacial maximum

values ofG. muellerae an increase in relative abundances of G. ericsonii, G. oceanica, C. leptoporus,

and the subtropical to tropical assemblage (including F. proJimda) which are all positively correlated to

temperature is recorded. A similar increase is observed in the relative abundances ofsubtropical to tropical

foraminifers in core 3603-2 (Schneider et al., 1999) and in a core form the Agulhas Bank region (Rau et

al., 2002). This shift takes place approximately 20 ka prior to Termination II and is considered a clear

indication ofa vety early onset in surface water warming prior to Termination II and therefore leads the

maximum deglaciation period. These fluctuations in coccoliths give supporting evidence for the assumptions

ofSchneider et al. (1999). From the comparison between the alkenone SST pattern and the dl80 recOl'd

ofcore 3603-2 they observed that in the Agulhas region offSouthAfrica, deglacial warming at Termination

II started about 10 ka priorto sea-level rise and the decrease in ice-volume. This lead is attributed to the

teleconnection between the South Atlantic and the Indian Ocean via the Agulhas Current causing the

equatorial SST signal ofthe Indian Ocean to be reflected in the south-eastern South Atlantic.

4.7 Summary and conclusions

The coccolith records from sediment cores GeoB 1710-3 offNamibia and GeoB 3603-2 offCape

Town allow the following conclusions for the past 250 kyr:

1. With a mean of 30.4 xI 09 coccoliths g-Isediment GeoB 3603-2 contains higher total coccolith

nurnbers than the upwelling influenced site offNamibia (mean 25.1 xI 09 coccoliths g-I sediment).

Coccolith accumulation rates basically delineate a similar picture with higher mean coccolith

accumulations found in the interglacials.

2. In both cores highest percentages are displayed by Gephyrocapsa muellerae - especially in the

glacials - and Gephyrocapsa ericsonii. The former is dominant in Pleistocene sediments ofthe

upwelling influenced site, whereas the latter is the most abundant in the core offCape Town until

75 ka BP, when Emiliania huxleyi starts to become the dominant form. In upwelling areas the

global shifts in dominance between Gephyrocapsa and E. huxleyi seem to occur independently

from latitude very late, in this case in early MIS 2 (22 ka BP). Calädiscus leptoporus and the

subtropical to tropical species, including Florisphaera proJimda, are important accessoty taxa.

3. The dissolution index (CEX'), based on the differential dissolution behaviour ofthe fragile coccoliths of

E. huxleyi and G. ericsonii versus the more resistant C. leptoporus, reveals dissolution affected

assernblages only in core 1710-3. The dissolution events, mainly detected during glacial periods, are

associated with supralysoclinal dissolution in the Benguela upwelling due to microbial break-down of

organic material. The temporatily enhanced supply oforganic material is either a result ofbasinward

transport from the emerged shelves or ofenhanced productivity in the overlying surface-waters.

4. Mass estimates ofcoccolith carbonate reveal a mean contribution of29 wt.-% during the past 250 kyr.



82 Chapter4

Although dissolution affected, higher coccolith carbonate values (38.5 wt.-%) are encountered in the

more productive Benguelaupwelling region. Here coccoliths account for halfofthe carbonate. At Site

1710 the main coccolith carbonate contributors are C. leptoporus, C. pelagials, G. muellerae and

H carteri. In core 3603-2 one third ofthe bulk carbonate can be attributed to the coccoliths. Here, C.

leptoporus, Helicosphaera spp., Coccolithus pelagicus, G. muellerae and G. ericsonii are the

most irnportant coccolith carbonate producers.

5. The abundances of subtropical to tropical species and G. muellerae yield significant eIues for

palaeoceanographic reconstructions in the south-eastem South Atlantic. For the Benguela upwelling

region the ratio between these species reflects variations in the lateral extension ofthe filamentous

upwelling zone. Maxima coincide with the precession-related low-latitude boreal summer

insolation. Weakest SE-trade winds and zonality responsible for a narrow filamentous zone

indicated by higher abundances of subtropical to tropical species seem to occur when northem

hemisphere insolation is at maximum, thus driving strong monsoons.

In core 3603-2 offCape Town relative abundances ofsubtropical to tropical species, especially

F. profimda, indicate a warm-water influence via the Agulhas Current. Apart from hints towards

a cold water influx at short periods, 150 ka and 65 ka BP, the warm-water influx seemed to be a

persistent feature ofthe past 250 kyr decoupled from movements ofthe Subtropical Front.
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Appendix A. Taxonomic appendix

Calcidiscus leptoporus (MUlTay and Blackman, 1898) Loeblich and Tappan, 1978

Coccolithuspelagicus (Wallich, 1877) Schiller, 1930

Discosphaera tubifera (Murray and Blackman, 1898) Ostenfeld, 1900

Emiliania huxleyi (Lohmann, 1902) Hay and Mohler, 1967

Florisphaera profimda Okada and Honjo, 1973

Gephyrocapsa caribbeanica Boudreaux and Hay, 1967

Gephyrocapsa ericsonii McIntyre and Be, 1967

Gephyrocapsa muellerae Breheret, 1978

Gephyrocapsa oceanica Kamptner, 1943

Gladiolithus jlabellatus (Halldal et Markali) Jordan and Chamberlain, 1993
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Helicosphaera Kamptner, 1954

Helicosphaera carteri (Wallich, 1877) Kamptner, 1954

Oolithotusfragilis (Lohmann, 1912) Martini and Müller, 1972

Rhabdosphaera clavigera Murray and Blackman, 1898

Syracosphaera Lohmann, 1902

Syracosphaera pulchra Lohmann, 1902

Umbilicosphaera hulburtiana Gaarder, 1970

Umbellosphaera irregularis Paasche, in Marka1i and Paasche, 1955

Umbellosphaera tenuis (Kamptner, 1937) Paasche, in Markali and Paasche, 1955

Umbilicosphaera sibogae (Weber-Van Bosse, 1901) Gaarder, 1970
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relation to environmental gradients

Boeckel, B. 1, K.-H. Baumann1, R. Henrich land H. Kinkel 2

1 Department ofGeüsciences, Universität Bremen, POBox 330440,28334 Bremen, Germany
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Abstract

In this study the coccolith composition of212 surface sediment samples from the South Atlantic and

Southem Ocean is analysed with respect to the environmental parameters ofthe overlying surface waters.

We focus on the abundance patterns ofthe main species and outline their ecological affinities. Generally,

Emiliania huxleyi is the most abundant species ofthe Recent coccolith assemblages in the study region.

The lower photic zone taxa, composed ofFlorisphaeraprofunda and Gladiolithusjlabellatus, however,

often dominate the assemblages between 200 N and 300 S. Exc1uding E. huxleyi, Calcidiscus leptoporus

andFprofimda are most abundant, each dominating discrete oceanographic regimes. WhileF profunda

is very abundant in the sediments undemeath warmer and st:ratified surface waters with a deep nutric1ine,

the fonner is encountered in higher productive environments. Furthennore, the results ofa canonical

correspondence analysis reveal affinities of Gephyrocapsa spp., Helicosphaera spp. and Coccolithus

pelagicus for intermediate to higher nutrient conditions in a weIl mixed upper water column. In contrast,

G. jlabellatus seems to be associated with high temperatures and sa1inities under low nutrient conditions.

Based on the relative abundances of C. leptoporus, F profunda, Gjlabellatus, Helicosphaera spp.,

Umbilicosphaera sibogae and a group ofsubordinate subtropical species, six sUlface sediment assemblages

have been identified, which reflect the distribution and characteristics ofthe overlying surface waters. Their

distribution appears to be mainly a function ofthe relative position ofthe nutri- and thennoclines in the

overlying photic zone.

5.1 Introduction

Coccolithophores, impOliant primary producers, inhabit the sunlit layer ofthe world's oceans. These

unicellular algae secrete minute, calcitic plates, the coccoliths. As skeletal remains the coccoliths fOlm a

major component ofpelagic carbonate oozes, which cover approximately halfofthe sea floor (Berger,

1976). Coccolithophores affect the climate system via the biological and carbonate pumps and through the

emission ofdimethyl sulphide (Keller et al., 1989; Westbroek et al. , 1993; 1994). They respond sensitively

to changes in environmental parameters within the photic zone, like nutrient availability, temperature, salinity

and water column stability (Brand, 1994; Winter et al. , 1994). Owing to the rapid bottomward transport

ofcoccoliths via sinkingvehicles, such as fecal pellets andmarine snow (Roth et al., 1975; Bonjo, 1976),

the ocean floor coccolith assemblages, though reduced by selective destruction or dissolution, can be
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re1ated to present-day eonditions within the upper water eo1umn (McIntyre and Be, 1967; Roth, 1994).

Know1edge on the surfaee sediment distribution is therefore aprerequisite for pa1eoeeo10giea1 and

pa1eoeeanographiea1 studies ofQuaternary sediments. In geo10giea1 investigations eoeeo1ith assemb1ages

have been wide1y used as proxy indieators to monitor variations in pa1eoeeanographie eonditions (e.g.

Mo1fino andMcIntyre, 1990; Jordan et al. , 1996; Kinke1 et al. , 2000).

The biogeographie distribution patterns ofeoeeolithophores have been extensive1y studied (e.g.

Geitzenauer et al., 1977; Roth and Cou1boum, 1982; Fineham and Winter, 1989; Cheng and Wang,

1997; Baumann et al., 2000b; Andruleit and Rogalla, 2002). By eomparing both, plankton data from the

photie zone and surfaee sediment data, the presenee offlora1 zones assoeiated with partieular water

masses has been identified for the Atlantie (McIntyre and Be, 1967) and for the Paeifie Oeean (Okada

and Honjo, 1973; Honjo and Okada, 1974). With the exeeption ofthe investigation by MeIntyre and Be

(1967), most ofthe studies on Reeent sediments in the South Atlantie Oeean are ofrather small-sea1e,

regional eharaeter (e.g. Giraudeau, 1992; Giraudeau and Rogers, 1994; Kinke1 et al., 2000; Boeeke1 and

Baumann, submitted). Multivariate statistieal teclmiques to relate eoeeolith assemblages to physieal and

chemieal parameters ofsurfaee water have only rarely been applied so far (Roth, 1994).

The primary objeetive ofour study is to assess the quantitative distribution patterns ofindividual eoeeolith

speeies or speeies groups in surfaee sediments eovering a broad area ofthe South Atlantie and Southern

Oeean, extending from 29°N to 55°S and from 41 oE to 62°W. The study area covers a wide speetrum of

different oeeanographie regimes, whieh allows the eomparison ofdistinet eeologieal niehes and their

assoeiated speeies eomposition. Part ofthe data presented here has been eompiled from regional studies

from the south-eastern Atlantie previously published by Baumann et al. (1999), Shokati et al. (1999),

Boeekel and Baumann (submitted) and from the western to eentral equatorial Atlantie by Kinke1 et al.

(2000). On the base ofK-means cluster analysis distinet eoeeolith assemb1ages were identified. Their

distribution is eompared to the physieoehemieal and trophie eonditions ofthe overlying photie zone. In

order to better depiet the eeo10gieal preferenees ofthe speeies and syneeo10giea1 aspeets, a eanoniea1

eorrespondenee analysis has been earried out. The presented data set improves the understanding of

eoeeolithophore eeology in order to better employ them as a biotie proxy in the fossil reeord.

5.2 Oceanography

During the past deeade the upper-leve1 eireulation patterns in the South Atlantie have been deseribed in

great detail (Peterson and Stramma, 1991; articles in Wefer et al. , 1996b). Therefore on1y an overview on

the main surfaee eurrent systems ofthe SouthAtlantie and Southern Oeean (Fig. 5.1) is given below.

Temperature, nitrate and phosphate gradients in subsUlfaee waters (Fig. 5.2) mirror the basic eharaeteristies

ofthe eurrents.

In the South Atlantie Oeean the wind-driven surfaee oeeanie eireulation is generated by atmospherie

pressure gradients. In the study area surfaee water masses ean be divided into two large-seale eireulation

systems. The northern to eentral South Atlantie is eontrolled by the antieyclonie motion around the South

Atlantie High pressure field. The southern South Atlantie and the adjoining Atlantie sector ofthe Southern

Oeean are eharaeterized by the eastward direeted Antaretie Circumpo1ar Current (ACC) whieh is indueed

by strong westerlies.
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Fig. 5.1. Schematic map of the of the circulation in the upper levels of the South Atlantic (redrawn from
Peterson and Stramma, 1991). Locations ofsurface sediment sampies, indicated as black circles. NEC = North
EquatOlial Current, GUC = Guyana Current, NECC = NOlih Equatorial Counter Current, GC = Guinea Current,
SEC = South Equatorial Current, SECC = South Equatorial Counter Current, AC = Angola Current, ABF =

Angola Benguela Front, BC = Brazil Current, BOC = Bengue1a Oceanic Current, BCC = Benguela Coastal
Current, BMC= Brazil Malvinas Confluence, MC = Malvinas Current, SAC = South Atlantic Current, AGC =
Agulhas Current, ACC = Antarctic Circumpolar Current
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An important feature ofthe South Atlantic circulation system (Fig. 5.1) is the cross-equatorial surface

water transport ofwann waters from the Indian Ocean and from the anticyc10nic South Atlantic gyre into

the North Atlantic Ocean by means ofthe South Equatorial CUlTent (SEC). Separated by the South

Equatorial Counter CUlTent (SECC) a northern branch ofthe SEC located between 4° and 2°S flows at

high velocities. The southern branch ofthe SEC belongs to the Subtropical Gyre system and bifurcates at

about 300 W into the northward flowing Northern Brazil CUlTent (NBC) and the southward directed Brazil

Cun'ent (BC), the western limb ofthe anticyc10nic South Atlantic Gyre. In austral winter at times when the

SE trade winds are strongest and the Intertropical Convergence Zone (ITCZ) occupies its northernmost

position, the velocities ofthe SEC are enhanced. Due to the extremely strong curl ofthe wind stress off

northern South Ame11ca the NBC is forced to retrofleet north-eastwards spinning offunstable anticyc10nic

eddies which feed the North Equatorial Counter CUlTent (NECC) during this season. In the GulfofGuinea

it continues eastwards along the WestAfrican coast as the Guinea CUlTent (GC). But the major portion of

the NBC flows north-westwards, fOlming the Guyana (GUC), Caribbean and finally the GulfStream

CUlTents ofthe North Atlantic Ocean. The strong seasonal westward advection ofthe SEC leads to the

piling up ofwaters in the western equatorial Atlantic causing the nutri- and thennoclines to deepen in this

area. In contrast, the intensification ofthe SE trade winds results in an uplift ofthe nutl1- and thennoc1ines
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Fig. 5.2 a. Mean annual temperatures at 75 m water depth adapted from Levitus and
Boyer (1994). b. Mean annual nitrate concentrations at 75 m water depth adapted from
Conkright et al. (1994). c. Mean annual phosphate concentrations at 75 m water depth
adapted from Conluight et al. (1994).
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in the eastern equatoria1 Atlantic 1eading to e1evatedproductivity which additionally is enhanced due to the

stronger equatoria1 divergence. In austral summer when the ITCZ shifts southward and SE trade winds

1essen, the SEC slows down, the thermoc1ine deepens in the east and equatoria1 upwelling is reduced. On

the other hand, in the north equatoria1 Atlantic NE trade winds are intensified driving a strong North

Equatoria1 Current (NEC), thus enhancing the transport ofcooler and more saline waters from the north

into the tropics.

