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''', auch beobachte wie noch nie der Mensch die Natur, indem er

immer sinnreichere Instrumente erfinde, sie zu beobachten, wie

Kameras, Teleskope, Stereoskope, Radioteleskope, Röntgenteleskope,

Mikroskope, Elektronenmikroskope, Synchrotrone, Satelliten,

Raumsonden, Computer, immer neue Beobachtungen entlocke man

der Natur, von Quasaren, Millarden Lichtjahre entfernt bis zu

Billionstelmillimeter kleinen Partikeln, bis zur Erkenntnis, die

elektromagnetischen Strahlen seien verstrahlte Masse und die Masse

gefrorene elektromagnetische Strahlung, noch nie hätte der Mensch

soviel von der Natur beobachtet, sie stehe gleichsam nackt vor ihm,

jeder Geheimnisse bar, und werde ausgenutzt, mit Ihren Ressourcen

Schindluder getrieben, daher scheine es ihm, D., bisweilen, die Natur

beobachte nun ihrerseits den Menschen und werde aggressiv, bei der

verschmutzten Luft, dem verseuchten Boden, dem verunreinigten

Grundwasser, den sterbenden Wäldern handle es sich um Streik, um

eine bewußte Weigerung, die Schadstoffe unschädlich zu machen, die

neuen Viren, die Erdbeben, Dürren, Überschwemmungen, Hurrikane,

Vulkanausbrüche usw. dagegen seien geziehlte Abwehrmaßnahmen

der beobachteten Natur gegen den, der sie beobachte, ...

FRIEDRICH DÜRRENMATI, DER AUFrRAG, 1986
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Zusammenfassung

In dieser Arbeit wurde untersucht, inwieweit sich Alkenone in Sedimenten aus

unterschiedlichen Regionen des Südatlantiks zur Rekonstruktion von Paläo-Temperaturen

und CO2- bzw. Nährstoff-Konzentrationen 1m Oberflächenwasser eIgnen. Die

Untersuchungen konzentrielien sich dabei sowohl auf den sogenamlten Alkenon

untersättigungsindex (Ui;') als auch auf die isotopische Zusammensetzung des stabilen

Kohlenstoffs (013C) in Alkenonen.

Die Anwendung des U3~' -Index als Proxy-Parameter zur Paläo-Temperaturbestimmung

des Oberflächenwassers in Ozeanen erfordert eine sichere Kalibrierung des Alkenonsignals

mit der Wassertemperatur. Bereits existierende Kalibrierungen, die auf Kulturversuchen

und auf der Analyse von Oberflächensedimenten aus verschiedenen Ozeangebieten

basieren, haben die generelle Anwendbarkeit der Methode gezeigt. Delmoch ist die

Bestimmung von Paläotemperaturen mit Hilfe des U3~' -Index nicht unumstritten. Offene

Fragen betreffen vor allem die Wassertiefe und die Saisonalität der Alkenonproduktion.

Darüber hinaus wird vermutet, daß eine einzelne Kalibrierung nicht auf alle Ozeangebiete

anwendbar ist.

Aus diesem Grund wurde in der vorliegenden Arbeit der U3~' -Index von 87

Sedimentoberflächen-Proben aus dem westlichen Südatlantik bestinmlt und mit der

Temperatur des darüber liegenden Oberflächenwassers verglichen. Die Untersuchungen

ergaben regional unterschiedliche Ergebnisse.

Im westlichen, tropischen Atlantik und im Bereich des Brasilienstromes nördlich von

ca. 32°S zeigte sich eme gute Übereinstimmung zwischen der heutigen

Jahresmirteltemperatur und den, mit Hilfe der Standardkalibrierungen berechneten,

Alkenontemperaturen (tJ.T < 1,SOC).

Im Gegensatz dazu wichen die Alkenontemperaturen südlich von 32°S, im Bereich der

'Brazil-Malvinas Confluence' und des Malvinasstroms (Falklandstrom), um _2° bis -6°C

von der Jahresdurchschnittstemperatur des Oberflächenwassers ab. Es wurde gezeigt, daß

die Abweichungen nicht durch Alkenonproduktion in kälteren Wasserrnassen unterhalb der

durchmischten Schicht oder durch bevorzugte Produktion zu einer kälteren Jahrezeit

erklärt werden kÖlmen. Es konnte ebenfalls ausgeschlossen werden, daß es sich bei den

Oberflächenproben um ältere Sedimente handelt, die während kälterer Klimazeiten

abgelagert wurden. Stattdessen weisen die ozeanographischen und sedimentologischen

Bedingungen auf einen nord- und hangabwärts gerichteten Lateraltransport von

Sedimenten und suspendiertem Material, der sowohl durch starke Oberflächen- und

Bodenströmungen als auch durch sogenmmte 'Benthic storms' verursacht wurde. Hierdurch

vvurden Partikel und Sedimente mit einem relativ kalten Alkenontemperatursignal in

Regionen mit wärmeren Oberflächenwasseliemperaturen transportiert. Desweiteren konnte

gezeigt werden, daß im Bereich des nördlichen Argentinienbeckens die Wasseliiefe,

unterhalb derer die abweichenden Temperaturen auftreten (ca. 4000 m), mit der Grenze
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zwischen dem nordwärts strömenden zirkumpolaren Tiefenwasser (LCDW) und dem

südwärts gerichteten nordatlantischen Tiefenwasser (NADW) übereinstimmt.

Ein weiteres wichtiges Ziel dieser Arbeit bestand darin zu ermitteln, inwieweit das

sedimentäre Kohlenstoff-Isotopensignal von Alkenonen zur Rekonstruktion von Paläo

CO2(aq)-Konzentrationen genutzt werden kann und ob andere Umweltparameter das

Signal beeinflussen. Hierfür wurde die Kohlenstoffisotopen-Fraktionierung Ep des C37:2

Alkenons an 29 Sedimentoberflächen-Proben aus dem Südatlantik bestimmt und mit den

Konzentrationen von CO2(aq) und Nährstoffen im Oberflächenwasser der jeweiligen

Kernstationen verglichen. Die Ergebnisse dieser Korrelationen haben gezeigt, daß die

Isotopenfraktionierung alkenonproduzierender Algen weniger von der CO2(aq)

Konzentration sondern vielmehr von der Wachstumsrate kontrolliert wird, die wiederum

bedingt ist durch das Angebot an Nährstoffen. Diese Vermutung wird durch neuere

Ergebnisse von Kulturexperimenten und Feldversuchen 111 unterschiedlichen

ozeanographischen Regionen unterstützt.

Darüber hinaus könnte die relativ schwache Korrelation von Ep und der

Nährstoffkonzentration in den oligotrophen Gebieten des Südatlantiks ein Hinweis darauf

sein, daß hier andere Umweltfaktoren das Signal beeinflußt haben, wie z.B. die CO2(aq)

Konzentration oder eine regionale Änderung anderer wachstumslimitierender Faktoren

(Lichtintensität, Spurenmetalle).

Um zu ermitteln, welche Faktoren das Kohlenstoff-Isotopensignal von Alkenonen über

geologische Zeiträume hinweg beeinflussen, wurden die Ep-Werte von 19 Sedimentproben

aus dem letzten glazialen Maximum (LGM) mit den holozänen Welien der jeweiligen

Kernstation verglichen. Bei der Interpretation wurden bisherige Erkenntnisse über

spätqumiäre Veränderungen in der Ozeanographie des Oberflächenwassers im Südatlantik

berücksichtigt. Der Vergleich ergab, daß die Faktoren, welche die Isotopenfraktionierung

von Alkenonen beeinflussen, regional unterschiedlich sind.

Für die oligotrophen Gebiete des Südatlantiks wurde vermutet, daß die Änderung des

Ep-Signals hauptsächlich auf geringere CO2(aq)-Konzentrationen während des letzten

Glazials zurückzuführen ist. Jedoch läßt sich der Einfluß von veränderten Wachstumsraten

auf das Ep-Signal nicht ganz ausschließen.

In den Auftriebsgebieten des Benguelastroms und des östlichen, äquatorialen Atlantiks

hingegen scheinen die Variationen in der Isotopenfraktionierung von Alkenonen

überwiegend Veränderungen in den Wachstumsraten zu reflektieren, die wiederum durch

das Angebot von Nährstoffen kontrollieli wurden. Inwieweit die C02(aq)-Konzentration

das Signal zusätzlich beeinflußt hat, ließ sich auf der Basis der verfügbaren Daten nicht

ermitteln.

Auch in den Sedimenten aus dem Angolabecken reflektiert das Ep-Signal vermutlich

Veränderungen in den Wachstumsraten der alkenonproduzierenden Algen. In diesem

Gebiet scheint jedoch eine glazial-holozäne Veränderung in der Phytoplankton-
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vergesellschaftung, in Richtung zu emer stärkeren Dominanz von Diatomeen, dafür

verantwortlich zu sein, daß den Alkenonproduzenten im letzten Glazial weniger Nährstoffe

zur Verfügung standen. Dies könnte erklären, warum das sp-Signal auf germgere

Wachstumsraten hinweist, obwohl andere Proxy-Parameter auf höhere

Näbl"stoffkonzentrationen und eine höhere Produktivität schließen lassen.
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Summary

The aim of this study was to evaluate the applicability of long-chain alkenones in

sediments from the South Atlantic for the reconstruction of past sea-surface temperatures

and of CO2- and nutrient concentrations. The investigations focused on both the alkenone

unsaturation index (Vi;') and the stable carbon isotope composition eePC) ofalkenones.

The use of Vi;' as paleotemperature proxy requires a firm calibration of the index.

Already existing calibrations, based on culture experiments and on recent sediments, have

confirmed the general validity of the index. Uncertainties exist, however, regarding the

season and the water depth at which the alkenone signal is produced. Moreover, it is

suggested that a single calibration may not be applicable in all oceanic regions.

For this purpose, the alkenone unsaturation index of 87 surface sediment sampies from

the western South Atlantic was converted into temperature and compared with modem

atlas sea-surface temperatures. The results revealed a c10se correspondence between atlas

and alkenone temperatures far the western tropical Atlantic and the Brazil Current region

north of ca. 32°S (~T < 1.5°C). In contrast, south of 32°S, in the regions of the Brazil

Malvinas Confluence and the Malvinas Current the alkenone signal deviated by _2° to -6°C

from the modem annual mean temperature. Taking into account the oceanographic

characteristics in these regions, the low Vi;' values could not be explained by preferential

alkenone production during a cold season or below the mixed layer. It could also be

exc1uded that the examined surface sediments were of glacial rather than of Holocene age.

Instead, the most likely cause seemed to be the lateral displacement of suspended paliic1es

and sediments, caused by strong surface and bottom currents. In this way, the Vi;' signal in

sediments and particulate matter was transported nOlihward into areas with warmer surface

waters. Additionally, it could be demonstrated that in the northern Argentine Basin the

depth below which the alkenone temperatures changes from biased to unaffected values

coincides with the boundary between the nOlihward flowing Lower Circumpolar Deep

Water and the southward flowing North Atlantic Deep Water (ca. 4000 m).

In order to evaluate the effects of changes in sea-surface water conditions, the alkenone

based carbon isotopic fractionation Ep from 29 surface sediments from the equatorial and

South Atlantic was correlated to the overlying surface-water concentrations of CO2(aq),

phosphate, al1d nitrate. The results indicated that the isotopic fractionation of alkenone

producing algae is linked to variations in nutrient-controlled growth rates rather than to the

ambient CO2(aq) concentration. These findings are consistent with the results from recent

culture experiments and field studies.

Fmihermore, it is suggested that in the oligotrophic regions of the South Atlantic other

environmental factors also affected the isotopic signal. These factors might be the C02(aq)

concentration as weIl as differences in the growth-limiting resource.
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In order to evaluate the faetors whieh might affeet the isotopie signal of alkenones over

geologieal time seales, the sp reeord in 19 sediments from the Last Glaeial Maximum

(LGM) is eompared to the Holoeene values of the respeetive eore sites. Considering the

present knowledge about LGM-Holoeene variations in the surfaee-water oeeanography of

the South Atlantie, the observed variations indieated that regionally different faetors

eontrolled the alkenone sp signal.

In the oligotrophie regions of the South Atlantie the observed sp variations were

suggested to refleet mainly deereased CO2(aq) eoneentrations during the LGM relative to

the Holoeene. However, a limited influenee of variations in growth rates eould not be

exc1uded.

In eontrast, the sp reeord in sediments from the upwelling areas off southwest Afriea

and the equatorial Atlantie was assumed to refleet mainly variations in growth rates of the

alkenone-produeing algae whieh were limited by the surfaee-water coneentration of

essential nutrients. However, the opposite trend of the sp reeord in sediments from the

Angola Basin might be eaused by a shift in the phytoplankton eommunity towards a

greater dominanee of diatoms during the LGM. This would explain, that the isotopie

record of alkenones in this region indieated lower growth rates although other

paleoeeanographic proxies pointed to enhanced productivity and higher nutrient

concentrations during the LGM eompared to the Holocene.
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1. Introduction

1.1. Atmospheric CO} and the oceanic role

Observations from glacier ice cores demonstrated that changes in atmospheric C02 levels

occurred over the last 420,000 years and are correlated with Late Quaternary climatic

cycles [Barnola et aI. , 1987; Dansgaard et aI. , 1993; Petit et al., 1999]. Atmospheric C02

is one of the so-called 'greenhouse gases' which absorb longwave (infra-red) radiation

emitted from the surface of the Earth. As a result, the atmosphere prevents the 10ss of solar

energy to space and so controls the global heat budget. Since the onset of the industrial

revolution and increasing deforestation in the 19th century the atmospheric concentration

of CO2 began to increase from a pre-industrial level of 280 ppmv (parts per million by

volume) to 366 ppmv in the year 1998 [Keeling and Whorf, 1999]. There is strong

evidence that this increase in the atmospheric CO2 level contributes to global warming

[e.g. Houghton et aI. , 1996; Crowley, 2000]. However, predictions of changes on the

Emih's climate moe limited since the re1ationships between atmospheric CO2 and long-tenn

c1imatic cyc1es are very comp1ex and not fully understood [e.g. Hansen et al., 1981;

Stouffer et aI. , 1994].

In the context of the global carbon cyc1e the oceans play an impOliant role by regulating

the CO2 partitioning between atmosphere and surface ocean. According to recent

estimates, the annual air-sea exchange of carbon amounts to ~90 Gt (Fig. 1). Models of

ocean circulation and C02 dissolution in sea water revealed that about 30% (~2 Gt C) of

the carbon dioxide released by human activities enters the ocean each year [Quay et aI. ,

1992; Siegenthaler and Sarmiento, 1993]. The net flux of CO2 across the air-sea interface

is driven by the difference between the pmiial pressures of atmospheric and of surface

water CO2, termed pC02 and PC02, respectively (see below). According to Volk and

Hoffert [1985], the complex interaction of aseries of so-called 'carbon pumps' can mediate

to set the PC02 in surface water.

The transfer of CO2 into the surface ocean as a function of the temperature-dependent

solubility of the gas in sea water is referred to as the 'solubility pump'. In general, CO2 is

less soluble in warm low-Iatitude waters and more soluble in cold high-Iatitude waters. The

capacity of the surface ocean to take up CO2 is greatly augmented by the transfer of carbon

out of the thin surface mixed-Iayer to deep waters. This process takes place via the

'physical pump' and the 'biological pump' and leads to a vertical gradient of dissolved

inorganic carbon (DIC), with relatively low values at the surface compared to the deep sea.

The 'physical pump' describes the flux of CO2 to depth driven by the downward mixing of

water associated with the formation of deep-water masses, but also the upwelling of cold

C02-rich deep-water to the surface. The downward expOli of carbon which is fixed both

during photosynthesis (pmiiculate organic carbon, POC) and during the biogenic

production of calcareous shells (particulate inorganic carbon, PIC) is termed the 'biological
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Figure 1. The present-day global carbon cycle [modified after Schlesinger, 1997]. Carbon pools are
expressed in units of Gt C (10 15 g C) and fluxes in units of Gt C )'1.. 1. Values are fi'om Siegenthaler and
Sarmiento [1993] and Schimel et al. [1995].

pump'. In this context, it is important to note that calcification decreases the concentration

of total dissolved inorganic carbon, but increases the PC02 [Robertson et al., 1994]. Most

of the expOlied organic debris is decomposed and recycled in the upper water layers

« 1000 m) while the dissolution of the inarganic carbon occurs only in deeper waters.

According to Volk and Hoffert [1985], approximately 75% ofthe vertical DIC gradient can

be attributed to the 'biological pump'.

Beside the great importance of phytoplankton productivity in the global carbon cycle,

marine organic matter preserved in ocean sediments can provide important information

about the environmental conditions under which phytoplankton growth occulTed. This

information can be helpful in reconstructing variations in the marine carbonate system

during past climatic cycles, which, in turn, may allow a bettel' understanding of the

processes responsible for the air-sea exchange of CO2 and their effects on past and future

climatic changes.

Before refelTing to a method which is assumed to be suitable far the reconstruction of

ancient surface-water conditions, the next section firstly will outline the major processes of

the chemistry of CO2 in sea water so as to provide a coherent background for the following

chapters ofthis study.
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Parameters in the marine carbonate system

9

The chemical cycle of CO2 in the marine carbonate system is governed by aseries of

equilibria, which are temperature- and pressure dependent. They can be expressed as

follows [e.g. Skirrow, 1975].

Atmospheric CO2 equilibrates with sea-surface water via exchange across the air-sea

interface:

(1)

the notation (g) and (aq) refer to the state of the species, i.e. gaseous and in aqueous

solution, respectively.

The molecular dissolved CO2 then becomes hydrated to form carbonic acid:

(2)

The carbonic acid undergoes almost instantaneous dissociation yielding bicarbonate

(HCO~) and carbonate (COi-) ions:

(3)

and

(4)

The major parameters in the sea water CO2-system are therefore CO 2 (aq), H 2 C0 3 ,

HCO~, and COi-. The total dissolved inorganic carbon concentration (2:C02 , rco2 , or

DIC) is defined as the sum ofthe concentrations of all these species:

(5)

The relative propOliions ofthe species are set by the pH ofthe system. At the pH normally

found for sea water (~8.1), ca. 90% of the dissolved CO2 is present in the form of

bicarbonate ions. Less than 1% of the inorganic carbon exists as C02(aq) and H2C03, and

the H2C03 concentration is only about 0.2% of that of CO2(aq). An important fact is that

the dissociation of C02(aq) to carbonate and bicarbonate ions forms a bz4Jering system

which enhances the capacity of sea water to dissolve atmospheric C02 [e.g. Sundquist et

al., 1979].

As mentioned above, CO2 enters 01' leaves the ocean via exchange across the air-sea

interface. The chemical driving force for this exchange is the difference between the

equilibrium partial pressure of CO2 in the surface ocean waters (PC02) and the partial

pressure of the overlying air (PC02). This difference is termed t1pC02 and is a measure of

whether the sea water is undersaturated, or supersaturated, with respect to C02. When the
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partial pressure in sea water exceeds that in the overlying atmosphere, C02 should escape

into the air, and when the PC02 in sea water is less than in the atmosphere, oceanic CO2
uptake should occur.

Under the conditions prevailing in sea water, PC02 is proportional only to the

concentration of C02(aq). The system obeys largely Hemy's Law for the solubility of real

gases, i.e.

(6)

(7)

where a is the solubility coefficient of CO2 at a given temperature and salinity [Weiss,

1974].

1. 2. Controls on the carbon isotopic composition 0/phytoplankton

Based on the observations that the carbon isotopic composition (ol3C) of manne

phytoplankton varies as a function of ambient CO2 concentrations [e.g. Degens et al.,

1968; Rau et al., 1989; Francois et al., 1993] it has been suggested that the Ol3C of organic

compounds in marine sediments could be used for the reconstruction of ancient C02

concentrations in ocean surface waters [e.g. Popp et al., 1989; Jasper and Hayes, 1990;

Rau et al. , 1991; Freeman and Hayes, 1992; Jasper et al. , 1994]. However, it has been

shown more recently that the carbon isotopic composition by marine phytoplankton, and

hence the sedimentary Ol3C of organic matter, can also be affected by physiological

processes and environrnental factors other than the CO2 concentration. This section

outlines the principle mechanisms which can affect the carbon isotopic composition of

marine phytoplankton and hence the sedimentm'y isotopic record.

During photosynthetic fixation of carbon into organic material, marine phytoplankton

discriminates against the heavier stable carbon isotope l3C in favour of the lighter isotope

12C. As a result, the isotopic composition of plant organic carbon (op) is depleted in 13C

relative to the dissolved inorganic carbon source (Od)' This discrimination process is

termed carbon isotopic fractionation (Ep) and is defined as follows [cf. Freeman and

Hayes, 1992]:

(
Od + 1000 )

E p == 0 p + 1000 - 1 1000;::; 0 d - 0 p

where the delta notation (ox or ol3C) expresses the isotopic composition of the respective

carbon species relative to the isotopic composition of a standard:

13 _[ (
13 c/ 12 cL ]o C - (13 /12 C) - 1 1000
C standard

In general, Ol3C is referred to the PDB standard (Pee-Dee Belemnite) [Craig, 1957].

(8)
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The magnitude of the isotopic fractionation by marine phytoplankton is a function of the

isotope effects associated with (1) the transport of e02 across the cell membrane and (2)

enzymatic carbon fixation. Several models of photosynthetic l3e fractionation have been

developed to describe the interaction of these effects and how they influence Ep [e.g.

Francais et al.; 1993; Goericke et al., 1994; Rau et al., 1996; Keller and Morel, 1999].

Francais et al. [1993J showed that the carbon isotopic fractionation can be expressed in the

following form:

(9)

(10)

(11)

(12)

In this equation Eup, Efix, and Ediff represent the isotopic fractionation effects of the carbon

uptake processes, the carbon fixation, and the diffusive loss from the cell, respectively, and

e is the proportion of the inorganic carbon taken up by the cell that diffuses back into the

environment.

e is a nmction of the diffusive e02 influx, the active carbon uptake fluxes as well as the

cellular carbon demand. Assuming that inorganic carbon enters the cell only by passive

diffusion of e02, ecan be described as [Keller and Morel, 1999J:

e= 1- ).lQc
Ce PA

where ).l is the growth rate of the cell, Qc represents the cellular carbon content, Ce is the

concentration of e02 in the external medium, P denotes the cell membrane permeability to

e02 and A the membrane surface area.

Inserting Eqn. (10) into Eqn. (9),

E p = E up + (E fix - E diff { 1- ~;~)
e

The fractionation factors associated with the influx and outflux of e02 (Eup and Ediff) are

assumed to be equal and in the order of 1%0 [O'Leary, 1984; Keller and Morel, 1999].

According to this, Eqn. (11) can be simplified to:

).lQc ( )
E p = E fix - C PA E fix + E diff

e

and fmiher to:

).lb
E p = Efix-C

e

(13)

(14)

with b as a parameter accounting for the physiological factors influencing the carbon

isotope discrimination [cf. Jasper et al., 1994; Rau et al., 1996J:

b = ;~ (E fix + E diff )
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Enzymatic fractionation during photosynthetic carbon fixation (Efix) accounts for most of

the discrimination against the heavier carbon isotope in marine microalgae [Goericke et aI.,

1994). Most of the carbon in marine phytoplankton is fixed by the enzyme Rubisco

(ribulose 1,5-bisphosphate carboxylase-oxygenase) with a fractionation factor of

approximately 29%0 (Raven and Johnston, 1991). Goericke et al. [1994] suggested that

other enzymes (ß-carboxylase, PEPC, and PEPCK) with different fractionation factors may

also be associated with carbon fixation. They determined a range of 25.4-28.3%0 for Efix of

eukaryotic algae. If the variations in Efix as weIl as in the cell properties P, A, and Qc are

considered to be limited for a specific algal species, the variations in Ep are thus expected

to depend mainly on the variable fl/Ce.

