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Der Zweifler

I mmer wenn uns

Die Antwort auf eine Frage gefunden schien
Löste einer von uns die Schnur der alten
Aufgerollten chinesischen Leinwand, so daß sie
herabviel und
Sichtbar wurde der Mann auf der Bank, der
So sehr zweifelte.

Ich, sagte er uns
Bin der Zweifler, ich zweifle, ob
die Arbeit gelungen ist, die eure Tage verschlungen hat.
Ob was ihr gesagt, auch schlechter gesagt, noch für
einige
Wert hätte.
Ob ihr es aber gut gesagt und euch nicht etwa
Auf die Wahrheit verlassen habt, dessen was ihr gesagt
habt.
Ob es nicht vieldeutig ist, für jeden möglichen Irrtum
Tragt ihr die Schuld. Es kann auch eindeutig sein
Und denn Widerspruch aus denn Dingen entfernen; ist es
zu
eindeutig?
Dann ist es unbrauchbar was ihr sagt. Euer Ding ist
dann
leblos.
Seid ihr wirklich im Fluß des Geschehens?
Einverstanden mit
Allem was wird? Werdet ihr noch? Wer seid ihr? Zu
wem
Sprecht ihr? Wem nützt es was ihr da sagt? Und
nebenbei:
Läßt es euch auch nüchtern? Ist es am morgen zu lesen?
Ist es auch angeknüpft an Vorhandenes? Sind die Sätze,
die
Vor euch gesagt sind benutzt, wenigstens widerlegt? Ist
alles
belegbar?
Durch Erfahrung? Durch welche? Aber vor allem
Immer wieder vor allem anderen: wie handelt man
Wenn man glaubt, was ihr sagt? Vor allem: wie handelt
man?

Nachdenklich betrachten wir mit Neugier den
zweifelnden
Blauen mann auf der Leinwand, sahen uns an und
Begannen von vorne.

Ber1hold Brecht





Preface

The enhanced burning of fossil fuels since the industrial revolution and other manmade

activities, lead to an increase in the atmospherc C02 content meassured at time series stations,

as Mauna Loa, Hawaii (Keeling et al., 1996). Though still under debatte, it is believed, that the

rise of C02 and other gases (e.g. methane) can cause a green house effect, leading to aglobai

warming. Yet the consequences of this process are not fully understood and the magnitude of

global warming, predicted by models, need further evaluation. Looking back in earth history

large changes in atmospheric C02 contents are documented in gas bubbles captured in the ice

caps of both hemispheres, which are linked to the last two major gladation cyc1es(Barnola et

al. , 1987). The investigation of ultra high resolution marine records show that changes from

full glacial to full interglacial conditions were abrupt, occuring within a few decades, rather than

on longer time scales (Broecker, 1997). This points out how sensitive our global climate system

was and is, even without the massive interferrence of mankind.

Coccolithophores do not only record these climatic changes in the form of their weIl preserved

fossil assemb1ages, which form a large part of the carbonate sediments covering the ocean

floar, in addittion they may produce various direct climate feedbacks due to their

biogeochemical and optical behaviour (Westbroek et al., 1993).

This study was carried out within the Special Research Project (Sonderforschungsbereich,

SFB) 261 "The South Atlantic in the Late Quaternary: Reconstruction of material budget and

current systems" at the University Bremen, funded by the German Science Foundation. The

interdisciplinary approach of this project enabled to discuss the coccolithophore data acquired in

this study within a larger context.

Far reasons of consistent presentation English is used in every part. All data presented here

are archived in the PANGAEA database at the Alfred Wegener Institute for Polar and Marine

Research (http://www.pangaea.de).
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Part I

I. Introduction

1. 1Historical Background

Introduction

When Christian Gottfried Ehrenberg observed the first coccoliths in chalk sampIes from the

island Rügen in the Baltic Sea more than 160 years ago, he believed they were of inorganic

origin (Ehrenberg, 1836). In subsequent publications Ehrenberg described those ovoid minerals

names as "calcareous morpholite" and "Crystalldrusen" and he was still convinced that they

were rather concretions, than microfossils. More than 20 years later it was the biologist Thomas

H. Huxley, who gave the name coccoliths to the "very curious rounded bodies" he saw when

he examined seafloor sampIes, that were recovered from the North Atlantic during soundings

for the first Trans-Atlantic telegraph cable in 1858 (Dayman, 1858). The first coccospheres

were discribed almost simultaneously by G.e. Wallich and Re. Sorby in 1861(Wallich et al.,

1861). It was also Sorby, who suggested that coccoliths were of organic origin contradicting

the statements of Huxley, who, in accordance with Ehrenberg, believed coccoliths were

concretions(Sorby, 1861).
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Part I lntroduction

fission and elucidated the interlocking of coccoliths, which they interpreted as a defensive

armor.