A10ng SouthAmerica's east coast the BC transports relative warm surface water southwards unti1 it

encounters the cold northward moving Ma1vinas Current (MC) (Fig. 5.1). This generates the highly dynmnic

Brazi1-Ma1vinas Confluence (BMC) which causes the eastward deflection ofthe BC into the South At1antic

Current (SAC). At the southern border ofthe Subtropica1 Front (STF) 10cated around 40 0 S, the warmer

SAC waters parallel the cold and nutrient rich ACC in the south (Fig. 5.2a). The boundary between

subtropica1 and subantarctic water rnight extend regionally over a 1arge area between 30° and 45°S (Smythe

Wright et al. , 1998). Offthe south-western tip ofAfrica the SAC meets the westward directedAgu1has

Current (AGC) which consists ofwarm and saline Indian Ocean water. This causes the AGC to be

retroflected back into the Indian Ocean spinning offrings, eddies and filaments which are responsib1e for

heat and salt transfer into the South At1antic. At about 1OOE the SAC deflects northward and merges into

the Bengue1a Current. At about 300 S its western branch, the Bengue1a Oceanic Current (BOC), conveys

warm surface-water in a north-westward direction before fmally merging into the SEC. Main1y driven by

offshore directed winds coasta1 upwelling takes p1ace offthe south-west African coast. The Bengue1a

Coasta1 Current (BCC) transports these cool, nutrient rich waters northwards unti1 it meets the southward

drift ofwarm equatoria1 waters, the Angola Current (AC). At the Ango1a-Bengue1a front (ABF) nutrient

rich subsurface waters rise into the photic zone (Fig. 5.2b,c).

In the Southern Ocean the eastward flowing ACC (Fig. 5.1) is driven by the interp1ay ofthe Subtropica1

High and the subpolar be1t oflow pressure fie1ds. According to distinct sea surface temperatures and

salinities the ACC can be divided into three zonal belts which are separated by the Subtropica1, the

Subantarctic and the Antarctic oceanic fronts. These gradients in temperatures and salt contents are subject

to seasona1 variations of2° to 3° 1atitude.

5.3 Material and Methods

In this study 212 surface sediment sampies from the South Atlantic and the adjacent Southern Ocean

(Atlantic sector) were ana1ysed (Fig. 5.1). They were obtained by box or multi-corers during severa1

METEOR-, SONNE- and POLARSTERN- cruises (Tab1e 5.1). Generally, the uppennost centimetre of

the sediment co1umn was samp1ed. On1y the POLARSTERN samp1es comprise the interval of 1-2 cm

be10w the sediment surface. The samp1e coverage is rather patchy with samp1es concentrating in the

equatoria1 and south-westem At1antic and a10ng the Mid Atlantic Ridge (MAR).

Since on1y few ofthe surface sediments have been dated, age and sedimentation rates for the studied

sites have to be estimated by extrapolation from adjacent core locations. Sedimentation rates great1y

diverge, ranging from 1.3 cm ka- 1 on the MAR to > 20 cm ka-1 offriver mouths and in coasta1 upwelling

regions (Tab1e 5.2). On interpreting the data we have to be aware ofthe different time-spans, ranging from

hundreds to thousands ofyears comprised in the surface samp1es caused by the different sedimentation
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rates and by activity ofbenthic organisms which mix the upper

centimetres ofthe sediment column. Nonetheless, we assume that

the surface sediment samples provide a reasonable present-day data

set as groundwork for extrapolation in the oceanographic past.

Reworked Pliocene specimen, such as Discoaster spp. and

Reticulofenestra spp., have beenrarely encountered (sample GeoB

4424-2). Since a variety ofextant coccolithophores have already

existed throughout the Quaternary, reworked Pleistocene

nannofossils cannot be easily identified. Moreover, different

preservational states of coccoliths within one sample do not

necessarily indicate the presence of reworked material, since

malformation, i.e. ske1etal deformation, might occur during coccolith

formation (Kleijne, 1990; Giraudeau et al., 1993). Besides,

dissolution might already affect coccoliths in the water-column before

sedimentation (Steinmetz, 1994; Baumann et al., 1997).

5.3.1 Coccolith data and analyses

The 212 surface sediment samples analysed for their coccolith

composition have been partly compiled from previously studied data

Chapter 5

Table 5.1. Cruise numbers and references.
Cruise Reference

M 9/4 Wefer et al., 1989

M 12/1 Wefer et al., 1990

M 15/2 Pätzold et al., 1993

M 16/1 Wefer et al., 1991

M 16/2 Schulz et al., 1991

M 20/2 Schulz et al., 1992

M 23/1 Spieß et al., 1994

M 23/2 Bleil et al., 1994

M 23/3 Wefer et al., 1994

M 29/1 Segl et al., 1994

M 29/2 Bleil et al., 1994

M 29/3 Schulz et al., 1995

M 34/1 Bleil et al., 1996

M 34/2 Schulz et al., 1996

M 34/3 Wefer et al.. 1996c

M 34/4 Fischer et al., 1996

M 38/1 Fischer et al.. 1997

M 38/2 Bleil et al.. 1997

M41/1 Schulz et al., 1998

M 41/3 Pätzold et al., 1999

M 46/1 Wefer et al., 2000

M46/2 Schulz et al., 2001

M 46/4 Wefer et al., 2001

ANTXI/2 GersolIde, 1995

ANTXI/4 Kuhn.1994

Table 5.2. Sedimentation rates in different areas ofthe South Atlantic and Southem Ocean.

Core Latitude Longitude Sedimentation Reference
rate (cm ka .1)

A1AR (nor/l1)

GeoB4412 5.72 -44.36 Bleil et al.. 1997
equatorial A/lan/ie

GeoBI523-1 3.82 -41.62 2.1 Rühlemann et al., 1999
GeoB1101-4 1.67 -10.98 2.7 Bickert. 1992
GeoB1118 -3.50 -16.43 2.7 Bickert, 1992
GeoB1112-3 -5.78 -10.74 2.8 Bickert, 1992
A180-0n 0.17 -23.00 1.3 Vogelsang et al., 2001

Congo 1I10u/11

OOP Site 1077 -5.10 10.26 18 Uliana et al., 2001
OOP Site 1076 -5.41 11.61 20 Berger et al., 2002

nor/l1em Bengue1a
GeoB 1710 -23.26 11.41 5.8 Kirst. 1998
PCI2 -22.16 12.32 14.2 Summerhayes et al.. 1995
GeoB 1023 -17.09 10.60 25 Gingeie and Oahmke, 1994
ODP Site 1079 -11.56 13.24 >20 Berger et al. , 2002

sou/hem Benguela
GeoB 3603 -35.07 17.32 3.1 Esper et al., 2000

Walvis Ridge
GeoB 1214 -24.41 7.14 1.1 Bickert and Wefer, 1996

MAR (Sub/rapical Gyre)
INMD-115BX -17.64 -16.21 2.3 Sarnthein et al., 1994

Sou/hem Ocean
PS2082-1 -43.22 11.74 2.7 Frank et al.. 1999
PS2498-1 -44.09 -14.14 3.9 Asmus et al., 1999
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sets 52 samples from the south-eastern Atlantic have been published by Baumann et al. (1999), Shokati et

al. (1999) and Boeckel and Baumann (submitted). Kinkel et al. (2000) described the coccolith distribution

of27 samples in the western to central Atlantic. Preparation ofall the sampies followed the combined

dilution/filtering technique described below.

For coccolithophore analysis generally between 40 and 60 mg ofdry bulk sediment were suspended in

tap water. In order to disintegrate clogged sediment particles, the sampies were ultrasonically treated for

30 seconds. Afterwards, theywere wet-splitusing an electrical rotary sample dividerwith tap water as the

splitting medium. One hundredth ofthe suspension was filtered through polycarbonate membranes (47

mm diameter, 0.4 Ilm pore size) by means ofa low pressure vacuum pump. The filters were kept in an

oven at 45°C for 24h. A randomly chosen filter section ofaround 0.25 cm2 was cut, fixed on an aluminium

stub and sputtered with gold/palladium. Qualitative and quantitative examination ofthe coccoliths was

carried out on a Zeiss DMS 940A (Scanning Electron Microscope) at magnifications of3000 or 5000x.

A randomly selected filter transect was scanned. Aiming at counts of500 coccoliths, an average of405

coccoliths per sampie was counted depending on the overall abundance ofthe coccoliths in the sediment.

The scanning areas varied between 0.01 and 0.92 mm2
• The taxonomy applied follows the descriptions by

Jordan and Green (1994) and Jordan and Kleijne (1994). Taxonomic information is provided in the

Appendix. The extrapolation ofthe coccolith census data to the total sampie and filtration area into coccoliths

per gram ofsediment followed the formula (e.g. Andruleit, 1996):

Coccolith' s absolute abundance (no. ofcoccoliths g-l sediment) = F x C x S

AxW

where C= absolute number ofcoccoliths g-lsediment; F= effective filtration area (mm2
); N = number

ofcoccoliths counted; S = split factor; A = investigated filter area (mm2
); W= weight ofbulk dry sediment

(g).

Since E. huxleyi makes up on average almost 50% ofthe coccolith assemblage in our data set (Fig.

5.4), it tends to obscure the fluctuations within less common species. Hence, for ecological interpretation

and cluster analysis E. huxleyi was removed from the quantitative analysis. In sampies rich in coccoliths

the remaining taxa account for a mean value of280 coccoliths per counting.

5.3.2 Coccolith Dissolution Index (CEX')

A coccolith dissolution index, CEX', which is based on the differential dissolution behaviour ofcertain

coccolith types, was used to estimate the effect ofcarbonate dissolution on the coccolith assemblages.

Adapted from Dittert et al. (1999), the relative abundances ofthe fragile and comparably small coccoliths

ofEmiliania huxleyi and Gephyrocapsa ericsonii were compared with the strongly ca1cified Calcidiscus

leptoporus. Following the formula ofBoeckel and Baumann (submitted), the C. leptoporus - E. huxleyi

+ G. ericsonii dissolution index (CEX') is ca1culated as folIows:

CEX' = [E. huxleyi (%) + G. ericsonii (%)]/[E. huxleyi (%) + G. ericsonii (%) + C. leptoporus (%)]

Dissolution indices based on differential dissolution behaviour (Schneidermann, 1977; Roth and

Coulboum, 1982) might be affected by the possibly different ecological affinities ofthe species involved,
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especially when comparing sediments from different oceanic regimes. Nevertheless, as shown in Dittert et

al. (1999) and discussed in Boeckel and Baumann (submitted), the CEX' provides rough estimates far the

level ofcoccolith dissolution.

5.3.3 Statistical Methods

For statistical analyses only those samples were considered, in which the floral assemblage has not

been affected by factors other than the ecological conditions in the overlying surface waters. In order to

preclude a dissolution control, only surface sediment samples from water depths above 4000 m, the

average position ofthe lysocline in the South Atlantic (Biscaye et al. , 1976), were included into the analysis.

In sediments deposited below the lysocline, the initial floral composition might have been altered by se1ective

carbonate dissolution hampering the reconstructions ofthe former living conditions ofthe coccolithophores.

However, sediment assemblages preserved in samples from water depths ofless than 4000 m might also

be affected by dissolution due to local changes in alkalinity at the sediment-/water interface, e.g. in upwelling

areas with enhanced primary productivity. Therefore, all samples with a CEX' equal to or less than 0.6,

indicating a reduction ofdissolution prone taxa in favour ofrobust coccoliths (Dittert et al., 1999; Boeckel

and Baumann, submitted), have not been considered. Moreover, only statistically significant samples with

a total coccolith content ofmore than 1 xl 09 coccoliths g-l sediment have been included. A total of 142

samples has been considered for statistical analysis.

5.3.3.1 Multivariate ordination technique

In order to assess the relationship between coccolith distribution and known environmental variables, a

canonical correspondence analysis (CCA), included in the statistical package, CANOCO 4.0 for Windows

(Ter Braak and Smilauer, 1998), was carried out. This direct gradient analysis is based on the assumption

that species express a unimodal response in relation to changing environmental gradients, which has been

confirmed beforehand by a detrended correspondence analysis (DCA). As a result ofthe CCA, the axes

offinal ordination are restricted to be linear combinations ofthe environmental variables and the species

data, as presented in a diagram. The environmental vmiables represented by vectors emanating from the

center ofthe graph, indicate the direction ofmaximum change ofan environmental variable across the

diagram (Fig. 5.12). Only environmental variables, which account for the maximum variance in the species

data, are displayed. The length ofan arrow is proportional to the rate ofchange. Species or species group

symbols (squares) indicate the abundance optimum for a species. The position ofa species' centroid in

relation to the alTOWS indicates the enviromnental preference ofthat species. It is detelmined by perpendicular

projection of its centroid to the environmental gradient. The two data sets involved contain relative

abundances ofthe most common or 'marker' species and environmental data from the Levitus- and

World OceanAtlas for the upper water-column on the other hand (Conkright et al. , 1994; 1998; Levitus

and Boyer, 1994; Levitus et al. , 1994). The environmental variables include annual temperatures, salinities,

nitrate and phosphate concentrations at water depths of 10m, 20 m, 30 m, 50 m, 75 m, 100 m, 125 m,

150 m, 175 m and 200 m. They are available for 10 latitude and longitude square blocks. Furthermore,

Brunt-Väisälä frequencies (N; rad S-l) (Väisälä, 1925) were calculated from density data as a measure for
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stratification ofthe photic zone (0-200 rn):

= V(gXOD)/(DXOz)

where g = gravitational attraction (9.8 rn S-l), D = density (kg rn-3); 3D = density difference (kg m-3)

over distance Oz (in this case 200 m). Higher values indicate a more stratified water column between 0 and

200 m water depth.

5.3.3.2 Cluster analysis

Based on visual examination ofthe most important species or species groups the number ofdistinct

coccolith assemblages was determined, which was then fed into the statistical program, STATISTICA for

Windows 5.0, in order to perform a k-means clustering algorithm. When computing the classification

algorithrn, the variability within a cluster is minimised, whereas the variability between clusters is maximised.

In order to be able to use the distribution patterns of the Recent species for the paleoceanographic

interpretation ofLate to Mid Pleistocene records, E. huxleyi and the gephyrocapsids were not considered,

which have been subject ofa fast phylogenetic evolution and which constitute largepercentages ofQuatemmy

assemblages (Thierstein et al. , 1977; Samtleben, 1980).

5.4 Results

In surface sediments from the South Atlantic and Southem Oceans bulk coccolith concentrations vary

considerably from 0 to 83 xl 09g -1 sedirnent (Fig. 5.3a). Highest coccolith numbers were detected on the

Mid Atlantic Ridge (MAR), whereas lowest coccolith concentrations were found in the Southem Ocean,

in the deep-sea basins and on the continental margins ofsouthem South America and ofthe mid-African

west coast. Out of214 samples only three were virtually barren ofcoccoliths. They were collected in the

Southem Ocean in water depths greater 4700 m. A total of51 taxa has been identified.

5.4.1 Preservation

In the majority ofthe samples the preservational state ofthe coccoliths was moderate to good. High

CEX' values (Fig. 5.3b), indicating good preservation, are mainly found in sediments above 4000 m

water-depth. Indeed, excellently preserved specimen were encountered on the MAR, with the exception

ofeastem equatorial Atlantic sediments where CEX' values are low. Low CEX' values were likewise

observed in the sediments underlying the Benguela upwelling system and in the Southem Ocean. Samples

with badlypreserved coccoliths mostly coincide with extremely low coccolith numbers per gram ofsediment

«1 xl 09g-1 sediment, compare Fig. 5.3a and b). They were detected in the deep-sea basins and on the

continental shelves offthe Congo area and offNamibia. They have not always been identified by the

CEX', because the number ofcoccoliths counted was too low to obtain any statistically significant results

conceming the ratios between species. Within these samples misleadingly high abundances ofsingle species

are detected. We therefore marked all samples, supposedly affected by dissolution, with an asterisk in the

distributionmaps (Figs. 5.5-5.11).
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Fig. 5.3. Maps of the South Atlantic surface sediments showing: a. Absolute abundances of total
coccoliths; b. CEX' dissolution index; lower numbers point towards stranger dissolution.