The above considerations are consistent with the results of several laboratory

experiments with the marine diatoms Phaeodactylum tricornutum [Laws et aI. , 1995],

Porosira giacialis [Popp et aI., 1998b], and the coccolithophorid Emiliania huxIeyi

[Bidigare et aI. , 1997] which reveal systematic relationships between the carbon isotopic

fractionation and fl/[C0 2(aq)] (Fig. 2). Popp et al. [1998b] showed that differences in the

slope of these relationships can be accounted for by differences in the surface area and

cellular carbon content of the cells. In addition, the results from Bidigare et al. [1997]

indicate that in coccolithophorids most variations in Ep result from variations in growth rate

which seem to be correlated with the availability of essential nutrients such as phosphate 01'

nitrate.

In the above mentioned experiments, nitrate-limited chemostat cultures on continuous

light and temperature were used. By comparison, laboratory experiments with the same

species under light controlled, N-repleted batch cultures yielded considerable differences

in the absolute values of Ep and in the slope of the Ep vs. fl/[C02(aq)] relationship

[Burkhardt et aI., 1999; RiebeseIl et aI., in press). This inconsistency in the Ep responses

might reflect a principal difference in the ratio of carbon uptake relative to carbon fixation

[Riebesell et aI., 2000).

It has been suggested that in marine phytoplankton the transpOli of inorganic carbon

across the cell membranes might occur not only by passive diffusion but also by energy

dependent active uptake of either CO2(aq) or HCO~, [e.g. Kerby and Raven, 1985; Burns

and Beardall, 1987; Korb et aI. , 1997). If inOl'ganic carbon enters the cell primarily by

active transport rather than by diffusion, then models based on diffusive uptake may be

misleading since this would change the ratio of carbon uptake to carbon fixation [Keller

and MoreI, 1999). In the case of active bicarbonate uptake, the interpretation of isotope

data might be fmiher complicated because HCO~, is isotopically enriched in 13C

compared to C02(aq) (~10%0 at 15°C) [Mook et al., 1974). In addition, the isotopic

fractionation Ep becomes independent of ambient CO2(aq) concentrations.

The above considerations have shown that the effects of physiological factors on Ep can

be minimised only when the carbon source of organic matter production can be
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Figure 2. Relationship between Ep and [l/[C02(aq)] for three a1gae species grown in chemostat experiments
[modified after Popp et al., 1998b].

constrained. Therefore, it has been proposed to use the carbon isotopic record of taxon

specific biomarkers [e.g. Jasper and Hayes, 1990; Popp et al. , 1999]. Because long-chain

alkenones are produced in oceanic waters by a limited number of species, the analysis of

alkenone-based carbon isotope data seem to be a suitable tool for the reconstruction of

ancient surface-water conditions.

1.3. Alkenones as taxon-specijic biomarkers

Alkenones were firstly observed as abundant components in sediments from the Walvis

Ridge recovered during Leg 40 of the Deep Sea Drilling Project (DSDP) [Boon et al. ,

1978]. Based on their chromatographie and spectrometric characteristics it was suggested

that the compounds were long-chain ketones with the elemental compositions C37H700 and

C38HnO. De Leeuw et al. [1980] elucidated the structures and chain lengths of these

ketones, which are unusual in terms of the positions of unsaturation. According to this,

alkenones inc1ude C37 to C39 methyl and ethyl ketones with two to four C-C double bonds

(Fig. 3). Subsequently, Rechka and Maxwell [1988] confirmed their unsaturation as the

biologicalless common E (trans) configuration. It is assumed that this feature can aid their

preservation in sediments through resistance to microbial degradation because many

organisms may not possess the enzymatic capability to decompose this kind of double

bonds [Brassell, 1993].
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Figure 3. Structures of C37 long-chain alkenones.

The abundant manne unicellular alga Emiliania huxleyi (Haptophyta) was the first

organism to be recognised as the producer oflong-chain alkenones [Volkman et al., 1980).

In further studies alkenones have been identified in other members belonging to the group

of haptophytes (e.g. Gephyrocapsa oceanica), and it has been shown that they are

distinctive biological products of haptophyte algae [Marlowe et al., 1984a, b; Marlowe et

al., 1990; Conte et al., 1995). Among this group, E. huxleyi is found in almost all parts of

the ocean. It occurs in waters varying from 2°C to 28°C and typically accounts for 20-50%

ofthe total coccolithophore community in most oceanic areas [e.g. McJntyre and Be, 1967;

Okada and Honjo, 1973; Westbroek et al. , 1993; Brown and Yoder, 1994).

Using culture experiments, Marlowe (1984) demonstrated that the degree of

unsaturation of the C37 alkenones depends on the water temperature at which the algae

grow. In order to permit a direct cOlTelation between alkenone unsaturation and water

(growth) temperature, Brassell et al. [1986] introduced the alkenone unsaturation index

U3~ which is calculated from the relative cOl1centrations of the di-, tri-, and tetra

unsaturated C37 methyl alkenones (C37:2, C37:3, and C37:4, respectively):

K [C m ]-[C 374 ]U 37 = _-----=--.-:..=.0:---:=--.:..:..:..:...::..--_

[C m ] + [C 373 ] -+- [C 374 ]

Since the tetra-unsaturated C37:4 alkenone lS not always present in sediments and

particulate matter, especially in regions of warmer water, a simplified version of the index

(U3~') uses the di- ar~d tri-unsaturated C37 alkenones only [Prahl and JiVakeham, 1987]:

U K ' _ [C 372 ]

37 - [C
37

J+[C
373

]
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The use of the unsaturation index as a proxy for paleotemperature estimations requires a

reliable calibration of the U3~' -temperature relationship. The relationship which has

become the standard calibration for conversion of U3~' values into water temperatures

based on laboratory cultures of E. huxleyi and was presented from Prahl and Wakeham

[1987] and Prahl et al. [1988], respectively. Subsequent sediment-based calibration studies

have confinned the general validity of this relationship for paleoceanographic applications

[Sikes et al., 1991; Rosell-Mele et al., 1995; Pelejero and Grimalt, 1997; Sonzogni et aI. ,

1997a, b; Herbert et al., 1998; Müller et aI., 1998].

Uncertainties exist, however, regarding the season and the water depth at which the

temperature signal is produced [e.g. Prahl et aI., 1993; Sikes et aI., 1997; Ohkouchi et aI. ,

1999]. Moreover, culture experiments with different strains of E. huxleyi or G. oceanica as

weIl as studies on particulate matter have reported significant deviations from the Prahl et

aI. [1988] relationship which led to the suggestion that a single calibration may not be

applicable in all oceanic regions [e.g. Conte et al., 1992; Conte and Eglington, 1993; Sikes

and Volkman, 1993; Volkman et al., 1995; Sawada et aI. , 1996]. It is one aim ofthis thesis

to examine if the established calibrations are valid for sediments in the western South

Atlantic.

So far, only a limited number of laboratory and field studies have focused on the

isotopic fractionation in alkenone-producing algae and the Ül3 C signal of C37 :2 alkenones

[e.g. Hingaet al., 1994; Thompson and Calvert, 1995; Bidigare et aI., 1997; Popp et al.,

1999; Riebesell et aI., in press]. The results of these culture experiments indicate that the

carbon isotopic composition of alkenone producers strongly depends on the culture

conditions used for the cultivation (see section 1.2) [Riebesell et al., in press]. It is

therefore doubtful whether any culture method can recreate the sum of natural growth

conditions and physical processes which might affect the carbon isotopic signal of

alkenone-producing algae and its preservation in sediments. Thus, the use of the alkenone

Ü
l3 C record as a paleoceanographic proxy also requires a sediment-based calibration. It is

one goal of this study, to examine the effects of changing nutrient and CO2 concentrations

on the geological record of C37 :2 alkenones in order to evaluate their applicability for the

reconstruction of ancient surface-water conditions.

1.4. Outline ofthis thesis

This thesis investigates the geological record of long-chain alkenones in sediments from

the equatorial and the South Atlantic Ocean (Fig. 4) in relation to changes in oceanic

surface-water conditions. The results of these investigations are presented and discussed in

the form ofthree manuscripts and are finally summarised in the last chapter ofthis study.

In Manuscript I, the alkenone unsaturation index U3~' of surface sediments from the

western South Atlantic is compared to modern atlas temperatures of the overlying surface

waters and to established U[?' -temperature calibrations. The results reveal a good
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Figure 4. Bathymetric map of the South Atlantic Ocean indicating the locations of the surface sediments
analysed in this study.

agreement between the predicted and the modem sea-surface temperature (SST) in the

tropical-subtropical westem South Atlantic whereas in the Malvinas Cunent region south

of 32°S alkenone temperatures are lower by 3-6°C compared to atlas annual mean SST.

Potential factors that could have caused these deviations are discussed.

Manuscript II evaluates the alkenone-based Ep record in surface sediments from various

oceanographic regions in the equatorial and South Atlantic Ocean in relation to the

overlying surface-water concentrations of CO2, phosphate, and nitrate. It is demonstrated

that the carbon isotopic composition of sedimentm'y alkenones reflects variations in

nutrient concentrations rather than changes in [C02(aq)]. Possible factors and mechanism

are considered with respect to their effects on the carbon isotopic fractionation of

haptophyte algae.

Manuscript III compares sedimentary Ep values from the Last Glacial Maximum (LGM)

with the Holocene Ep record from the respective core sites presented in Manuscript H. The

observed differences are discussed on a regional scale considering the present lmowledge

ofLGM-Holocene variations in the surface-water oceanography ofthe South Atlantic.
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2. Materials and methods

2.1. Sediment sampIes

All sediment sampies analysed in this study were collected during several cruises of R/V

Meteor, R/V Sonne, and R/V Victor Hensen in the South Atlantic Ocean. The surface

sediments were obtained using a giant box corer (GKG) or a multiple corer (MUC) and the

sediment cores using a gravity eorer (SL). The eore loeations are presented in the

respeetive manuscripts.

After core recovery, subsampies from gravity cores and box cores were taken using

plastic syringes Cl 0 ml) and stored at ca. 4°C. Sediments collected by multiple eorers were

sectioned into 1 cm slices and stored at -18°C. In the home laboratory, all sampies were

freeze dried and ground in an agate mortar.

For most of the surface sediments, a Holocene age has be confirmed by the oeeurrence

of the planktonic foraminifer Globorotalia menardü and/or by foraminiferal oxygen

isotope data. The stratigraphy of the cores is also based on foraminiferal 8180

(www.pangaea.de/Projects/SFB261). Depending on sedimentation rates and bioturbation,

the sediments are assumed to span several hundred to a couple ofthousand years.

2.2. Alkenone analysis

Depending on the alkenone content of the sediments, 0.5 to 15 'g of the freeze-dried and

homogenised material were extracted using UP 200H ultrasonic disrupter probes (200W,

amplitude 0.5, pulse 0.5) and successively less polar mixtures of methanol and methylene

chloride (CH30H, CH30H:CH2Cb 1: 1, CH2Cb), each for three minutes. After each

extraction the samples were centrifuged and the supematants combined. The eombined

extracts were desalted with de-ionised water, dried with preheated Na2S04, rotary

evaporated, and finally concentrated under N2 gas. Most of the extracts were additionally

purified by elution through a commercial silica gel eartridge (Varian Bond Elut;

1 cm3/1 00 mg). To eliminate interferenee with fatty acid methyl esters, the clean extracts

were saponified. For the saponifieation, we added 0.3 ml of 0.1 M KOH in CH30H:H20

(90: 10) to the extract which was then heated at 80°C in a capped vial for 2 h. After eooling,

the alkenone-eontaining fraction was obtained by partitioning into hexane. Finally the

extracts were eoncentrated under N2 and taken up in 15-150 I-ll of a 1: 1 CH30H:CH2Cb

mixture.

The gas chromatography was performed using a HP 5890A gas chromatograph either

equipped with a HP Ultra 1 fused silica column (50 m x 0.32 mm x 0.52 I-lm) and

split/splitless injection Cl: 10 split modus) 01' fitted with an on-column injeetor to a DB5ms

(60 m x 0.32 mm x 0.1 I-lm).'For the split/splitless injection the oven temperature was

programmed to give 50-150°C at 30°C min-1
, 150-230°C at 8°C min-1

, and 230-320°C at

6°C min-1 with a 45 min hold at 320°C. For on-column injection, the oven temperature was
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programmed from 40-200°C at 15°C min-1 (5 min initial time), 200-250°C at 5°C min- l

and 250-300°C at 3°C min-1 with a 35 min hold at 300°C.

The carbon isotope analyses of the C37:2 alkenones were performed using a HP 5890A

gas chromatograph connected via a combustion interface to a Finnigan MAT 252 mass

spectrometer (irmGCMS). The gas chromatograph was equipped with an on-column

injector, a 2.5 m retention gap, and a fused silica column (either SGE-BPX 5 or Optima 1;

each 50 mx 0.32 mm x 0.52 l-lm). The temperature program was 50°-150°C at 30°C min-1

(with 5 min initial time), then 150°-230°C at 8°C min-1, and 230°-320°C at 6°C min-1

(isothermal at 320°C for 48 min). The isotopic composition of the C37 :2 alkenone was

calculated relative to PDB (see section 1.2) by comparison with coinjected n-alkane

standards (n-C34, n-C36, n-C37 , n-C38) and a lab-internal standard gas (C02). Generally,

each sampie was measured four times revealing an analytical uncertainty less than 0.3%0.

2.3. Calculations

Temperature

In Manuscript I, the alkenone temperatures were determined according to the global core

top calibration of Müller et al. [1998J (Eqn. 17). In Manuscript II and III the temperatures

were obtained using the E. huxleyi calibration of Prahl et al. [1988] (Eqn. 18). Both

relationships are identical within the error limits ofthe method (±0.05 Vi;' units or ±1.5°C)

[Müller et al., 1998]:

Vi;' = 0.033T + 0.044

and

V3~' = 0.034T + 0.039

Carbon isotopic composition and.Factionation

(17)

(18)

The carbon isotopic composition of the phytoplankton biomass (b p) is distinct from the

measured isotopic composition of C37:2 alkenones (b C372 ) (Jasper and Hayes, 1990). b p

was derived according to:

( bC3n )
bp = bC372 + Ealkenone 1+ 1000 (19)

[cf. Hayes, 1993], where Ealkenone is the isotopic fractionation between C37 :2 alkenones and

the biomass of alkenone producing organisms. We applied 4.2%0 as the value for Ealkenone

[Popp et al. , 1998a].

To calculate the carbon isotopic composition of C02(aq) (b d ), the temperature

dependent isotopic fractionation of CO2(aq) with respect to HC03- has to be considered
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(20)

[.Mook et al.,1974]. In ocean water, dissolved bicarbonate is the major compound of total

dissolved inorganic CO2 (.L:C02 ; see section 1.1) and its isotopic cOlnpositions are assumed

to be nearly identical [e.g. Freeman and Hayes, 1992]. Consequently, Od was calculated

from the o;:co, following the equation from Rau et al. [1996] based on Mook et al. [1974]:

9701.5od = 0 ;:co, + 23.644 - ---- T

where T is the temperature in Kelvin. For o;:co, we applied 2.5%0 and 2.1 %0, respectively

(see for discussion Manuscript II and III).

The isotopic fractionation (Ep) associated with the photosynthetic fixation of carbon was

calculated from the isotopic composition of the primary photosynthate and that of C02(aq)

according to Eqn. (7) [cf. Freeman and Hayes, 1992].



20

References

Barnola, 1. M., D. Raynaud, Y. S. Korotkevich, and C. Lorius, Vostok ice core provides

160,000-year record of atmospheric CO2, Nature, 329, 408-414,1987.

Bidigare, R. R., A. Fluegge, K. H. Freeman, K. L. Hanson, J. M. Hayes, D. Hollander, 1. P.

Jasper, L. L. King, E. A. Laws, 1. Milder, F. 1. Millero, R. Pancost, B. N. Popp, P. A.

Steinberg, and S. G. Wakeharn, Consistent fractionation of 13C in nature and in the

laboratory: Growth-rate effects in some haptophyte algae, Global Biogeochem. Cycles,

11 (2),279-292, 1997.

Boon, 1. 1., F. W. v. d. Meer, P. 1. W. Schuyl, 1. W. de Leeuw, P. A. Schencle, and A. L.

Burlingame, Organic geochemical analyses of core sampies from site 362, Walvis

Ridge, DSDP Leg 40, in Initial Reports ofthe Deep Sea Drilling Project, XL, edited by

H. M. Bolli and et al. , pp. 627-637, U.S. Government Printing Office, Washington,

D.C., 1978.

BrasselI, S. C., Applications of biomarkers for delineating marine paleoclimatic

fluctuations during the Pleistocene, in Organic Geochemistry, edited by M. H. Engel

and S. A. Macko, pp. 699-738, Plenum Press, New York, 1993.

BrasselI, S. C., G. Eglinton, 1. T. Marlowe, U. Pflaumann, and M. Sarnthein, Molecular

stratigraphy: a new tool for climatic assessment, Nature, 320, 129-133, 1986.

Brown, C. W., and 1. A. Yoder, Coccolithophorid blooms in the global ocean, J Geophys.

Res., 99 (C4), 7467-7482,1994.

Burkhardt, S., U. Riebesell, and 1. Zondervan, Effects of growth rate, C02 concentration,

and cell size on the stable carbon isotope fractionation in marine phytoplankton,

Geochim. Cosmochim. Acta, 63 (22),3729-3741,1999.

Burns, B. D., and 1. Beardall, Utilization ofinorganic carbon by marine microalgae, J Exp.

Mal'. Biol. Ecol., 107, 75-86, 1987.

Conte, M. H., G. Eglington, and L. A. S. Madureira, Long-chain alkenones and alkyl

alkenoates as pa1eotemperature indicators: their production, flux and early sedimentary

diagenesis in the Eastern North Atlantic, Org. Geochem., 19 (1-3),287-298, 1992.

Conte, M. H., and G. Eglinton, Alkenone and alkenoate distributions within the euphotic

zone of the eastern North Atlantic: correlation with production temperature, Deep-Sea

Res. 1,40 (10),1935-1961,1993.

Conte, M. H., A. Thompson, G. Eglington, and 1. C. Green, Lipid biomarker diversity in

the coccolithophorid Emiliania huxleyi (Prymnesiophyceae) and the related species

Gephyrocapsa oceanica, J Phycol., 31, 272-282,1995.

Craig, H., Isotopic standards for carbon and oxygen correction factors for mass

spectrometric analysis of carbon dioxide, Geochim. Cosmochim. Acta, 12, 133-149,

1957.

Crowley, T. 1., Causes of climate change over the past 1000 years, Science, 289, 270-277,

2000.



References 21

Dansgaard, W., S. J. Johnsen, H. B. Clausen, D. Dahl-Jansen, N. S. Gundestrup, C. U.

Hammer, C. S. Hvindberg, 1. P. Steffensen, A. E. Sveinbj0ffisdottir, J. Jouzel, and G.

Bond, Evidence for general instability of past climate from a 250-kyr ice core record,

Nature, 364, 218-220, 1993.

de Leeuw, 1. W., F. W. v. d. Meer, W. 1. C. Rijpstra, and P. A. Schend<., On the occurrence

and structural identification of long chain unsaturated ketones and hydrocarbons in

sediments, in Advances in Organic Geochemistry 1979, edited by A. G. Douglas and 1.

R. Maxwell, pp. 211-217, Pergamon, New York, 1980.

Degens, E. T., M. Behrendt, B. Gotthardt, and E. Reppmann, Metabolic fractionation of

carbon isotopes in marine plankton - 11. Data on sampies collected off the coasts of Peru

and Ecuador, Deep-Sea Res., 15, 11-20, 1968.

Francois, R., M. A. Altabet, R. Goericke, D. C. McCorkle, C. Brunet, and A. Poisson,

Changes in the 813C of surface water particulate organic matter across the subtropical

convergence in the SW Indian Ocean, Global Biogeochem. Cycles, 7 (3), 627-644,

1993.

Freeman, K. H., and 1. M. Hayes, Fractionation of carbon isotopes by phytoplankton and

estimates of ancient CO2 levels, Global Biogeochem. Cycles, 6 (2), 185-198, 1992.

Goericke, R., 1. P. Montoya, and B. Fry, Physiology of isotopic fractionation in algae and

cyanobacteria, in Stable Isotopes in Ecology and Environmental Science, edited by K.

Lajhta and R. H. Michener, pp. 187-221, Blackwell Science Publishers, 1994.

Hansen, 1., D. Johnson, A. Lacis, S. Lebedeff, P. Lee, D. Rind, and G. Russell, Climatic

impact of increasing atmospheric carbon dioxide, Science, 213, 957-966, 1981.

Hayes, 1. M., Factors controlling l3C contents of sedimental'y organic compounds:

Principles and evidence, Mar. Geol., 113, 111-125, 1993.

Herbert, T. D., 1. D. Schuffeli, D. Thomas, C. Lange, A. Weinheimer, A. Peleo-Alampay,

and J.-C. Herguera, Depth and seasonality of alkenone production along the California

mal'gin infelTed from a core top transect, Paleoceanography, 13 (3),263-271, 1998.

Hinga, K. R., M. A. Alihur, M. E. Q. Pilson, and D. Whitaker, Carbon isotope

fractionation by marine phytoplankton in culture: The effects of CO2 concentration, pH,

temperature, and species, Global Biogeochem. Cycles, 8 (1),91-102, 1994.

Houghton, 1. T., L. G. Meira Filho, B. A. Callander, N. Harris, A. Kattenberg, and K.

Maskell (Eds.), Climate change 1995 - Contribution 0/ WGI to the second assessment

report 0/ the Intergovernmental Panel on Climate Change, University Press,

Cambridge, U.K., 1996.

Jasper, J. P., and 1. M. Hayes, A carbon isotope record of CO2 levels during the late

Quaternary, Nature, 347, 462-464, 1990.

Jasper, J. P., 1. M. Hayes, A. C. Mix, and F. G. Prahl, Photosynthetic fr,actionation of 13C

and concentrations of dissolved C02 in the central equatorial Pacific during the last

255,000 years, Paleoceanography, 9 (6), 781-798, 1994.



22 References

Keeling, C. D., and T. P. Whorf, Atmospheric CO2 records from sites in the SIO air

sampling network, in Trends: A Compendium 0/ Data on Global Change, Carbon

Dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S. Depmiment

ofEnergy, Oak Ridge, Tennessee, 1999.

Keller, K., and F. M. M. Morel, A model of carbon isotopic fractionation and active carbon

uptake in phytoplankton, Mar. Ecol. Prog. Ser., 182,295-298, 1999.

Kerby, N. W., and J. A Raven, TranspOli and fixation of inorganic carbon by marine

algae, Adv. Bot. Res., 11, 71-120, 1985.

Korb, R. E., P. J. Saville, AM. Johnston, and J. A Raven, Sources ofinorganic carbon for

photosynthesis by three species ofmarine diatom, J Phycol., 33, 433-440, 1997.

Laws, E. A, B. N. Popp, R. R. Bidigare, M. C. Kelmicutt, and S. A Macko, Dependence

of phytoplankton carbon isotopic composition on growth rate and C02aq : Theoretical

considerations and experimental results, Geochim. Cosmochim. Acta, 59 (6), 1131

1138, 1995.

Marlowe, 1. T., Lipids as paleoclimatic indicators, Ph.D. Thesis, University of Bristol,

Bristol, 1984.

Marlowe, 1. T., S. C. Brassell, G. Eglington, and J. C. Green, Long-chain unsaturated

ketones and esters in living algae and marine sediments, in Advances in Organic

Geochemistry 1983, edited by P. ASchend.., J. W. de Leeuw, and G. M. W. Lijmbach,

pp. 135-141, Pergamon Press, Oxford; 1984a.