During the early years of the twentieth century numerous studies were addressed to

coccolithophores biology and taxonomy. This includes such fundamental findings, as the first

description of the nucleus by Ostenfeld (1900), or the recognition of the flagella by Lohmann

(1902). It was also Lohmann who introduced the term "nannoplankton", for phytoplankton,

that is small enough to pass through the mesh of a normal plankton net (45-60 !-Lm). In the early

decades of the twentieth century most living species were described and systematic work

established first taxonomie classification schemes.

After Bramlette and Riedel (1954) demonstrated the biostratigraphie use of calcareous

nannofossils, the initiation of the Deep Sea Drilling Project (DSDP) and the following Ocean

Drilling Project (ODP), lead to the establishment of apreeise nannofossil stratigraphy (e.g.

Perch-Nielsen, 1985; Bown, 1998), which is used extensively in commercial drilling as weIl.

The availability of the Transmission Electron Microscope (TEM) since the mid 50s and

Scanning Electron Microscopy (SEM) since the late 60s early 70s improved the illustration and

studies of coccolith fine structures extremely and became as standard procedure in

coccolithophore investigations.

In the late 60s a finer biogeographie zonation of coccolithophores was set up by McIntyre and

Be (1967). Since it was observed, that these zonations changed during the climatic cycles of the

Late Quaternary (McIntyre, 1967), coccolithophores were successfully applied as a

paleoceanographic tool (Dudley et al., 1980; Molfino et al., 1982).

The focus of scientists to global climate change on present and past time scales, gave further

drive to coccolithophore studies. The large variety of biogeochemieal reactions, which are

involved in various feedback mechanisms to global climate, draw the intention from small scale

processes, e.g. coccolith formation (Westbroek et al. , 1989) and molecular geochemistry

(Volkman et al., 1980) to global scale satelite studies (Holligan et al. , 1983; Holligan and

Balch, 1991).

1.2 Coccolith formation:

Coccolith formation has extensively been studied in Emiliania huxleyi, the most comon

cocco1ithophore species in the world ocean, which can be cultured under controlled 1aboratory

conditions (see (Westbroek et al., 1993)).

Coccoliths are formed intracellulary in a special vascular system, consisting of a coccolith

vesicle (cv) and a reticular body (rb) see Fig.I.2. Within this vacuolar system a highly complex

polysacharide is encountered. The main task of this polysacharide is to inhibit calcite formation

as long as CaC03 is in solution, but it will stimulate it, when it is bound to a solid substrate.

When the coccolith is completed, it is transported through the cell membrane to the outside,

where it forms the extracellu1ar coccolith cover.

2



Part I Introduction

Laboratory experiments proved that coccolith formation is a very rapid process in Erniliania

huxleyi, with one new coccolith being formed every two hours (Westbroek et al., 1989).

Somewhat different seems to be the formation of holococcoliths, that are composed of a number

of single crystalloliths. Those forms are easily dissolved and therefore are almost exclusively

observed in water sampies, to a much lesser degree in sediment traps and are very rare in the

sedimentary record. More recently numerous combinations between heterococcoliths and

holococcoliths have been observed on living coccolithophores, suggesting that holococcoliths

are formed during a different life-stage within the cell cycle.

polysaccharide
reticular body

coccolith room

coccolith ring

~=---*-Golgi

a

d

c

b

CPC

Fig 1.2: Model of intracellular coccolith
formation in E. huxleyi (after Westbroek
et al., 1989). a: The coccolith is formed
in a Coccolith Production Compartment
(CPC), that is derived from the Golgi
vesic1e. b: In a first step an initial
coccolith ring is formed that consists of
simple crystals. c: The uncontrolled
growth of calcium carbonate crystals is
prohibited by the polysaccharide lining of
the reticular body, otherwise rhomboedral
crystals would form and not elaborate
coccoliths. d: After the completion of this
process the coccolith is extruded through
the cell membrane.

There are various hypothesis about the usefulness of coccolith formation from biogeochemical

and functional point of views. A number of studies emphasize, that coccolithophores may form

coccoliths, to utilize the C02 from the calcification process for photosynthesis (Nimer et al.,

1992; Sikes and Fabry, 1994; Nimer and Merrett, 1995). Cocco1ithophores would therefore be

insensitive to C02limitation, a process that affects other phytoplankton (e.g. diatoms), because

only about one percent of the carbonate available in the surface waters is C02, whereas most

appears as bicarbonate (HC03-), which can be used for calcification or has to be transformed by

enzymatic processes (RUBISCO) intracellular, to be utilized during photosynthesis (Raven and

Johnston, 1991, 1994).

A number of coccolithophores do not produce calcitic scales at all and are only surrounded by a

sphere of organic plates. This is sometimes observed in species that usually calcify as weIl,

rnitochondrion
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Part I lntroduction

however it is not clear, whether this is due to different life cycles or other unknown reasons

(pienaar, 1994).