5.4.2 Abundance and distribution patterns ofthe most common species
, .

On average the dominant species encountered in surface sediments from the South Atlantic and Southem

Ocean is Emiliania huxleyi (mean 44%) (Fig. 5.4). This ubiquitous species exhibits highest abundances

in sediments deposited undemeath the Benguela upwelling domain (> 50%) and south of32°S, especially

on the continental margin offBrazil, Uruguay andArgentina (> 80%). Accordingly, minimum values are

encountered in sediments north of32°S latitude especially on the MAR (mostly < 30%).

The distribution of the lower photic zone (LPZ) taxa, comprising Florisphaera profunda and

Gladiolithusflabellatus, basically delineates the opposite trend. In sediments between 200 N and 300 S

LPZ taxa are mostly more abundant than E. huxleyi. In the westem equatorial Atlantic between 20° and

2°N, the eastemmost equatorial Atlantic and along the South American continental margin as far south as

the 300 S they sometimes even dominate the coccolith assemblages (Fig. 5.4). In the following, we present

relative abundances based onE. huxleyi-free counts.
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Fig. 5.4. Pie charts of relative abundances of E. huxleyi, the LPZ (the lower photic zone
species, F profimda and G jlabellatus) and others. Small pie-charts represent dissolution
affected sampies.
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Highest percentages (> 40%) ofthe most abundant LPZ species, F profunda (mean 26%), are found

in equatorial sediments between 1OON and 50 S and along the Southem Brazil-Uruguay continental margin

(Fig. 5.5a). Analogously, nannoliths ofthis species appear only in low numbers « 15%) south of40oS.

Another important LPZ species, G.jlabellatus (mean 4%), shows a restricted distribution (Fig. 5.5b).

Maximum percentages of G. jlabellatus are recorded in westem equatorial Atlantic sediments (> 20%)

and on the MAR between 12 and 25°S (> 24%). It is also abundant in sediments ofthe continental margin

offBrazil (5-48%). G.jlabellatus is only scarcelypresent in sediments south onoos (mainly < 1%).

Calcidiscus leptoporus (mean 27%) is present in surface sediments underlying various oceanographic

regimes (Fig. 5.6a). It is especially abundant south ofthe Subtropical Convergence (STC) (> 60%) and in

the Benguela upwelling region (25-60%). C. leptoporus is rarest in the westem equatorial Atlantic « 3%)

and in sediments underlying open-oceanic subtropical waters between 10 and 300 S « 12%). It is composed

ofthree morphotypes which have not been differentiated in all ofthe sampies. The intennediate morphotype

(5 11m< coccolith diameter< 8.5 11m) dominates the C. leptoporus assemblages (Fig. 5.6b). Except for

some ofthe MAR sediments south on2°S and the Benguela, the small morphotype (coccolith diameter<

51lm) makes up about 50% ofthe C. leptoporus composition. Only minor contributions are attributed to

the larger fonn (coccolith diameter> 8.5Ilm).

Coccoliths of Umbilicosphaera sibogae (mean 6%) are widely distributed (Fig. 5.7a). Highest

abundances are encountered mainly on the MAR (8 0 S to 32°S) (> 17%) and on Walvis Ridge (> 12%).

It is less abundant in sediments deposited more proximal in the Benguelaupwelling « 6%). Fewer coccoliths

of U sibogae are found in sediments south ofthe STC and ofthe Southem Ocean (mostly < 3%). This

species appears in two varieties, U sib. sibogae and U sib.foliosa, which have not been differentiated

in all ofthe sampies. U sib. sibogae shows a wide-spread distribution and is on average more abundant

in sediments oftropical to subtropicallatitudes (Fig. 5.7b). In contrast, U sib.foliosa is more abundant
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Fig. 5.5. Distribution maps ofrelative abundances (excluding E. huxleyi) of a. F profimda; b. G
flabellatus.

mostly in temperate to subantarctic latitudes, except for northernmost MAR sediments.

Highest percentages (> 20%) ofGephyrocapsa ericsonii (mean 6%) are encountered in sediments

south of20oS, especially on the continental mm'gin offArgentina, and underlying the Benguela upwelling

region (Fig. 5.8a). Low relative abundances were generally detected in sediments ofthe tropical to subtropical

Atlantic, between lOoN and 200 S (mainly < 3%).

The distribution pattem of Gephyrocapsa muellerae (mean 4%) reveals high relative abundances

south oBOoS (mainly > 8%) and in sediments underlying the Benguela upwelling system (mainly > 5%)

(Fig. 5.8b). It is only sporadically present on the MARnorth oBOoS « 2.5%) and basically absent from

equatorial sediments.

Gephyrocapsa oceanica (mean 4%) appears in highest relative abundances in south-eastemAtlantic
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Fig. 5.6 a. Distribution map ofrelative abundances (excluding E. huxleyi) of C. leptoporus;
b. Pie-charts representing the relative proportions ofthe three C. leptoporus morphotypes.

sediments (> 10%) (Fig. 5.8c). E1evated percentages are found on the continenta1 slope offwestern Africa

6%) and offsouthern Brazil and Umguay (> 3%). Lower values are detected on the MAR (mainly < 1%),

especially south ofthe equator and in Southern Ocean sediments.

High abundances of Oolithotus fragilis (mean 3%) are encountered in equatorial sediments from

100N to 100S (3-15%) (Fig. 5.9a). Elevated percentages are also often found on the MAR at about 30°8

(> 7.5%) and in the Benguela (> 4%).

Although liths ofSyracosphaera spp. (mean 3%) occur only scarcely in the surface sediments, they

exhibit a wide-spread distribution. They are forming clusters ofmaximum abundance on the southern

MAR around 40°8 (3-13%) and on Walvis Ridge (6-10%) (Fig. 5.9b).

In general, coccoliths ofCoccolithus pelagicus (mean 2%) are sporadically encountered (Fig. 5.9c).
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Fig. 5.7 a. Distribution map ofrelative abundances (excluding E. huxleyi) of U. sibogae; b.
Pie-charts indicating the percentages ofthe two varieties, U. sib. sibogae and U. sib.foliosa.
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Only in the south-eastem Atlantie, espeeially in sediments underlying the northem Benguela Coastal Current

(BCC) (> 3%), and on the MAR south ofabout 35°S (> 0.3%), itreaehes higher abundanees.

Umbellosphaera spp. (mean 3%) show a wide biogeographie distribution (Fig. 5.l0a, b). Their

eoeeoliths oeeur in low to moderate pereentages in surfaee sediments. Highest oeeurrenees are eneountered

in the south-eastem Atlantie (> 7%), along the MAR north of32°S (> 5%) and in the westem equatorial

Atlantie (> 5%). Highest abundanees (> 3%) ofU in'egularis mainly eoneentrate in the westem equatorial

Atlantie and a10ng the MAR north of32°S (Fig. 5.1 Oa). U tenuis exhibits a wide-spread distribution (Fig.

5.1 Ob). It appears in low (> 3%) abundanees a10ng the South Ameriean eontinenta1 margin, the MAR and

in the eentra1 to southem Benguela.

Helicosphaera spp. (mean 2%) exhibits a wide-spread distribution, though its abundanee ranges from

medium to low (Fig. 5.l0e). Highestpereentages are revea1ed offnorth-westem Afriea (> 3.5%), in the
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Fig. 5.8. Distribution maps ofrelative abundances (excludingE. huxleyi) ofa. G. ericsonii;
b. G. muellerae; c. G. oceanica.
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Fig. 5.9. Distribution maps of relative abundances (excluding E. huxleyi) of a. 0.
fragilis; b. Syracosphaera spp.; c. C. pelagicus.
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Fig. 5.10. Disttibution maps of relative abundances (excluding E. huxleyi) of a. U
irregularis; b. U tenuis; c. Helicosphaera spp..
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Fig. 5.11. Distribution maps of relative abundances (excluding E. huxleyi) of a.
Rhabdosphaera spp.; b. D. tubifera.

south-eastem Atlantic (> 2%), especially in the Benguela upwelling system, and along the MAR south of

the STC (> 3%).

Rhabdosphaera spp. (mean 2%) only occurs in low percentages (Fig. 5.11 a). Highest abundances are

mainly detected on the MAR (mainly > 5%), the Walvis Ridge (> 3%) and the Ceani Rise (> 3%).

D. tubifera is only sporadicallypresent (mean 0.4%) (Fig. 5.llb). Highestabundances mainly cluster

on the Ceani Rise (> 1%), on the MAR (> 2.5%) and along the South American continental margin (>

1%).

5.5 Discussion

Coccolith concentrations bear a multiple signal ofcoccolithophore productivity, coccolith preservation
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and dilution, owing to the variable input ofother sediment components. Due to the small number ofdated

surface sediments, we refrained from determining accumulation rates. However, in sediment core studies

coccolith accumulation rates are found to be in good agreement with paleoproductivity estimations based

on carbonate and organic carbon accumulation rates (Kinkel et al., 2000).

Sedimentation rates in the SouthAtlantic vary greatly, ranging from < 1 cm ka- l on the MAR and up

to 25 cm ka-1 in the Benguela upwelling region Table 5.2. Highest coccolith numbers on the MAR (Fig.

5.3a) can therefore be interpreted, as a result ofminimum dilution. Additionally, the majority ofthe

coccolithophore species seems to be well adapted to low nutrient conditions, so that the highest diversities

are found in the subtropical central gyres (Hulburt, 1963). Sediments containing medium coccolith

concentrations are widely distributed (Fig. 5.3a), underlying different oceanic regimes ranging from

oligotrophie (e.g. Brazil Current) to high productivity areas (e.g. western equatorial Atlantic, Benguela

upwelling). The diluting effects ofenhanced primary productivity and the associated production rates of

heterotrophs in highly fertile zones might be partly balanced by high abundances of r-selected

coccolithophore species (e.g. E. huxleyi, G. oceanica) which respond to higher nutrient availability by

increasing theirpopulation size and might under certain favourable conditions even reach bloom propOltions

(Winter et al. , 1994; Young, 1994; Brown and Yoder, 1994; Giraudeau and Bailey, 1995). The interplay

ofboth, dilution due to high riverine or aeolian input (e.g. sedimentation rates of20 cm ka-1 offthe Congo

mouth) on the one hand and high productivity on the other, is probably responsible for small coccolith

numbers on the shelves, proximal to the coast (offthe African west coast, in particular). Low coccolith

numbers in the sediments south of48°S might be explained by the water mass structure in this area,

composed ofAntarctic Intermediate Water, Circumpolar Deep Water and in some parts Weddell Sea

Water. Part ofthe coccoliths from the original surface water assemblages might have been dissolved, due

to their exposure to these carbonate-corrosive water-masses (Reid, 1989) during bottom-ward transport

and deposition. Plankton studies in the Southern Ocean revealed that coccolithophores comprise the

largest fr'action ofthe phytoplankton community north of53oS (Eynaud et al. , 1999). Within the Antarctic

zone, south of53oS, however, coccolithophorids are replaced by the diatoms. This might add to the low

coccolith concentrations in the sediment. Low values in the deep-sea basins are most likely the result of

carbonate dissolution due to their deposition below the lysoc1ine.

5.5.1 Hotes on the most common species in relation to environmental gradients

The CCA perfonned on the data set shows that temperature and phosphate at 75 m water depth

represent the most important gradients along the first axis, representing a warm oligotrophie enviromnent

on the one side and cold eutrophie conditions on the other side (Fig. 5.12). The second axis is represented

by water column stratification (0-200 m). It roughly de1ineates stable, stratified conditions versus a thoroughly

mixed photic zone. In this analysis species affmities are reduced to only the most significant environmental

variables at certain depths. The result is an oversimplified pieture ofan actually high1y complex ecosystem,

disregarding factors which might have an equally important control on coccolithophores like seasonality,

availability ofmicronutrients, variable depth habitats and synecological dependencies. Nonetheless, the

broad trends in enviromnental conditions controlling species abundance are identified. In the following,
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implieations for speeies eeology from the CCA (Fig. 5.12) and from simple eross corre1ation (Fig. 5.13a

j) are diseussed. Due to the relatively high degree ofeon-elation between basic hydrographie parameters

ofthe surfaee waters, the response ofcoccolithophores to a single parameter is hard to identify (Roth,

1994). Unless a species optimum lies at the extreme value ofan environmental gradient, eorrelation

coefficients (r) are poor descriptors ofspecies' preferred habitat, since coccoliths do not respond to the

environment in a linear fashion (Roth and Coulboum, 1982).

In the CCA one cluster of species, comprising Calcidiscus leptoporus, Gephyrocapsa spp. and

Helicosphaera spp., expresses a tendency towards cooler waters and nutrient-rich environments (Fig.

5.12). Coccolithus pelagicus can also be included therein, but exhibits the greatest affmity for a mixed

upper water-eolurnn. The remaining species analysed are plotted further apart from each other, indieating

diserete eeological affmities.

Mostly encountered in the temperate to subpolar regions Calcidiscus leptoporus exhibits a negative

correlation to temperature and to salinity (r = - 0.72, r= - 0.79) (Figs. 5.12, 5.13a). In contrast, a positive

response to nitrate (r = 0.65) and phosphate concentrations (r = 0.70) is detected. Two possible explanations

for the higher oecurrence ofC. leptoporus in more eutrophie environments arise. Since C. leptoporus is

known to be one ofthe most dissolution resistant species (Schneidermann, 1977), one might suspect that
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its high abundance in sediments underlying high productive areas is a product ofse1ective dissolution and

the relative increase in its robust coccoliths. In these eutrophic regimes, more organic carbon is produced.

Its microbial break-down leads to the acidification ofthe water-column and upper sediment layer, which

can be responsible for increased carbonate dissolution (e.g. Dittert et al. , 1999). On the other hand, the

positive correlation to elevated nutrient availability might be a primary response ofC. leptoporus. This is

in agreement with Roth and Berger (1975) who observed its preference for high fertility waters. Inprevious

studies by Fincham and Winter (1989) andAndruleit and Rogalla (2002) on surface sediments this species

responded positively to elevated phosphate concentrations and to an increase in nutrient supply, respectively.

Eynaud et al. (1999) encountered elevated abundances of C. leptoporus in plankton samples from the

Subantarctic zone. Moreover, this species was found to be the dominant coccolithophore in waters ofthe

Indian sector ofthe Subpolar Front (0. Esper, Univ. Bremen, pers. comm.), which strongly suggests that

C. leptoporus indeed is an indicator for high nutrient availability.

C. leptoporus is observed to appear as different morphotypes, which might have different ecological

affinities (Kleijne, 1993; Knappertsbusch et al., 1997; Baumann and Sprengel, 2001; Renaud et al. ,

2002). Recently strong support for genotypic diversification between the morphotypes was provided by

Geisen et al. (2002) who found distinct hetero-/holococcolith combination cells, at least for the intennediate

and large morphotypes. Geisen et al. (2002) conc1uded that the different morphotypes should probably be

regarded as discrete biological (sub-) species.

In this study the intennediate and the small morphotypes are most abundant (Fig. 5.6b). Contrary to

our results, investigations on plankton and sediment-trap material from the North Atlantic and the Arabian

Sea by Renaud et al. (2002) revealed a affinity ofthe intennediate type for cold, nutrient poor waters. The

general dominance ofthe intennediate type, which is present in all ofour samples, seems to indicate a

broad ecological tolerance ofthis type. The large proportions ofthe small morphotype in sediments ofthe

Benguelaupwelling region and ofthe MAR oftemperate latitude suggests a preference for nutrient enriched

waters or possibly dynamic conditions ofthe upper water column. The large morphotype, which Renaud

et al. (2002) relate to productive waters, is only scarcely present, except for a single sample on the MAR

in subtropicallatitude. From our observations the small morphotype seems more successful in productive

waters compared to the large fonn.