Marlowe, 1. T., J. C. Green, A C. Neal, S. C. Brassell, G. Eglington, and P. A. Course,

Long chain (n-C3rC39) alkenones in the Prynmesiophyceae. Distribution of alkenones

and other lipids and their taxonomie significance, BI'. Phycol. J, 19, 203-216, 1984b.

Marlowe, 1. T., S. C. Brassell, G. Eglinton, and J. C. Green, Long-chain alkenones and

alkyl alkenoates and the fossil coccolith record of marine sediments, Chem. Geol., 88,

349-375, 1990.

McIntyre, A, and A W. H. Be, Modern Coccolithophoridae of the Atlantic Ocean 1.

Placoliths and crytoliths, Deep-Sea Res., 14, 561-597, 1967.

Mook, W. G., J. C. Bommerson, and W. H. Staverman, Carbon isotope fractionation

between dissol\red bicarbonate and gaseous dioxide, Earth Planet. Sei. LeU., 22, 169

176, 1974.

Müller, P. J., G. Kirst, G. Ruhland, 1. von Storch, and A Rosell-Mele, Calibration of the

alkenone paleotemperature index U3~' based on core -tops from the eastern South

Atlantic and the global ocean (600N-600S), Geochim. Cosmochim. Acta, 62 (10),1757

1772, 1998.

Ohkouchi, N., K. Kawamura, H. Kawahata, and H. Okada, Depth ranges of alkenone

production in the central Pacific Ocean, Global Biogeochem. Cycles, 13 (2), 695-704,

1999.



References 23

Okada, H., and S. Honjo, The distribution of oceanic coccolithophorids in the Pacific,

Deep-Sea Res., 20,355-374, 1973.

O'Leary, M. H., Measurement of the isotope fractionation associated with diffusion of

carbon dioxide in aqueous solution, J Phys. Chem., 88, 823-825, 1984.

Pelejero, C., and J. O. Grimalt, The correlation between the U 3\ index and sea surface

temperatures in the warm boundary: The South China Sea, Geochim. Cosmochim. Acta,

61 (22),4789-4797, 1997.

Petit, J. R., J. Jouzel, D. Raynaud, N. 1. Barkov, J.-M. Barnola, 1. Basile, M. Bender, J.

Chappellaz, M. Davis, G. Delaygue, M. Delmotte, V. M. Kotlyakov, M. Legrand, V. Y.

Lipenkov, C. Lorius, L. Pepin, C. Ritz, E. Saltzman, and M. Stievenard, Climate and

atmospheric history of the past 420,000 years from the Vostok ice core, Antarctica,

Nature, 399, 429-436, 1999.

Popp, B. N., R. Takigiku, J. M. Hayes, J. W. Louda, and E. W. Baker, The post-Paleozoic

chronology and mechanism of l3C depletion in primary marine organic matter, Am. J

Sci., 289, 436-454, 1989.

Popp, B. D., F. Kenig, S. G. Wakeham, E. A. Laws, and R. R. Bidigare, Does growth rate

affect ketone unsaturation and intracellular carbon isotopic variability in Emiliania

huxleyi?, Paleoceanography, 13 (1),35-41, 1998a.

Popp, B. N., E. A. Laws, R. R. Bidigare, J. E. Dore, K. L. Hanson, and S. G. Wakeham,

Effect of phytoplankton cell geometry on carbon isotopic fractionation, Geochim.

Cosmochim. Acta, 62 (1),69-77, 1998b.

Popp, B. N., K. L. Hanson, J. E. Dore, R. R. Bidigare, E. A. Laws, and S. G. Wakeham,

Controls on the carbon isotopic composition of phytoplankton, in Reconstructing Ocean

History: A Window into the Future, edited by F. Abrantes and A. C. Mix, pp. 381-398,

Kluwer Academic/Plenum Publishers, New York, 1999.

Prahl, F. G., and S. G. Wakeham, Calibration ofunsaturation patterns in long-chain ketone

compositions for paleotemperature assessment, Nature, 330, 367-369, 1987.

Prahl, F. G., L. A. Muehlhausen, and D. L. Zalmle, Further evaluation of long-chain

alkenones as indicators of paleoceanographic conditions, Geochim. COs711Ochim. Acta,

52,2303-2310,1988.

Prahl, F. G., R. B. Collier, J. Dymond, M. Lyle, and M. A. Sparrow, A biomarker

perspective on prymnesiophyte productivity in the northeast Pacific Ocean, Deep-Sea

Res. 1,40 (10), 2061-2076,1993.

Quay, P. D., B. Tilbrook, and C. S. Wong, Oceanic uptake of fossil fuel CO2: Carbon-13

evidence, Science, 256,74-79,1992.

Rau, G. H., T. Takahashi, and D. J. Des Marais, Latitudinal variations in plankton Ö
13C:

implications for C02 and productivity in past oceans, Nature, 341, 516-518,1989.



24 Re[erences

Rau, G. H., P. N. Froehlieh, T. Takahashi, and D. 1. Des Marais, Does sedimentary organie

Ol3C reeord variations in Quaternary oeean [C02(aq)]?, Paleoceanography, 6 (3), 335

347,1991.

Rau, G. H., U. Riebesell, and D. Wolf-Gladrow, A model of photosynthetie l3C

fraetionation by marine phytoplankton based on diffusive moleeular CO2 uptake, Mal'.

Ecol. Prog. Ser., 133,275-285, 1996.

Raven, 1. A., and A. M. Johnston, Meehanisms of inorganie-earbon aequisition in marine

phytoplankton and their implieations for the use of other resourees, Limnol. Oceanog.,

38 (8),1701-1714,1991.

Reehka, 1. A., and J. R. Maxwell, Characterisation of alkenone temperature indieators in

sediments and organisms, Org. Geochem., 13 (4-6),727-734,1988.

Riebesell, U., S. Burldlardt, A. Dauelsberg, and B. Kroon, Carbon isotope fraetionation by

a marine diatom: Dependenee on the growth rate limiting resouree, Mal'. Ecol. Prog.

Ser., 193,295-303,2000.

Riebesell, u., S. Burldlardt, and B. Kroon, Carbon isotope fraetionation by a marine

diatom: Dependenee on the growth rate limiting resouree, Mal'. Ecol. Prog. SeI'. , in

press.

Robertson, J. E., C. Robinson, D. R. Turner, P. Holligan, A. 1. Watson, P. Boyd, E.

Fernandez, and M. Fineh, The impact of eoeeolithophore bloom on oceanie earbon

uptake in the nOliheast Atlantie during summer 1991, Deep-Sea Res., 41, 297-314,

1994.

Rosell-Mele, A., G. Eglinton, U. Pflaumann, and M. Sarnthein, Atlantie core-top

ealibration of the UJ~ index as a the sea-surfaee palaeotemperature indieator, Geochim.

Cosmochim. Acta, 59 (15), 3099-3107, 1995.

Sawada, K., N. Handa, Y. Shiraiwa, A. Danbara, and S. Montani, Long-ehain alkenones

and alkyl alkenoates in the eoastal and pelagie sediments ofthe northwest NOlih Paeifie,

with special referenee to the reeonstruetion of Emiliania huxleyi and Gephyrocapsa

oceanica ratios, Org. Geochem., 24 (8/9), 751-764, 1996.

Sehimel, D. S., 1. G. Enting, M. Heimann, T. M. L. Wigley, D. Raynaud, D. Alves, and U.

Siegenthaler, CO2 and the earbon eyc1e, in Climate Change 1994, edited by 1. T.

Houghton, L. G. Meira Filho, 1. Bruee, H. Lee, B. A. Callander, E. Haites, N. HaITis,

and K. Maskell, pp. 35-71, Cambridge University Press, Cambridge, 1995.

Sehlesinger, W. H., Biogeochemistry: An Analysis 0/ Global Change, 588 pp., Aeademie

Press, San Diego, 1997.

Siegenthaler, U., and 1. L. Sarmiento, Atmospheric carbon dioxide and the oeean, Nature,

365, 119-125, 1993.

Sikes, E. L., 1. W. Farrington, and L. D. Keigwin, Use of the alkenone unsaturation ratio

UJk? to determine past sea surface temperatures: eore-top SST ealibrations and

methodology eonsiderations, Earth Planet. Sei. Lett., 104,36-47, 1991.



References 25

Sikes, E. L., and J. K. Volkman, Calibration of alkenone unsaturation ratios (U[;') für

paleotemperature estimation in cold polar waters, Geochim. Cosmochim. Acta, 57,

1883-1889,1993.

Sikes, E. L., 1. K. Volkman, L. G. Robertson, and 1.-1. Pichon, Alkenones and alkenes in

surface waters and sediments of the Southern Ocean: implications für paleotemperature

estimation in polar regions, Geochim. Cosmochim. Acta, 61 (7), 1495-1505, 1997.

Skirrow, G., The dissolved gases - carbon dioxide, in Chemical Oceanography, Vol. 2,

edited by J. P. Riley and G. Skirrow, pp. 1-192, Academic Press, London, 1975.

Sonzogni, C., E. Bard, F. Rostek, R. Lafont, A. Rosell-Mele, and G. Eglinton, Core-top

calibration of the alkenone index vs sea surface temperature in the Indian Ocean, Deep

Sea Res. 11,44 (6-7), 1445-1460, 1997a.

Sonzogni, c., E. Bard, F. Rostek, D. Dollfus, A. Rosell-Mele, and G. Eglinton,

Temperature and salinity effects on alkenone ratios measured in surface sediments from

the Indian Ocean, Qual. Res., 47, 344-355, 1997b.

Stouffer, R. J., S. Manabe, and K. Y. Vinnikov, Model assessment of the role of natural

variability in recent global warming, Nature, 367, 634-636, 1994.

Sundquist, E. T., L. N. Plummer, and T. M. L. Wigley, Carbon dioxide in the ocean

surface: the homogeneous buffer factor, Science, 204, 1203-1205, 1979.

Thompson, P. A., and S. E. Calvert, Carbon isotope fractionation by Emiliania huxleyi,

Limnol. Oceanog., 40 (4), 673-679,1995.

Volk, T., and M. 1. Hoffert, Ocean carbon pumps: analysis of relative strengths and

efficiencies in ocean-driven atmospheric CO2 changes, in Geophys. A10nogr., 32, The

Carbon Cycle and Atmospheric CO2: Natural Variations Archean to Present, edited by

E. T. Sundquist and W. S. Broecker, pp. 99-111, Am. Geophys. Union, Washington

D.C.,1985.

Volkman, J. K., G. Eglington, E. D. S. Corner, and J. R. Sargent, Novel unsaturated

straight-chain C3rC39 methyl and ethyl ketones in marine sediments and a

coccolithophore Emiliania huxleyi, in Advances in Organic Geochemistry 1979, edited

by A. G. Douglas and 1. R. Maxwell, pp. 219-227, Pergamon, New York, 1980.

Vollm1an, J. K., S. M. Barrett, S. 1. Blackburn, and E. L. Sikes, Alkenones in

Gephyrocapsa oceanica: Implications for studies of paleoclimate, Geochim.

Cosmochim. Acta, 59 (3), 513-520,1995.

Weiss, R. F., Carbon dioxide in water and seawater: The solubility of a non-ideal gas, Mar.

Chem., 2, 203-215, 1974.

Westbroek, P., C. W. Brown, 1. v. Bleijswijk, C. Brownlee, G. 1. Brummer, M. Conte, 1.

Egge, E. Fernandez, R. Jordan, M. Knappertsbusch, 1. Stefels, M. Veldhuis, P. Van der

Wal, and J. Y9ung, A model system approach to biological climate forcing. The

example of En'liliania huxleyi, Glob. Planet. Change, 8, 27-46,1993.





27

Anomalously low alkenone temperatures caused by

lateral particle and sedilnent transport in the

Malvinas Current region, western Argentine Basin

Albert Benthien and Peter 1. Müller

Universität Bremen, FB Geowissenschaften, Postfach 330440, 28334 Bremen, Germany

published in Deep Sea-Research 1, 47 (12),2369-2393,2000

Abstract

We have analysed the alkenone unsaturation ratio (U3~') in 87 surface sediment sampIes

from the western South Atlantic (5°N-500S) in order to evaluate its applicability as a

paleotemperature tool for this part of the ocean. The measured U3~' ratios were convelied

into temperature using the global core-top calibration of Müller et al. [1998] and compared

with mmual mean atlas sea-surface temperatures (SSTs) of overlying surface waters. The

results reveal a close correspondence «1.5°C) between atlas and alkenone temperatures

for the Western Tropical Atlantic and the Brazil Current region north of 32°S, but

deviating low alkenone temperatures by _2° to -6°C are found in the regions ofthe Brazil

Malvinas Confluence (35-39°S) and the Malvinas Current (41-48°S). From the

oceanographic evidence these low U3~' values cannot be explained by preferential

alkenone production below the mixed layer or during the cold season. Higher nutrient

availability mld algal growth rates are also unlikely causes. Instead, our results imply that

lateral displacement of suspended partic1es and sediments, caused by strong surface and

bottom currents, benthic storms, and downslope processes is responsible for the deviating

U~; temperatures. In this way, pmiicles and sediments carrying a cold water Uj~' signal of

coastal andJor southern origin are transported nOlihward and offshore into areas with

warmer surface waters. In the northern Argentine Basin the depth between displaced and

unaffected sediments appears to coincide with the boundary between the northward

flowing Lower Circumpolar Deep Water (LCDW) and the southward flowing NOlih

Atlantic Deep Water (NADW) at about 4000 m.
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1. Introduction

Manuscript I

Over the past decade there has been groW111g interest 111 the alkenone method for

reconstructing past sea-surface temperatures (SSTs). This method is based on the discovery

that certain haptophyte algae, especially the coccolithophores Emiliania huxleyi and

species of the genus Gephyrocapsa, synthesize long-chain (C3rC39), unsaturated ketones

(alkenones) in different proportions depending on the growth temperature of the algae

[Marlowe, 1984; Brassell et al. , 1986; Prahl and Wakeham, 1987; Volkman et al., 1995;

Conte et al., 1998]. Brassell et al. [1986] introduced the temperature-dependent alkenone

unsaturation index U~ which, in a simplified form, uses the di- and triunsaturated C37
alkenones only [Prahl and Wakeham, 1987]:

U3;' = [C37:2]/[C37:2 + C37:3]

The tetraunsaturated C37 alkenone, included in the original definition of the index, is

mostly omitted in calibration studies as it is not generally present in marine particulate

matter and sediments. For more thorough descriptions of the history, problems and

improvements of the alkenone paleotemperature method the reader is referred to the

reviews of Brassell [1993], Conte et al. [1998] and Müller et al. [1998].

The use of U3;' as paleotemperature proxy requires a firm calibration of the index. Most

authors have relied on the E. huxleyi culture equations of Prahl and Wakeham [1987] and

Prahl et al. [1988] whose general validity for paleoceanographic applications has been

confirmed by many sediment-based studies [Sikes et al., 1991; Rosell-Mele et al. , 1995,

Pelejero and Grimalt, 1997; Sonzogni et al., 1997a, b; Müller et al., 1997, 1998; Herbert et

al., 1998].

In a previous calibration study, Müller et al. [1998] presented sediment-based U3;'

temperature relationships for the eastern South Atlantic and the global ocean between 600 S

and 60 0 N. The aim of the present study was to establish if these calibrations are also valid

for the western South Atlantic. For this purpose, we analysed 87 surface sediments

between 5°N and 500 S (Fig. 1) covering a range in sea-surface temperature from 7° to

28°C. Vle found a good agreement between U3;' and established calibrations in the

tropical-subtropical western South Atlantic north of 32°S but lower values than predicted

in the western and nOlihern Argentine Basin. Potential factors that may have caused these

deviations are discussed in this paper.

2. Oceanographic setting

The study area encompasses the western South Atlantic Ocean from SON to SooS and

600 W to 200 W (Fig. 1). The upper-level circulation in this area is dominated by the Brazil

and Malvinas (Falkland) Currents [Peterson and Stramma, 1991; Peterson, 1992]. Near

100 S, the South Equatorial Current bifurcates nOlihward into the North Brazil Current and
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Figure 1. Bathymetric map of the westem South Atlantic indicating the locations of the surface sediments
analysed in this study and the general surface-water circulation pattems [modified after Peterson and
Stramma, 1991 and Peterson, 1992]. The core locations were grouped in accordance with the
biogeochemical provinces of Longhurst [1995]: Westem Tropical Atlantic (WTRA), Brazil Current region
(BRAZ), South Atlantic Tropical Gyre (SATL), Brazil-Malvinas Confluence (BMC, considered here as a
separate province), Malvinas (Falkland) Current region (MALV). Numbers indicate the core transects 1-10.

southward into the Brazil Current. Most of the water carried by the South Equatorial

Current enters the NOlih Brazil Current [Peterson and Stramma, 1991]. The weaker Brazil

Current flows southward along the continental margin of South America and strengthens

under the influence of a recirculation cell [Reid et al., 1977; Gordon and Greengrove,

1986]. Near 38°S, the Brazil Current encounters the Malvinas Current which transports

cold subantarctic water nOlihward along the Argentine continental shelf. The Malvinas

Current originates as a branch of the Antarctic Circumpolar Current east of the Drake

Passage and turns sharply nOlihward over the Malvinas (Falkland) Plateau [Peterson,

1992]. It is assumed to be astrang current with significant bottom flow but actually very

few velocity estimates exist in the literature [e.g. Peterson, 1992; Garzoli, 1993; Peterson
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et al., 1996]. At the junetion both eurrents separate from the eontinental mm"gin and flow

seaward in south-eastem direetion towards 43°S. The strong thermohaline frontal region

formed after the separation is referred to as the Brazil-Malvinas Confluenee and was

objeetive of several hydrographie investigations [e.g. Olson et al., 1988; Gordon, 1989;

Garzo li , 1993; Provost et al. , 1995]. The Confluenee is a major frontal eneounter of

subtropieal mld subantaretie waters with strong horizontal surfaee-water temperature

gradients, often reaehing 1°C km-1 [Olson et al., 1988]. The latitude at whieh the eurrents

separate from the eoast varies seasonally with a northward penetration of the Malvinas

Current during austral winter and a southward shift of the Brazil Current during austral

summer. Assoeiated with the Confluenee is a eomplex array of large eyclonie and

antieyclonie eddies [Legeckis and GOl'don, 1982] also extending in the deep layers along

the eontinental slope [Maamaatuaiahutapu et al., 1992; 1998]. This intense eddy aetivity is

assumed to eause Sh01i period, strong eurrent events, so-ealled benthie storms [Gardner

and Sullivan, 1981; Hollister and McCave, 1984; Flood and Shor, 1988].

The Brazil-Malvinas Confluenee region not only marks a rapid transition between

upper-level eurrent regimes but is also at the erossroad of several major water masses of

the world oeean [Provost et al. , 1995]. Seven water masses have been identified in the

Confluenee area from the vertieal distributions of temperature, salinity, dissolved oxygen,

and nutrients [Reid et al. , 1977; Confluence Principal lnvestigators, 1990]. Briefly, the

Thermocline \Vater (TW) of subtropieal origin and the Subantaretie Surfaee Water

(SASW) earried by the Brazil and the Malvinas Currents, respeetively, meet in

approximately the upper 800 m of water depth. Between 500 and 1500 m the northward

flowing Antaretic Intermediate Water (AAIW) is detected. The North Atlantic Deep Water

(NADW), at about 2500 m depth, flows southward along the continental slope before it

turns eastward near 38°S [Maamaatuaiahutapu et al. , 1992]. It separates the oncoming

Circumpolar Deep Water (CDW) in a upper branch (UCDW) and a lower branch (LCDW),

the latter often referred to generieally as Antaretic Bottom Water (AABW). Beneath the

lower CDW, the Wedell Sea Deep Water (WSDW) flows in northern direction [Georgi,

1981; Peterson, 1992].

3. Material and Methods

3.1 SU7:face sediment sampies

The sediments analysed in this study (Fig. 1) were recovered using box and multicorers

during several R/V Meteor cruises in the western South Atlantic [Blei! et al., 1993,1994;

Wefer et al., 1994; Segl et al. , 1994]. The water depths at the core locations ranged from

200 to 5820 m (Table 1). Surfaee sediments of box cores (0-2 cm) were taken on board

with plastic syringes and stored at a temperature of about 4°C. Cores obtained by

multieorers were sectioned into 1 em slices and stored deep-frozen at -18°C. In the horne
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Table 1. Station data and UJ~' results for surface sediments from the western South Atlantic, sorted according

to the water depth in each transecL Also given is the temperature obtained [rom UJ~' (TALK) using the global
core-top calibration (U,~' = 0.033 T+ 0.044) of Müller et al [1998] and the annual mean sea-surface

temperature (SSTAM) as provided by the NOAA Climate Server (http://ferreLwrc.noaa.gov/fbin/c1imate_server)

[Levitus and Boyer, 1994]. !::.Tindicates the difference between alkenone and atlas temperatures (TALK-SSTAM)
and !::.8 180 is the difference between predicted and measured benthic isotopic values (see chapter 5.4 for the

calculation).