1.3 Function of coccoliths

Besides the biogeochemical function of removing surplus calcium, which acts toxie to cells (see

below), there are only speculations about the functional use of coccoliths for coccolithophores

(Young, 1994). Although coccolithophores are ingested by zooplankton, it is very likely, that

the coccosphere acts as a protection against grazing pressure. Recently it was shown, that

grazing by copepods was indeed less efficient on E. huxleyi, than on other phytoplankton

groups, like diatoms, whieh would favor the development of large coccolithophore blooms

(Njestgaard et al., 1994; Njestgaard et al., 1996; Wolfe et al., 1997).

Moreover, the formation of a coccoliths may enable a control on the sinking or flotation of the

sphere keeping the coccosphere in the preferred position within the photic zone. The light

regulating function of coccoliths is a very elegant explanation for the depth zonation, which is

observed for living coccolithophores ( see 1.4), and can be applied for paleo-reconstructions of

the nutricline, discussed in Chapter H. Reflection of sunlight by coccoliths does not only alter

the albedo of the surface ocean, and therefore makes coccolithophore blooms visible to satellite

sensors, it also increases the temperature in surface waters (Holligan et al., 1993).

PROTECTION FLOTATION·BUOYANCY LIGHT·REGULATION

Coccoliths may reflect
UV sunlight away from
the cell allowing life in
the upper photic-zone

Coccoliths may refract light into the cell
allowing life in the lower photic-zone

Heavy coccospheres
may induce rapid
sinking
and enhance
nutrient uptake

A thick. cavate coccosphere Aspherical coccospheres may
reduce sinking rate or vary sinking
rate and cell orientation

Coccoliths may simply protect
the delicate cell membrane
from physical damage

~C---J

\~ A complete cover of
)~ ~ coccoliths may protect the

,.--, \( cell membrane from physical
damage and/or bacterial

infestation

Fig. 1.3 Schematic cartoon of possible coccolith functions (from Bown, 1998)
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Part I lntroduction

1.4 Coeeolithophore eeo1ogy and biogeography

A eertain temperature dependenee of eoeeolithophores has been notieed early and a rough

biogeographie zonation seheme was set up by (McIntyre and Be, 1967). Subsequently, the

modern biogeographie distribution and ehanges in those patterns during the last glaeiation

proved to be eonsistent with other paleoeeanographic proxies and thus indieated the eapability to

reeonstruet climatie ehanges with eoeeolithophores. Coccolithus pelagicus for example is only

abundant in waters with temperatures below 14°C and it dominates the Aretic surfaee waters in

the Norwegian Greenland Seas (Samtleben et al., 1995). It was never reeorded in any of the

sampies examined in this study. Nevertheless there are various indications that temperature is

not the dominating faetor for the biogeographie distribution of eoeeolithophores, most clearly

demonstrated by the broad temperature range (I-31°C) that is tolerated by E. huxleyi (McIntyre

et al. 1970). Similar broad toleranees are observed for salinity, with oeeurrenees of E. huxleyi

reported from the hypersaline Red Sea (41 ppt) (Winter et al., 1979) as weIl as from the

braekish B1aek Sea (llppt)(Morozova-Vodyanitskaya and Belogorkaya, 1957; Hay and Honjo,

1989). It seems obvious, that there must be other meehanisms , that influenee the observed

distribution patterns in eoeeolithophores. Eeo1ogieal strategiesare likely to enable eertain speeies

to adept to different temperature, nutrient, light and or energy regimes. Usually all these limiting

or driving faetors are independent from eaeh other, and therefore we ean not apply simple

relationships.

N

s
W 80° E

Zonation Names: most common species

1 = Subarctic: Coccolithus pelagicus, Calciopappus
caudatus, Emiliania huxleyi, Algirosphaera robusta

2 =Temperate: Emiliania huxleyi,
Gephyrocapsa muellerae

3 =Subtropical: Discosphaera tubifera, Rhabosphaera
clavigera, Umbellosphaera spp., Florisphaera profunda,
Gladiolithus fiabellatus, Syracosphaera spp.

4 =Tropical : E. huxleyi, Calcidiscus leptoporus,
Gephyrocapsa oceanica, Umbellosphaera spp.,
Florisphaera profunda, Gladiolithus flabellatus,
Reticulofenestra sessilis

5 =Subantarctic: Papposphaera spp.

Fig.I.4: Biogeographie zonation ofliving eoeeolithophores in the Atlantie Oeean (after Winter et al., 1994)
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Part I Introduction

In chapter II.2 Fig. 9 a very simple model is presented, in which the most important factors

controlling the occurrenee of eoccolithophores in the equatorial Atlantic are summarized. It

seems apparent, that nutrient availability due to the depth of the nutrieline / thermocline seems to

be the most important faetor in this area. But both temperature and light intensity are eoupled to

the nutricline and thermocline depth, which demonstrates the complexity of such a simple

model. Nevertheless, it seems to be possible to distinguish three different eeologieal groups of

coeeolithophores all adapted to eharacteristic environments. The first group includes placolith

bearing species, which dominate the eoastal areas and upwelling systems. They appear to have

an affinity to mgher nutrient levels, to wmch they react with inereasing growth rates, sometimes

leading to large scale blooms. (Hulburt, 1983) interpreted coccolithophore plankton sampies in

terms of an ecologieal coneept, that distinguishes phytoplankton groups due to their ability in

utilyzing nutrients, mainly expressed in growth rates. His findings stated that E. huxleyi and