Among the gephyrocapsids Gephyrocapsa muellerae, followed by Gephyrocapsa ericsonii and

Gephyrocapsa oceanica, shows the highest affinity for cool, nutrient-rich environments (Fig. 5.12). The

highest correlation between abundances ofG. muellerae and environmental parameters ofthe upper

photic zone are encountered at a water depth oBO m (Fig. 5.l3e). This species exhibits an inverse relation

to temperature (r = - 0.64) and a slightly positive affinity for elevated phosphate concentrations (r = 0.50)

(Figs. 5.12, 5.l3e). It is well-known that G muellerae has affinities for cooler surface waters (Winter et

al., 1994) and occurs in high abundances, even as the dominant taxon, in sediments underlying cooler

surface water (Bollmann, 1997; Findlay and Giraudeau, 2002).

Weak correlation ofGephyrocapsa ericsonii to cooler conditions (r = - 0.42) with low salinities (r =

- 0.49) and to elevated nutrient concentrations (r= 0.40) are found (Figs. 5.12, 5.l3d). These conditions

are typically encountered along frontal systems with highly convoluted edges (i.e. Benguela filamentous

zone, Subtropical Front), where abundance maxima ofthis species are observed. This response to higher
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Fig. 5.13 a-e. Scatter plots oflnost common coccoliths versus environmental parameters
(T = temperature, S = salinity, N = nitrate, P = phosphate) at distinct water depths.

productivity conditions is confinned by trap experiments from the Canary Islands region (Sprengel et al. ,

2002). G ericsonii basically corresponds to the Gephyrocapsa morphotype 'minute', differentiated by

Bollmann (1997), which exhibits a wide temperature range (19-27°C). It might be possible that G. ericsonii

comprises different ecophenotypes, which would also explain the discrepancies in optimal growth

temperatures for this species described as 19°C by McIntyre et al. (1970) and as 14°C by Samtleben et

al. (1995a).

A weak, positive correlation of Gephyrocapsa oceanica to phosphate concentrations (r = 0.51) is

detectable (Fig. 5.13f). This agrees with previous observations, where this r-selected strategist is known

to react promptly to elevated nutrient concentrations (Kleijne et al. , 1989; Giraudeau et al., 1993; Broerse

et al. , 2000). Its high salinity tolerance, as described by several authors (Okada and Honjo, 1975; Winter

et al., 1983), cannot be confinned by OUf statistical analyses. However, the declining abundances of G

oceanica with increasing distance from the coast detected in surface sediments by Tanaka (1991), is also

observed from its distribution in South Atlantic sUIface sediments. The ratio ofG. muellerae to G. oceanica
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Fig. 5.13 (COllt.) f-j. Scatter plots of most common coccoliths versus environmental
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depths,

has been used as an estimate for relative temperature change (Weaver and Pujol, 1988)

A negative cOlTelation ofdissolution resistant Helicosphaera spp with temperature (r = - 0.68) and

salinity (1' = - 0.70) is observed (Figs. 5.12, 5.13c). These results are contradictory to what has been

hitherto known from the ecology ofthis species. Observations from plankton studies suggest thatH.

carteri has affinities for warmer water (McIntyre and Be, 1967; Brand, 1994). A positive correlation to

nutrient concentrations (r = 0.63), however, corroborates previous findings from the San Pedro Basin

(Ziveri et al. , 1995), the Arabian Sea (Andruleit and Rogalla, 2002) and the Southem Ocean (Australian

Sector) (Findlay and Giraudeau, 2002).

Although mainly used as a cold-water proxy (McIntyre et al., 1970; Geitzenauer et al., 1976),

Coccolithuspelagicus has recently gained attention due to its occurrence in upwelling regions (Giraudeau

and Bailey, 1995; Cachao and Moita, 2000). The morphotype found in upwelling areas is distinguishable

from the subpolar type by its larger coccoliths of> 10 11m in length (Baumann et al., 2000a). In this study

main1y the temperate type was encountered.
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As for Calcidiscus leptoporus, the morphometric differentiation in the heterococcoliths is paralle1ed

by qualitative differentiation in holococcolith morphology, suggesting the existence oftwo C. pelagicus

sub-species (Geisen et al., 2002). From the cross correlation analysis C. pelagicus seems to be more

dependent on elevated nutrient concentrations, especially phosphate (r = 0.59), than on low temperatures

(r = - 0.34) (Fig. 5.13b). Its strong preference for highly dynamic environments, as previously stated by

Giraudeau and Rogers (1994), is emphasised bythe CCA (Fig. 5.12).

In the CCAFlorisphaeraprofunda expresses a strong relationship to a weIl developed stratification

ofthe upper water column (Fig. 5.12). Moreover, it seems to weakly positively respond to temperature (r

= 0.57) and to salinity (r = 0.56) (Figs. 5.12, 5.13i). In contrast, a negative correlation to nutrient

concentrations, especially phosphate (r = - 0.57) is observed (Figs. 5.12, 5.13i). These results are in good

agreement with the general conception ofthe eco1ogical niche occupied by this lower photic zone (LPZ)

species. F profunda is preferentially found in areas with a pennanently stratified water-column, e.g. in the

open-ocean ofsubtropicallatitude (Okada and McIntyre, 1979) (Fig. 5.5a). In these areas, a deep nuuicline

impedes high productivity in the upper water column leading to small quantities ofsuspended particles in

the upper photic zone (Molfmo and McIntyre, 1990). This results in an increase in light penetration depth,

aprerequisite for the existence ofthe LPZ phytoplankton (Winter et al. , 1994). On the other hand a

shallower nutricline, as observed in upwelling environments, allows the proliferation ofthe upper photic

zone assemblages leading to a decrease in water-transparency and thus unfavourable conditions for F

profunda.

Maximum corre1ation between the abundance ofthe LPZ species Gladiolithusflabellatus is observed

with environmental parameters ofthe deeper photic zone (at 125 m) (Fig. 5.13j). In contrast to F profunda,

the CCA reveals stronger affinities ofG.flabellatus for higher temperatures (r = 0.54) and salinities (r =

0.56), alongside with low nutrient contents (r = - 0.47) (Figs. 5.12, 5.13j). Plankton studies indicate a

preference for tropical, nutrient poor waters ofthis species, whereas F profunda is found to be especially

abundant in subtropical waters (Okada and Bonjo, 1973; Bonjo and Okada, 1974; Okada and McIntyre,

1979). The differences in distribution patterns ofG flabellatus compared to F profunda might be due to

a more restricted ecological tolerance range ofthe former species, which seems to be more successful than

F profimda under oligotrophie and/or wanner conditions in the LPZ (compare Fig. 5.15a, b).

The statistical analyses do not reveal any distinct ecological affmities ofOolithotusfragilis (Fig. 5.12).

The CCA points towards a slight preference for a more stratified water column. Previous studies assign

this species to the middle to lower photic layer (McIntyre and Be, 1967; Okada and Bonjo, 1973; Young,

1994).

The wide distribution ofUmbilicosphaera sibogae (Fig. 5.7a) implies a broad tolerance for different

oceanic conditions. The statistical analyses (Figs. 5.12, 5. 13g), however, reveal a weak preference for a

wann, saline (r = 0.50), slightly mixed upper water column in a more oligotrophie environment, expressed

byan insignificant, negative corre1ation to nitrate and phosphate contents (r = - 0.42 and r = - 0.37). Both

varieties, U sib. sibogae and U sib.foliosa, have possibly different ecological affinities (Broerse et al.,

2000a). The distribution patterns ofthe two varieties (Fig. 5.5b) confinn results ofearlier studies with a

weak trend towards higher proportions ofU sib..foliosa in environments with a greater nutrient availability

(Broerse et al. , 2000a; Ziveri and ThuneIl, 2000). In contrast, the more common U sib. sibogae mostly
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oeeurs under rather oligotrophie eonditions (Okada and McIntyre, 1979; Ziveri et al., 1995).

The subtropiea1 speeies group eomprises, among other 1ess eommon speeies (Discosphaera tubifera,

Rhabdosphaera spp.), Syracosphaera spp. and Umbellosphaera spp.. Plotted close to the origin of

ordinates this group shows a weak tendeney towards warmer, more oligotrophie eonditions (Fig. 5.12).

Slightly different eeologieal affinities ofspeeies eomprised as group eannot be ruled out. Syracosphaera

spp., for instanee, tend to oeeur in intermediate environments and are regarded as indieators for rather

oligotrophie eonditions (Young, 1994; Andruleit and Rogalla, 2002). Moreover, differing distribution

patterns of U. tenuis and U. irregularis (Fig. 5.1 Oa, b) hints towards distinet eeologieal affinities The

former is abundantly present in tropieal to temperate latitudes, whereas highest abundanees ofthe latter

are resui.eted to the tropies. This pattern probably indieates a more stenothermal charactel' ofU. irre~tlaris.

Both fragile speeies are known to be rarely preserved in the sediments, although they are quite abundant in

plankton sampIes, where U. irregularis for example is one ofthe most eommon speeies eolleeted in

tropieal waters (McIntyre and Be, 1967; Kinkel et al., 2000).

5.5.2 Distribution 0/coccolith assemblages (cluster analysis)

In the cluster analysis, only the relative abundanees ofthe most important speeies or speeies groups

derived from counts, excluding E. huxleyi, were eonsidered. Additionally, although quite eommon, the

gephyroeapsids were excluded, in order to provide a framework for the extrapolation ofthese results into

the sedimentary reeord. Visual examination ofre1ative abundanees ofthe main taxa revealed the presenee

ofsix distinet eoeeolith assemblages (Fig. 5.14). By means ofthe K-means cluster analysis the following

six groups have been identified whieh cluster more or less in diserete geographie areas, related to frontal

systems and the general hydrographie features ofthe overlying sUlfaee waters.

Basieally, two main eategories ean be differentiated. One eomprises sampIes ofGroupsA, Band C,

loeated underneath oligotrophie surfaee water masses extending fr'om tropieal to subu·opieallatitudes. The

seeond eategOlY is eomposed ofsampIes, mostly found in more produetive regions (Groups D, E and F),

like frontal and upwelling systems oftemperate to subantaretie latitudes. Apart from minor exeeptions, the

two eategOli.es are separated by the Brazil Malvinas Confluenee in the western Atlantie and by the Benguela

upwelling system in the eastern Atlantie. In the open oeean the transition is loeated between 29 and 34oS;

with Groups A to C being eonfined to latitudes north ofthis zone, whereas Groups D to F cluster south of

34°S. This shift in assemblages ean probably be assoeiated with the position ofthe Subtropieal Frontal

Zone (STFZ), the Northern Subtropieal Front (NSTF) at 35°S, in partieular, varying by 1.5° oflatitude

(Smythe-Wright et al., 1998). In general, strong seasonality is shown in the frontal strueture between 30°

and45°S.

In the following the spatial distribution and eoeeolith eompositionofeaeh group in relation to the overlying

water-masses are diseussed. For eaeh group averaged vertieal profiles eomposed ofimportant hydrographie

parameters (temperature, nutrient and chlorophyll contents) for all sampIe loeations ofthe single groups

within the photie zone are displayed, in order to provide rough outlines for the trophie eonditions whieh

eharaeterise eertain environments. In the order fromA to F, the clustered groups are found in environments

marked by progressively rising nutri- and thermoclines (Figs. 5.14, 5.15).

Group A is mainly eonfined to sediments ofthe southern MARunderlying the SEC (maximum southward
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Fig. 5.14. Distribution map of different eoeeolith assemblages aeeording to
cluster analysis. Group A basieally represents the warm, oligotrophie end
member, whereas Group F is found in mesotrophie to eutrophie environments.
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extension: 31.5°S) (Fig. 5.14). The averaged depth profile (Fig. 5.15a) shows that chlorophyll concentrations

do not start to rise above 75 m water depth. Nutrient levels are extremely low and temperatures are rather

constantly high through the entire photic zone; conditions favourable forthe proliferation ofthe LPZ species.

Indeed, in this open-ocean setting the association is dominated by G.jlabellatus (33%). It even outnumbers

F profimda (25%). Moreover, U sibogae (11 %) as well as the subtropical species group (14%) show

elevated percentages. All ofthem have been found to exhibit a negative correlation to nutrient concentration

(Fig.5.13g-j).

The sampies ofGroup B cluster in three main geographie areas: in the north-western part ofthe

equatorial Atlantic, on the continental margins ofWest-Africa (offCameroon, offGabon) and along the

continental margin ofSouth-America (offsouthern Brazil, Uruguay, northernArgentina) with a maximum

southward extension up to 35°S (Fig. 5.14). In the averaged depth profile (Fig. 5.15b) the ecological

conditions in the photic zone are characterized by warm water and low nutrient contents. In the western

equatorial Atlantic the nutri- and thermoc1ines occupy a rather deep position throughout the year (Longhurst,

1993). Only seasonal upwelling in restricted areas along the shelf(at 5-1 OON offthe coast offGuyana, at

22° S offCabo Frio ) and the Amazon river discharge introduce nutrients along with freshwater (Longhurst,

1993; Muller-Karger et al. , 1995) into an otherwise nutrient-depleted photic zone. Accordingly, maximum

chlorophyll concentrations are encountered relatively deep (Fig. 5.15b). A deep nutricline favours the

growth ofthe lower photic zone species, such as F profimda, which makes up on average almost 60% of

the assemblage. Apart from that, the subtropical species group yields high abundances (11 %) as weIl.
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Sampies belonging to Group C exhibit a rather wide-spread distribution (Fig. 5.14). Most sampies,

though, are located on the MAR with a main cluster in the central to eastern equatorial Atlantic where

equatorial upwelling is most pronounced (Longhurst, 1993) with additional nutrient supply via the Saharan

dust plume (Schütz, 1980). The mean assemblage contains a high proportion ofF profunda (38%) (Fig.

5.15c). Compared, however, to the above mentioned groups, the LPZ flora is markedly reduced. Together

with C. leptoporus (14%), U sibogae (9%) and other members ofthe subtropical species (12%), they

make up 80% ofthe assemblage. This species composition seems to hint towards a slightly higher productive

environment. Correspondingly, a sha110wer nutricline and higher chlorophyll concentrations in the upper

photic zone are indicated by the averaged depth profile (Fig. 5.15c). The distribution ofGroups Band C

in equatorial sediments reflects the pronounced east-west asymmetries in productivity caused by the seasonal

intensification ofthe zonal wind stress in the western tropical Atlantic (Hastenrath and Merle, 1987), thus

leading to the shoaling ofthe thermocline in the tropical eastern Atlantic and the concurrent deepening of

the thermocline in the western part. The geographically remote sampie (37°S, 22°E), located underneath

the Agulhas Current, most likely canies a tropical signal from the Indian Ocean.

Group D basically traces the latitudinal band ofoceanic fronts across the South Atlantic (Fig. 5.14). It

stretches from the southem Benguela upwelling system, including the Walvis Ridge, along the NSTF, to the

BMC. All ofthese areas coincide with remarkable accumulations ofphytoplankton biomass (Lutjeharms

et al., 1985; Brown et al., 1991; Boltovskoy, 1994). The features ofthese highly dynamic environments,

characterised by short-telm pulses, cannot be fully displayed in a single annual vertical depth profile (Fig.