Core
SampIe

Longi- Water TALK SSTAM /:"T /:"0 180
(GeoB)

Core type depth Provinee Latitude
tude depth (m) U3~' (0C) (0C) (0C) (%0)

(em)

Western Tropieal Atlantie, 5°N-4°S

1503-2 GKG 0-2 WTRA 2.31 -30.65 2298 0.946 27.3 27.4 -0. I

1504-1 GKG 0-2 WTRA 2.29 -3 I .29 2980 0.925 26.7 27.4 -0.7

1515-2 GKG 0-2 WTRA 4.24 -43.67 3125 0.945 27.3 27.5 -0.2

1514-4 GKG 0-2 WTRA 5.14 -46.58 3511 0.942 27.2 27.5 -0.3

2215-8 MUC 0- I WTRA 0.01 -23.49 37I1 0.946 27.3 26.7 0.6

2216-2 MUC 0-1 WTRA 0.00 -23.10 3926 0.950 27.5 26.7 0.8

1501-1 GKG 0-2 WTRA -3.68 -32.01 4258 0.929 26.8 27.2 -0.4

1506-1 GKG 0-2 WTRA 2.21 -35. I 8 4267 0.935 27.0 27,5 -0.5

2213-1 MUC 0-1 WTRA -1.27 -24.15 4314 0.949 27.4 26.5 0.9

2212- I MUC 0-1 WTRA -4.03 -25.62 5584 0.93 I 26.9 26.7 0.2

Brazil Continental Margin, 8.5°S (transeet I)

2201-1 MUC 0-1 BRAZ -8. I7 -34.46 793 0.929 26.8 27.5 -0.7

2202-5 MUC 0-1 BRAZ -8.20 -34.26 1148 0.938 27.1 27.5 -0.4

2206-1 MUC 0-1 BRAZ -8.56 -34.48 1382 0.939 27.1 27.6 -0.5 -0.03

2205-4 MUC 0-1 BRAZ -8.57 -34.35 1797 0.960 27.8 27.6 0.2

2204-1 MUC 0-1 BRAZ -8.53 -34.02 2085 0.941 27.2 27.5 -0.3

2207-2 MUC 0-1 BRAZ -8.74 -34.14 2590 0.950 27.5 27.5 0.0

2208-1 MUC 0-1 BRAZ -8.92 -33,70 3975 0.932 26.9 27.4 -0.5

Brazil Continental Margin, 21-24°S (transeet 2)

2125-2 MUC 0- I BRAZ -20.82 -39.86 1542 0.896 25.8 25.3 0.5 -0.07

2 I 02- I MUC 0-1 BRAZ -23.98 -41.20 1805 0.878 25.3 24.5 0.8

2101-1 GKG 3-4 BRAZ -23.99 -41.2 I 1814 0.859 24.7 24.5 0.2

2124-1 MUC 0-1 BRAZ -20.96 -39.56 2003 0.914 26.4 25.2 1.2 -0.02

2130- I MUC 0-1 BRAZ -20.62 -37.10 2113 0.912 26.3 25.4 0.9 0.03

2126- I MUC 0-1 BRAZ -21.27 -38.93 2537 0.924 26.7 25.1 1.6 -0.12

21 19-2 MUC 0-1 BRAZ -2 I.73 -38.55 2958 0,893 25.7 25.1 0.6 -0.32

2118-1 MUC 0-1 BRAZ -22.09 -38.02 3482 0.913 26.3 25. I 1.2 0.07

21 17-4 MUC 0-1 BRAZ -23.04 -36.65 4047 0.872 25. I 25.1 0.0

21 16-2 MUC 0-1 BRAZ -25.5 I -36,00 4164 0.834 23.9 24.6 -0.7

Brazil Continental Margin, 27-29°S (transeet 3)

2105-3 MUC 0-1 BRAZ -26.74 -46.74 202 0.863 24.8 23.5 1.3

2106-1 MUC 0-1 BRAZ -27.10 -46.50 502 0.859 24.7 23.4 1.3

2107-5 MUC 0- I BRAZ -27. I 8 -46.46 1052 0.845 24.3 23.4 0.9 -0.27

2104-1 MUC 0-1 BRAZ -27.29 -46.38 1505 0.857 24.6 23.4 1.2 -0.09

2 I 08- I MUC 0-1 BRAZ -27.49 -46.23 1991 0.860 24.7 23.4 1.3 -0.02

2109-3 MUC 0- I BRAZ -27.91 -45.87 2513 0.853 24.5 23.2 1.3

2110-1 MUC 0- I BRAZ -28.65 -45.52 3003 0.860 24.7 22.9 1.8

21 I 1-2 MUC 0-1 BRAZ -29. I I -45.22 3498 0.806 23. I 22.8 0.3

2 I 12- I MUC 0-1 BRAZ -29.14 -43.38 4009 0.802 23.0 22.9 0.1

continued on next page
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Table 1. (continued)

Core
SampIe

Longi- Water TALK SSTAM /':,T /':,8 180
(GeoB)

Core type depth Provinee Latitude
tude depth (m) U 1;' (0C) (0C) (0C) (%0)

(ern)

Rio Grande Rise, 31 oS, and Mid Oeeanie Ridge

2817-3 MUC 0-2 SATL -30.92 -38.07 2943 0.731 20.8 22.2 -1.4

2818-1 MUC 0-2 SATL -30.87 -38.17 3110 0.767 21.9 22.2 -0.3 -0.10

2819-2 MUC 0-2 SATL -30.85 -38.34 3435 0.759 21.7 22.2 -0.5 -0.08

2820-1 MUC 0-2 SATL -30.82 -38.44 3606 0.760 21.7 22.3 -0.6 0.04

2821-2 MUC 0-2 SATL -30.45 -38.82 3936 0.750 21.4 22.5 -1.1

2022-3 MUC 0-2 SATL -34.44 -20.91 4016 0.648 18.3 19.5 -1.2

Santos Plateau, 29-34°S

2829-3 MUC 0-2 SATL -30.87 -43.43 3523 0.789 22.6 22.1 0.5

2827-2 MUC 0-2 SATL -31.48 -40.73 3702 0.808 23.2 21.9 1.3 -0.09

2828-1 MUC 0-2 SATL -31.48 -40.72 3750 0.754 21.5 21.9 -0.4

2830-1 MUC 0-2 SATL -29.02 -44.00 3815 0.805 23.1 22.9 0.2

2826-1 MUC 0-2 SATL -31. 90 -40.97 3949 0.627 17.7 21.6 -3.9

2825-3 MUC 0-2 SATL -32.50 -41.43 4352 0.613 17.2 21.3 -4.1

2824-1 MUC 0-2 SATL -33.50 -42.50 4512 0.568 15.9 20.6 -4.7

Uruguay Continental Margin, 35-37°S (transeet 4)
2813-1 MUC 0-1 BMC -35.54 -52.55 588 0.490 13.5 17.6 -4.1

2813-1 MUC 1-2 BMC -35.54 -52.55 588 0.507 14.0 17.6 -3.6

2812-3 MUC 0-1 BMC -35.60 -52.39 1041 0.469 12.9 17.6 -4.7 -0.30

2812-3 MUC 1-2 BMC -35.60 -52.39 1041 0.482 13.3 17.6 -4.3

2811-1 MUC 0-1 BMC -35.75 -52.27 1789 0.458 12.5 17.6 -5.1 -0.19

2811-1 MUC 1-2 BMC -35.75 -52.27 1789 0.464 12.7 17.6 -4.9

2810-2 MUC 0-1 BMC -35.98 -51.98 2909 0.486 13.4 17.7 -4.3

2810-2 MUC 1-2 BMC -35.98 -51.98 2909 0.482 13.3 17.7 -4.4

2809-2 MUC 0-1 BMC -36.33 -51.52 3539 0.475 13.1 17.8 -4.7

2809-2 MUC 1-2 BMC -36.33 -51.52 3539 0.492 13.6 17.8 -4.2

2808-3 MUC 0-1 BMC -37.01 -50.63 4541 0.495 13.7 17.9 -4.2

2808-3 MUC 1-2 BMC -37.01 -50.63 4541 0.492 13.6 17.9 -4.3

Uruguay Continental Margin, 37-38°S (transeet 5)

2801-2 MUC 1-2 BMC -37.04 -54.17 491 0.398 10.7 15.7 -5.0

2802-2 MUC 0-1 BMC -37.21 -53.98 1007 0.394 10.6 15.7 -5.1 -0.31

2802-2 MUC 1-2 BMC -37.21 -53.98 1007 0.402 10.8 15.7 -4.9

2803-1 MUC 0-1 BMC -37.41 -53.70 1162 0.416 11.3 15.8 -4.5 -0.17

2803-1 MUC 1-2 BMC -37.41 -53.70 1162 0.415 11.2 15.8 -4.6

2804-2 MUC 0-1 BMC -37.54 -53.54 1836 0.401 10.8 15.9 -5.1

2804-2 MUC 1-2 BMC -37.54 -53.54 1836 0.402 10.8 15.9 -5.1

2805-1 MUC 0-1 BMC -37.61 -53.44 2743 0.417 11.3 15.9 -4.6

2805-1 MUC 1-2 BMC -37.61 -53.44 2743 0.422 11.5 15.9 -4.4

2806-6 MUC 0-1 BMC -37.83 -53.14 3542 0.441 12.0 16.0 -4.0 -030

2806-6 MUC 1-2 BMC -37.83 -53.14 3542 0.432 11.8 16.0 -4.2

2807-1 MUC 0-1 BMC -38.47 -52.32 4481 0.446 12.2 16.2 -4.0

2807-1 MUC 1-2 BMC -:58.47 -52.32 4481 0.446 12.2 16.2 -4.0

Argentina Continental Margin, 38-39°S (transeet 6)

2701-4 MUC 0-1 BMC -37.81 -55.02 587 0.340 90 14.9 -5.9

2703-7 MUC 0-1 BMC -38.51 -54.20 1187 0.366 9.8 14.9 -5.1

2703-7 MUC 1-2 BMC -38.51 -54.20 1187 0.373 10.0 14.9 -4.9

2703-6 GKG 0-2 BMC -38.51 -54.20 1192 0.396 10.7 14.9 -4.2

2734-2 MUC 0-1 BMC -39.29 -54.34 2295 0.324 8.5 14.4 -5.9

continued on next page
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Table 1. (continued)

Core
Sarnple

Longi- Water TALK SSTAM I':..T 1':..8 180
Core type depth Provinee Latitude U3~'(GeoB)

(ern) tude depth (rn) (0C) (0C) (0C) (%0)

2734-2 MUC 1-2 BMC -39.29 -54.34 2295 0.325 8.5 14.4 -5.9

2705-7 MUC 0-1 BMC -39.24 -53.36 4501 0.421 11.4 15.1 -3.7

2705-7 MUC 1-2 BMC -39.24 -53.36 4501 0.421 11.4 15.1 -3.7

Argcntina Continental Margin, 41-42°S (transeet 7)

2708-5 MUC 0-1 BMC -41.42 -57.30 396 0.280 7.2 12.0 -4.8

2708-5 MUC 1-2 BMC -41.42 -57.30 396 0.302 7.8 12.0 -4.2

2707-4 MUC 0-1 BMC -41. 95 -56.32 3167 0.293 7.5 12.0 -4.5

2707-4 MUC 1-2 BMC -41.95 -56.32 3167 0.303 7.8 12.0 -4.2

2706-6 MUC 0-1 BMC -42.37 -55.54 4740 0.374 10.0 12.2 -2.2

2706-6 MUC 1-2 BMC -42.37 -55.54 4740 0.384 10.3 12.2 -1.9

Argcntina Continental MaI'gin, 43-44°S (transeet 8)

2712-1 MUC 0-1 MALV -43.67 -59.33 1230 0.266 6.7 10.9 -4.2

2712-1 MUC 1-2 MALV -43.67 -59.33 1230 0.266 6.7 10.9 -4.2

2714-5 MUC 0-1 MALV -43.87 -58.00 2361 0.314 8.2 10.8 -2.6 -0.25

2714-5 MUC 1-2 MALV -43.87 -58.00 2361 0.281 7.2 10.8 -3.6

2715-1 MUC 0-1 MALV -43.91 -57.66 3277 0.290 7.5 10.9 -3.4

2715-1 MUC 1-2 MALV -43.91 -57.66 3277 0.293 7.5 10.9 -3.4

2729-1 MUC 1-2 MALV -43.99 -56.97 4643 0.383 10.3 11.0 -0.7

Argentina Continental Margin, 47°S (transeet 9)
2719-1 GKG 0-2 MALV -47.44 -60.09 684 0.301 7.8 9.0 -1.2

2719-3 MUC 0-1 MALV -47.44 -6009 684 0.299 7.7 9.0 -1.3

2722-2 MUC 0-1 MALV -47.33 -58.62 2383 0.219 5.3 9.0 -3.7

2722-2 MUC 1-2 MALV -47.33 -58.62 2383 0.226 5.5 9.0 -3.5

2722-1 GKG 0-2 MALV -47.33 -58.62 2384 0.263 6.6 9.0 -2.4 -0.18

2718-1 MUC 0-1 MALV -47.31 -58.97 2991 0.235 5.8 9.0 -3.2

2718-1 MUC 1-2 MALV -47.31 -58.97 2991 0.249 6.2 9.0 -2.8

2717-8 MUC 0-1 MALV -47.16 -56.49 4495 0.324 8.5 9.2 -0.7

2717-8 MUC 1-2 MALV -47.16 -56.49 4495 0.331 8.7 9.2 -0.5

Argentina Continental Margin, 48°S (traI1Seet 10)

2723-2 MUC 0-1 MALV -48.91 -57.88 569 0.294 7.6 7.9 -0.3

2727-1 MUC 0-1 MALV -48.01 -56.54 2819 0.232 5.7 8.5 -2.8

2727-1 MUC 1-2 MALV -48.01 -56.54 2819 0.231 5.7 8.5 -2.8

2724-6 GKG 0-2 MALV -47.96 -56.17 4788 0.312 8.1 8.5 -0.4

2724-7 MUC 0-1 MALV -47.96 -56.18 4799 0.277 7.1 8.5 -1.4

2724-7 MUC 1-2 MALV -47.96 -56.18 4799 0.299 7.7 8.5 -0.8

Northern and Central Argentine Basin

2814-3 MUC 1-2 SATL -37.60 -39.07 4949 0.570 15.9 17.6 -1.7

2731-1 MUC 0-1 MALV -44.21 -51.42 5691 0.428 11.6 13.1 -1.5

2731-1 MUC 1-2 MALV -44.21 -51.42 5691 0.438 11.9 13.1 -1.2

2730-1 MUC 0-1 MALV -44.48 -53.25 5817 0.411 11.1 12.3 -1.2

2730-1 MUC 1-2 MALV -44.48 -53.25 5817 0.424 11.5 12.3 -0.8



34 Manuscript J

laboratory, all sampies were freeze-dried and ground in an agate mortar. For alkenone

analysis, we used sediments from the upper 2 cm assuming that they are of late Holocene

age (see below).

3.2 Alkenone analysis

Alkenones were extracted from I-lOg aliquots of freeze-dried and homogenised sediment.

We used UP 200H ultrasonic disrupter probes (200W, amplitude 0.5, pulse 0.5) and

successively less polar mixtures of methanol and methylene chloride (CH30H,

CH30H:CH2Ch 1: 1, CH2Ch), each for 3 minutes. The three extracts were combined,

desalted with deionized water, dried over Na2S04 and concentrated under N2. The extracts

of cores GeoB 2701-2734 and GeoB 2801-2830 were additionally purified by passing them

over a silica gel cartridge (Varian Bond Elut; 1 cm3/1 00 mg) and then saponified to remove

possibly interfering fatty acid methyl esters, which may affect the relatively small C37:2

peak in sediments from cold-water regions. For the saponification, we added 0.3 ml of 0.1

M KOH in CH30H:H20 (90: 10) to the extract which was then heated at 80°C in a capped

vial for 2 h. After cooling, the alkenone-containing fraction was obtained by partitioning

into hexane, evaporated, and finally taken up in 25 fll of a 1: 1 CH30H:CH2Ch mixture.

The extracts were analysed by capillary gas c1u'omatography using a HP 5890A gas

chromatograph equipped with a HP Ultra 1 fused silica column (50 m x 0.32 mm x

0.52 flm), split/split1ess injection (1: 10 split modus), and helium as canier gas. The oven

temperature was programmed from 50-150°C at 30°C min-1
, 150-230°C at 8°C min-1

, and

230-320°C at 6°C min-1 with a 45 min hold at 320°C. Analytical precision was better than

0.02 U~; units (±0.6°C) based on replicate extractions and injections of selected sampies

and laboratory internal reference sediments. At most sites in the Argentine Basin, we

analysed the two uppermost sediment slices (0-1 and 1-2 cm, Table 1). The values agreed

within ±0.022 U~; units (in most cases within ±0.01 units) and were averaged for the

purpose ofthis study.

4. Results

Table 1 lists the U3~' results far the surface sediments from the western South Atlantic

together with the station data. We consider SST values from 0 m depth as representative

for the mixed surface layer in accordance with previous core-top calibration studies [e.g.

Rosell-Mele et al., 1995; Sonzogni et al., 1997a,b; Herbert et al., 1998; Müller et al.,

1998]. To simplify the evaluation of the results, we grouped the core sites from north to

south in accordance with the biogeochemical provinces defined by Longhurst, [1995].

These provinces are the Western Tropical Atlantic (WTRA), the coastal Brazil Current

(BRAZ), the South Atlantic Tropical Gyre (SATL), and the Malvinas Current region



Anomalously low alkenone temperatures... 35

302520

Global (60 0 N-600S)
core-top calibration
(Müller et al., 1998)

15105

+ Western Tropical Atlantic (WTRA)

• Brazil Gurrent region (BRAZ)

A South Atlantic Tropical Gyre (SATL)

• Brazil-Malvinas Gonfluence (BMG)

~ Malvinas Gurrent region (MALV) >,y
/,,7 A

,,'r.
E. huxleyi calibration ,''l.

~%(Prahl et al., 1988) - - - - __ ,~ .6.
/'~ AA

,'z
,~~

Eastern S. Atlantic ,.,~

core-top calibratiori·······....,'A .• •
(Mülleretal., 1998) ,/a:~ :1 ~

,,/:/ .:
,/ ~'I.> ••

,-",-."." ~8 ~

,/,',','

1.0

0.9

0.8

0.7

0.6

• I'-
::<::C'? 0.5:::>

0.4

0.3

0.2

0.1

0.0

0

Annual mean SST, 0 m (0C)

Figure 2. Relationship between U,~· and annual mean SST [Levitus and Boyer, 1994] for surfaee sediments
from the western South Atlantic (see also Table I). Also shown are the E. huxleyi culture ealibration of Prahl
et al. [1988] and the eore-top ealibrations for the eastern South Atlantie and the global oeean [Müller et al.,
1998]. The shaded area indieates the standard error of estimate for the global ealibration (±O.05 U 1~' units or
± 1.5°C). U 1~' values deviating by more than this value from the global ealibration line are eonsidered
anomalous in the present study.

(MALV). The area of the Brazil-Malvinas Confluence (BMC) lS considered here as an

additional province (Fig. 1).

Fig. 2 shows the relationship between U3~' and annual mean SST for the surface

sediments from the western South Atlantic in comparison to the E. huxleyi culture equation

of Prahl et al. [1988] and to core-top calibrations for the eastern South Atlantic and the

global ocean between 60 0 N and 60 0 S [Müller et al., 1998]. Due to the wide range of

latitudes covered, ammal mean SST ranges from 7.9° to 27.6°C and Ui;' from 0.22 to 0.96.

The highesl U3~' values (0.79-0.96) were recorded in the warm waters (22-28°C) of the

Western Tropical Atlantic and the Brazil Current region. They are in good accordance with

the calibrations shown in Fig. 2. Further to the south-east, the U~; decreased to values

between 0.57 and 0.81 in the South Atlantic Tropical Gyre. Whereas most of the values

from this province agree within the uncertainty of the global calibration, three sampies

from the southern rim of the Santos Plateau (GeoB 2824-2826) showed significantly lower

alkenone temperatures compared to the Levitus data (by 3.9-4.7°C, Table 1, Fig. 3).



36

20°

~
Q)
'U
.2
~ 30°
.....I

Longitude [W]

50° 40°

Manuscript I

Figure 3. Bathyrnetric rnap illustrating the differences (I1T, Table 1) between alkenone-derived ternperatures
using the global core-top ca1ibration of Müller et al. [1998] and annuaI rnean atlas SST at 0 rn [Levitus and
Bayer, 1994]. Isolines were created with the Kriging method [Davis, 1986]. See caption of Fig. 1 for the
province narnes.

In the region of the Brazil-Malvinas Confluence (BMC) between 35° and 42°S, all

sediment samples had lower U3~' values than expected from the calibrations in Fig. 2. The

U3~' values ranged from 0.29 to 0.50 suggesting temperatures between 7.5° and 13.8°C.

These va1ues are lower, by 2-6°C, compared to atlas SSTAM at the same sites (transects

4-7, Table 1).

The lowest U3~' values (0.22-0.38) were obtained in the domain ofthe Malvinas Current

(43°-49°S). A closer look on the data from transects 8-10 (Table 1) reveals that only U3~'

temperatures from the upper (569 and 684 m) and lower (4495-4799 m) continentalmargin

were in good agreement (i'lT<1.3°C) with the observed surface-water temperatures. All

sediments from intem1ediate water depths (~1200-3300 m) showed deviating alkenone

temperatures by -2.4° to -4.2°C.
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5. Discussion
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Several biological and sedimentological faetors may explain the low alkenone

temperatures in the western Argentine Basin, i.e. the water depth and season of alkenone

production or erosion and lateral sediment transpon by eurrents. In the following

evaluation, we use oeeanographie eriteria to diseuss whieh proeess most likely eaused the

anomalous U3~' values in this region.

5.1 Subswface alkenone production

Coecolithophores live in the euphotie zone where they use sunlight for photosynthesis. The

extent of this zone is a direct result of the amount of suspended particles in the water and

defined as that depth where the irradianee is redueed to 1% of its value at the surfaee

[Morel and Berthon, 1989]. It varies from about 20 m in eutrophie water to about 120 m in

oligotrophie water [Longhurst, 1993]. A major question regarding the sedimentary U3~'

signal is at whieh water depth this temperature signal was produeed. Produetion of

alkenones below the mixed layer eould thus result in lower Uf; temperatures than those

observed at the surfaee. Prahl et al. [1993] deseribed such a situation in the north-east

Paeifie Oeean at 42°N. The U3~' signal recorded by their sediment traps was not in

aeeordanee with the mixed layer souree and believed to derive from a subsurface

chlorophyll maximum (SCM) within the thermoeline.

In the Malvinas Current region, however, it is unlikely that significant alkenone

produetion oeeurs below the surfaee mixed layer. Fig. 4 displays the general hydrographie

features of the upper 100 m of the water eolumn for selected sites in the Brazil-Malvinas

Confluenee (transeet 5) and the Malvinas Current region (transeet 8). The figure eombines

typieal temperature and nitrate profiles [Levitus and Boyer, 1994] with the depth of the

photie zone (light grey) aeeording to Longhurst [1995] and that of the chlorophyll a

maximum (dark grey) as reported by Gayoso [1995] and Carreto et al. [1995]. The

alkenone temperatures (thiek vertical lines) are derived from the eorresponding surfaee

sediments. Aceording to Longhurst [1995], this provinee is charaeterised by a shallow

photie depth between 30 and 40 m whieh is persistent tlu'oughout the year. The mixed layer

extends below this depth for most of the year (Mar-Nov) reaehing its maximal thickness

(200 m) in austral winter (Jul-Sep). Only during summer (Dee-Feb) the top of thc

thermocline is illuminated, but the produetion in the subsurfaee chlorophyll maximum

remains low just as in the other seasons [Longhurst, 1995]. This general eharaeterisation of

the provinee is in agreement with the few available studies eoneerning the veliieal

distribution of eoeeolithophores in the Malvinas Current region. Gayoso [1995] examined

sampies whieh had been eolleeted during November-December 1989 along tlu'ee trarlseets

off Rio de la Plata. She found maximum eell eoneentrations of E. huxleyi at 25 m depth,

although eoeeospheres of this species were present down to a depth of 75 m, and highest
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Figure 4. Depth profiles for seasonal water temperatures and average nitrate concentrations [Levitus and
Boyer, 1994] for typical sites in the Brazil-Malvinas Confluence and the Malvinas Current region. Also
indicated is the U 3~' temperature based on the global calibration of Müller et al. [1998], the photic zone
(light grey) after Longhurst [1995], and the depth ofthe chlorophyll a maximum (dark grey) as reported by
Gayoso [1995] and Carreto et al. [1995].

concentrations of chlorophyll a at about 30 m. Carreto et al. [1995] also reported highest

chlorophyll a concentrations at about 30 m during spring and summer in the Argentinean

Sea south of the Rio de la Plata whereas the (less significant) winter maximum occurred

close to the surface.

Based on this evidence, we assume that the U[;' signal was essentially produced in the

upper 40 m of the water column. The surface water characteristics summarised in Fig. 4

clearly show that the anomalously low Ur;' temperatures cannot be explained by

subsurface production within the thermocline unless one would assume that alkenones are

exclusively produced during the winter season. However, this is not supported by the
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seasonal production characteristics in this region (see below). Moreover, the fact that

biased and unaffected U3~' signals occur under the same hydrographie conditions (Fig. 4c

and d) points to another mechanism as weIl. The high nutrient concentrations in the surface

waters of the Malvinas Current region (e.g. 3-7 /-iM at the locations shown in Fig. 4) also

argue against a predominance of alkenone production below the mixed layer. As the

surface waters are not depleted in nutrients there is no reason for alkenone producers to

sink into the nutrieline [e.g. Knappertsbusch, 1993]. It should be noted that the

hydrographic situation is different at the Pacific site studied by Prahl et al. [1993] where

nitrate is reduced to low levels «0.3 /-iM) in the mixed layer and subsurface production

appears to be more significant.

In summary, we suggest that the anomalous Ui;' ratios of the surface sediments from

the western Argentine Basin Call1iOt be explained by subsurface alkenone production in the

thermoeline. The temperature signal was probably produced in the mixed layer and

modified by another process.