Gephyrocapsa oceanica are the only speeies that are able to reaet to inereased nutrient levels

with higher growth rates, whereas all the other species do not. Therefore these two groups do

not eompete with each other and if any other group would exist, it would live in the deeper parts

of the ocean. This third group, does exist indeed and includes the so ealled floriform species

(Florisphaera profunda and Gladiolithus flabellatus) and a few other taxa (e.g. Algirosphaera

spp.). Coecolithophores of this group are adapted to lower light intensities, maybe by refraeting

light into their cells (see Fig. 1.3), and preferably dweIl in the 10wer photie zone (80-200

m),where they benefit from higher nutrient coneentrations.

1.5 Coccolithophores and the Global Bio2:eochemical Cycles

The global carbon cycle is one of the topics that many scientific disciplines have turned their

attention to, since a possible greenhouse warming by inereased release of C02 by eombustion

of fossil fue1s sinee the industrial revolution, was suggested. For geologists this topic became

even more relevant, when a dose relation between atmospherie C02 eontents and global

temperature was detected in ice eores from Antaretiea and Greenland (Barnola et al., 1987;

Barnola et a1., 1995). Although the combustion of fossil fuels have elevated atmospherie C02

contents, clearly documented in the Mauna Loa C02 record , the whereabout of approximately

25% of the released C02 remains unknown (Keeling et al., 1996). The oeeans form large sinks

and reservoirs for C02, and within the oceans it is the eoecolithophores that are likely to play an

important part in atmosphere-ocean exchange of C02, as they are widely distributed all over the

oeeans and fix C02 in both organic and inorganic carbon. Coccolithophores and planktic

foraminifera form the lar'gest part of the pelagic carbonate production, with lesser contribution

due to pteropods and ealcareous dinoflagellates (Milliman, 1993).

Coccolithophores may be small in size, but they occur in huge numbers in the surfaee layers of

the oeeans, sometimes in blooms with eell densities larger than a million cells per liter. These

blooms are features large enough to be traced from spaceshuttles and satellites. It is obvious,

6



Part I Introduction

that the high reflectance in blooms of this size significantly alter the ocean albedo and reduce the

capacity of the oceans to receive energy from solar radiation. Since satellites became equipped

with ocean colour and radiation sensors in the 70/s, coccolithophore blooms have been

monitored continously on aglobai scale (Brown and Yoder, 1994). The classified

coccolithophore blooms reach an annual area of 1.4 million km2. This might even be a

minimum estimation as it only considers cloud free areas. The balance, that distinguishes if

coccolithophores, and especially the large b100ms they form, act as a sink or source for

atmospheric C02 is the ratio between calcification and photosynthesis. Nevertheless, as blooms

often occur in remote areas, there are stilllimited numbers of investigations within a bloom, and

it is not completely clear, if coccolithophorid blooms act as a sink or a source of C0 2

(Robertson et al., 1994; van der Wal et al., 1994; Tyrrell and Taylor, 1995). However, taking

into account the various culture and mesocosm studies, predominantly carried out on E.

huxleyi, it appears, that coccolithophores act as a slight sink in respect to atmospheric C0 2·

Calcification of marine organisms is believed to be a biotic response to calcium toxicity which

evolved around 600 milion years ago, when calcium concentrations in the sea increased rapidly

(Degens, 1989). Calcification was more or less restricted to benthic communities through the

entire Paleozoic until pelagic carbonate production by planktic organisms took off at an

enormous rate around the Triassic/Jurassic boundary (Degens, 1989). Recently a few authors

tried to budget the global calcium carbonate production, ending up with different numbers and

thus contradicting implications for the global carbon cycle (Milliman, 1993; Wollast, 1994). Yet

there are no reliable estimations on the relative contribution of different organism groups to the

global calcium carbonate production, but it is estimated that about 40-60% of the total marine

carbonate production is due to coccoliths (Wollast, 1994).