5.15d). Along these fronts with their convoluted edges, the mixing ofnutrient rich, cool Antarctic 01'

upwelled waters, respectively and subtropical waters, which are warm and nutrient depleted, occurs. This

offers acceptable living conditions to a range ofspecies, which is also reflected in the assemblage composition

ofGroup D. One third ofthe assemblage is composed of C. leptoporus (30%), Helicosphaera spp.

(4%) and C. pelagicus (2%) on the one hand, andF profunda (12%), subordinate subtropical species

(10%) and U. sibogae (7%), on the other hand (Fig. 5.15d). The co-existence of these species with

rather opposite ecological affinities, comprising cold to warm water taxa, points towards a transitional

regime. Sediments ofthe western Argentina Basin have to be treated with caution. In this area lateral

displacement ofsuspended partic1es and sediments caused by strong surface and bottom currents, benthic

storms and downslope processes (Eittreim et al., 1976; Gardner and Sullivan, 1981; Peterson et al. ,

1996), min'ored in particle size (Ledbetter, 1986; Höppner and Henrich, 1999) and anomalous alkenone

derived SST (Benthien and Müller, 2000), is likely to occur. As a consequence, coccoliths originating from

different surface waters might form one thanatocoenosis. In Romero and Hensen (2002), however, the

sea-floor distribution ofdiatoms seems unaffected by these processes and clearly reflects the patterns of

the overlying water-masses.

Group E exhibits a similar distribution as Group D, mainly located at 01' in the vicinity to frontal systems

(Fig. 5.14). Their main area ofdistribution is concentrated in the Benguela upwelling region, especially in

the northem to central parts. This area exhibits strong perennial upwelling and an extensive zone ofupwe11ing

filaments drifting offshore, where they mix with subtropical waters (Lutjeharms and Stockton, 1987).

Group E assemblages are also found at or south ofthe STF. Indicators for high fertility and mixing

environments, C. leptoporus (46%) and C. pelagicus (4%), characterise the mean coccolith assemblage
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in these highly dynamic areas. In contrast, lower photic zone species are on1y ofminor importance.

Accordingly, the averaged depth profile shows high nutrient concentrations and cold temperatures with the

chlorophyll maximum being located in the upper photic zone (Fig. 5.15e).

The small samp1e set belonging to Group F is located in sediments underneath the ACC (Fig. 5.14). In

the Southern Ocean North Atlantic Deep Water rises, transporting nutrients to the upper levels. Strong

winds mix them into the surface and subsurface 1ayers. The limiting factors to phytoplankton growth are the

light availability and iron (Boyd et al., 2002). The according hydrographie characteristics, as outlined by

the vertical depth profile (Fig. 5.15f), cOlnprise high nutrient levels and extremely low temperatures. This

temperate community consists ofan overwhelmingly large proportion ofC. leptoporus (70%), accompamed

by Helicosphaera spp. (7%) (Fig. 5.15f). Besides the eutrophie conditions in the upper water-column,

the composition ofthe sediment assemblages might also be controlled by the influence ofcarbonate corrosive

Antarctic Bottom Water (Reid, 1989), leading to the relative enrichment ofheavi1y calci:fying species.

5.6. Concluding remarks

Emiliania huxleyi is the most abundant coccolith in surface sediment assemblages ofthe study area,

disp1aying a broad eco1ogica1 to1erance, which makes E. huxleyi more successful compared to other

coccolithophores (Brand, 1994). Its dominance coincides with the presence ofnon- or seasonally stratified

water-masses. However, in sediments underlying a perrnanently stratified water-column with deep nutri

and therrnoc1ines the lower photic zone species (Florisphaera proJunda, Gladiolithusjlabellatus) replace

E. huxleyi as the dominant coccolith.

The ocean-floor abundance patterns ofcoccolith species or coccolith assemb1ages, based onE. huxleyi

free counts reflects the properties ofthe surface waters, following the pattern ofthe main surface water

masses. Correspondingly, the distribution pattern ofthe coccoliths in surface sediments seems to be main1y

a function ofthe relative position ofnutri- and therrnoc1ine within the overlying surface waters (Fig. 5.16).

Accordingly, a deep nutric1ine implying oligotrophie conditions is encountered in areas oftropical to

NW Brazil
(40'W,20'S) Current

Subtropical Gyre Subtropical
Front

Subantarctic
Front

SE
(15'W, 47'S)

C. pelagicus
Gephyrocapsa spp.

C. leptoporus

Hellcosphaera spp.

U. s/boga.

sublrop.

O. fragJIIs

F. profunda

G. flab<lIatus

mean rel. abundance (% excl. E. huxleYI)
in the surface sediments

water
depth

+

temperature

Fig. 5.16. Summarising NW - SE transect through the upper water column.
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subtropicallatitude with a permanently stratified water column (the Subtropical Gyre centre, western

equatorialAtlantic). These conditions favour the proliferation ofthe LPZ taxa (G flabellatus, F profunda).

G.flabellatus is the dominant species (Group A), when conditions are completely oligotrophic, that is a

nutricline located even below or very deep in the photic zone. The most abundant LPZ species, F profunda,

becomes overwhelmingly dominant (Group B) when the nutricline lies within the LPZ. The upper and

middle photic zones are mainly inhabited by species with warm, oligotrophic affinities, such as U sibogae

and subardinate subtropical taxa (mainly Umbellosphaera spp., Rhabdosphaera spp., D. tubifera). As

soon as the uppermost water layers become at least seasonally replenished withlby nutrients (e.g. in the

central to eastern equatorial Atlantic, gyre margins) placolith bearing species gain importance (Group C).

Apart fromE. huxleyi, the most abundantplacolith in the surface sediments is C. leptoporus. It is the

dominant species (Groups D-F) in areas where seasonally or even permanently strong wind stress causes

an uplift ofthe nutricline (e.g. Benguela upwelling system), thus mixing nutrients into the upper layers, and

in regions where primarily cold, nutrient enriched water masses prevail (e.g. Malvinas Current, Antarctic

Circumpolar Current). Transitional regimes, are characterized by the co-existence ofspecies with more or

less contrary ecological preferences, like C. leptoporus, Gephyrocapsa spp., Helicosphaera spp. and

C. pelagicus on the one hand andF profunda, subordinate subtropical species (mostly Syracosphaera

spp.) and U sibogae on the other hand. These assemblages (Group D) are mainly encountered on the

more oligotrophic side along frontal boundaries with their meandering edges. In regions with perennial

upwelling (e.g. northern Benguela) ar under the influence ofprimarily nutrient rich surface waters (e.g.

Subtropical Front) (Group E), maintaining a shallow nutricline, the temperate C. pelagicus becomes relatively

abundant, besides high percentages ofC. leptoporus and Gephyrocapsa spp.. In areas without a nUhicline,

due to exceptionally high nutrient levels throughout the upper water column, like within the Antarctic

Circumpolar Current (Group F), C. leptoporus overwhelmingly dominates the coccolith assemblage along

with relatively elevated proportions ofHelicosphaera spp..

Applied to the fossil record variations in several species or species ratios have already proven to be of

great paleoceanographic value. Similar to the model shown for F profimda by Molfino and McIntyre

(1990) the relative proportions of numerous above described taxa contain further potential for the

reconstruction ofthe paleoceanographic conditions ofthe surface waters.
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Appendix

Taxonomie list

Calcidiscus leptoporus (Munay and Blackman, 1898) Loeblich and Tappan, 1978

Coccolithus pelagicus (Wallich, 1877) Schiller, 1930

Discosphaera tubifera (Munay and Blackman, 1898) Ostenfeld, 1900

Emiliania huxleyi (Lohmann, 1902) Hay and Mohler, 1967

Florisphaera profunda Okada and Honjo, 1973

Gephyrocapsa Kamptner, 1943

Gephyrocapsa ericsonii McIntyre and Be, 1967

Gephyrocapsa muellerae Breheret, 1978

Gephyrocapsa oceanica Kamptner, 1943

Gladiolithusjlabellatus (Halldal et Markali) Jordan and Chamberlain, 1993

Helicosphaera Kamptner, 1954

00lithotusfragilis (Lohmann, 1912) Martini and Müller, 1972

Rhabdosphaera Haeckel, 1894

Syracosphaera Lohmann, 1902

Umbellosphaera irregularis Paasche, in Markali and Paasche, 1955

Umbellosphaera tenuis (Kamptner, 1937) Paasche, in Markali and Paasche, 1955

Umbilicosphaera sibogae (Weber-Van Bosse, 1901) Gaarder, 1970
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Abstract

A total ofmore than 400 surface sediment sampIes from the equatorial. central and subpolar South

Atlantic Ocean were investigated for their carbonate content as weIl as for the carbonate contribution of

the various calcareous plankton groups. The modem pattern ofmarine carbonate production is exemplified

by comparing two sediment traps located in different domains ofthe SouthAtlantic. In addition, this paper

presents new carbonate calculations for coccolith, calcareous dinocyst, planktic foraminifera, and pteropod

contents in surface sediments.

In general, carbonate input ofthe different organism groups is highly variable although dominated by

planktic foraminifera and coccolithophorids respectively. While coccolith carbonate dominates the

oligotrophic gyres ofthe South Atlantic, carbonate derived from planktic foraminifera is velY important in

more fertile, mesotrophic areas, such as the equatorial divergence zone. In contrast, calcareous dinocysts

only supply a very minor proportion ofcalcium carbonate to the sediments. The aragonite content, mainly

derived from pteropod sheIls, is ofregional impOliance in the western South Atlantic continental margin.

Here aragonite contents up to 50 wt.-% ofthe total sediments were measured. Carbonate dissolution has

a major effect below lysocline depth, but also in highly productive areas (supralysoclinal dissolution).

Foraminiferal carbonate is much more affected by dissolution than either coccolith or calcareous dinocyst

carbonate. Preservation ofpteropod shells is restricted to relatively shallow parts ofthe ocean away from

continental margins, as aragonite is much more susceptible to solution than calcite. As a result, maximum in

aragonite content are observed in intennediate depth, i.e. between 2000 to 3000 m.

6.1 Introduction

The carbonate system is an important part ofthe global carbon cycle that controls atmospheric CO2

content. Since the ocean contains some 60 times the CO
2
ofthe atrnosphere (Berger, 1985; Broecker and

Peng, 1989), hence it plays a very impOliant role in global CO
2
budgeting, in particular druing the Quatemary

climatic oscillations. In particular, it has been shown that atmospheric CO2 concentrations were lower

druing the last glacial period (Bamola et al., 1987; Jouzel et al. , 1993). Biological productivity, as illiven

by photosynthesis, is one ofthe primary mechanisms responsible for partitioning carbon within the ocean

(Berger et al. , 1987). The efficiency ofthis biological pump is affected by the amount ofcarbon buried in

the sediment as particulate organic carbon and as carbonate. Generally, organic carbon is efficiently

remineralised in the water column and at the seafloor, so that only about 0.3 wt.-% ofthe euphotic zone

production is preserved in the sediment (Berger et al. , 1989; Brummer and van Eijden, 1992). Nevertheless,
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this preserved organic carbon has been widely used as an indicator ofprimary productivity, especially in

high-productivity areas (e.g. Müller and Suess, 1979; Samthein et al. , 1992; Schneider et al. , 1994). In

contrast, biogenic carbonate is much betterpreserved in the sediments than the organic carbon accompanying

it, but accumulation ofcarbonate is only rare1y used as a reliable palaeoproductivity proxy (Brummer and

van Eijden, 1992; Rühlemann et al. , 1996, 1999; van Krefeld et al. , 1996).

The Atlantic Ocean is regarded as the largest present-day deep-sea carbonate sink, as it serves as a

huge carbonate depocenter, with an on average deep calcite lysoc1ine (Milliman, 1993). The solubility of

CaC0
3

in seawater increases with pressure, so that the ocean is typically supersaturated at shallow and

intennediate depths and undersaturated in the deepest parts. Only a fraction ofthe CaC0
3
production is

buried, and this proportion depends on the area ofthe sea floor that is shallower than the depth ofcalcite

saturation. However, calculations and models that attribute the calcite lysoc1ine to the critical undersaturation

depth (hydrographic or chemicallysocline) and not to the depth at which significant calcium carbonate

dissolution is observed (sedimentary calcite lysoc1ine) strongly overestimate the preservation potential of

calcareous deep-sea sediments. From hydrographic parameters alone, one would expect significant calcium

carbonate dissolution to begin below 5000 m in the deep Guinea andAngola Basin and below 4400 m in

the Cape Basin. However, carbonate preservation studies (Volbers and Henrich, 2002b; Henrich et al. , in

press) c1early show that it starts already at much shallower depths.

Present-day production ofCaC0
3

in the world's ocean is calculated to be about 5 billion tons peryear.

Carbonate production is ranging from about 2.5 g m-2 d- I in the central ocean gyres up to about 30 g m 2

d- I in highly productive areas (Milliman, 1993). It is assumed that about 60% accumulates in sediments,

whereas the remaining 40% is dissolved (Milliman, 1993). Calculation ofthe global ocean carbonate

budget inc1udes carbonate production, accumulation, and dissolution, but published estimations ofthe

carbonate budget vary widely as it is difficult to account for all input and output mechanisms ofthe system.

On a longer time scale, for example dming the late Quatemary, calculation ofthe carbonate budget should

even take the glacial and interglacial end-members into account. Carbonate production on continental

slopes and especially in the pelagic open ocean is almost exc1usively planktic. Carbonate producers such

as coccolithophorids and foraminifera are primarily important for the long-tenn storage ofcarbon in open

ocean sediments (e.g. Berger, 1976, 1978). In addition, previous studies suggest that aragonitic pteropod

production averages about 10 to 12% ofthe total CaC0
3

production (Bemer and Honjo, 1981; Fabry,

1990; Fabry and Deuser, 1991, 1992). Aragonite, a metastable polymorph ofCaC0
3
, dissolves at shallower

water depths than calcite as it is much more soluble in seawater (Morse et al., 1980). Approximately 90%

ofthe aragonite flux is already remineralised in the upper 2200 m ofthe water column (Betzer et al. , 1984).

However, aragonite may still contribute up to 10% to the total mass flux.

The distribution oftotal calcium carbonate content in sediments ofthe deep sea is already well known

(e.g. Archer, 1996). However, detailed analyses ofthe carbonate fraction and a partitioning in its valious

contributors are still missing. Total fluxes ofmatter are detennined by chemical or physical measurements,

but to test the biotic conhibution to the complex marine carbonate system, breakdown offluxes at least by

organism groups is required. So far this has been done only for single groups, such as coccolithophorids

(e.g. Broerse et al. , 2000; Sprengel et al., 2000; Young and Ziveri, 2000; Ziveri and Thunnell, 2000),
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ca1careous dinocysts (Broerse et al. , 2000), and pteropods (Betzer et al., 1984; Ka1berer et al. , 1993).

In this paper we focus on the calcium carbonate content, the predominant biogenic material ofpe1agic

oceans. Firstly, the modem pattern ofmarine carbonate production is exemplified by comparing two

sediment traps 10cated in different domains ofthe South At1antic. In addition, this paper presents new

carbonate calcu1ations for coccoliths, calcareous dinocysts, p1anktic foraminifera, and pteropod contents

in surface sediments. The principa1 distribution patterns ofthe carbonate portion ofthe major organism

groups are described and discussed.

6.2 Hydrography and production characteristics ofthe study area

The surface current system in the SouthAtlantic is characterised by a northerly transport ofwarm (>

24°C) surface water across the equator, ultimately feeding the Gu1fStream. This process is cmcia1 for the

global thermohaline circulation and especially for the heat transfer to the NorthAtlantic (Macdonald and

Wunsch, 1996). Since the circu1ation system has often been described in great detail (e.g. Peterson and

Stramma, 1991; artic1es in Wefer et al., 1996), on1y abriefsummary ofthe main features is given in the

following.