5.2. Seasonality in alkenone production

A second factor that may bias U3~' ratios is a high seasonality in alkenone production. This

factor is not important in the tropical part of the western Atlantic where the seasonalities

both in primmy production and mixed layer temperature are very weak [Levitus and Boyer,

1994; Longhurst, 1995]. The seasonal SST variation, for example, is about 1°C in this

region and thus elose to the uncertainty of the alkenone paleotemperature method (Fig. 2).

Hence, even if the seasonality in production were high this would have no measurable

effect on the resulting U3~' value.

In the domains of the Brazil Current and the South Atlantic Tropical Gyre, primaI'y

production is generally enhanced in austral spring and summer and lowest in winter

[Longhurst, 1995; Antoine et al., 1996]. Local upwelling off Cabo Frio (21-23°S) also

shows a seasonal maximum in spring and summer and a minimum in winter [Campos et

al. , 1996]. However, this region is characterised by upwelling episodes of a few days

duration occurring frequently throughout the year [Longhurst, 1995] which will not

produce a elear seasonal signal. The U3~' results for transect 2 from this upwelling area and

for the other sites in the subtropical western Atlantic nOlih of 32°S (Table 1) are consistent

with these general productivity patterns reflecting annual mean SST rather than a seasonal

signal.

In the Confluence and Malvinas Current region, seasonal effects on U3~' could be more

important as the SST contrast between summer and winter is higher (on average about 6°C;

Levitus and Boyer, 1994]. The primaI"y production rate is again enhanced during spring and

summer and lowest in winter as in the subtropical regions [Podesta and Esaias, 1988;

Longhurst, 1995; Antoine et al" 1996]. Satellite imagery also reveals highest frequencies

of elassified coccolithophore blooms (presumab1y E. huxleyi) during austral spring and
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summer (Oct-Feb) and reduced activities during the rest of the year [Brown and Yoder,

1994; Brown and Podestd, 1997]. The blooms are observed along the she1fbreak and slope

from off the Rio de la Plata to south of the Malvinas Islands occurring episodically

throughout the year with maxima in austral summer.

According to these production characteristics it is unlikely that the biased low U3~'

values in the Malvinas Current region were caused by preferential alkenone production

during the cold season. Even if alkenone production were exclusively refined to the more

productive spring period, the average temperature value recorded by U3~' would be

numerically similar to almual mean SST. We thus assurne that the UJ~' values in the

Malvinas Current region should reflect a temperature which is close to the yearly average

just as in the tropical-subtropical provinces of the western South Atlantic. This assumption

is consistent with the results of other studies which also indicate that the seasonality in

production has no significant effect on the U3~' record of sediments in tropical to temperate

oceanic regions [Sonzogni et al., 1997a, b; Herbert et al., 1998; Müller et al. , 1998].

5.3. Nutrient availability and growth rate

It has been suggested, mainly based on culturing experiments with E. huxleyi and G.

oceanica, that alkenone-derived temperatures may be affected by biological factors such as

genetic differences between species [Volkman et al. , 1995; Sawada et al., 1996; Conte et

al., 1998] and variations in nutrient availability and growth rates [Popp et al. , 1998;

Epstein et al. , 1998]. In the Ma1vinas Current region, the nutrient levels in surface waters

are generally higher than in the less productive Brazil Current and the tropical western

Atlcintic [e.g. Levitus and Boyer, 1994]. Therefore, the anomalously low U~; values in the

western Argentine Basin could be due to the higher nutrient availability and enhanced

growth rates as indicated by some culture experiments [Epstein et al. , 1998; Conte et al. ,

1998]. However, this could not explain that biased and unaffected U;' values occur very

close underneath the same production system as it is observed, for example, at sites GeoB

2712 and GeoB 2729 (Figs. 4c and d). Other examples for such situations are transects 9

and 10 in the south-western Argentine Basin and samp1es from the southern Santos

Plateau, where abrupt U3~' transitions from biased to normal values occur at water depths

between 3949 and 3815 m (Table 1). Fmihermore, if nutrient availability and growth rate

had a significallt affect on sedimental'y U;' values, other coastal upwelling systems such

as off California and Namibia should also show deviating cold U3~' values which is not the

case [Herbert et al., 1998; Müller et al., 1998; Kirst et al. , 1999]. The above considerations

also suggest that differences between species and in the physiological status of alkenone

synthesizing P?pulations as reported by Conte et al. [1998] are unlikely explanations for

the anomalous Ui;' ratios in the Argentine Basin.
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5.4. Erosion 01Holocene sediments
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Another possible explanation for the low U~; ratios in the Argentine Basin could be that

the examined surface sediments were of glacial rather than of Holocene age. We cannot

completely rule out this possibility although the shipboard acoustical systems

PARASOUND and HYDROSWEEP were employed during all Meteor cruises to find

suitable coring locations with good sound penetration and a undisturbed sediment cover.

This was particularly impOliant in the western Argentine Basin where erosional features at

the continentalmargin alternate with intervals of almost undisturbed sedimentation [Segl et

al., 1994; Blei! et al. , 1994].

For most of our tropical-subtropical core locations, a Holocene age of the surface

sediments is verified by the occunence of the planktonic foraminifer Globorotalia

menardii [Blei! et al., 1993; Weler et al., 1994] and by oxygen isotope stratigraphy [e.g.

Rühlemann et al. , 1996; Dürkoop et al. , 1997; WoljJ et al., 1999; and B. Donner, S.

Mulitza, S. Niebler, unpubl. data]. It is particularly important to note that G. menardii was

also present, albeit in low amounts, in core-tops from stations GeoB 2811-2813 and GeoB

2803-2804 at the Uruguay continentalmargin [Blei! et al. , 1994] where U3~' appears to be

strang1y biased (transects 4 and 5, Table 1). Unfortunately, G. menardii could not be used

to verify the Holocene age of more southern sediments in the Argentine Basin as this is

beyond the biogeographicallimit ofthis warm-water species [Berger et al., 1985].

To further assess the age of the surface sediments, we compared Ö
180 values of the

.benthic foraminifer Cibicides wuellerstorfi (Öwuell) with equilibrium Ö
180 values for calcite

(Öcalcite) at 21 stations >1000 m water depth between 80 S and 47°S. Öwuell was corrected by

+0.64%0 to compensate for the vital effect [Duplessy et al. , 1984]. Foraminiferal isotopic
18data and direct measurements of temperature and Ö 0 of the bottom water (Öwater) at

thilieen of these stations were kindly provided by M. Pätzold. In addition, we used

GEOSECS Öwater values as integrated for the western South Atlantic by Faul et al. [1999]

and ca1culated Öwater values applying the modern relationship between Öwater and salinity (S)

in the deep sea (öwater (SMOW) = 1.529 * S - 53.18, Zahn and Mix, 1991) and salinities of

the World Ocean Atlas [Levitus and Boyer, 1994). As this relationship probab1y is not

valid for the Antarctic Intermediate Water, it was only applied at water depths >1500 m.

The equilibrium fractionation of Öcalcite was finally obtained from the paleotemperature

equation of Erez and Luz [1983], as solved for

Öcalcite = öviater + 75.33 - (5675 - (17 - T) / 0.03)°·5.

The differences between predicted and measured benthic isotopic values

(.6.Ö = Öcalcite - Öwuell) should be close to zero for Holocene sediments and in the order of

-1.5%0 for glacial sediments [e.g. Bickert and Wt;fer, 1996]. Our calculations yield .6.ö

values between +0.13%0 and -0.39%0 (mean ± 0' = -0.13 ± 0.12%0) for the 21 locations

where benthic isotopic values were available (Table 1). Although the deviations between

predicted and measured Ö180 values are slightly higher, on average, in the Argentine Basin
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(~o = -0.24 ± 0.06%0, n=7) than in the Brazil Basin (~o = 0.08 ± 0.11 %0, n=14) these

results are consistent with a Holocene age of the sediments.

5,5, Lateral particle and sediment displacement

The above considerations imply that the low U3;' values observed in the western Argentine

Basin cannot be convincingly explained by biological processes in surface waters or

glacial-age surface sediments. We therefore favour another mechanism and suggest that the

discrepancies between alkenone and sea-surface temperatures were caused by lateral

displacement of suspended matter and sediments.

Surface waters in the region of the Brazil-Malvinas Confluence are characterised by

strong horizontal temperature gradients that may reach 1°C km- l [Olson et al., 1988].

Gordon [1989], far example, described a situation for October 1984 when the surface

water temperature increased at the frontal zone from about 8°C to 14°C within 50 km.

During this month, the frontal zone was located between 37°S and 43°S extending from the

upper continental slope southward to the continental rise (>5000 m). However, this frontal

region is characterised by a high seasonal and mmual (spatial) variability and complex

eddy patterns [e.g. Legeckis and GOI'don, 1982; Conjluence Principallnvestigators, 1990]

and thus only weakly represented by the averaged SST data of the World Ocean Atlas

(Fig. 5).

The possible lateral advection of particles during sinking through the water column can

be estimated assuming average sinking rates and current velocities. A realistic range for the
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Figure 5. Mean spring sea-surface temperatures (Oct-Dec) [Levitus and Bayer, 1994] reflecting the
northward flowing Malvinas Current and the southward flowing Brazil Current in the region of the Argentine
Basin. Heavy lines indicate our core transects 4-10 (see Table 1).
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Figure 6. Bathymetric map ilIustrating the general bottom water flow patterns in the western Argentine
Basin [modified after Flood and Shor, 1988], together with the LiTisolines fro111 Fig. 3.

sinking rate of bulk partieles intereepted by sediment traps is 50-200 m day"l [Siegel and

Deuser, 1997]. Using these rates and eurrent veloeities between 20 and 40 em S-l for the

Malvinas Current and the underlying Antaretie Intermediate Water [Peterson et aI., 1996]

\ve estimate a possible nOlih-eastward displacement of particles by 100 to 1000 km in the

upper 1500 m of the water eolumn. Henee, particles earrying the cold water signal of the

Malvinas Current eould be easily transported into regions with mueh Walmer surfaee

waters (see Fig. 5).

A seeond meehanism may be the redistribution of sediments by bottom eurrents. The

eireulation pattern at the western margin of the Argentine Basin (Fig. 6) is eharaeterised by

strang boundary and bottom eurrents [Peterson, 1992; Peterson et aI. , 1996]. These

vigoraus eurrents and their interaction with the sea floor are responsible for a pronouneed

benthie nepheloid layer [Eittreim et aI. , 1976; Biscaye and Eittreim, 1977]. In addition, the

high kinetie energy related to the Brazil-Malvinas Confluenee [Dickson, 1983; Flood and

Shor, 1988] may induee ShOli-lived, intense bottom eurrent events (so-ealled benthie

storms) whieh ean play an impOliant rale in reworking and redistributing bottom sediments

[Gardner and Sullivan, 1981; Hollister and A1cCave, 1984]. Resuspension of sediments

and downslope transport is mirrored in pmiicle-size distributions at the Argentine

eontinental mal"gin [Ledbetter, 1986; Höppner and Henrich, 1999] as weIl as in high

resolution seismie reeords, whieh reveal extensive areas of mass flow east of the Rio de la



44 Manuscript 1

Plata [Klaus and Ledbetter, 1988]. This is the area where, due to the Confluence, highest

eddy kinetic energy is expected and where our data show the highest temperature

differences between estimated and atlas temperatures (Figs. 3 and 6).

The suspended sediments appear to be transparted both downslope and northward with

the boundary and bottom currents of Antarctic Intermediate Water (AAIW) and

Circumpolar Deep Water (CDW) into areas with warmer surface waters. Our core-top U3~'

data give no evidence far a southward transport of suspended sediments with the NOlih

Atlantic Deep Water (NADW) between 2000 and 3000 m (Fig. 3). This suggests, that the

bottom velocities of this water mass are significantly lower compared to the AAlWand

CDW and the net transport of sediments thus occurs north-eastward. AdditionaIly,

Mamnaatuaiahutapu et al. [1992] showed that the NADW turns eastward at approximately

38°S being less important in the regions south of the Brazil-Malvinas Confluence. It is

likely that the processes believed to bias U~; in the western Argentine Basin also will

affect other paleotemperature proxies in a similar way. It is weIl known, far example, that

diatoms [Burekle and Stanton, 1975; Jones and Johnson, 1984] and even foraminifera

[Boltovskoy et al. , 1996] are displaced nOlihward over long distances in the western South

Atlantic.

Another interesting feature of our care-top U3~' results is the sudden change from biased

to normal values between station GeoB 2826 (3949 m) and station GeoB 2828 (3750 m) at

the southern Santos Plateau (Table 1) south-west ofthe Vema Charmel (Figs. 1 and 3). The

Vema CharmeI cormects the Argentine Basin with the Brazil Basin [Le Pichon et al. , 1971]

and is an impOliant passage for the northward flow of Lower Circumpolar Deep Water

(LCDW) below about 4000 m, while the overlying NADW flows in southward direction

[Hogg et al., 1982; Hogg et al. , 1996]. The NADW-LCDW boundary coincides with the

depth horizon below which sediments show anomalous alkenone temperatures. The three

cores GeoB 2824, GeoB 2825, and GeoB 2826 exhibiting large alkenone temperature

anomalies of 3.9-4.7°C compared to atlas SST values (Table 1) were recovered from water

depths between 4512 and 3949 m at the southern mouth of the Vema Chamlel. The other

seven core-top sampies analysed from this region (GeoB 2817-2821 and GeoB 2827-2828)

derived from shallower water depths (2943-3936 m) reveal no significantly biased

alkenone temperatures. The average difference between atlas and alkenone SST is -OAoC

for these stations ranging from -104° to +1.3°C (Table 1). The close accordance between

the LCDW-NADW boundary and the water depth where U3~' turns from biased to

unaffected values strongly suggests tImt the LCDW transpolis suspended sediments into

the nOlihern Argentine Basin thus biasing the sedimentary U3~' record at water depths

greater than about 4000 m.
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6. Summary and conclusions
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We have compared alkenone UJ~' ratios of surface sediments from the western South

Atlantic to modern atlas temperatures of overlying surface waters [Levitus and Boyer,

1994] and to established culture [Prahl et al., 1988] and core-top calibrations [Müller et

al. , 1998]. Our results reveal significant differences between the tropical-subtropical

western South Atlantic and the Malvinas Cunent region in the western Argentine Basin

that must be considered in future paleotemperature reconstructions:

Cl) Sediments from the western Tropical Atlantic, the Brazil Cunent region, and the

South Atlantic Tropical Gyre north of 32°S show UJ~' values in agreement with al11mal

mean atlas SST and the above mentioned calibrations. Adding these values together with

recently published data from the California margin [Herbert et al., 1998] to the global

core-top data set compiled by Müller et al. [1998] yields an updated equation based on 456

core locations (UJ~' = 0.033 T+ 0.047, 1'2 = 0.960) which is virtually identical with the

previous one (UJ~' = 0.033 T+ 0.044, n = 370, 1'2 = 0.958). This shows that the calibration

basis for U;~' as paleotemperature tool becomes increasingly stable.

(2) By contrast, sediments from the region ofthe Brazil-Malvinas Confluence (35-39°S)

and the Argentine continental slope between 41 ° and 48°S generally show lower alkenone

temperatures by 3-6°C compared to annual mean atlas SST. Only the UJ~' values of

sediments from the upper continental slope at 47-48°S and from the deep Argentine Basin

below about 4500 m were found to be in accordance with the surface-water data.

The oceanographic characteristics ofthe Malvinas Cunent region (shallow photic depth,

high nutrient concentrations in the mixed layer, perennial coccolithophore production with

spring-summer maximum, minor subsurface production) suggest that the primary

(unbiased) UJ~' signal in this region should reflect the ammal mean temperature of the

mixed layer, just as it is true in the eastern South Atlantic [Müller et al., 1998] and in many

other tropical to temperate oceanic regions [Sikes et al. , 1991; 1997; Rosell-Mele et al. ,

1995; Pelejero and Grimalt, 1997; Sonzogni et al., 1997a, b; Herbert et al., 1998]. The low

alkenone temperatures derived in the western Argentine Basin can thus not be explained by

production below the mixed layer 01' during the cold season. Differences in growth rate and

nutrient availability are also unlikely causes because this cmU10t explain the simultaneous

occunence of biased and unaffected U3~' ratios below the same production system. Instead,

our results imply that suspended pmiicles and sediments are displaced nOlihward and

downslope by the strang surface and bottom currents prevailing in the western Argentine

Basin. In this way, pmiicles and sediments carrying a cold water U3~' signal of coastal or

southern origin are deposited in offshore and northern areas with warmer surface waters.

Our results fmiher indicate that the northern limit beyond which sedimentary U3~'

values remain unaffected by the described processes must occur somewhere between 300 S

and 36°S (the limits of our transects 3 and 4) at the continental margins off Uruguay or

Brazil. In the northern Argentine Basin, the water depth above which Ui;' changes from
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biased (>3940 m) to unaffected values «3820 m) coineides with the boundary between the

northward flowing LCDW and the southward flowing NADW at about 4000 m.
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Abstract

We have analysed the stable carbon isotopic cOlnposition of diunsaturated C37 alkenones in

29 surface sediments from the equatorial and South Atlantic Ocean. Our study covers

different oceanographic settings inc1uding sediments from the major upwelling regions off

South Africa, the equatorial upwelling, and the oligotrophie western' South Atlantic. In

order to examine the enviromnental influences on the sedimentary record, the alkenone

based carbon isotopic fractionation (cp) values were correlated with the overlying surface

water concentrations of aqueous CO2 ([COiaq)]), phosphate, and nitrate. We found cp

positively correlated with l/[COiaq)] and negatively correlated with [P04] and [N03].

However, the relationship between cp and 1/[C02(aq)] is opposite ofwhat is expected from

a [C02(aq)] controlled, diffusive uptake model. Instead, our findings suppOli the theory of

Bidigare et al. [1997] that the isotopic fractionation in haptophytes is related to nutrient

limited growth rates. The relatively high variability of the cp-[P04] relationship in regions

with low surface-water nutrient concentrations indicates that here other environmental

factors also affect the isotopic signal. These factors might be surface-water [C02(aq)] and

variations in the growth-limiting resource (e.g. light intensity, micro- and macronutrient

concentrations) .
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In the past years, several studies have shown that the carbon isotopic composition (Ö l3C) of

marine phytoplankton varies as a function of ambient CO2 concentrations [e.g. Degens et

al., 1968; Rau et al. , 1989; Freeman and Hayes, 1992; Francois et al., 1993; Goericke and

Fry, 1994; Bentaleb et al., 1998, Fischer et al., 1998]. Based on these observations, it has

been suggested that the Öl3C variations of marine organic compounds in the sedimentm'y

record could be used to reconstruct ancient CO2 concentrations in surface water [e.g.

Jasper and Hayes, 1990; Rau et al., 1991; Fontugne and Calvert, 1992; Jasper et al., 1994;

Müller et al., 1994; Bentaleb et al., 1996; Andersen et al., 1999; Pagani et al., 1999]. More

recently, different laboratory and field experiments as weIl as theoretical considerations

indicate that the photosynthetic carbon isotope fractionation (Gp) and hence the sedimentary

Öl3C of organic matter can also be influenced by physiological processes and

environmental factors other than the COiaq) concentration. These factors are active carbon

uptake [Laws et al. , 1997; Keller and Morel, 1999; Riebesell et al. , 2000], direct

bicarbonate utilisation [Burns and Beardall, 1987], and taxon-specific differences like cell

geometry and cell membrane permeability [e.g. Francois et al. , 1993; Rau et al. , 1996;

Popp et al., 1998b; Burkhardt et al. , 1999a]. Additional factors are differences in growth

rates (11-), which mainly depend on environmental conditions like temperature, nutrient

supply, and irradiance [e.g. Hinga et al., 1994; Laws et al., 1995, 1997; Thompson and

Calvert, t995; Johnston, 1996; Bidigare et al., 1997, 1999; Riebesell et al. , 2000].

Popp et al. [1998b] demonstrated that some of the above mentioned factors can be

evaded by using the isotopic record of C37:2 alkenones. This biomarker is exclusive to

certain haptophyte algae, especially the ubiquitous coccolithophores Emiliania huxleyi and

species of the genus Gephyrocapsa. Both species have a limited range in cell size and

geometry. Based on the assumption that alkenone-producing algae assimilate CO2 mainly

by passive diffusion, the relation between Gp and [COiaq)] then can be expressed as

follows [Jasper et al. , 1994]:

b
(1)

where E[ is the enzymatic fractionation during C fixation and b is an arbitrary, empirically

derived parameter accounting for all physiological factors influencing the carbon isotope

discrimination [e.g. Rau et al., 1996].

Only a limited number of laboratory and field studies have focused on the isotopic

fractionation in E. huxleyi and the öDC signal of C372 alkenones [e.g. Hinga et al., 1994;

Thompson and Calvert, 1995; Bidigare et al., 1997; Riebesell et al., in press]. The results

from Bidigare et al. [1997] indicate that most variations in Ep result from variations in

growth rate related to nutrient availability rather than [C02(aq)]. In their laboratory
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experiments, Bidigare et al. [1997J used nitrate limited chemostat cultures on continuous

light and temperature. In comparison, Riebesell et al. [in pressJ found considerab1e

differences in absolute values of sp and in the slope of the sp vs. fl/[C0 2(aq)J relationship

using N-repleted, light controlled batch cultures.

Laboratory and field studies cannot completely recreate the sum of environmental

eonditions and physiological processes which may influence the sedimentary isotopic

signal. Thus, the use of the Ö13C record of C372 alkenones as a paleoceanographic proxy

also requires a sediment-based calibration. Recently, Andersen et aI. [1999J found that the

sedimentm'y alkenone sp of core-top sampies from the equatorial and South Atlantic is

c10sely related to the phosphate concentrations in overlying surface waters. Here we

present an enlarged data set of 29 core-top sediments from different oceanographic regions

of the South Atlantie Ocean between 6°N and 36°S. This includes sediments from the

major upwelling regions off South Africa and from the equatorial upwelling areas in the

Eastern Tropical Atlantie as well as from the oligotrophic Western Tropical Atlantic and

the Brazil Current region (Fig. 1). In order to examine the environmental influences on the

sedimentary signal, the alkenone Ö13C data were correlated with the overlying surface

water concentrations ofCOiaq), phosphate, and nitrate.

2. Materials and Methods

2.1. Swface sediTnents

The sediment sampies analysed in this study (Fig. 1) were collected during several cruises

of RlV Meteor, RlV SOIU1e, and RlV Victor Hensen (Table 1). We used the surface

sediments obtained by box corers (GKG) or multiple corers (MDC). An exception is site

GeoB 1016, where the sediment sampie was taken from the top of a gravity corer (SL). The

core locations and station data are presented in Table 1. After core recovery, 10 ml sampies

of the surface sediments from box cores and gravity cores were collected on board using

plastic syringes and stored at a temperature of about 4°C. The sediments retrieved by

multiple eorers were sectioned into 1 cm slices and stored deep-frozen at -18°C. In the

home laboratory, all sampies were freeze dried and ground in m1 agate mortar.

For most ofthe stations, a Holoeene age ofthe surface sediments has been confirmed by

the occurrence of the planktonic foraminifer G. menardü and by foraminiferal oxygen

isotope data [Mulitza 1994; Bickert and Wefer, 1996; Wefer et al. , 1996; ]v[ulitza et aI.,

1997; Mollenhauer et al. , subm., and unpublished data]. Depending on sedimentation rates

and bioturbation, the surfaee sediment sampies m'e assumed to span several hundred to a

eouple of thousand years.
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Figure 1. Bathymetric map of the South Atlantic indicating the locations of the surface sediments analysed
in this study (Table 1). The core locations were grouped in accordance with the biogeochemical provinces of
Longhurst [1995J: Angola Coastal Current (ANG), Benguela Coastal Current (BENG), South Atlantic
Tropical Gyre (SATL), Eastem Tropical Atlantic (ETRA), Western Tropical Atlantic (WTRA), Brazil
Current (BRAZ).