WEATHERING .. ICARBONATE CYCLE I I CARBON CYCLE I
C02

CARBONATE
DEPOSITION

Corg
(organic carbon)

,
ORGANIC CARBON

DEPOSITION

F.ig. 1.5: Schematic d~awi~g of the ~arb~n and carbonate cycle and the processes involved in the production and
dIssolutIOn. The reactIons mvolved In thiS processes are listed on the following page.
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Part I Introduction

The chemical reactions involved in the carbon and carbonate cycle outlined in Fig. 1.5:

Photosynthesis: 6C02 + 6H20 H C6H1206 +602

Calcification: 2HC03-+Ca2+ H CaC03 + C02 + H20

Dissolution: CaC03+ C02+ H20 H 2HC03-+Ca2+

Respiration/Remineralisation: C6H1202 +602 H 6C02 + 6H20

Weathering: CaC03+ 2C02 + H20 H 2HC03-+Ca2+

CaSi03 + 2C02 + H20 H Ca2+ + 2HC03- + Si02

It was and still is commonly accepted, that calcification of marine organisms acts as a major

source for C02. Therefore all calcification by marine organisms is called the "carbonate pump"

that counteracts the "biological pump" in which all organisms are combined that draw down

C02 from the atmosphere by converting it during photosynthesis into organic matter. The

assumption, that calcification is a source for C02 is based on equations for inorganic carbonate

precipitation, and might hold true for some calcifying organisms, but most likely not for

coccolithophores. Calcification and photosynthesis occur intracellular in coccolithophores, and

theoretically it seems possible, that coccolithophores possess the ability, to supply their own

C02 for photosynthesis via calcification. The aspect of an intracellular source of C02 for

photosynthesis is of particular interest, as it was shown, that phytoplankton growth can be

limited by the availibility of dissolved C02 in seawater (Raven, 1993; Riebesell et a1., 1993).

This effect that especially effects organic or siliceous phytoplankton, can be detoured by

cocco1ithophores, as they produce their own C02 via bicarbonate consumption during

calcification and not through the relatively slow diffusive uptake of dissolved C02. Bicarbonate

is the predominant form of dissolved C02 in sea water (about 98%) and therefore seems not to

be limiting at all. However, recent results seem to indicate that coccolithophores only might use

there intracellular C02 source under very lirniting C02 conditions in culture studies (Nimer et

a1., 1997).

It became essential to know, to what extent coccolithophores utilize bicarbonate or free C02 for

photosynthesis, since an increasing number of studies are focused on the reconstruction of

paleo C02 concentrations, by meassuring compound specific stable isotopes in coccolithophore

biomarkers (Jasper et al., 1994; Bidigargare et al., 1997).

Some coccolithophores, E. huxleyi and G. oceanica, synthesize a number of unusual specific

biomarkers, the so called long-chain alkenones (Volkman et al. , 1980). Although the

physiological function of these compounds remain unclear, the ratio between the diunsaturated
and triunasturated C37 alkenones, the so called U~; index, is highly correlated with sea surface

temperature (SST) (Prahl and Wakeham, 1987). Therefore these compounds can be used for

the reconstruction of past sea surface temperatures, and have been established as a powerfull

paleoceanographic proxy (e.g. Schneider et al., 1996; Müller et al., 1998). Furthermore these

compounds could be used for reconstructing the paleo-productivity of coccolithophores

(Villanueva et al., 1997; Schubert et al., 1998). However, there is stilllittle information about

8



Part I Introduetion

the relationship between coccolithophore and biomarker production (Conte et al., 1995; Müller

et al. , 1997). This is diseussed in detail in Chapter n.5 where the biomarker and

coceolithophore records of the alkenone producing speeies during the Late Quaternary are

compared.

Fig.I.6: Model of the

biogeochemical inpact of an

Emiliani huxley bloom on the

carbon and carbonate cycle and its

possible feedback on climate.

Despite organic and inorganic

earbon, coccolithophores

pC02 produce a third important

compound,

dimethylsulfiopropionate

(DMSP), which will be

reduced to dimethylsulfide

DMS outside the cell.

modified after Westbroek, 1995

---~~.. storms

inorganic carbon ------:»~ I,C02

archive

t
climate

respiration

albedo~ latent
heat

organic carbon

temperature ~~~"'" Therefore eoceolithophore are

also influencing the global

sulfur cycle (Charlson,

1987). DMS is one of the

most important cloud

condensation nuclei (CCN) in

the atmosphere over the open

oceans, and therefore

coccolitophores and cloud

formation seem to be linked

together, especially when a lot

of DMS is released over a

bloom area.

DMSP and its oxidation products are not only involved in cloud forming, it also seems to keep

away unpleasant predators from below. Wolfe et al 1997, found out that DMS released in the

guts of zooplankton that fed on E.huxleyi, had a toxie effect and grazing on E. huxleyi was

redueed. In the oceans zooplankton then might turn to an other phytoplankton food source, e.g.

diatoms, that do not produce DMS (Njestgaard et al., 1996).

9
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2. Purpose oi this study

lntroduction

2.1 Coccolithophores as paleoceaonographic proxies in the Equatoria1 Atlantic

The study was carried out to investigate the ecological factors that control the composition of

coccolithophore assemblages in recent and Late Quaternary sediments from the equatorial

Atlantic as well as their absolute numbers, which shou1d provide information on the

productivity of this algae. Composition of coccolithophore assemblages and their sedimentation

is controlled by the hydrographie conditions in the photic zone and therefore are coupled to the

surface water circulation patterns.