The upper level circulation in the SouthAtlantic is dominated by the SubtropicalAnticyc10nic Gyre, and

is c10sely coupled to lower atmospheric wind stress. Surface water (upper 50-100 m) ofthe north-westward

flowing South Equatoria1 Current (SEC) is fonning the northern limb ofthe Subtropical Gyre (Fig. 6.1).

The SEC itse1f consists oftwo branches, a main stream flowing south of 100 S, and a trade wind-forced

smaller, faster flowing branch between 2° and 4oS (Peterson and Stramma, 1991). In the equatoria1 area,

these two branches are separated by the South Equatorial Counter Current (SECC) moving surface water

eastward. At about 1OOS offBrazil, the SEC splits into two branches, forming the southward flowing Brazil

Current (BC) and the northward flowing North Brazi1 Current (NBC) (Peterson and Stramma, 1991).

The latter contributes to the eastward flowing North Equatorial Counter Current (NECC). Its interaction

with the northern branch ofthe SEC leads to a strong convergence ofwater masses in a mixing area at

about 3° to 5°N. This resu1ts in downwelling ofsurface waters, which supports the eastward flowing

Equatorial Undercurrent (EUC). This CUlTent is present in a depth of50 to 125 m along the entire equator

and feeds surface currents offthe Afiican coast (Peterson and Stratnma, 1991). The contact zone ofEUC

and SEC fonns the equatorial divergence where upwelling ofcolder water from around the thennoc1ine

depth occurs (Fig. 6.1). The source ofthe water that is upwelled is essential, as it determines the nutrient

concentrations in the upper photic zone, where most ofthe phytoplankton productivity takes place. If, for

example, water becomes upwelled from the EUC, which is a nutrient depleted "recyc1ed" water mass, no

significant increase in nutrients and associated phytoplankton production is observed in the surface waters

(Monger et al. , 1997).

Thus, mean sea surface temperatures (SST) are cooler at and a little south ofthe equator, and warmest

north ofthe equator, especially in the western Atlantic. Strong seasonal variation in the forcing winds,

however, produces a fluctuating equatorial system. In boreal summer SST in the eastem equatorialAtlantic

is at its minimum, whereas in boreal winter SST is at its annua1 maximum and part ofthe equatorial sUlface
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Monthly Mean SST (July, 1998)
http://psbsgi1 ,nesdis,noaa.gov:8080/PSB/EPS/SST/conlour,hlml

Fig. 6.1. Schematic representation ofthe large-scale upper-level circulation pattern in the
SouthAtlantic (from various sourees, see text) plotted on a map ofannual mean sea-surface
temperatures.
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water flows back as counter-currents. Thus, the SEC and associated features also have different seasonal

aspects, such as the thermocline depth that on the mean is deeper in the west and relatively shallow in the

east (Fig. 6.1). During boreal summer the depth ofthe thermoc1ine deepens in the western equatorial

Atlantic due to increased westward transport ofsurface waters, which again is a consequence ofincreased

trade winds. Contemporaneously, thermocline depth slightly shallows towards the east, allowing thermocline

water to mix with warmer surface waters.

The warm surface water actively removed from the SouthAtlantic to feed the NorthAtlantic heat sink

and by this the global conveyor belt, is replaced by southern waters and subsurface waters. These cool

waters supplantingthe loss are generallyrich innutrients and, thus, the SouthAtlantic isrelativelyproductive,

especially in upwelling areas. Ofcourse, the present pattern ofproductivity as seen in pigment distribution

(Fig. 6.2) represent an integration ofa large number ofdynamic properties including seasonal wind,

geostrophic currents, and nutrient content ofsubsurface waters. Generally, nutrients are depleted in surface

waters except in upwelling regions. Here primary production rate can reach > 100 g C m-2 a- 1
, and is

between 50 and lOOg C m-2 a- 1 in the equatorial divergence zone. In contrast, primary production is

generally < 50g C m-2 a- l in the oligotrophie gyres (Berger, 1989). Organic carbon in the surface sediments

ofthe SouthAtlantic very weIl reflects this general production pattern ofall organisms (Fig. 6.2).
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Cornposite phytoplankton pigment concentration [mg/rn3]

(11/78 - 06/86) http://seawifs.gsfc.nasa.gov/SEAWIFS/CZCS_DATA

Total organic carbon content
(wt-%)
fTTTTlo 5 (data compiled from various sourees)

0.1 0.2 0.4 0.6 0.8 10

Fig. 6.2. Map showing the distribution ofTOC in surface sediments (left), as weH as the pigment distribution in surface
waters infelTed from colour scanning data aboard CZCS sateHite (right).

6.3 Material and Methods

6.3.1 Surface sediment material

The study area stretches from about 200 N to 600 S and 600 W to 15°E (Fig. 6.1-3), induding most of

the equatorial, central and subpolar South Atlantic Ocean. Comparison ofsediment surfaces with recent

hydrography is a dear way oftesting the usefulness ofa palaeoceanographic proxy. We thus studied the

uppennost centimetre ofmore than 460 sediment surfaces collected with multicorer, box corer, or Van

Veen grabbers during various ship expeditions (Fig. 6.3). These care-top sampies were retrieved during

valious cruises to the SouthAtlantic Ocean from < 100 m to > 5500 m water depths. All sediment surfaces

are assumed to be ofHolocene age. However, only few ofthese surface sediments have been dated, nor

is the exact sedimentation rate known at most sites. Ages ofsurface sediments may vary from decades to

several hundreds and up to several thousands of years depending on the local sedimentation rate.

Nevertheless, considering that climatic and oceanic settings throughout the Holocene are comparable to

present-day conditions, these sampies are regarded as recently accumulated sediments.

In total, the data set includes 381 sampies analysed for their bulk carbonate content and 316 sampies

analysed far their total arganic carbon content. In addition, 204 sampies were analysed for coccolith

carbonate, 167 sampies for calcareous dinocyst carbonate, 97 sampies far p1anktic foraminifera carbonate,

and 58 sampies for their aragonite content. The sediments are from different regions with various

oceanographic and environmental conditions, such as shelfregions with large amounts ofbenthic organisms

and lithogenous material, continental slope regions with turbidites and contourites, deep-sea basins with
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Fig. 6.3. Locations of the studied surface sediments (dots) and
sediment traps (filled triangles).

strong carbonate dissolution beneath the compensation depth, and various ridges and rises. The investigated

sediments have accumu1ated in coasta1 and equatoria1 upweHing regions as weH as in oligotrophie regions

and contain varying amounts oforganie material.

6.3.2 Determination 0/bulk carbonate, aragonite and carbonate 0/ the different plankton groups

Prior to the bulk geochemica1 ana1yses, sediment samp1es were freeze-dried and homogenised. Bulk

carbonate content. Total carbon (TC) concentrations and total organic carbon (TOC) contents were

measured using an LECO-CS 300 e1ementa1 ana1yser. This device measured the total carbon content. In

a first step 100 mg ofthe homogenised sediment were ana1ysed (TC). In the subsequent analysis HC1

treated samp1es (to remove calcium carbonate and determine TOC content) were measured in same way.

The calcu1ation was made according to the equation

CaC0
3

(wt.-%) = 8.33 • (TC wt.-% - TOC wt.-%).

Ana1ytica1 precision ofbetter than 2% for carbon, in carbonate standards and in replicates, is regu1arly

achieved.

Planktic foraminifera carbonate content. Sediment samp1es for coarse fraction ana1yses were washed

on a sieve with 63 /-im mesh size. Two independent techniques were used to estimate the p1anktic foraminifera

carbonate content. (1) Carbonate ofthe > 63 /-im fraction was measured geochemically as described for

the total carbonate content. (2) The carbonate content is estimated via the number ofcounted specimen of

the weight-ba1anced sand fraction. Samp1es were split unti1 at least 300 partic1es remained. P1anktic

foraminifer species as weH as various other partic1es (such as benthic foraminifera, radiolarians, and quartz)
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were counted under the light microscope and the percentage ofthe foraminifera was determined. Their

absolute abundances, expressed as specimen per weight percentage ofdry sediment (wt.-%), were taken

as their carbonate contents.

The carbonate contribution offragmentary planktic foraminifera tests within the coarse silt fraction (10

63 lJ,m) was not taken into account. Therefore the estimations ofthe planktic foraminifera carbonate should

be considered as minimum values. However, the means derived from both techniques indicate very similar

results (Fig. 6.4) and, therefare, this data are expected to be a good approximation ofthe planktic foraminifera

carbonate content. The rather good agreement ofboth means is partly hampered by the occurrence of

calcareous nannofossils in some ofthe samples, thus contributing to the 63 lJ,m fraction (Fig. 6.4).

Coccolith carbonate content. Coccolith numbers as calculated from surface sediments (see Vink et

al., in press) were converted into coccolith-carbonate contents on the basis ofmean estimates ofcoccolith

Planktic foraminifera
carbonate calculations
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Fig. 6.4. Comparison ofthe measurements derived by the two different
foraminifera carbonate estimations used in this study, indicating a fairly
good correspondence ofthe data. Data points outside the 1: lline (shaded
area) are either from the continental mal"gins or from the equatorial
upwelling and include benthic foraminifera and pteropods.

masses (Fig. 6.5). This is an approach that already is routinely used for sediment trap samples (e.g.

Broerse et al. , 2000; Giraudeau et al. , 2000; Sprengel et al., 2000). Since there is an extremely wide range

ofcoccolith sizes between different coccolith species and consequently a great variation in mass estimates

(e.g. Young and Ziveri, 2000), separate carbonate masses far the most frequent species were used in this

study.

The substantial errors in such calculations may be relatively high, since a single mean carbonate value

does not account far the size variations ofmost common species (e.g. Knappertsbusch et al., 1997;

Baumaml and Sprengel, 2000). To optimise carbonate calculations, size ranges ofthe numerically most

COlmnon species and ofthe volumetlically most abundant species were investigated (Baumann and Boeckel
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unpubl. data). However, even ifconsiderable care is taken, the ca1culations may result in errors ofup to

50%. Nevertheless, the data given here seem very reasonable in comparison to the total carbonate data,

and, therefore, is expected to be a good approximation ofthe coccolith-carbonate content.

Calcareous dinocyst carbonate content. The carbonate contents of ca1careous dinocysts were

calculated accarding to the coccolith carbonate content. For different species the inner and outer diameters

A

Coccolith mass can be expressed as:

•
B~
c~

D~

Thickness

Volume
calculation

m = 2.7 X ks X 13

2.7 = density of calcite

k s = shape factor

! =: coccolith
Young and Ziveri (2000)

Fig. 6.5. Detennination of species-specific coccolith carbonate contents by using the
method introduced by Young and Ziveri (2000). Recommended shape values (ks) for each
species together with own unpublished size measurements were used.

ofthe spheres were measured in the SEM and their porosity was estimated (Zonneveld unpubl. data).

Numbers ofcalcareous dinocysts as calculated from surface sediments (see Vink et al., in press) were

converted into carbonate on the basis ofaveraged individual species-specific mass estimates (Young and

Ziveri,2000).

Aragonite content, calcite and aragonite x-ray diffraction analysis (XRD). After freeze drying,

about 0.5 g bulk sediment ofeach sample was carefully ground to obtain a grain size < 63 /lm. All samples

were measured with a Philips PW1830 goniometer (Crystallography, Bremen University) equipped with a

fix divergence slit, using Cu Ka radiation (40 kV, 30 mA). The XRD measurements were carried out

between 20-50° 28 with a step size ofO.02° and a scan time of 2 seconds per step. Quantitative estimations

were made by detennining aragonite peak heights and calcite peak areas far each sample and subsequent

compmison with the respective calibration curves after Milliman (1974).

6.3.3 Preparation ofsediment trap sampies

Particle fluxes were detennined using large aperture time-series sediment traps. Here, data oftwo

sediment traps located in the eastem equatOlial Atlantic (EA 3 at OON, 10.8°W) and offNamibia (NU 2 at

28.9°S, l4.6°E) are used. Trap depths were around 1000 m (EA 3) and 2500 m (NU 2). For sample

preparation and detailed particle flux data see Fischer and Wefer (1996), Fischer et al. (2000), and
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Romero et al. (2002).

All planktic foraminifera tests and pteropod shells larger than 63 11m were identified microscopically

and picked outby hand from a wet-split sampie. The removed material then was washed briefly with fresh

water, dried at 60°C and weighed to determine the organism fluxes and their carbonate proportions.

Coccolith flux rates from sediment trap sampies, which will be presented elsewhere, were converted into

coccolith-carbonate fluxes following the same approach as for the surface sediments (see above).

6.4 Results and discussion

6.4.1 Methodological approach

In this paper, the development ofcalculating organism specific carbonate data for gathering information

about past c1imates and ocean productivity from marine micropalaeontological records is pioneered. We

combine various analytical and calculation methods to determine the portion ofeach group to the total

carbonate content. There is neither a single geochemical approach allowing this to do, nor is it possible to

individually pick the small « 2-20 11m) coccoliths as is routinely done with othermicrofossils. Despite the

fact that the carbonate volumes ofthe specific plankton groups are calculated on rather different ways,

because ofvariable analytical procedures far the different groups, the results always give reasonable

values both for the single organism groups as weIl as for their summing up as total carbonate.

Hence, one important methodological result ofthis work is that a carbonate budget ofthe different

carbonate shares yields reasonable results. This approach is useful and, indeed, the good quality ofthe

carbonate estimations may be surprising. For the foraminifera this is depending on the size fraction which

is geochemically measured as weIl as depending on the available species-specific size data for coccoliths

and calcareous dinocysts. Therefore, it is important to select the most appropriate size c1asses and shape

factors that cover the average variability in the respective groups best. Nevertheless, for each group we

have applied a relatively conservative approach which rather implies an underestimation ofcarbonate

because only complete specimens were considered (coccoliths, calcareous dinocysts) and juvenile tests<

63 11m were neglected (foraminifera).

6.4.2 Bulk carbonate and composition 0/ the carbonate fi'action 0/trapped sampIes

The variability and magnitude ofthe overall carbonate flux pattern in the eastem equatorialAtlantic (EA

3) and offNamibia (NU 2) were rather comparable to each other. The composition ofthe material was

generally dominated by carbonate, which constituted > 65% in both traps (Wefer and Fischer, 1993;

Fischer and Wefer, 1996; Romero et al. , 2002). Total carbonate fluxes ranged from 2.0 to 100.5 mg m-2d

1inEA3 andfrom 8.5 to 139.3 mgm-2d-! in NU 2 (Fig. 6.6). However, peak carbonate fluxes differalittle

in timing. They were measured in June and July/August at EA 3 (which collected far only 7.5 months) and

in February and July/August at NU 2.

The most striking difference in the carbonate flux pattern between the investigated traps is that the

relative contlibution ofcoccolith and foraminifera carbonate varied significantly (Fig. 6.6). The eastem

equatorialAtlantic carbonate flux is dominated by planktic foraminifera (16-98%) whereas coccolithophorids
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and pteropods only contributed less than 30% to the total carbonate. Calculated absolute coccolith

carbonate fluxes are between 0.1 and 9.3 mg m-2 d- l
, and, on average, contributed 9.1 % to the measured

CaC0
3
fluxes. Input ofaragonite-producing pteropods is approximately the same. Foraminifera constituted

between 0.5 and 48.6 mg m 2 d- I
, with an average contribution of46%. In contrast, much higher coccolith

carbonate fluxes with maxima of> 60 mg m-2 d- I were measured in the Namibia Upwelling (Fig. 6.6). The

mean relative amount is high, varying between 12.6% and 66.2%, and mostly paralleis the total carbonate.