2.2. Alkenone analysis

Alkenones were extracted from 0.25-15 g aliquots of freeze-dried and homogenised

sediment. We used UP 200H ultrasonic disrupter probes (200W, amplitude 0.5, pulse 0.5)

and three successively less polar mixtures of methanol and methylene chloride (CH30H,

CH30H:CH2CI2 1: 1, CH2CI2), each for 3 minutes. The three extracts were combined,

desalted, dried over Na2S04, and concentrated under N2• Additionally, the extracts were

purified by passing them over a silica gel cartridge (Varian Bond Elut; 1 cm3/1 00 mg) and

then saponified to remove possibly interfering esters. For the saponification, we added

0.3 ml of 0.1 M KOH in CH30H:H20 (90: 10) to the extract which was then heated at 80°C

in a capped vial for 2 h. After cooling, the alkenone-containing fraction was obtained by

partitioning into hexane, evaporated, and finally taken up in 15-150 !J.I of a 1: 1

CH30H:CH2C12 mixture.

Alkenone unsaturation ratios were determined using a HP 5890A gas chromatograph

either equipped with a HP Ultra 1 fused silica column (50 m x 0.32 mm x 0.52 !J.m) and

split/splitless injection (1: 10 split modus) or fitted with an on-column injector to a DB5ms

(60 m x 0.32 mm x 0.1 !J.m). The oven temperature was programmed from 50-150°C at

30°C min-\ 150-230°C at 8°C min- I
, and 230-320°C at 6°C min- I with a 45 min hold at

320°C for split/splitless injection. Fm on-column injection, the oven temperature was
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Table 1. Station data for the core-top sediments of the South Atlantic. The core
locations were grouped into six biogeochemical provinces defined by Longhurst
[1995].

Water
Core (GeoB) Core type Cruise Latitude Longitude depth

(111)

Angola Coastal Current (ANG)

1008-6 GKG M6/6 6°34.93 100 19.IE 3124
1016-3 3L M6/6 11°46.23 11°40.9E 3411

Benguela Coastal Current (BENG)

1028-4 GKG M6/6 20°06.23 9°ll.1E 2209
1703-5 GKG M20/2 17°27.13 11°01.0E 1769
1706-1 GKG M20/2 19°33.73 11°10.5E 980
1710-2 GKG M20/2 23°25.93 1l041.9E 2987
1711-5 GKG M20/2 23°18.93 12°22.6E 1967
1712-2 GKG M20/2 23°15.43 12°48.5E 998
1713-6 GKG M20/2 23°13.23 13°00.9E 597
1719-5 GKG M20/2 28°55.53 14°1O.4E 1024
3603-1 MUC M34/l 35°07.53 17°32.6E 2840

30uth Atlantic Tropical Gyre (3ATL)

1032-2 GKG M6/6 22°54.93 6°02.2E 2505
1214-2 GKG MI2/l 24°41.43 7°14.4E 3210
1413-1 MUC M16/1 15°40.83 9°27.3W 3789

Eastern Tropical Atlantic (ETRA)

1041-1 GKG M6/6 3°28.53 7°36.0W 4033
1105-3 GKG M9/4 1°39.93 12°25.7W 3225
II 17-3 GKG M9/4 3°48.93 14°53.8W 3984
1903-1 GKG 3084 8°40.63 11 0 50.6W 3161

Western Tropical Atlantic (WTRA)

1501-1 GKG M16/2 3°40.93 32°00.7W 4258
1503-2 GKG M16/2 2°18.7N 300 38.8W 2340
1505-3 GKG M16/2 2°16.2N 33°00.6W 3746
1508-1 GKG M16/2 5°20.0N 34°01.5W 3685
1515-2 GKG M16/2 4°14.3N 43°40.0W 3129
2215-8 MUC M23/3 0000.5N 23°29.5W 3712
3117-3 GKG JOP3 Il 4°17.73 37°05.5W 800

Brazi1 Current (BRAZ)

2102-1 MUC M23/2 23°59.03 41°12.0W 1805
2109-3 MUC M23/2 27°54.73 45°52.9W 2504
2125-2 MUC M23/2 20°49.43 39°51.8W 1503
2204-1 MUC M23/3 8°31.93 34°01.4W 2080

programmed from 40-200°C at 15°C min- l (5 min initial time), 200-250°C at 5°C min- l and

250-300°C at 3°C min- l with a 35 min hold at 300°C.

The carbon isotopic analyses of the C372 alkenone were performed using agas

chromatograph (HP 5890A) connected via a combustion interface to a Finnigan MAT 252

mass spectrometer (innGCMS; e.g. Merrit et al. , 1994]. The GC was equipped with an on

column injector, a 2.5 m retention gap, and a fused silica column (SGE-BPX 5 and Optima
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1; eaeh 50 m x 0.32 mm x 0.52 ~m). The temperature program was 50°-150°C at 30°C

min-1 (with 5 min initial time), then 150°-230°C at 8°C min-1, and 230°-320°C at 6°C

min-1 (isothermal at 320°C für 48 min). The isotopie eomposition ofthe C37 :2 alkenone was

ealculated relative to PDB by eomparison with eoinjeeted n-alkane standards (n-C34 , n-C36 ,

n-C37 , n-C3S) and a lab-interna1 standard gas (C02). Generally, eaeh samp1e was measured

four times revealing an analytieal uneertainty less than 0.3%0.

2.3, SUlface-water C02 and nutrients

Surfaee-water PC02 values were obtained from measurements of numerous expeditions in

the South Atlantic Oeean [Weiss et al., 1992; Graupe CITHER 1, 1994; Jahnsan et al.,

1995, 1998] (Fig. 2, Table 2). These data are available at the CDIAC data base (Carbon

Dioxide Information Analysis Center, http://ediae.esd.ornl.gov/oeeans/home.html). The

PC02 values were eonverted into eoncentrations of dissolved CO2 ([C02(aq)]) applying

Henry's Law (see also seetion 2.4). Pre-industrial CO2(aq) eoncentrations were ealculated

in the same way after subtracting the industrial increase of 70 ppmv [Takahashi et al. ,

1992] from the modern PC02 values (see diseussion below). Finally, the respeetive

COlaq) eoneentrations were eomputed für eaeh eore location using the Kriging method

[Davis, 1986].

40 0 S

Longitude

Figure 2. Modern surfaee-water eoneentration of COlaq) in the equatorial and South Atlantie Oeean, The
eoneentrations were ealculated from surfaee-water PC02 values measured eontinuously during the
expeditions listed in Table 2. The transeets are., indieated as solid thiek lines. Single loeations of
measurements are shown as erosses. [COlaq)] isolines were ereated with the Kriging method [Davis, 1986].
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Surface water, ammal mean phosphate and nitrate concentrations at each core location

were obtained VIa Internet from the World Ocean Atlas 1994

[http://feITet.wrc.noaa.gov/fbin/climate_server; Conkright et al., 1994].

2.4. Calculations

The isotopic composition of the phytoplankton biomass (öp) was derived using the isotopic

fractionation 8alkenone between C37:2 alkenones and the biomass of alkenone producing

organisms. We applied 4.2%0 as the value for 8alkenone [Popp et aI., 1998a]:

ö ö (öelu
)

P = C.,72 + 8 alkenane 1+ 1000

Table 2. Origin of modern PC0 2 data used far the calculation of surface-water CO2(aq)
concentrations.

(2)

Cruise

AJAX 1

A.TAX2

ANTV/2

INDOMED 12

Oet-Nov
Jan-Feb

Jun-Sep

Sep-Nov

Season Ship

1983 Knorr
1984 Knorr

1986 Polarstern

1978 Melville

Referenee

Weiss et al., 1992
Weiss et al., 1992

Weiss et al., 1992

Weiss et al., 1992

Data Souree

CDlAC
CDlAC

CDlAC

CDlAC

SAVE
Transit
Leg 1
Leg 2
Leg 3
Leg 4
Leg 5

Leg 6

Oet-Nov
Nov-Dee
Dee-Jan
Jan-Mar
Dee-Jan
.Tan-Mar
Mar-Apr

1987
1987

1987/88
1988

1988/89
1989
1989

Knorr

Knorr
Knorr
Knorr
Melville
Melville
Melville

Weiss et al., 1992
Weiss et al., 1992
Weiss et al., 1992
Weiss et al., 1992
Weiss et al., 1992
Weiss et al., 1992
Weiss et al., 1992

CDlAC
CDlAC
CDlAC
CDlAC
CDlAC
CDlAC
CDlAC

TTO/TAS
Leg 2

Leg 3
Dee-Jan
.Tan-Feb

1982/83 Knorr
1982 Knorr

Weiss et al., 1992
Weiss et al., 1992

CDlAC

CDlAC

WOCE
A6
A7
A9
AI0

Feb-Mar
.Tan-Feb
Feb-Mar
Dee-.Tan

1993
1993
1991

1992/93

L'Atalante
L'Atalante
Meteor
Meteor

Groupe ClTHER 1, 1994
Groupe ClTHER 1, 1994
.Tohnson et al., 1995
.Tohnson et al., 1998

WHP
WHP
CDlAC/WHP
CDlAC/WHP

CDIAC: Carbon Dioxide Information Analysis Center (http://ediae.esd.ornl.gov/oeeans/home.html)

WHP: WOCE Hydrographie Program (http://whpo.uesd.edu/whp_data.htm)
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The isotopie eomposition of COlaq) (Öd) was ealeulated from ÖZC02 following the equation

from Rau et aI. [1996J based on Mook et al. [1974]:

9701.5
Öd = Ö);eo, + 23.644 - --

T
(3)

where T is the temperature 111 Kelvin. We used alkenone temperatures determined

aeeording to the widely used U3~' ealibration from Prahl et al. [1988]. Für pre-industrial

2:C02 values we assumed a eonstant va1ue of2.5%0 [Kroopnick, 1985].

The isotopie fraetionation (sp) assoeiated with the photosynthetie fixation of earbon was

ea1culated using the following equation [Freeman and Hayes, 1992J:

(
Öd + 1000 )

sp = ö
p

+ 1000 -1 1000

As mentioned above, PC02 va1ues were eonverted into [COlaq)J using Hemy's Law:

(4)

(5)

where a is the solubility eoeffieient of CO2• The eoeffieient a is a funetion of temperature

and salinity, but the influenee of salinity is very small [Weiss et aI., 1974; Skirrow, 1975].

We ealculated a using the temperatures measured simultaneously with PC02 [Weiss et al. ,

1992; Groupe CITHER 1, 1994; Johnson et al., 1995, 1998]. Sinee salinity values were not

available, we assumed a eonstant salinity of 35.

The b-value was ea1culated using arearrangement ofEqn. (1):

b = (s f-S p) x[CO 2 (aq)] (6)

For the maximum earbon isotope fraetionation Sf assoeiated with the enzymes Rubiseo and

ß-earboxylase we adopted a value of 25%0 (see diseussion).

3. Approach to core-top calibration

3.1. Seasonality and living depth 0/haptophytes

A eore-top ealibration requires knowledge of the water depth where the sedimentary

alkenone ül3e signal was produeed. Haptophytes use sunlight für photosynthesis and thus

live in the photie zone. Dependent on suspended pmiicles in the water eolumn, the photie

depth varies from about 20 m in eutrophie to about 120 111 in oligotrophie regions [Morel

and Berthon, 1989; Longhurst, 1993]. The results of eore-top studies from the South

Atlantie Oeean indieate that the sedimentary alkenone signal (UK
'37) mainly refleets the
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mixed layer temperature [Müller et al. , 1998; Benthien and A1üller, 2000]. The best

correlations between sea-surface temperature (SST) and the Ui;' index were obtained using

modem atlas temperatures from 0 to 10 m water depth [World Ocean Atlas 1994; Levitus

and Boyer, 1994]. It was also demonstrated that seasonal changes in primary production

had only a negligible effect on the sedimentary Ui;' signal in this region. We therefore

assurne that the best approach to calibrate the alkenone (PC signal for the South Atlantic

Oeean is by eomparison with the annual mean nutrient concentrations of the upper 10m of

the water column.

3.2. C02(aq) concentrations

In contrast to nutrient levels, annual mean concentrations of COiaq) are not directly

available for the South Atlantic. Therefore, we calculated COiaq) coneentrations from

surface-water PC02 and temperature measurements carried out during different seasons

(Fig. 2, Table 2).

As described in seetion 2.3, the pre-industrial CO2(aq) concentrations were obtained by

subtraeting 70 ppmv from modern PC02 values in order to eompensate for the

anthropogenie inerease in atmospherie pC02• However, such a eorreetion does not seem to

be appropriate for areas where strong upwelling of cold CO2-rieh sub-surfaee waters results

in a distinet sea-air disequilibrium [e.g. Tans ef al., 1990; Sabine et al., 1999] and thus the

anthropogenie increase may not influenee the surfaee-water PC02 [Lee et al., 1997]. Based

on this assumption, we did not use eorreeted CO2(aq) eoneentrations and b-values for the

eore sites in the Angola and Benguela upwelling areas but show these values in braekets in

Table 3 for eomparison.

4. Results

The results of the alkenone analyses are listed in Table 3 together with the isotopic

fraetionation Ep and the ealculated b-values for eaeh core loeation. Also listed are the

alkenone derived sea-surfaee temperatures [Müller et al., 1998; Benthien and Müller,

2000] and the surfaee-water eoncentrations of P04, N03, and dissolved CO2. To simplify

the data evaluation, the eore sites were separated into six groups aecording to the

biogeoehemieal provinees defined by Longhurst [1995] (Fig.1). These provinees are the

Angola and Benguela Coastal Currents (ANG, BENG), the South Atlantie Tropical Gyre

(SATL), the Eastern and Western Tropical Atlantie (ETRA, WTRA), and the Brazil

Current region (BRAZ).
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Table 3. Isotopic composition and fractionation data of alkenones from South Atlantic core-top sediments.
Also listed are the sea-surface temperatures (SST) derived from alkenone analyses [Müller et al., 1998;
Benthien and Müller, 2000J and the calculated concentrations of surface-water C0zCaq) (for the ANG and
BENG provinces the at 70 ppmv corrected values are shown in brackets; see section 3.2). Surface-water P04

and N03 concentrations (0-10 m) were obtained from the World Ocean Atlas 1994 [Conkright et al. , 1994J
(http://ferret.wrc.noaa.gov/fbin/climate_server).

Core (GeoB) SST o13C37:2 Ep [C02(aq)] b-value [P04] [N°3]

(0C) (%0) (%0) (1111101/1) (%01111101/1) (1111101/]) (1111101/1)

Angola Coastal Current (ANG)

1008-6 25.5 -23.1 * 12.9 11.8(9.7) 142(117) 0.28 1.31
1016-3 24.7 -23.5* 13.2 11.5 (9.5) 135(112) 0.32 1.62

Benguela Coastal Current (BENG)

1028-4 20.6 -22.9 12.1 12.2(10.0) 157(129) 0.52 4.69

1703-5 19.6 -23.8 * 13.0 13.2(11.0) 158(131) 0.66 7.09

1706-1 18.1 -23.5 * 12.5 12.9(10.7) 161 (134) 0.71 6.71

1710-2 18.9 -23.0 12.1 12.2(9.9) 157(128) 0.59 4.77
1711-5 18.3 -23.9* 12.9 12.2(9.9) 147(120) 0.63 5.15

1712-2 18.2 -22.5 11.5 13.2(10.8) 178 (146) 0.64 5.33

1713-6 17.9 -22.6 11.5 13.2(10.8) 178(146) 0.66 5.45

1719-5 17.5 -24.8 * 13.7 8.5 96 0.36 1.88

3603-1 19.9 -23.6 12.8 8.9 109 0.43 3.14

South Atlantic Tropical Gyre (SATL)

1032-2 19.8 -24.3 13.5 10. I 117 0.31 1.78

1214-2 20.6 -23.4 12.7 10.0 124 0.32 1.73

1413-1 24.8 -23.6 13.4 9.0 105 0.23 0.50

Eastern Tropical Atlantic (ETRA)

1041-1 26. I -23.6 13.5 9.2 106 0.18 0.74

1105-3 25.7 -23.4 13.2 8.9 105 0.18 0.56

11 17-3 26.2 -23.6 13.5 9.5 109 0.17 0.65

1903-1 24.9 -25.7* 15.6 8.7 82 0.19 0.77

Western Tropical Atlantic (WTRA)

1501-1 26.2 -25.4 * 15.3 9.5 92 0.16 Il5

1503-2 27.2 -25.0* 15.1 8.4 84 0.13 0.42

1505-3 27.4 -25.1 * 15.2 8.4 82 0.16 0.45

1508-1 27.3 -25.1 * 15.2 8.7 86 0.19 0.42

1515-2 26.6 -25.0 * 15.0 8.0 79 0.24 0.40

2215-8 26.7 -24.5 * 14.5 8.3 87 0.11 0.32

31 17-3 27.5 -24.2 14.3 8.8 94 0.20 1.00

Brazil Current (BRAZ)

2 I02-1 24.7 -25.6 * 15.4 8.2 79 0.13 0.86

2109-3 23.9 -24.0 13.6 8.4 96 0.13 III

2125-2 25.2 -25.8 * 15.7 8.3 77 0.1 I

2204-1 26.5 -23.6 13.5 8.1 93 0.16 1.45

* Values are fro111 Andersen et al.(1999)
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The alkenone Ö13C values ranged from -25.8%0 to -22.5%0 and the isotopic fractionation

Ep ranged from 11. 5%0 to 15.7%0. The calculated COiaq) concentrations varied from 8.2

I-1mo1/l to 13.2 I-1mol/1. The most interesting result is a positive conelation (1'2 = 0.61)

between Ep and the reciprocal of [C02(aq)]. This is shown in Figure 3 which reveals three

different oceanic settings: the Angola and Benguela upwelling regions showed low Ep

values associated with high COiaq) concentrations and high b-values (120 - 178%0I-1mol/l).

By contrast, the Western Tropical Atlantic and the Brazil Current region were characterised

by high Ep and lower [COiaq)] associated with relatively low b-values (77 - 96%0I-1mol/l)

while the Eastern Tropical Atlantic and the South Atlantic Tropical Gyre exhibited

intermediate values.

The isotopic fractionation Ep is also conelated with the surface-water concentrations of

phosphate and nitrate (Figs. 4 and 5). As illustrated, high Ep values were recorded in

regions characterised by low [P04] and [NO,] whereas low Ep values were correlated with

high surface-water nutrient concentrations.

5. Discussion

According to vanous models of isotopic fractionation in marine phytoplankton [e.g.

F'rancois et al. , 1993; Laws et al. , 1995, Rau et al. , 1996; Burkhardt et al. , 1999a; Keller

and A1orel, 1999] a negative correlation between Ep and l/[COiaq)] would be expected if

the concentration of COiaq) were the major factor controlling Ep in the alkenone

producing algae. The positive correlation shown in Figure 3 implies that physiological

factors, here expressed by the variable b (see Eqn. 1), are the dominating control on the

isotopic fractionation. Based on models of carbon isotopic fractionation, Rau et al. [1996]

and Keller and .!vforel [1999] showed that Ep of marine phytoplankton can vary as a

function of growth rate, Ef , cell membrane permeability, cell surface area, and the ratio (y)

of active carbon uptake to carbon fixation rate.

Since alkenones are taxon-specific biomarkers, the effects of variations in cell size and

membrane penneability are accounted to be relatively small [Bidigare et al., 1997; Popp et

al., 1998b]. In addition, it must be considered that the core-top samples of this study

represent periods of at least a few hundred years. Therefore, we assurne that for these time

spans both cell surface area and membrane permeability can be regarded as nearly constant.

A constant value is also assumed for the maximum fractionation Ef attributed to enzymatic

carbon fixation. Most carbon in marine phytoplankton is fixed by the enzyme Rubisco with

a fractionation factor of approximately 29%0 [Raven and Johnston, 1991]. It has been

suggested that other enzymes (ß-carboxylase, PEPC, and PEPCK) with different

fractionation factors may also be associated with carbon fixation [Descolas-Gros arid

Fontugne, 1990; Goericke et al. , 1994]. For the interpretation of our results, we assumed

that Ef does not differ between species and adopted a constant value of 25%0. This value



64

18
r:/.
I ....

!+
1*

Manuscript 11

Angola Coastal CUrTent 1
Benguela Coastal CUrTent

South Atlantic Tropical Gyre

Eastern Tropical Atlantic I
Western Tropical Atiantic

Brazil Current

16 " "

-----0

~ 14
0.

w

12

0.140.08 0.10 0.12

1/[C02(aq)] (~M1)

10 -+----.---,-----,.---r----,-------,---,-----,

0.06

Figure 3. Carbon isotopic fractionation (Ep) of alkenones in relation to I/[COiaq)] for surface sediments of
the South Atlantic. Linear regression analysis yields Ep = 7.8 + 56.3 (l/[C02(aq)]) (1'2 = 0.61; n = 29). The
dashed lines illustrate the influence of different b-values on Ep and follow the equation Ep = Ef - b/[C02(aq)]
with Ef = 25%0.

was found by Bidigare et al. [1997] in chemostat experiments with two strains of E.

huxleyi. It is close to the general range of25.4-28.3%0 detennined by Goericke et al. [1994]

for eukaryotic a1gae.

Besides these taxon-specific parameters, variations in growth rate and different carbon

acquisition mechanisms cou1d also influence the isotopic fractionation. In the following

sections, we will discuss our data on the basis of the above considerations to eva1uate

which processes most like1y can exp1ain the observed results.

5.1. Active carbon uptake

Based on 1aboratory experiments, severa1 authors have suggested that marine

phytop1anl<:ton may possess a CO2-concentrating mechanism (CCM) and that inorganic

carbon either as bicarbonate (HC03-) or CO2 is active1y transported into the cell [e.g. Kerby

and Raven, 1985; Burnsand Beardall, 1987; Nimer et al. , 1996; Korb et al., 1997; Laws et

al., 1997]. Active transpOli, especially in the case of bicarbonate uptake, can affect the Öl3C

va1ues in phytoplankton and thus has impOliant imp1ications for the interpretation of

isotope data.

Under normal oceanographic conditions, the bulk of dissol\led inorganic carbon (DIC)

in seawater occurs in the form ofHC03-, and CO2(aq) is on1y 1ess than 1% ofthe total DIC

[Skirrow, 1975]. This 1ed to the suggestion that at 10w concentrations of CO2( aq) marine
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Figure 4. Relationship between the isotopiG fractionation (8p) of alkenones and the annua1 mean surface
water concentrations ofphosphate (0-10 m).

phytoplankton uses bicarbonate for photosynthesis in some way [e.g. Fogel and Cifuentes,

1993; Goericke et al. , 1994]. Two mechanisms of bicarbonate utilisation have been

reported. In the case of direct uptake, HC03' ions are transported through the plasma

membrane into the cell and convelied intracellularly to CO2 by the activity of carbonic

anhydrase (CA) and/or carboxylation reactions. The second mechanism is an extracellular

CA-mediated conversion to CO2 at the cell surface followed by diffusion or active uptake

of CO2 into the cell [e.g. Bums and Beardall, 1987; Goericke et al. , 1994; Korb et al. ,

1997].

The discussion about bicarbonate utilisation by coccolithophores is still controversial.

Several authors have suggested that E. huxleyi needs HC03' for calcification and that this

process can release CO2 for photosynthesis to supplement CO2 diffusion from the extemal

medium [Paasche 1964; Nimer and Merrett, 1992; Brownlee et al., 1994]. Laws et al.

[1998] concluded from E. huxleyi culture results published in Thompson and Calvert

[1995] that CO2 derived from bicarbonate uptake was the primm'y source for

photosynthesis at low growth rates, whereas at high growth rates carbon was almost

entirely derived by active CO2 uptake. On the other hand, Sikes et al. [1980] examined with

14C tracer experiments that CO2(aq) was the substrate for photosynthesis in E. huxleyi and

bicarbonate was only used for calcification.