Although the equatorial Atlantic has been the focus of numerous paleoceanographic

investigations (McIntyre et al. , 1989; deMenocal et al., 1993; Wefer et al. , 1996) there is

relatively little information on the living and fossil coccolithophore assemblages. This is

especially puzzling since a set of papers by Barbara Molfino and Andrew McIntyre, who used

the relative abundance of the deep dwelling coccolithophore species Florisphaera profunda to

reconstruct precessional driven nutricline dynamics in the equatorial Atlantic (Molfino and

McIntyre, 1990; Molfino and McIntyre, 1990; McIntyre and Molfino, 1996), are among the

most cited, and lead to similar investigations in other ocean areas (Ahagon et al., 1993; Okada

and Matsuoka, 1996; Beaufort et al. , 1997).However, the lack of quantitative data and

information on other species of the coccolithophore assemblages remained in the equatorial

Atlantic emphasized the need for further investigations in this area. The refined biogeographical

distribution of coccolithophores in both water sampies and surface sediments of the equatorial

Atlantic compiled during this study gives further support for the application of coccolithophores

in paleoceanographic studies. The application of quantitative counting techniques enabled us to

test if changes in the relative abundance of certain key species as F. profunda is reflected in the

total coccolithophore productivity measured as coccoliths per gram sediment or coccolith

accumulation rates. In general eoecolithophore produetivity in the equatorial Atlantie is related to

the upwelling intensity today and during the late Quaternary. This is refleeted by

eoceolithophore eell densities in the surface watermasses, where highest numbers are found

within the equatorial upwelling, almost exclusively formed by Emiliania huxleyi. This species,

together with Calcidiscus leptoporus is found in highest relative and absolute abundanees under

the equatorial upwelling zone. In the oligotrophie areas the living coeeolithophore eommunities

are dominated by Umbellosphaera tenuis and Umbellosphaera irregularis, which occur in

relatively low cell densities in the upper photic zone, whereas the lower photie zone (LPZ) is in

general dominated by Florispharea profunda and Gladiolithus flabellatus. Since

Umbello,sphaera tenuis and Umbellosphaera irregularis are very fragile forms they become

strongly dissolved on their way through the water eolumn, leading to an strong increase in the

relative abundanee of the LPZ taxa in sediments underlying oligotrophie watermasses.
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2.2 (Paleo)oceanography of the of the equatorial Atlantic
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The surface water oceanography of the equatorial Atlantic is characterized by the westward

flowing South Equatorial Current (SEC) and the eastward flowing South Equatorial Counter

Current (SECC), the North Equatorial Current (NECC) and the Equatorial Undercurrent

(EUC). Maps of the surface water circulation are presented in the following chapters. The

westward flow of the SEC is mainly controlled by the intensification of westward directed

tradewinds in boreal spring in the western tropical Atlantic (Philander and Pacanowski, 1986).

This causes a massive transport of warm surface waters from the eastern tropical Atlantic, one

of the major pathways of oceanic heat transport to the northern hemisphere within the Atlantic.

As a result of the wind induced westward flow of the SEC, the thermocline is uplifted in the

eastern tropical Atlantic and a corresponding deepening is observed in the western tropical

Atlantic (Fig 1.7). The seasonal uplift of the thermocline is at its maximum in boreal summer,
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and causes an elevated nutrient flux in the eastern sector, which results in a produetivity

inerease within the photie zone. Besides thermocline uplift, additional nutrient flux to the photie

zone results from the a wind driven equatorial divergence and shear mixing between the EUC

and the SEC. During boreal autumn the thermocline has returned to its pre-upwelling state.

More reeently a comprehensive summary between the physical oeean dynamies and the

observed phytoplankton response in the Equatorial Atlantie was given by (Monger et al., 1997).

The equatorial upwelling system is of major importance to global carbon produetion, not due to

the amount of carbon produeed per area, but due to the fact that this produetion takes place in a

mueh larger area than in the high produetivity zones of coastal upwelling areas or in high

latitudes (Longhurst, 1993).
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Fig. 1.8: Composite picture of the phytoplankton pigment concentartions in the equatorial Atlantic derived
from the Coastal Zone Color Scanner and the distribution of surface sediments sampies (white dots) and
sediment cores (red dots) investigated in this study.