Measured foraminifera carbonate flux is 7.7 mg m-2 d-I; the contribution ofthe planktic foraminifera CaC0
3

fluxes to the measured total carbonate fluxes varies between 3.1 and 22.3%, with an average contribution
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Fig. 6.6. Determination of organism-specific carbonate contents in the eastern equatorial
Atlantic (EA 3) and off Namibia (NU 2). The most striking difference in the carbonate flux
pattern between the investigated traps is that the relative contribution of coccolith and
foraminifera carbonate varied significantly between the sites. Coccoliths overwhelmingly
dominate the carbonate fraction close to the Namibia upwelling, whereas highest foraminiferal
carbonate content occurs in the relatively fertile, mesotrophic waters of the equatorial
divergence.
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of 10.8 %. In addition, pteropods accounted for up to 23% ofthe total CaC0
3

fluxes, with a mean

contribution of2.4 mg m-2 d-1•

As expected, calculated carbonate fluxes ofthe calcareous organisms were lowerthan the measured

total CaC0
3

fluxes, except for two values in the eastern equatorial Atlantic (EA 3). Here, summed up

CaC0
3
fluxes were slightly higher than the measured total carbonate fluxes, which probably is a calculation

artefact. In addition, estimates ofcarbonate fluxes are liable to significant errors due to using the > 150 Ilm

fraction, breakdown oftests, and problems in accurately splitting ofsampies (especially when the flux is

extremely low). Generally, this resulted in a slight underestimation ofthe carbonate contents ofthe various

carbonate contributors. Nevertheless, despite these uncertainties in absolute values, carbonate fluxes and

the relative contribution ofthe Val10US groups provide a valuable new perspective for the study ofcarbonate

accumulation.

6.4.3 Distribution oftotal carbonate contents and carbonate portion ofthe organism groups

To interpret the distribution ofcarbonate-bearing organisms (see Vink et al. , in press) and estimate

lithogenic and organic particle dilution within the surface sediment, we need detailed information on the

sediment carbonate content. Overall, carbonate contents range from < 2 wt.-% at sites close to the south

eastern continental margin offSouth America, but also from the deep basins and the western African

continental margin, to> 95 wt.-% at sites ofthe mid-ocean ridge (Fig. 6.7). Highest carbonate contents in

the surface sediments follow more or less the mid-Atlantic Ridge, from the equator to about 40oS, and the

Walvis Ridge offsouth-westernAfrica. In these oligotrophic areas carbonate values often exceed 90 wt.

%. In contrast, nearshore sediments on continental shelves and slopes have considerably lower calcium

carbonate contents, but also have much higher organic carbon contents (up to 8 wt.-%; see Fig. 6.2). In

addition, calcium carbonate contents are quite low « 20 wt.-%) in the deep Cape, Argentine, and Brazil

Basins close to and below carbonate lysocline depth. The depth ofthe< 20 wt.-% carbonate contour

does not change most probably due to the fact that chemical erosion and exhumation may reduce the

actual amplitude ofthe fluctuations (see Henrich et al. , in press).

Neveliheless, calcium carbonate is fairlywell preserved above the lysocline in the oligotrophic open

ocean and most probably reflects the primary production ofthese areas. However, differences in CaC0
3

contents between different areas may, at least in part, be due to different assemblage cOlnpositions ofthe

plankton. In fact, carbonate input ofthe different organism groups is highly variable although dominated by

planktic foraminifera and coccolithophorids, respectively (Fig. 6.8). The weight-balanced coccolith

carbonate contents range up to > 80 wt.-% in the mid-Atlantic Ridge sediments ofthe central South

Atlantic. Obviously, coccoliths dominate the carbonate fraction in this area (60-70%), whereas they only

playa minor role at the continental margin offSouth America, offeastern Africa, and in the equatorial

divergence zone. The latter is characterised by carbonate derived fr'om planktic foraminifera, which generally

cOlnpI-ise between 30 and 55 wt.-% ofthe total sediment. With a few exceptions (Walvis Ridge), foraminifera

carbonate is moderately important in the other areas ofthe SouthAtlantic but never exceeds 30 wt.-%

(Figs.6.8).

In contrast, calcareous dinocysts only playa very minor role as suppliers ofcalcium carbonate to the
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Fig. 6.7. Total carbonate content in surface sediments of the South Atlantic. Highest carbonate contents generally
follow the mid-Atlantic Ridge, from the equator to about 40oS, and the Walvis Ridge offsouthwesternAfrica. In contrast,
nearshore sediments on continental shelves and slopes as well as sediments from the basins have considerably lower
calcium carbonate contents.

sediments. Carbonate contents up to maximal 4 wt.-% in the mid-Atlantic Ridge sediments have been

calculated whereas less than 1 wt.-% were recorded in the deep basins. The aragonite content, mainly

derived from pteropod shells, is oflocal importance in the western South Atlantic especially offcentral

SouthAmerica. Here aragonite contents up to 50 wt.-% ofthe total sediments were measured. In addition,

some ofthe sampies from the mid-Atlantic Ridge are characterised by medium to high contents of> 20

wt.-% (Fig. 6.8). One should mention that not at all ofthe sampies below 4000 m ofwater depth have

been measured for their aragonite content, due to the fact that pteropods are highly susceptible to

fragtnentation at shallower water depths than calcitic partieles (see also Henrich et al. , in press).

6.4.4 Depth related carbonate input

Coccolithophorids are by far the main contributors to the carbonate in the oligotrophie gyres ofthe

SouthAtlantic. In fact they predominate the central SouthAtlantic, with highest coccolith carbonate contents

encountered at water depths between 3000 and 4700 m (Fig. 6.9). Therefore, extremely high carbonate

values derived from coccoliths are observed down to about the lysocline depth. Thus, at least a number of

coccolith species seem to be very resistant to dissolution. In contrast, the amount offoraminiferal carbonate

a1ready decreases significantly below about 3500 m. Highest foraminiferal carbonate comprises more than
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Fig. 8. Total carbonate contents (all weight-balanced) ofthe different organism groups in the studied surface sediment
sampIes of the South Atlantic. In fact, carbonate input of the different organism groups is highly variable although
dominated by planktic foraminifera and coccolithophorids, respectively. In contrast, aragonitic pteropods are of
geographically restricted impOliance, whereas calcareous dinocysts contribute only minor to the carbonate.

50% ofthe total carbonate content in the relatively fertile, mesotrophic waters ofthe equatorial divergence.

However, in terms ofweight-balanced carbonate input, foraminifera only seldomly exceed 50 wt.-%.

Their decrease in abundance begins already far above the calcite lysocline. This cou1d also be due to the

relatively long-tenn exposure at the sediment/water interface leading to increased carbonate dissolution of

the surface sediments (Volbers and Henrich, 2002).

Contrary to planktic foraminifera, and despite the low absolute carbonate input to the total sediment,

the contribution ofcalcareous dinocysts to the carbonate increases with depth. Highest relative abundances

are reached close to the lysocline depth (Fig. 6.9). This indicates a relatively high preservation potential of

these calcitic primary producers, which has also been shown for other regions (e.g. Zonneveld et al. ,

2001). In comparison, aragonitic pteropods are relatively abundant in the western South Atlantic, whereas

in the eastem Atlantic Ocean, in particular along the African continental margin, only very few specimen

have been found (Gerhardt and Henrich, 200 I). Aragonite content displays a s-shaped trend with highest
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Fig. 6.9. Plot of the carbonate contents of the different organism groups versus water depths. High carbonate input
derived from coccoliths is observed down to about the lysoc1ine depth whereas foraminiferal carbonate already starts to
decrease already far above the calcite lysocline. In addition, carbonate ion concentrations from GEOSECS stations 39 in
the westem equatorial Atlantic and from GEOSECS station 102 in the eastem South Atlantic (data from Bainbridge, 1981),
as weH as saturation curves ofCO/ concentration far calcite and aragonite are indicated.

amounts occurring at intermediate water depths between 2000 and 3000 m (Fig. 6.9). It has been shown

that good preservation ofpteropods corresponds weIl with increased aragonite content and vice versa

(Gerhardt and Henrich, 2001).

6.4.5 Factors injluencing sw1ace sediment carbonate distribution

Surplisingly, there is only very little con'elation ofthe carbonate content in surface sediments with the

upper level circu1ation ofthe South Atlantic as is known for other regions. For example, differences in

carbonate content ofthe sediments have often been used to distinguish the different surface water masses

in the Norwegian-Greenland Sea (e.g. Kellogg, 1976; Baumann et al. , 1993; Hebbeln et al. , 1998; Henrich,

1998). High carbonate contents are characteristic for the water masses ofthe warm Norwegian Current,

whereas low contents and relatively high dissolution ofCaCO3 characterise the polar surface water masses

(Huber et al., 2000). Ofcourse, the actual carbonate content ofdeep-sea sediments is controlled by a

complex interplay among production in overlying surface waters, dilution by non-carbonate phases and,

especially, dissolution in the water column, at the sea floor, and in the sediment pore waters. As a result, it

is often difficult to uniquely is01ate changes due to the carbonate saturation ofdeep water from other
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controlling factors.

Calcium carbonate production by pelagic organisms in upper level waters is difficult to estimate. Due

mainly to different time-scales invo1ved (days vs. several hundreds ofyears), only a limited number of

studies are available, which even directly compare series of plankton data with spatial patterns of

assemblages found in surface sediments (Mclntyre and Be, 1967; Samtleben and Schröder 1992; Bau

mann et al. 2000). However, sediment traps are found to be a va1uable tool both to estimate carbonate

production and to link the dynamics ofpelagic plankton production in the photic zone, as represented by

plankton sampIes, to the assemblages found in the underlying surface sediments (e.g. Samtleben et al.,

1995). From studies such as these, it is known, at least for coccolithophorids, that coccolith-carbonate

fluxes and accumulation rates are in the same order ofmagnitude and show a remarkab1e corre1ation

between traps and sediments (Sprengel et al., 2002). In addition, determinations ofaragonitic pteropod

fluxes in the Pacific provide evidence ofa patchy distribution ofthese organisms (Betzer et al., 1984).

According to these sparse data, carbonate production varies significantly from oligotrophic to eutrophic

smface waters (Milliman, 1993), but is highly variable even within small areas. The presented carbonate

estimates ofthe two sediment traps also are in good accordance with the findings in the surface sediments.

The concentration ofplanktic foraminifera is at least ten times higher in the feliile coastal and equatorial

regions than in the gyres (Be and Tolderlund, 1971; Meggers et al., 2002). Absolute numbers of

coccolithophorids also increase considerably in areas where oceanic and upwelled water mix as compared

to the oligotrophic ocean (e.g. Klejine et al., 1989; Giraudeau and Bailey, 1995; Kinkel et al., 2000). This

is indeed in good accordance with the distribution ofcoccolith and foraminiferal carbonate especially in the

surface sediments offsouth-westernAfrica. Despite a relatively low contribution to the total CaC0
3

mass

flux (mean of 10%), the foraminiferal carbonate content in the surface sediments co-varies closely with the

carbonate input from coccoliths (Fig. 6.10).

However, the mechanisms controlling the burial ofcarbonates in this area (as weIl as in other regions)

are re1atively complex and, ofcourse, the carbonate content is influenced by dissolution (e.g. Dittert et al.,

1999; Henrich et al., in press). This is indicated by a relatively high proportion ofunidentified carbonate in

these sediments (figured as "Rest" in Fig. 6.10). This unidentifiable rest most probably comes from broken

coccoliths, as weIl as fragmented foraminifers and pteropods, which are not taken into account in our

calculations. Recent dissolution studies suggest a large influence ofsupralysoclinal dissolution with respect

to aragonite and carbonate in the high-productivity areas ofthe eastern South Atlantic (Gerhardt and

Henrich, 2001; Volbers and Henrich, 2002). This is due to the fact, that degradation oforganic carbon in

sediments prornotes dissolution ofcalcium carbonate. Yet, a number ofstudies have demonstrated that

calcite dissolution driven by metabolic CO
2
production within the sediments forms a significant part ofthe

diagenesis ofsedimentary calcite even above the lysocline ("supralysoclinal dissolution"; e.g. Archer et al.,

1989; HaIes et al., 1994; HaIes and Emerson, 1997). Recently, Milliman et al. (1999) have suggested that

considerable dissolution (perhaps as much as 60-80%) occurs even in the upper 500-1000 m of the

ocean. In addition, preservation ofpteropod shells is resnicted to shallow parts ofthe sea floor (generally

above 3500 m water depth), i.e. shelfregions, continental slopes, ridges and rises, as the aragonitic shells

of pteropods are much more susceptible to solution than the calcitic remains of foraminifera and

coccolithophorids. Thus, it appears reasonable to relate the absence ofpteropod shells as weIl as higher
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Fig. 6.10. Summary ofthe different organism group carbonate contents in surface sediments ofthe SouthAtlantic. A
high proportion of unidentified carbonate, most probably originating from broken coccoliths, as well as fragmented
foraminifers and pteropods, were not taken into account in our calculations and thus figured as "Rest".

fragmented planktic foraminifera tests and coccoliths offsouth-westemAfrica (see Ditteli et al. , 1999) to

the local fonnation ofmore carbonate-corroding bottom and pore waters. More detailed information on

the preservation ofcarbonate are given in a number ofpapers mostly dealing with the implications ofsuch

studies for oceanic and atmospheric carbon cycling (e.g. Howard and Prell, 1994; Rühlemann et al. ,

1999; Hodell et al. , 2001; Henrich et al. , in press).

Another factor influencing weight-balanced carbonate contents is the dilution by non-carbonate phases

and, thus, highly varying accumulation rates. Pmiicularly, continental slope sediments are often dominated

by various amounts ofterrigenous sediments, delivered by nearby rivers, as weH as relatively high contents

both oforganic carbon and biogenic opal (e.g. Schneider et al. , 1997; Arz et al. , 1999; Abrantes, 2000).

In addition, winds are weH known to carry tremendous amounts oflithogenic dust from dlY Afi:ican source

areas to the deep-sea (e.g. Tiedemann et al., 1989; Ruddiman, 1997). Therefore, relative amounts of

carbonate are highest on the mid-ocean ridge, where dilution (as weH as dissolution) is at its minimum. This

problem can only be mIed out on the basis ofcarbonate accumulation rates as a product ofcarbonate

content, dlY bulk density, and sedimentation rate. Unfortunately, only few ofthe analysed sampies have

been dated to obtain an exact age ofthe sediments surface, so that the sedimentation rate is not known.

Fragmentary infonnation on sedimentation rates in some ofthe areas, however, can be obtained from

nearby sediment cores that indicate a rather high variation ofsedimentation rates. They vary from 5-10 cm

ka- 1 on theAmazon fan to less than 1 cmka-1 on the mid-Atlantic Ridge (e.g. Rühlemann etal., 1996).
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However, this calculation has so far not been done for the carbonate contents ofthe investigated sampies

and therefore will be a future project.

6.5 Summary and conclusions

A total ofmore than 400 surface sediment sampIes from the equatorial, central and subpolar South

Atlantic Ocean was investigated for their carbonate content as weIl as for the carbonate contribution of

various calcareous plankton groups. These new carbonate calculations ofcoccolith, calcareous dinocyst,

planktic foraminifera, and pteropod contents in surface sediments yielded the following results:

(l) A carbonate budget ofthe different carbonate shares is possible and gives reasonable results. Indeed,

the rather good quality ofcarbonate estimations is surprising. They are based on geochemical

measurements ofthe 10-63 Ilm fraction (foraminifera) on available group/species-specific size data

(coccolithophorids, calcareous dinocysts). Nevertheless, the applied methods rather imply an

underestimation ofcarbonate because only complete specimens were considered (coccoliths,

calcareous dinocysts) andjuvenile tests< 63 Ilm were neglected (foraminifera).