Because dissolved bicarbonate is isotopically enriched in 13C compared to CO2( aq)

(~10%o at 15°C) [.Mook et al. , 1974], higher 013C values ofthe organic matter would be

expected in the case of HC03' utilisation. With a model of phytoplankton carbon uptake,

however, Keller and .Morel [1999] have recently demonstrated that on the basis of isotope
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Figure 5. Relationship between the isotopic fractionation (Ep) of alkenones and the annua1 mean surface
water concentrations of nitrate (0-10 m).

data alone it cannot be distinguished between active CO2 and HC03- uptake. In addition,

RiebeseIl and Wolf-Gladrmv [1995] pointed out that the isotopic fractionation by the CA

catalysed conversion from HC03- to CO2 is about 10%0 which is in the range of the

temperature-dependent isotopic difference between dissolved bicarbonate and CO2 in

equilibrium (see above). Isotopic emichment due to bicarbonate utilisation would therefore

only be expected if the conversion of HC03- to CO2 occurred intracellularly without the

activity of external carbonic anhydrase. If we assume that the observed increase in

alkenone öl3C values of our study and thus the decrease in Gp is a result from a gradual

increase in direct HC03- utilisation, the positive correlation between Gp and [l/COiaq)]

(Fig. 3) implies that increasing bicarbonate uptake correlates with increasing CO2(aq)

concentrations. However, this stands in contrast to the assumption that bicarbonate uptake

supplements the carbon acquisition at low concentrations of dissolved CO2• Fmihermore,

this scenario seems very unlikely from an energetic point of view because of the energy

dependent uptake of the charged HC03- molecule [Brownlee et a1., 1994; Goericke et a1.,

1994].

5.2. Nutrient conditions and growth rates

Another possibility to explain our results lS that the Öl3C values of alkenones reflect

conditions co-varying with the CO2(aq) concentration, such as the availability of nutrients

01' productivity levels. Recently, Riebesell et al. [2000] compared the isotopic fractionation

of the marine diatom Phaeodactylum tricornutum cultured under both nitrogen deficiency
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(nitrate-limited chemostat) and under N-replete, light-controlled conditions in batch

cultures. In the latter case, they observed considerably lower Ep values at similar growth

rates and [COiaq)]. The same observations but with smaller differences in Ep were made

by the comparison of fractionation data from E. huxleyi also grown under N-limited and N

replete conditions [Riebesell et al., in press]. Riebesell et al. [2000] suggested that under

nitrate limited, light-controlled conditions excess energy may suppOli enhanced active

carbon uptake (C02-concentrating mechanism). This would lead to a higher carbon uptake

to carbon fixation ratio (r) and increased isotope fractionation [Keller and Morel, 1999].

As illustrated in Figure 5, alkenone isotope fractionation in our study is negatively

correlated to the surface-water concentrations of nitrate. The correlation shows a relatively

high scattering at N03- concentrations less than 1 ~tmol/l. The high Ep values at these

nitrate-limited conditions might be explained by the mechanisms described by Riebesell et

al. [2000]. On the basis of our data this cmU10t be confirmed or excluded. Additional

informations such as growth rate or irradiance data are required which are not available for

our study. However, two considerations must be taken into account:

(1) The observed relationship between Ep and [N03-] might be caused by the positive

correlation of primary nutrients in an oceanic system. For example, in our study [N03-] and

[P04-] cOlTelate with r2= 0.93 and therefore Ep also decreases with increasing surface-water

concentrations of phosphate (Fig. 4). Similar observations were made by Bidigare et al.

[1997]. They found that the b-value of alkenone-containing algae in natural marine

envirom11ents is correlated with the concentration of soluble reactive phosphate (SRP).

Bidigare et al. [1997] reasoned that this correlation is caused by the growth-rate limiting

concentrations of micronutrients (e.g. Fe, Zn, Co) rather than on phosphate concentrations

since E. huxleyi has a low phosphorus requirement.

(2) There is evidence that E. huxleyi in contrast to P. tricornutum and many other

marine phytoplankton does not employ a CO2-concentrating mechanism [Raven, 1991;

Badger et al. , 1998]. This has been demonstrated by comparing the affinity of

photosynthesis for external CO2 with the affinity of its Rubisco in the respective algae

[Badger et al. , 1998]. Thus, the observed differences in isotopic fractionation of P.

tricornutum and E. huxleyi under N-limited and N-replete conditions do not necessarily

result from the same process.

The isotopic fractionation in marine phytoplankton also varies as a function of growth

rate [e.g. Francois et al. , 1993]. Based on model interpretations, Rau et al. [1996] proposed

that Ep decreases with increasing growth rates. This effect is caused by an increase in

cellular carbon demand and hence an increasing disequilibrium between extra- and

intracellular COiaq) concentrations. As a result, the internal carbon depletes in I2C02 and

tberefore relatively more l3C02 is used by carbon fixation. This in turn increases the Ö
13C of

organic matter and decreases Ep'
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mainly eaused by variations in growth rates, our results indieate inereasing growth rates

assoeiated with inereasing COzCaq) and nutrient eoneentrations (Figs. 3, 4 and 5). As

previously mentioned, the eorrelation between 8 p and 1/[C02(aq)] (Fig. 3) is opposite of

what is expeeted from a [C02(aq)] eontrolled, diffusive uptake model. This suggest that the

isotopie fraetionation in haptophyte algae is more sensitive to variations in nutrient

availability than in CO2(aq) eoneentrations. The relationship shown in Figure 3 would

therefore result from a eorrelation due to the generally positive relationship between

CO2(aq) and nutrient levels. Bidigare et al. [1997] have shown that in natural populations

of alkenone-eontaining algae b varied systematieally with the eoneentrations of dissolved

phosphate. In Figure 6 we eompare this relationship, reeently supported by new data from

Popp et al. [1999], with the results of our eore-top study. There is a dose eonespondenee

between both relationships indieating that in natural populations as weIl as in sediment

sampIes, the b-value might refleet growth rates linked to nutrient levels.

As illustrated in Figure 4, the observed relationship between 8 p and the eoneentration of

phosphate shows a relatively high seattering of 8p at phosphate eoneentrations less than 0.2

I.unolll. This might be the result of low and more or less eonstant grO\vth rates in the

oligotrophie areas of the South Atlantie. In this situation, the low earbon demand of the
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algae would not significantly affect the isotopic composition of the intracellular CO2 pool,

and the variations in Epwere caused by other processes. Pagani et al. [1999] argued that in

low productivity areas variations of Ep could be dominated by CO2(aq) concentrations, but

there is no evidence for this on the basis of our results (Fig. 3).

Alternatively, the relatively high scattering of Ep may be due to the fact that other

growth-limiting resources such as light [Riebesell et al., 2000] 01' micronutrients also play

an important role. Bidigare et al. [1997] pointed out that due to the low phosphorus

requirement of E. huxleyi, growth rates were not directly controIled by P04 levels. Instead,

it seems more plausible that micronutrients such as iron, zinc, and cobalt are the growth

rate limiting factors and that the concentration of phosphate is closely related to

micronutrient concentrations [for a detailed discussion see Bidigare et al., 1997]. In most

areas of the open ocean the main source of dissolved iron in sm-face waters is atmospheric

dust [Duce and Tindale, 1991]. On the contrary, in coastal zones and in areas of strong

upwelling the supply of iron by rivers and sub-surface waters may be impOliant [eoale et

al., 1996; Johnson et al., 1997]. In our study area, a massive dust input occurs from the

Sahara dust plume into the oligotrophic open-ocean regions of the tropical Atlantic

[Pro::,pero et al. , 1981; Prospero, 1996; Moulin et al., 1997]. Therefore, in these regions

the micronutrient to phosphate ratio in surface waters may not be the same as in near

coastal upwelling regions which in turn would result in a different relationship between Ep

and [P04].

However, on the basis of available evidence we cmIDot determine to what extent

variations in the growth-limiting resource (e.g. light intensity, micro- and macronutrient

concentration) affected the sedimentm'y record of C372 alkenones. Additional information

such as growth-rate estimates and surface-water concentrations of micronutrients are

required.

6. Summary and conclusions

Wehave compared the alkenone Ep record in surface sediments from the equatorial and

South Atlantic with the overlying surface-water concentrations of CO2(aq), phosphate, and

nitrate. Our results demonstrate that regardless of the Ep-controlling mechanism, the

observed changes in the carbon isotopic composition of sedimentm'y alkenones are linked

to variations in nutrient concentrations rather than to [COiaq)]. Although we did not find

clear evidence for a specific mechanism, the relationship between alkenone Ep and [P04]

supports the theory of Bidigare et al. [1997] that the isotopic fractionation in haptophytes

is related to nutrient-limited growth rates. The relatively high variability of Ep in regions

with low surface-water nutrient concentrations indicates that differences in the growth

limiting resource (e.g. light intensity, micro- and macronutrient concentrations) as weIl as

surface-water [COiaq)] mayaIso affect the isotopic signal of sedimentary alkenones. To
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evaluate whether and to what extent these environmental variables influenced the C:p record

in South Atlantic surface sediments additional informations such as growth-rate estimates,

micronutrient concentrations, and irradiance data are required. This could also help us to

link the findings from laboratory experiments to those from field and sediment studies.

Gur findings also indicate that a better understanding of the mechanisms controlling the

carbon isotopic fractionation in marine phytoplankton (especially haptophytes) would

improve the use of alkenone 813C as a tool for paleoceanographic reconstructions.
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Abstract

The earbon isotopie fraetionation (sp) of C37:2 alkenones is analysed for 19 sediment

samples from the Last Glaeial Maximum (LGM). Our study covers the equatorial and

South Atlantie Oeean including the major upwelling regions off South Afriea, the

equatorial upwelling, and the oligotrophie western South Atlantie. The results were

eompared to the Holoeene sp reeords from the respeetive eore loeations. In general, the sp

signal show lighter values during the LGM than during the Holoeene. Higher glaeial sp

values were found in sediments from the Angola Basin and in one sample from the eastern

erest of the Walvis Ridge. In the oligotrophie areas of the South Atlantie the lighter glaeial

sp values are suggested to reflect mainly decreased surface-water COiaq) coneentrations

during the LGM. In contrast, the sp signal in sediments from the Angola and Benguela

coastal upwelling areas as weIl as from the eastern tropical Atlantie seems to refleet

variations in growth rates of haptophyte algae due to the availability of surface-water

nutrients. The opposite trend of the sp reeord in the sediments from the Angola Basin might

be eaused by a shift in the phytoplankton eommunity towards a greater dominanee of

diatoms, thus leaving less nutrients be left for haptophytes. In this way, the isotopie record

of alkenones indieate lower growth rates although other paleoeeanographie proxies point to

enhanced productivity and higher nutrient levels during the LGM.



80

1. Introduction

Manuscript III

!ce core studies have shown that the CO2 partial pressure in the atmosphere (PC0 2) was

about 80-100 ppmv lower during glacial times than during interglacial periods [Barnola et

aI. , 1987; Petit et aI. , 1999]. Although there is yet no consensus as to the causes, it is

agreed that these glacial-interglacial fluctuations are linked to changes in oceanic

circulation, carbonate system chemistry, and biological productivity [e.g. Broecker, 1982;

Knox and McElroy, 1984; Sarmiento and Toggweiler, 1984; Boyle, 1988; Keil', 1990;

}'lartin, 1990; Francois et aI., 1997]. One possible mechanism might be the photosynthetic

uptake of CO2 in oceanic surface waters and expOli to the deep ocean by sinking of

phytoplankton particles (biological pump). Thus, the reconstruction of ancient surface

water conditions is vital to understand the processes responsible for the CO2 exchange

between ocean and atmosphere.

The carbon isotopic composition (0 13C) of phytoplankton organic matter can provide

important information about the marine environment during carbon fixation. Based on a

variety of experimental and field observations it has been suggested that the availability of

aqueous CO2 (C02(aq» is a major factor controlling the Ol3C of phytoplankton [e.g. Popp

et al., 1989; Rau et aI. , 1989; Freeman and Hayes, 1992]. However, recent results of

laboratory and field experiments as weIl as modeling indicate that additional factors such

as light intensity, nutrient availability, algal grovvth rates, carbon acquisition mechanisms,

and cell size and geometry are also important factors regulating' the carbon isotopic

fractionation (Ep) in marine algae [e.g. Francois et aI., 1993; Goericke et aI., 1994; Laws et

al., 1995; Rau et al., 1996; Bidigare et al., 1997; Popp et aI. , 1998b, 1999; Burkhardt et

aI. , 1999; Keller and Morel, 1999; Riebesell et aI. , 2000].

The use of the isotopic record from C37 :2 alkenones in sediments provides a way to

constrain the number of factors influencing the 013C signal. Alkenones are exclusively

produced by haptophyte algae, especially by Emiliania huxleyi and the closely related

species Gephyrocapsa oceanica [Volkman et aI., 1980; Marlowe et al., 1990; Conte et aI. ,

1995; Sawada et al., 1996]. Both species have a limited range in cell size and geometry. In

addition, it is suggested that E. huxleyi uses preferentially COiaq) as the substrate for

photosynthesis [Sikes et aI., 1980].

The present paper is a follow-up of arecent calibration study by Benthien et aI. [subm.]

based on 29 core-top samples from different oceanic regions in the equatorial and South

Atlantic. The results of this calibration indicate that the sedimentm'y record of C37 :2

alkenones reflect surface water nutrient concentrations rather than the concentration of

CO2(aq). This is in agreement with findings based on laboratory experiments and field

studies on particulate organic matter [Bidigare et aI., 1997, 1999a; Popp et aI., 1999]. Here

we present the carQon isotopic record of C37 :2 alkenones from various regions in the South

Atlantic during the Last Glacial Maximum (LGM). We compare the glacial values with
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Figure. 1. Bathymetric map of the South Atlantic indicating the locations of the surface sediments analysed
in this study (Table 1) The general surface-water circulation patterns is modified after Peterson and
Stramma [1991]. Core locations were grouped in accordance with the biogeochemical provinces of
Longhurst [1995]: Angola Coastal Current (ANG), Benguela Coastal Current (BENG), South Atlantic
Tropical Gyre (SATL), Eastern Tropical Atlantic (ETRA), Western Tropical Atlantic (WTRA), Brazil
Current (BRAZ).

those from the respective core-tops [Andersen et al. , 1999; Benthien et al., subm.] and

examine different environmental factors which might have caused the observed

differences.

2. Oceanographic setting

The study area encompasses the equatorial and South Atlantic Ocean between 2°N and

36°S. The hydrography of surface and subsurface waters of the South Atlantic has been

described in detail by Peterson and Stramma [1991] and is summarised in Figure 1.

Dominating feature of the surface-water circulation is a subtropical anticyclonic gyre. The

eastern limb of this gyre is formed by the Benguela Current which is fed primarily by the

South Atlantic Current (SAC) and the Agulhas Current (AGC). Near 30oS, the main part of

the Benguela Currentseparates from the coast and forms the northwestward flowing

Benguela Ocean Current (BOC). Along the continental margin, the coastal branch of the

Benguela Current (Benguela Coastal Current, BCC) transports cold and nutrient rich water

nOlihward across the Walvis Ridge. At about 15°N, it converges with the southward

flowing Angola Current (AC), forming the NW-SE oriented Angola-Benguela Front

(ABF). In the area of the Benguela Coastal Current, the prevailing southerly and

southeasterly winds force the coastal upwelling of cold, nutrient and CO2-rich South
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Atlantic Central Water (SACW). Filaments of these water masses extend weIl offshore

where they mix with waters from the Benguela Ocean Current.

Further offshore, the BOC feeds into the broad South Equatorial Current (SEC) that

flows nortwestward towards Brazil. Near 100 S, the South Equatorial Current bifurcates

into the northward-flowing NOlih Brazil Current (NBC) and the southward-flowing Brazil

Current (BC). In the equatorial area, the surface-circulation pattern is marked by a complex

array of westward currents and eastward countercurrents. The South Equatorial Current is

separated by the eastward moving South Equatorial Countercurrent (SECC). The nOlihern

branch flows at 2° to 4°S and interacts with the seasonally appearing North Equatorial

Countercurrent (NECC). The convergence of these water masses results in downwelling of

surface waters.

Between 5°N and 50 S, the Equatorial Undercurrent (EUC) flows eastward parallel to the

equator at a depth of 50 to 125 m. The contact zone of the SEC and the EUC at 0° to 2°S

forms the equatoria1 divergence where upwelling of colder water masses from the

thermocline occurs. Equatorial upwelling is most intense throughout boreal summer when

the SE-trades are strongest. During this time the velocity of the South Equatorial Current is

enhanced. The associated transpOli of warm tropical surface waters results in deepening of

the thermocline in the western equatorial Atlantic while in the eastern equatorial Atlantic

the thennocline rises to a shallow depth of20 to 30 m.

The Angola Current is the southeasterly limb of the South Equatorial Countercurrent

which transpOlis warm equatorial water with high salinity and low nutrient content into the

Angola Basin. The complex interaction of SECC, AC, and BOC form gyres and fronts

which cause oceanic upwelling. This, together with the shallow thermocline and nutricline

during boreal summer, leads to a transpOli of nutrient-rich subsurface waters into the

euphotic zone. Nearshore upwelling occurs by the piling up of the eastward flowing

Equatorial Undercurrent at the continental margin off Congo and Gabon [Servain et al.,

1982). In the area off the Congo River mouth, upwelling is reinforced by the rapid outflow

of freshwater which can be detected as far as 800 km offshore [van Bennekom and Berger,

1984].

3. Materials and methods

3.1. Sediment sampIes

The sediment sampies were collected using a gravity corer during several cruises of R/V

Meteor, R/V Sonne, and R/V Victor Hensen (Table 1; Fig. 1). After core recovery, 10 1111

subsampies were taken on board at 5 cm intervals using plastic syringes and stored at a

temperature of about 4°C. In home laboratory, all sampies were freeze dried and ground in

an agate mOliar.
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Table 1. Station data and analytical results far LGM sediments from the South Atlantic. Sea-surface
temperature (SST) was obtained from the U,;' index using the E. huxleyi calibration from Prahl et al.
[1988]. Also shown are the Holocene sp values from the respective core-top sediments.

Water
SST 813C37:2 sp (%0) Ep (%0)

Core (GeoB) Cruise Latitude Longitude depth
(m)

(0C) (%0) (LGM) (Holocene)

Angola Coastal Current (ANG)
1008-6 M6/6 6°34.9S 10019.1E 3124 22.3 -24.9 14.0 12.9
1016-3 M6/6 11°46.2S 11°40.9E 3411 21.7 ~24.3 13.3 13.2

Benguela Coastal Current (BENG)
1023-5 M6/6 17°09.4S 11°00.7E 1978 18.1 -23.8 12.3
1028-4 M6/6 20006.2S 9°11.1E 2209 16.6 -24.3 12.7 12.1
1703-5 M20/2 17°27.1S 11 °01.0E 1769 19.6 -23.8 13.0
1706-1 M20/2 19°33.7S llolO.5E 980 17.0 -22.8 11.2 12.5
1710-2 M20/2 23°25.9S 11°41.9E 2987 14.9 -22.7 10.8 12.1
1711-5 M20/2 23°18.9S 12°22.6E 1967 15.8 -22.5 10.7 12.9

1712-2 M20/2 23°15.4S 12°48.5E 998 17.5 -22.6 11.1 11.5
3603-1 M34/1 35°07.5S 17°32.6E 2840 18.1 -23.6 12.2 12.8

South Atlantic Tropical Gyre (SATL)
1032-2 M6/6 22°54.9S 6°02.2E 2505 18.0 -23.1 11.6 13.5
1214-2 M12/l 24°41.4S 7°14.4E 3210 16.0 -23.8 12.1 12.7
1413-1 MI6/l 15°40.8S 9°27.3W 3789 22.1 -24.1 13.1 13.4

Eastern Tropical Atlantic (ETRA)
1041-1 M6/6 3°28.5S 7°36.0W 4033 23.1 -22.7 11.8 13.5

1105-3 M9/4 1°39.9S 12°25.7W 3225 23.0 -23.2 12.3 13.2

1117-3 M9/4 3°48.9S 14°53.8W 3984 24.2 -23.1 12.4 13.5

1903-1 S084 8°40.6S 11°50.6W 3161 24.1 -24.1 13.4 15.6

Western Tropical Atlantic (WTRA)
3117-3 JOPS TI 4°17.7S 37°05.5W 800 25.7 -24.1 13.5 14.3

Brazil Current (BRAZ)
2109-3 M23/2 27°54.7S 45°52.9W 2504 22.9 -24.1 13.2 13.6

The stratigraphy of the cores is based on foraminiferal 8180 (http://www.pangaea.de).

Depending on sedimentation rates and bioturbation, the sediments are assumed to span

several hundred to a couple of thousand years.

3.2. Alkenone analysis

Alkenones were extracted from 0.25-15 g aliquots of freeze-dried and homogenised

sediment. We used UP 200H ultrasonic disrupter probes (200W, amplitude 0.5, pulse 0.5)

and three successively less polar mixtures of methanol and methylene chloride (CH30H,

CH30H:CH2C12 I: 1, CH2CI2), each for 3 minutes. The three extracts were combined,

desalted, dried over Na2S04, and concentrated under N2. Additionally, the extracts were

purified by passing them over a silica gel cartridge (Varian Bond Elut; 1 cm3/l 00 mg) and
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then saponified to remove possibly interfering esters. For the saponification, we added

0.3 ml of 0.1 M KOH in CH30H:H20 (90: 10) to the extract which was then heated at 80°C

in a capped via1 for 2 h. After cooling, the alkenone-containing fraction was obtained by

Paliitioning into hexane, evaporated, and finally taken up in 15-150 1-11 of a 1: 1

CH30H:CH2C12 mixture.

Alkenone unsaturation ratios were determined using a HP 5890A gas chromatograph

either equipped with a HP Ultra 1 fused silica column (50 m x 0.32 mm x 0.52I-1m),

split/sp1it1ess injection Cl: 10 split modus) 01' fitted with an on-column injector to a DB5ms

(60 m x 0.32 mm x 0.1 I-1m). The oven temperature was programmed from 50-150°C at

30°C min'l, 150-230°C at 8°C min'l, and 230-320°C at 6°C min'l with a 45 min hold at

320°C for split/splitless injection. For on-column injection, the oven temperature was

programmed from 40-200°C at 15°C min'l (5 min initial time), 200-250°C at 5°C min'l and

250-300°C at 3°C min'l with a 35 min hold at 300°e.

The carbon isotopic ana1yses of the C37 :2 alkenone were performed using agas

chromatograph (HP 5890A) col1l1ected via a combustion interface to a Fümigan MAT 252

mass spectrometer (irmGCMS). The GC was equipped with an on-co1umn injector, a 2.5 m

retention gap, and a fused silica column (SGE-BPX 5 and Optima 1; each 50 mx 0.32 mm

x 0.52 I-1m). The temperature program was 50°-150°C at 30°C mÜl'1 (with 5 min initial

time), then 150°-230°C at 8°C min'l, and 230°-320°C at 6°C min'l (isothermal at 320°C for

48 min). The isotopic composition of the C372 alkenone was calculated relative to PDB by

comparison with coinjected n-alkane standards (n-C34 , n-C36 , n-C37 , n-C3S) and a lab

interna1 standard gas (C02). Generally, each sampIe was measured four times revealing an

ana1ytical uncertainty less than 0.3%0.