This seasonal eycle in the surface water cireulation of the equatorial Atlantie is an analogon for

long-term variations by the precessional eomponent of orbital forcing (FigJ.7e) (Molfino and

McIntyre, 1990). Perihelion eentered on boreal winter (Deeember) is equivalent to maximum

divergenee, while perihelion eentered on boreal summer is equivalent to minimum divergence

(McIntyre et al., 1989).The driving force behind this system is the seasonal and long-term

variation of insolation over the North African continent.(Weisberg and Tang, 1987). The

intensified heating of the African continent during June perihelion causes an uplift of air and

relative low pressure in this region. As a result, a monsoonal effect is caused with meridional

winds from the south.
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2.3 The use of coccoliths as proxies for carbonate dissolution

Due to their small size, delicate ultrastructure, and complex sedimentation processes, relatively

Ettle work was done on coccolith dissolution as compared to planktic foraminifera, most likely

due to the small size of coccoliths, which limits ultrastructure investigations that can be carried

out on planktic foraminifera. Nevertheless a simple relationship, the Calcidiscus leptoporus 

Emiliania huxleyi - dissolution index (CEX)(Dittert et al., in press), was established in this

study, to determine the effect of carbonate dissolution on calcareous nannoplankton

assemblages. This method corroborates the bulk parameters (carbonate content) and a

foraminifera ultrastructure dissolution index along three different depth transects across the

lysocline, and even can separate between carbonate dissolution in the open ocean and at the

continental mm"gin. However, it has to be stated that this method has a limited use since one of

the two species, En7iliania huxleyi, has a limited geologieal record extending back

approximately 270 ka (Thierstein et a1., 1977) and already decreases in abundance in sediments

older than the last glacial interval, due to its evolutionary development and not carbonate

dissolution.

2.4 The micropaleontological and organic geochemieal record of coccolithophores

o

C37:2: Heptatriaconta - 15E, 22E-dien-2-one

o

C37:3: Heptatriaconta - 8E, 15E, 22E-trien-2-one

Fig. 1.9: Structure and abbreviated notations of the two most abundant long-chain alkenones found in
sediments (after de Leeuw et al. (1980))

Besides the classical micropaleontological approach, cocco1ithophores can although be studied

by organic geochemical methods, since they produce a set of unsaturated long-chain ketones,

so called alkenones (Fig. 1.9), which are specific for certain haptophyte algae. Emiliania huxleyi

and Gephyrocapsa oceanica are the only two species, that are known to produce these

biomarkers in the modern oepn ocean(Volkman et al., 1980; Volkman et al., 1995). There is

strong evidence that other species of the Genus Gephyrocapsa produce these biomarkers as weIl

(Marlowe et al., 1990; Müller et al., 1997), which is of major importance for the application of
the alkenone based temperature reconstruction ( U:; -index) in sediments that predate the first

1 3



Part I Introduction

occurence of Emiliania huxleyi .. The calibration of the U~;-index, which expresses the ratio

between di- and triunsatuarted C37 alkenones, against sea surface temperature has recently been

demonstarted on a global set of surface sediments and emphasized the use of this method as a

powerful paleoceanographic proxy (Müller et al., 1998). Only a few studies used absolute

concentrations of alkenones as a proxy for past coccolithophore productivity (Prahl et al., 1993;

Villanueva et al., 1997; Schubert et al., 1998).

Fig. 1.10: Living coccospheres of

Emiliania huxleyi (a), Gephyrocapsa

ericsonii (b) andGephyrocapsa omata (c)

from the equatorial Atlantic. Coccoliths of

Emiliani huxleyi (d), Gephyrocapsa

oceanica (e) and Gephyrocapsa ericsonii

(f) from sediment sampIes in the

equatorial Atlantic. The numbers indicate

the ratios that were used to calculate the

real cell numbers from the counts of

single coccoliths in the sediments and are

based on averaged coccolith per cell

counts carried out on the plankton

sampies in this study. All scales are Iflm.

Within the present study an approach was applied, which combines quantitaive coccolith counts

and absolute alkenone concentrations to decipher the changes in past coccolithophore

productivity. It became obvious that we have to consider coccosphere cell counts rather than

coccolith counts, since the ratio of coccoliths per cell varies for different species (see Fig. 1.10)

and the ammount of biomarkers is related to the ammount of cells rather than the numbers of the

coccoliths.
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Abstract

The present study was designed to ascertain the significance of coccolithophores as a proxy for

paleoceanographic and paleoproductivity studies in the South Atlantic. Literature data is briefly

reviewed and new results on the regional distribution of living coccolithophores, their

distribution in surface sediments, and their development in the late Quaternary from both the

equatorial Atlantic and the eastem South Atlantic are introduced.

The spatial dynamics of living coccolithophores in the surface and subsurface-waters shows

considerable variation in cell numbers and distribution patterns. In general, cell densities

reached maximal up to 300x 103 coccospheres/l in the equatorial Atlantic whereas up to about

400x103 coccospheres/l were observed in the eastern South Atlantic. Generally, Emiliania

huxleyi is the dominant species in the plankton. In addition, Calcidiscus leptoporus,

Gephyrocapsa ericsonii, Syracosphaera spp., Umbellosphaera irregularis, U. tenuis, and

holococcolithophores also considerably contribute to the communities. Coccolith assemblages

in bottom sediments of the eastern South Atlantic generally reflect the distribution and

composition of the living coccolithophore communities within the surface-waters.