(2) Coccolithophorids, together with planktic foraminifers, are the major components ofpelagic carbonate.

While coccolith carbonate dominates the oligotrophic gyres ofthe SouthAtlantic, carbonate derived

from planktic foraminifera increased considerab1y in more fertile, mesotrophic areas, such as the

equatorial divergence zone. In contrast, aragonitic pteropods are ofgeographically restricted

importance, whereas calcareous dinocysts (and probably benthic foraminifers) contribute only minor

amounts to the carbonate.

(3) Carbonate dissolution has a major effect below lysocline depth, as weIl as in high productive areas

(supralysoclinal dissolution). Foraminiferal carbonate is much more affected by dissolution than

both coccolith and calcareous dinocyst carbonate. Maxima in aragonite content are observed in

intennediate depth due to the fact that aragonitic shells ofpteropods are more susceptible to solution

than calcite.
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7. Conclusions
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This thesis has been meant to contribute to a bettel' understanding ofcoccolithophore eco10gy and

biogeography. Trap (chapter 2) and Recent time-slice sampies (chapters 3 and 5) serve as a calibration

base, in order to use coccoliths for unravelling palaeoceanographic questions (chapter 4).

7.1. Coccolith fluxes and total numbers

Coccolithophores have been recognized as dominant phytoplankton group in subtropical, oligotrophic

regions (Brand, 1994; Winter et al. , 1994). However, highest population growth occurs in regimes with

higher nutrient availability, such as upwelling environments. In contrast, coccolithophore species adapted

to oligotrophic conditions exhibit 10w reproduction and coccolith production rates (Young, 1994).

Results from the sediment trap investigated in this study (chapter 2) fit weIl into this general concept.

The Namibia upwelling (NU) -trap yie1ds high mean coccolith annua1 fluxes of 1.6 xl 012 coccoliths m-2 yr

-1 withseasonal bloom conditions ofup to 2 x101O coccoliths m 2 d-l. Theresults obtained correspond with

another time-series analysis from the Bengue1a upwelling region by Giraudeau et al. (2000). Coccolith

fluxes detected at more oligotrophic sites, e.g. from the central tropical Pacific (Broerse, 2000), from the

eastem Mediterranean (Ziveri et al. , 2000), however, tend to range in orders ofmagnitude 10wer (~6 xl 04

to 8 x 101o coccoliths m-2 yr- I) than those undermesotrophic conditions.

Total coccolith numbers in the surface sediments ofthe SouthAtlantic mirror the variable degrees of

coccolithophore productivity, dilution and dissolution (chapters 3 and 5). Highest coccolith concentrations

were detected on the mid-Atlantic ridge (30 to 83 x 1Q9g-1 sediment). They are attributed to decreasing

effects ofdilution and favourab1e ecological conditions in the upper water-column. Continental slope

sediments contain medium to low numbers (40 to 1 xl 09g-1 sediment). Here dilution plays a major role

even maskillg high coccolith productivity. Lowest abundances, mostly dissolution affected, are encountered

in the deep-sea basins below 4000 m water depth, the Southem Ocean and on the she1ves.

The Late Quatemary records from two sediment cores retrieved from the continental slope ofSW

Afiica yie1d mean coccolith numbers which match the general range observed in surface sediments in this

area (chapter 4). Higher mean abundances are detected in the interglacials. Coccolith accumu1ation rates

follow the same pattern.

7.2. Coccolith preservation

In order to estimate the degree ofdissolution on coccolithophores, several quantitative or qualitative

dissolution indices for sediment assemb1ages have been developed (Roth and Thierstein, 1972;

Schneidermann, 1977; Roth and Cou1boum, 1982; Matsuoka et al., 1991; Broerse et al., 2000c). The

dissolution index (CEX') applied in this study, is based on the differential dissolution susceptibility ofthe

fragile coccoliths ofEmiliania huxleyi and Gephyrocapsa ericsonii versus the more robust Calcidiscus

leptoporus (chapters 3 to 5). Dissolution indices based on differential dissolution behaviour
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(Schneidennann, 1977; Roth and Cou1boum, 1982) might be influencedby different eco10gical preferences

ofthe species involved, especially when comparing sediments from different oceanic settings. Nevertheless,

the CEX' provides rough estimates for the level ofcoccolith dissolution corresponding to results obtained

by other dissolution proxies (see Dittert et al., 1999). In surface sediments from the Cape Basin, the top of

the "coccolith" lysoc1ine was detected by means ofthe CEX' at a water-depth of3800 m (chapter 3),

which is in excellent accordance with calcite lysoc1ine reconstructions deduced from the p1anktic foraminiferal

corrosion index BDX' (Volbers and Henrich, 2002b).

As for the Late Quatemary records the CEX' reveals dissolution affected assemb1ages only in core

1710-3 offNamibia (chapter 4). Main dissolution events are concomitant with peaks in organic carbon

content. Coccolith dissolution events are attributed to supralysoc1ina1 dissolution in the Benguela upwelling

due to enhanced microbial break-down organic material. These periods oftemporari1y enhanced supply

oforganic material, mainly detected during glacial intervals, are either a result ofbasinward transport from

the emerged shelves or ofenhaneed produetivity in the overlying surfaee-waters.

7.3. Coccolithophore ecology and their application to the reflection ofRecent andLate Quaternary

oceanographic conditions

The knowledge ofthe biogeography ofeoccolithophores, their eeology and their imprint in the sediment

in relation to their living eonditions is aprerequisite to make use ofeoecoliths in pa1aeoeeanographie

studies. Sediment trapping is ofparticular value sinee the eoeeolithophores eollected are in the proeess of

transition from living to sedimented assemblages.

The most abundant eoecoliths, which have been observed in all ofthe studied time-slices or intervals,

are members ofthe Noelaerhabdaceae, either Emiliania huxleyi or Gephyrocapsa spp., the lowerphotic

zone species Florisphaeraprofunda and Calcidiscus leptoporus. Emiliania huxleyi is the most numerous

coeeolith in the trap and surface sediment assemblages ofthe study area, displaying a broad eeologieal

tolerance. Its dominance eoineides with the presenee ofnon- or seasonally stratified water-masses. However,

under seasonally or pennanently stratified eonditions ofthe upper water-eolumn the lower photie zone

speeies (Florisphaera profimda, Gladiolithusflabellatus) replaeeE. huxleyi as the dominant eoeeolith.

Trap:

In the investigated trap (NU2) offNamibia the riehly eomposed populations ofeoeeolithophorids,

planktonic foraminifera, and diatoms quiekly respond to the dominant hydrographie eonditions at the

mooring site (chapter 2). These reliable clues on the seasonal dynamies ofthe export signal help to

interpret sediment assemblages preserved in the Benguela upwelling system.

The free eoeeolith flux follows a seasonal pattern with two pronouneed peaks, in austral mid-winter

and mid-summer. Flux maxima by Emiliania huxleyi and Calcidiscus leptoporus, as most abundant

speeies, were reeorded in winter. They are assoeiated with high in-situ produetion and thorough mixing of

the upper water-eolumn. In eontrast, flux maxima ofthe following speeies eontlibuted to the mid-summer

peak: Gladiolithus flabellatus, Oolithotus fragilis and Umbilicosphaera hulburtiana. The speeies

eomposition refleets more oligotrophie eonditions in summer. Lowest eoeeolith fluxes along with highest

relative abundanees ofF profunda and G flabellatus in late summer to early winter are assoeiated with
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a well-developed stratification ofthe water column and oligotrophie conditions.
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Sediments:

By means ofa canonical correspondence analysis species sediment assemblages were related to present

surface water parameters to bettel' delineate the general ideas on the ecological preferences ofcertain

species. Based on statistical analyses ofthe most important coccolith species, distinct surface sediment

assemblages have been identified. The vertical and horizontal structure ofthe coccolith assemblages are

basically a function ofthe distribution ofthe main water masses and the relative nutri- and thermoc1ine

positions.

F profimda is associated with the presence ofa generally deep nutric1ine or with the seasonal depletion

ofnutrients in the upper layers. G. flabellatus preferentiaHy thrives under completely oligotrophie conditions.

It becomes most abundant when the nutric1ine is located very deep in the water column or only weakly

developed. Highest abundances of Calcidiscus leptoporus were observed in higher productive

environments and along the edges offrontal systems. The results ofthe canonical correspondence analysis

indicated similar affinities of Coccolithus pelagicus, Helicosphaera spp. and Gephyrocapsa spp. for

intermediate to higher nutrient conditions in a weH mixed upper water column.

In the Pleistocene records (GIS 5 to 7) Gephyrocapsa ericsonii is positively correlated with sea

surface temperatures and has probable a:ffiliations to elevated nutrient conditions. Gephyrocapsa muellerae,

like the extant species, exhibits high abundances at cooler temperatures. Gephyrocapsa oceanica seems

to respond to drastic enviromnental changes by increasing their population size. In correspondence with

data from other Atlantic upwelling sites the timing ofthe Gephyrocapsa -/Emiliania huxleyi shift in

dominance takes place very late (~22 ka BP) in core 1710-3 offNamibia, in contrast to open-ocean

locations.

The coccolith assemblages oftwo sediment cores retrieved from the south-eastem South Atlantic

Ocean provide palaeoceanographic information on the current system in this area. In Late Quatemary

records vmiations in coccolith composition have been used to monitor shifts in the position offrontal

systems. The ratio ofsubtropical to tropical species versus G. muellerae was used to reconstruct variations

in the lateral extension ofthe filamentous upweHing zone in the south-eastem South Atlantic. Maxima

correspond to peaks in precession-related low-latitude boreal summer insolation. In these periods SE

trade winds and zonality are weakest leading to a narrow filamentous zone.

Moreover, coccoliths in core 3603-2 offCape Town yield implications for the leakage ofwarm Indian

Ocean water into the South Atlantic, which is an important element ofthe thermohaline circulation cel1. The

relative abundances ofsubtropical to tropical species, especially F profunda, comparable to present day

percentages indicate a warm-water influence via the Agulhas Current. Except for hints towards a cold

water influence at short periods (150 ka and 65 ka BP) the warm-water influx seemed to be a persistent

feature ofthe past 250 kyr independent ofnorthward movements ofthe Subtropical Front.

7.4. Coccolith carbonate

In order to assess the significance ofca1cifying organisms for the carbon budget it is necessary to have

reliable estimates ofthe relative proportion ofcarbonate production ofthe different organism groups.
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Fig. 7.1. Examples far the coccolith carbonate contribution in the NU-trap, surface
sediments and core GeoB 1710-3 from the south-eastem South Atlantic. Note the
differences between species-specific relative coccolith abundance and their role as
carbonate contributors.

Based on species-specific carbonate mass calculations, the coccolith carbonate production has been

estimated.

In the trap offNamibia the coccolith carbonate contribution to the total calcium carbonate mass flux,

based on species-specific carbonate mass calculations, varies between 14 and 71 % (mean 44%; Fig.

7.1). Highest coccolithophore carbonate fluxes are recorded in aperiod ofgenerally elevated productivity.
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Studies on surface sediments revea1 a high1y variable pattern ofcarbonate contributions main1y derived

from p1anktic foraminifera and coccolithophorids respective1y (chapter 6). Whi1e coccolith carbonate

dominates the oligotrophie gyres ofthe South At1antic, carbonate produced by p1anktic foraminifera is

more important in more fertile, mesotrophic to eutrophie areas, such as the equatOlia1 divergence zone.

Mass estimates ofcocco1ith carbonate in the surface sediments ofthe South At1antic document coccoliths

to be major carbonate contributors in most mid-Atlantic Ridge sediments, often contributing 90% to the

bulk carbonate. In contrast to the mid-Atlantic Ridge, where coccoliths dominate the carbonate fraction

(60-70%), they are ofminor importance in sediments accumulating on the continental margins, accounting

for about a fifth ofthe carbonate fraction (Fig. 7.1).

Late Quaternary records indicate a greater significance ofcoccolithophores as carbonate producers in

the Benguela upwelling region during the past 250 kyr than observed for the Holocene time-slice (chapter

4). In the core offNamibia coccoliths account for halfofthe bulk carbonate (Fig. 7.1). Although dissolution

affected, higher mean coccolith carbonate values (39 wt.-%) are encountered in the more productive

Benguela upwelling region. In core 3603-2 offCape Town one third ofthe bulk carbonate can be attributed

to the coccoliths.

Even though absolute abundances ofCalcidiscus leptoporus, and particularly Coccolithus pelagicus

and Helicosphaera spp., are many times lower than total numbers ofEmiliania huxleyi, these subordinate,

strongly calcifYing species are most important with respect to coccolith carbonate production (Fig. 7.1).

Despite the large cell numbers generated by E. huxleyi, as a single species it is ofminor importance to

coccolithophore carbonate conuibution to the bulk carbonate budget.
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8. Perspectives
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Results from this thesis on species distribution and composition frmn sampies ofall time-slices add to a

betterunderstanding ofthe biogeographic distribution and response ofcoccolithophores to the characteristics

ofthe overlying water-masses.

During short-term events high amounts ofcarbonate and organic matter are transfelTed bottomward

within only a couple ofweeks or days, as demonstrated from the NU trap experiment. It is important to

leam more about the dynamics and ecological conditions which trigger the timing ofthese productivity

pulses, in order to evaluate their significance for global geochemical budgets. Particularly sediment traps,

which serve as links between plankton and sediment assemblages, deployed at different depths could

significantly improve ourknowledge ofthe expOlt ofthese seasonal pulses. Tbe comparison with underlying

surface sediments contains important eIues on the sea-floorreflection ofthese events and thus their signal

in the sedimentary record.

In order to test the applicability ofcoccolith carbonate as a productivity proxy, it is necessary to assess

the relation between coccolith carbonate and biomass produced by a single cello Culture experiments are

needed for the determination of species-specific values. FUlthermore information on species-specific

photosynthesis and carbonate production rates is essential for evaluating the role ofcoccolithophores as

sink or source ofclimate-relevant CO
2

•

Based on alkalinity estimations ofthe ocean, more than 50% ofthe carbonate produced in the upper

water column above the chemicallysocline is likely to be remineralised (Milliman et al. , 1999). Apmt from

pteropods, coccolithophores might playamajor role in shallow-water dissolution. The deployment of

shallow traps at different depth intel'Vals within and below the photic zone in the upper 1000 m ofthe water

column could be especially useful for both, validating the theory on shallow-water dissolution and assessing

its causal mechanisms.

In order to estimate coccolithophore carbonate contribution or that ofpelagic carbonate producers on

a global basis, it is necessary to add to and integrate results offormer studies frmn other oceans. For long

tenn reconstructions ofvariations ofglobal carbonate budgets, it is ofparticular interest to compare traps

and sediment records from low to high productivity regimes and to determine coccolith carbonate flux and

Late Quatemary accumulation rates.

To better evaluate the role ofcoccolithophores as primary producers in high feltility systems and their

syn-ecological dependencies, more integrated studies are necessary which consider different members of

the plankton communities, preferentially those which are transferred to the sedimentm)' archive. Due to

distinct ecological preferences ofceltain coccolithophore species, coccolith sediment assemblages contain

valuable palaeoceanographic infonnation. Particularly the development offurther coccolith ratios, which

include species with opposite ecological affinities, may be tested and applied in future studies.

Recently strong evidence has been provided that a number ofcoccolithophore morphotypes ofsome

species (e.g. Calcidiscus leptoporus, Coccolithus pelagicus) can actually be differentiated as discrete



142 Chapter8

subspecies (Geisen et al. , 2002). Different ecological affmities ofthese subspecies are most likely. In order

to better pinpoint their ecological preferences, these subspecies should be recorded separately in future

studies in order to analyse their distribution and abundance patterns; thus to evaluate their potential as

proxy indicators.
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