3.3 CaIcuIation 01 &p

Calcu1ation of the isotopic fractionation (Ep) associated with photosynthetic carbon fixation

requires know1edge of the carbon isotopic compositions of dissolved CO2 (Öd) and

haptophyte biomass (öp)' Measurements on benthic and planktic foraminifera from deep

sea sediments suggest that the average 13C content in ocean 22C02 (ÖL;C02) was between 0.2

and 0.5%0 10wer during the LGM than it was during the Ho10cene [Curry and Crowley,

1987; Curry et al., 1988; Duplessy et a!., 1988; Bickert and W€!fer, 1996]. In order to

estimate the LGM-Ho10cene difference in ÖL;C02 for the surface waters of the South

Atlantic, we used the isotopic record of planktonic foraminifera (0. rubel' p., G. ruber wh.,

0. inflata) from various cores presented in this study. The results suggest an average shift

in Ö13C of about 0.4%0 between LGM and Holocene. Assuming a surface-water mean value

of 2.5%0 for pre~.industrial <\C02 [Kroopnick, 1985], we applied a value of 2.1 %0 for glacial

ÖL;C02' The isotopic composition of dissolved CO2 was calculated from ÖL;C02 following the

equation from Rau et al. [1996J based on Mook et al. [1974]:
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9701.5
Öd =ÖLCG, + 23.644 - --

T

85

(1)

where T is the temperature in Kelvin. We used alkenone temperatures determined

according to the widely used UK
'37 calibration from Prahl et al. [1988] (Table 1).

The isotopic composition of the phytoplankton biomass (öp) was derived using the

isotopic fractionation Ealkenone between C37:2 alkenones and the biomass of alkenone

producing organisms. We applied 4.2%0 as the value for Ealkenone [Papp et al., 1998a]:

( ÖCl':2)
Öp = ÖCl':2 + E alkenone 1+ 1000 (2)

The isotopic fractionation (Ep) associated with the photosynthetic fixation of carbon was

calculated using the following equation [Freeman and Hayes, 1992]:

4. Results

(
Öd + 1000 )

E p = ö
p

+1000 -11000. (3)

The alkenone temperatures, Ö13C values, and the calculated isotopic fractionation Ep of the

LGM are given in Table 1 together with the Holocene values of the respective core sites

published by Andersen et al. [1999] and Benthien et al. [subm.]. In order to simplify the

data evaluation, we separated the sites into six groups according to the biogeochemical

provinces defined by Longhurst [1995] (see Fig. 1).

The measured alkenone Ö13C values range from -24.9%0 to -22.5%0 and the isotopic

fractionation range from 10.7%0 to 14.0%0 (Figs. 2 and 3). Relatively low sp and high ÖI3C

values were found in the region of the Benguela Coastal Current (BENG) as well as at the

sites GeoB 1032, GeoB 1214 (SATL) and GeoB 1041, GeoB 1117 (ETRA). In contrast,

the regions of the Angola Coastal Current (ANG), the Western Tropical Atlantic (WTRA)

and the Brazil Cunent (BRAZ) reveal relatively high E p and low Ö13C values.

The difference of Ep between the LGM and Holocene is shown in Figure 4. In general,

the glacial values are lower relative to the Holocene (-0.4%0 to -2.2%0). Exceptions to this

are the two sites of the Angola Coastal Current region (GeoB 1008, GeoB 1016), and site

GeoB 1028 in the Benguela Coastal Current region. At these core locations, the sp values

were higher during the LGM compared to the Holocene (+0.1%0 to +1.1%0).
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5. Discussion

87

5.1. Eflects on carbon isotopic .Factionation in alkenone-producing haptophytes

Assuming that CO2 is transported by passive diffusion into the cell of manne

phytoplankton, the isotopic fractionation Ep can be expressed as follows [Jasper et aI. ,

1994]:

b
(4)

where Ef is the enzymatic fractionation associated with photosynthetic C fixation and b is

the sum of physiological factors influencing the carbon isotopic discrimination [e.g. Rau et

al., 1996]. According to this, increasing COiaq) concentration causes higher Ep values,

whereas an increasing b-value lowers Ep and vice versa.

As previously mentioned, the results of laboratory experiments, field studies, and

modeling showed that b reflects primarily the intracellular carbon demand which depends

on microalgal growth as well as cell size and cell geometry [for arecent review see Popp et

aI., 1999]. Since alkenones are known to be produced mainly by E. huxleyi and the closely

related G. oceanica, variations in cell size and shape are reckoned to be relatively small

and thus only have a minor effect on the carbon isotopic composition [Popp et aI., 1998b;

1999].

Bidigare et al. [1997] demonstrated that in modern alkenone-producing haptophytes

most variations in Ep result from variations in growth rate (~l) which seems to be cOlTelated

with the concentration of soluble reactive phosphate (SRP). More recently, Bidigare et al.

[1999b] showed with a sensitivity analysis that during the IronEx II iron fertilisation

experiment ~ was 7 times more important than COiaq) in causing variations in Ep of bulk

marine phytoplankton.

These findings seem also to be valid for the isotopic record of sedimentm-y C37 :2

alkenones. In a calibration study based on core-top sediments from the equatorial and

South Atlantic, Benthien et aI. [subm.) showed that Ep reflects variations in modern

surface-water nutrient concentration rather than varying [C02(aq)] (Figs. 5 and 6). As

illustrated in Figure Sb, the correlation between Ep and 1/[C02(aq)] is opposite to the trend

expected if the carbon isotopic fractionation was controlled mainly by the supply of

COiaq) [e.g. Rau et aI., 1996]. In contrast, it seems more plausible that the variations in Ep

are caused by variations in the intracellular carbon demand resulting from changes in

nutrient-controlled growth rates.

Therefore, LGM to Holocene variations in the sedimentm'y Ep signal should be

interpreted primarily as variations in haptophyte growth rates controlled by the availability
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water concentrations of phosphate (0-10 m) and (b) the reciprocal of the surface-water concentration of
CO2(aq). From Benthien et al. [subm.].

of nutrients in surface waters. However, in this context two considerations should be taken

into account:

(1) The nutrients which limit growth in haptophyte algae are not known. As pointed out

by Bidigare et al. [1997], it is unlikely that phosphate limitation is responsible for the

observed b-[P04] conelation (Fig. 6), since E. huxIeyi has a low phosphorus requirement.

Instead, the authors suggested that essential micronutrients such as iron, zinc and cobalt

might be the growth-rate limiting factors and that the concentrations of these

micronutrients are correlated to [P04]. Moreover, variations in other envirollinental

conditions such as light intensity 01' changes in the growth-limiting reSOUl'ce mayaIso

affect the carbon isotopic fractionation in microalgae [e.g. Beardall et aI., 1998; RiebeseIl

et aI., 2000].
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(2) In many oceamc systems thesurface water concentrations of dissolved CO2 and

nutrients are positively conelated. As shown in equation 4, changes in nutrient-controlled

growth rates (here expressed as b) and COiaq) concentration would therefore affect 8 p in

opposite directions. At the moment, there is no reliable proxy to separate the effects of

these parameters quantitatively [Popp et al. , 1999]. Thus, the variation of one parameter

can only be quantified if the other parameter remained constant.

In the present study we present Öl3C values of sedimentm'y alkenones from different

oceanic systems including the low productivity areas in the western tropical Atlantic and

the subtropical gyre as weIl as the nutrient and CO2-rich upweIling areas off central and

southwest Africa. Recent results of Popp et al. [1999] and Benthien et al. [subm.] suggest

that aglobaI relationship between 8 p and [P04] does not exist. Therefore, we will discuss

our data in the foIlowing on a regional scale for the respective biogeochemical provinces

defined by Longhurst [1995] (Fig. 1).

5.2. Oligotrophie regions

The lighter 8 p values recorded 111 the glacial sediments from the regions of the South

Atlantic Tropical Gyre, the Western Tropical Atlantic, and the Brazil Current (Fig. 4) are

consistent with both an increase in growth rates 01' a decrease in [COiaq)]. Only few

paleoceanographic reconstructions from these low-productivity regions are available [e.g.
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Rühlemann et al. , 1996; Wefer et al. , 1996; Mulitza et al., 1998]. They are in general

agreement with studies from other oligotrophie oeean areas, showing that

paleoproduetivity remained constant 01' decreased slightly during the last glacial relative to

the Holocene [Sarnthein et al. , 1988; Mix, 1989; Howard and Prell, 1994]. Ifwe therefore

assume constant or slightly diminished haptophyte growth rates during the LGM our

observed variations in Gp should mainly reflect a decrease in [C02(aq)].

In contrast to upwelling areas, oligotrophie open-ocean regions are generally

characterised by a low air-to-sea disequilibrium with respect to CO2• Thus, the Holocene

LGM difference in surface-water PC02 (MC02) shou1d be close to the glacial 80-100

Ilatm decrease of atmospheric pC02 [Barnola et al. , 1987; Petit et al., 1999]. Assuming

that site-specific haptophyte growth rates remained constant through time (b = const.), the

estimation of MC02 indicated by the variations in Gp yielded values between 17 Ilatm at

site GeoB 2109 and 54 Ilatm at site GeoB 1032 (Table 2). The deviation to the expected

values of 80-100 Ilatm might be explained either by a decrease in growth rate 01' by the

uncertainty of the method. Error estimations for ca1culated PC02 va1ues resulted in

uncertainties between 11 and 15% [Andersen et al.; 1999; Pagani et al., 1999; Popp et al. ,

1999]. This could explain apart of the observed deviations although it would be expected

that the f:.,..PC0 2 estimations do not all deviate towards smalleI' va1ues. Therefore, the lighter

glacia1 Gp values in the oligotrophie regions of the South Atlantic might be a result of both

a decrease in CO2(aq) concentrations and in haptophyte growth rates.

5.3. Upwelling systems

The LGM-Ho10cene Gp variations in both the Benguela Coasta1 CUlTent region and the

Eastern Tropical At1antic indicate enhanced growth rates of alkenone producing a1gae and

thus higher nutrient levels and/or 10wer COlaq) concentrations during the Last Glacial

Maximum (Fig. 4). The former is in good agreement with our present know1edge of the

Late Quaternm"y history ofthese areas. For the Benguela region, various paleoceanographic

reconstructions demonstrated increased upwelling and higher productivity during the last

glacial relative to the Holocene based on changes in organic carbon content, alkenone

temperatures, and phytoplankton assemblages [e.g. Summerhayes et al. , 1995; Little et al. ,

1997; Kirst et al., 1999; Abrantes, 2000]. In addition, the 815N record from three sediment

cores off Namibia (GeoB 1710-1712) indicate that although productivity was higher, the

enhanced upwelling of subsurface waters resulted in elevated upper-level nutrient

concentrations [Lavik et al. , in prep.].

Enhanced productivity due to a trade-wind forced shallowing of the nutricline and an

increase in upwelling during stage 2 is also reported for the Eastern Tropical Atlantic [e.g.

Mclntyre et al. , 1989; Schneider et al. , 1996; Wefer et al., 1996; Woljfet al., 1999]. In core

GeoB 1105 from the equatorial divergence (Fig. 1), the 815N record indicates that surface

water nutrients were less depleted during the last glacia1 than during Holocene (G. Lavik,
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Table 2. Calculated PC0 2 values.

Core (GeoB) PC02

Holocene
PC02
LGM

17265

South Atlantic Tropical Gyre (SATL)
1032-2 302 248 54
1214-2 308 258 50
]413-1 309 283 26

Western Tropical Atlantic (WTRA)
3117-3 322 288 35

Brazil Current (BRAZ)
2109-3 282

unpublished data). Therefore, the higher glacial nutrient availability in both areas might

have caused higher haptophyte growth and in turn the observed lower isotopic

fractionation.

Higher productivity and the resulting increase in carbon export out of the photic zone

might also have lowered the concentration of CO2 in surface waters like it is assumed for

the Southern Ocean [e.g. Sarmiento and Toggweiler, 1984; Martin, 1990; Moore et al. ,

2000]. As already mentioned, a decrease in [COiaq)] has the same effect on the isotopic

fractionation as an increase in growth rate. On the other hand, enhanced upwelling of CO2

rich subsurface water would probably increase [C02(aq)] in the surface layer. This is

observed nowadays in the upwelling regions of the Arabian Sea and the equatorial Pacific

[Sabine et al. , 1997; Feely et al. , 1995; 1999]. Despite ofhigh productivity, these areas are

characterised by high surface-water CO2 partial pressure (PC02). If we therefore assurne

that in the Benguela Coastal Current region and the Eastern Tropical Atlantic the

interaction of enhanced upwelling and increased productivity during the LGM yielded

higher 01' at least similar CO2-levels relative to the Holocene, the resulting effect on Ep

should be opposite to the trend observed in our data.

In contrast to the general trend in the Benguela and equatorial upwelling areas, the

sediments from the eastern crest of the Walvis Ridge (GeoB 1028) and from the Angola

Coastal Current (GeoB 1008, 1016) recorded higher isotopic fractionation during the

LGM, indicating lower nutrient levels and/or higher CO2(aq) concentration relative to the

Holocene (Fig. 4).

Similar to the areas of the Benguela Coastal Current and the Eastern Equatorial Atlantic,

upwelling and in turn productivity and surface-wilter nutrient concentrations in the Angola

Coastal Current region are suggested to have been enhanced during the last glacial

compared to the Holocene [e.g. Jansen and Van Iperen, 1991; Schneider et al., 1994, 1997;
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Rutsch et al., 1995; Holmes et al., 1997]. The variations in isotopic fractionation, however,

indicate lower (GeoB 1008) or at least similar (GeoB 1016) nutrient levels during LGM.

Two possible causes, individually or combined, can be assumed for the higher glacial sp:

(1) The observed changes in sp at this core location are mainly a function of CO2 supply

which requires similar growth rates during the LGM and the Holocene (for reasons we do

not know yet). The higher glacial sp than indicates higher [C02(aq)] which might be

explained by enhanced upwelling of CO2-rich subsurface waters. (2) The enhanced

productivity together with a change in phytoplankton community depleted the available

nutrient pool for haptophytes. Since haptophyte blooms generally follow diatom blooms

[Westbroek et al., 1994] such a shift might have caused lower haptophyte growth rates

although the year-round productivity was higher during the LGM.

Evidences for a shift in the phytoplankton community in the Angola Basin derived from

changes in the concentrations of molecular biomarkers are found by Hinrichs et al. [1999].

The authors demonstrated that at site GeoB 1016 the ratio of alkenone to loliolide

concentrations (101iolide/(loliolide+C37 alkenones)) decreased significantly from a glacial

value of about 0.26 to 0.08 during the Holocene. Since loliolides are also derived from

algae other than haptophytes, a low ratio is interpreted to reflect periods when alkenone

producers were the dominant group in algae communities whereas high values characterise

situations where other algae such as diatoms became more important [for a detailed

discussion see Hinrichs et al., 1999]. In contrast to GeoB 1016, the (l01iolide/(loliolide+C37

alkenones)) ratio. at site GeoB 1710 shows high values during the Holocene (~0.47) and

lower to similar values during the LGM (~0.28-0.46).This indicates that in the area of the

Benguela coastal upwelling algae other than haptophytes were the dominant primm'y

producers, but haptophytes became more important during the last glacial relative to the

Holocene.

Fmiher evidence that the sp variations in the Angola Basin are related to the

phytoplankton community is derived from the findings of Schneider et al. [1997]. They

reported significantly enhanced opal accumulation rates at site GeoB 1008 compared to

GeoB 1016 during the last glacial. Since GeoB 1008 is situated off the Congo River, the

ellhanced opal production at this site is explained by increased fluvial silica input

[Schneider et al., 1997]. If silica were not a limiting factor diatoms would have been able

to utilise more of the available nutrients, thus leaving less nutrients be left for the

haptophytes. This might explain that (1) the alkenone sp changes indicate lower nutrient

levels despite other paleoceanographic proxies show higher nutrient levels and enhanced

productivity during the LGM [e.g. Holmes et al., 1997; Schneider et al., 1997] and (2) the

observed differences in the sp variations between GeoB 1008 and GeoB 1016 (+1.1 %0 vs.

+0.1 %0, Fig. 4).

Whether the alkenone sp changes in the Angola upwelling system also reflect variations

in [C02(aq)] is not known. Paleo-PC02 reconstructions at site GeoB 1016 based on the
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Ol3C recOl"d of bulk organic carbon [Müller et al. , 1994J and alkenones [Andersen et al. ,

1999J show contradicting results. However, it should be mentioned that these former

studies underlay the same restrictions as the present one (see section 1).

Similar to the sediments in the Angola Basin, the record of core GeoB 1028 also

showed higher isotopic fractionation during the LGM compared to the Holocene (Fig. 4).

The core site is situated weIl seawards of the coastal upwelling zone, within the mixing

area between Benguela Ocean CUlTent and Benguela Coastal Current (Fig. 1). The results

of various paleoceanographic reconstructions concerning this region reveal an inconsistent

picture. Diester-Haass [1985J and Diester-Haass et al. [1988J concluded on the basis of

biogenous opal amounts that upwelling was less intense during glacials and that the

Benguela Coastal Current flowed farther northward into the Angola Basin. On the other

hand, Schneider et al. [1995, 1996J, Summerhayes et al. [1995J, and Wefer et al. [1996J

suggested that due to an increase in trade-wind zonality during glacial times the coastal

upwelling filaments shifted westward, thereby increasing nutrient concentration and

productivity at the outer Walvis Ridge.

In core GeoB 1028, the concentrations of C3? alkenones closely co-vary with the total

organic carbon (TOC) content, with enl1anced values during the last glacial [Müller et al. ,

1997]. In addition, variations in coccolithophore assemblages show that during stage 2 the

relative abundances of E. huxleyi and Gephyrocapsa spp. do not significantly differ from

those in core 1710 off Namibia [Müller et al., 1997; Baumann et al. , 1999]. Together, this

leads to the assumption tlmt in the area of site 1028 the productivity of alkenone producing

algae was enhanced during the LGM as it was the case in the nearshore upwelling area.

On the basis of available evidence we cmmot determine the reasons for the observed Ep

variation at this core location. Possible causes might be the same as considered for the

sedimentm"y record in the Angola Basin. However, to test these hypotheses additional

information about changes in nutrient levels, growth rates, and phytoplankton assemblages

are required.

6. Summary and conclusions

We analysed the carbon isotopic fractionation (Ep) of sedimentary alkenones from various

oceanographic regions in the equatorial and South Atlantic during the LGM. The results

were compared to the Holocene Ep records from the respective core locations [Andersen et

al., 1999; Benthien et al. , subm.]. Generally, the Ep signal showed lighter values during the

LGM than during the Holocene. Exceptions are the cores from the Angola Basin and one

from the eastern crest of the Walvis Ridge where higher glacial Ep values were recorded.

Taking into account the present knowledge of Late Quaternary variations in surface-water

oceanography of the South Atlantic, our results indicate regionally different factors

controlling isotopic fractioantion of alkenones:
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(1) In the oligotrophie areas of the Brazil Current, the South Atlantic Tropical Gyre, and

the Western Tropical Atlantic less rather than more nutrients were available during LGM.

The observed trend towards ligher glacial sp values could thus not be explained by

variations in haptophyte growth rates. Therefore, it is assumed that the isotopic record is

caused mainly by decreased surface-water CO2(aq) concentrations during the LGM.

However, the estimated, sp-based decrease in PC02 is lower than expected from the

glacial/interglacial atmospheric pC02 variations. We suggest that slightly lower glacial

haptophyte growth rates in these areas might have influenced thesp record towards higher

values.

(2) In the upwelling areas from the Benguela Coastal Current and the Eastern Tropical

Atlantic the observed variations in sp seem to reflect mainly changes in haptophyte growth

rates which were controlled by the availability of surface-water nutrient concentrations. On

the basis of available evidence it could not be determined to what extent the concentration

of dissolved CO2 has influenced the isotopic record.

(3) In the Angola Basin, the higher glacial sp values indicate lower or at least similaI'

haptophyte growth rates during LGM although other paleoceanographic proxies point to

enhanced productivity and higher surface-water nutrient levels. lt is suggested that due to

an glacial increase in the fluvial silica input from the Congo River diatoms became more

important in the phytoplankton community, thus leaving less nutrients be left for

haptophyte algae.
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5. Conclusions

This thesis evaluates the effects of changes in sea-surface water conditions on the

geological record of long-chain alkenones in sediments from various oceanographic

regions of the South Atlantic Ocean. The investigations focus on both the use of the

alkenone unsaturation index U 3;' as a proxy parameter for past SST reconstructions and the

influences of varying nutrient and C02 concentrations on the carbon isotopic fractionation

With respect to paleoceanographic reconstructions, current uncertainties exist regarding

the season and the water depth at which the alkenone signal is produced. In addition, it is

suggested that single calibrations between alkenone signals and surface-water conditions

may not be applicable in all oceanic regions. In order to address these issues, the alkenone

unsaturation index U 3;' of surface sediments from the western South Atlantic is compared

to modern atlas temperatures of the overlying surface waters (Manuscript I). Using

established U 3;' -temperature calibrations, it could be demonstrated that in the tropical

subtropical western South Atlantic nmih of 32°S the sedimentm'y alkenone signal mainly

reflects the al1l1Ual mean temperature of the surface mixed layer. By contrast, in the region

of the Malvinas Current and the Brazil-Malvinas Confluence the alkenone signal

negatively deviates from the above mentioned calibrations. Considering the oceanographic

chm:acteristics in 'these regions, the observed deviations seem not to be caused by

preferential alkenone production below the mixed layer 01' during a certain season. Instead,

there is strong evidence that these deviations are due to the lateral displacement of

suspended pmiicles and sediments. In this way, the sedimentary Ui~' signal is transp01ied

into areas with warmer surface waters.

The findings from Manuscript I, together with the results from a previous sediment

based calibration study, are considered for the investigations made in Manuscript Ir.

Assuming that the sedimentm"y alkenone signal reflects mainly annual mean conditions in

the upper water column, the alkenone-based Ep record in surface sediments from the South

Atlantic is correlated to the overlying surface water concentrations of CO2(aq), phosphate,

and nitrate. The results indicate that regardless of the Ep-controlling mechanism, the

isotopic fractionation in alkenone-producing algae is linked to nutrient-limited growth rates

rather than to changes in the ambient C02(aq) concentration. Moreover, the observed

relationship between alkenone Ep and the surface-water phosphate concentration is

consistent with the results from previous E. huxleyi culture experiments and field studies of

alkenone-containing algae in various oceanographic envirol1l11ents. In the oligotrophie

regions of the South Atlantic the sedimentm'y Ep record shows a relatively high variability

suggesting that other factors such as differences in the growth-limiting resource as weIl as

variations in the CO2(aq) concentration mayaiso affect the carbon isotopic fractionation in

haptophyte algae.
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The results of Manuscript II have important implications for the use of the sediment

based Ep signal as a proxy for paleo-C02reconstructions since potential effects on Ep due to

changes in [C02(aq)] may easily be masked by variations in growth rates. In Manuscript

III, the Ep record in sediments from the Last Glacial Maximum is compared to the

Holocene values of the respective core locations (Manuscript II). Taking into account what

is already known about LGM-Holocene variations in surface-water oceanography, the

observed changes in Ep indicate that regionally different effects control the isotopic

fractionation in alkenone-producing algae. It is assumed that in the oligotrophic areas of

the South Atlantic the glacial Ep record is mainly caused by decreased surface water

CO2(aq) concentrations during the LGM relative to the Holocene. In contrast, the Ep record

in sediments from the eastem equatorial and Benguela upwelling areas seems to reflect

mainly changes in haptophyte growth rates due to variations in surface-water nutrient

concentration. In the Angola Basin, the observed LGM-Holocene variations in Ep seem also

to be caused by the availability of nutrients. However, it is suggested that in this region

diatoms became more important in the glacial phytoplankton community which,

consequently, resulted in a lower nutrient availability for haptophyte algae Together, the

results of Manuscript II and III clearly show that the use of alkenone isotope data for

paleo-C02 reconstructions requires not only information about past variations in the

surface-water nutrient availability but also about changes in haptophyte growth rates and

the phytoplankton community.