Implications from down-core data both for paleoproductivity estimates in the equatorial

Atlantic and for variations in sea-surface temperatures in the eastern South Atlantic are

discussed. Highest numbers of coccoliths are observed during relatively cold periods and most

probably are indicative of relatively nutrient-rich waters. Thus, variations in the coccolithophore

assemblages give relative temperature changes. Absolute sea-surface temperatures are

determined by alkenone data (Uf; - index). Nevertheless, the relationship between alkenone

derived SST data and coccolithophore assemblages still is an open question. Abundances of G.

oceanica fit best to alkenone concentrations, whereas the calibration made by E. huxleyi yield

the more reasonable SSTs.
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Introduction

Coccolithophores are a major group of marine, unicellular phytoplankton. Their cell surfaces

are covered with minute external calcite scales (=coccoliths) bearing a complex ornamentation.

These coccoliths form an important part of fine-grained deep-sea sediments and, therefore, are

extensively used in biostratigraphie, paleoecologic, and paleoceanographic studies (e.g.,

McIntyre 1967, Geitzenauer et al. 1977, Roth and Coulbourn 1982, Crux and van Heck 1989,

Winter and Siesser 1994). Coccoliths constitute the single most important component of deep

sea sediments and provide key floral, and biomarker signals for interpreting global change in

the geologieal record. In addition, their exceptional fossil record makes them an outstanding

biostratigraphie group and gives them unusual potential for testing evolutionary hypotheses

(Young et al. 1994). Recently, coccolithophores have gained increased attention as they make

an important contribution to the oceanic primary productivity. Hence they may provide a good

index of open ocean primary productivity (Brummer and van Eijden, 1992). They playa

significant role in the C02/0 2 exchange between the ocean and atmosphere and are peculiar

because of their combined effects on both, the biological and the carbonate pump. Because of

their optical (albedo - masses of detached coccoliths substantially reflect incoming light) and

biochemical (dimethylsulfide - which act as a source moleeule for cloud nucleation) effects they

likely produce an additional feedback to climate change (Westbroek et al. 1993). Some species,

such as Emiliania huxleyi, contain alkenones, that are long-chained (C3? -C39) di- and tri

unsaturated ketones, first observed by Boon et al. (1978) in Miocene to Pleistocene sediments

from the Walvis Ridge. The alkenone ratios are sensitive to the coccolithophores' growth

temperatures and, thus, these compounds are potentially usefull in the reconstruction of past

surface-water temperatures (e.g., Brassell et al. 1986, Prahl et al. 1989). Hence, variation in

saturation ratios of these alkenones form an important palaeothermometer ( Ut; - index), but can

also be used to determine temperature affinities of the present species (Jordan et aL 1996).

Many studies on recent coccolithophores are predominantly taxonomie (Ralldal and Markali

1954, Gaarder and Markali 1956, Gaarder and Reimdal 1977, Reimdal and Gaarder 1980,

Reimdal and Gaarder 1981, Kleijne 1991, Knappertsbusch 1993), although a number of

investigations concerning the dyriamics and ecology of calcareous nannoplankton have been

published. Individual species are mostly cosmopolitan but with more or less limited latitudinal

distributions. Although much information is available on the oceanic-sca1e distribution of

coccolithophores (e.g., McIntyre and Be 1967, Okada and Ronjo 1973, Ronjo and Okada

1974, Kleijne 1993) and from smaller areas (e.g., Winter et al. 1979, Reid 1980, Mitchell-Ines

and Winter 1987, Samtleben and Schröder 1992, Samtleben et al. 1995, Ziveri et al. 1995), the

environmental parameters that control their distribution are still poorly understood. Arecent

summary of the most important contributions on the distribution of modern coccolithophores is
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given by Winter and Siesser (1994). Using the available data, Young (1994) separated three

groups generally defined on ecological and morphological criteria. (1) Species characteristic for

eutrophie environments. These environments in equatorial waters, high latitudes, as weIl as in

upwelling areas, are dominated by placolith-bearing species. All species within this group are

so-called r-strategists, i.e. they respond to nutrient enrichment with enhanced growth rates 01'

productivity. Predominantly bloom-forming coccolithophores (such as Emiliania huxleyi,

Gephyrocapsa oceanica, G. ericsonii, Umbilicosphaera sibogae, Coccolithus pelagicus) are

included in this group. (2) Upper water communities in subtropicallatitudes from all oceans are

dominated by the species Umbellosphaera tenuis, U. irregularis, and Discosphaera tubifera.

These umbelliform species are so-called K-strategists, which are adapted to low nutrient

contents, especially of the oligotrophie mid-ocean gyres. (3) The deep euphotic-zone

assemblages (150-200m) in low- to mid-latitude are dominated by a third group of species,

such as Florisphaera profunda and Gladiolithus flabeUatus. The absence of these floriform

species in surface-waters suggest that they live below the mixed layer were the environment is

characterized not only by low light intensity, but also by relatively high nutrient levels. In

addition, miscellaneous species do not have an obvious distribution pattern, although some of

them occasionally dominate the assemblages.

The described distribution patterns of living communities are generally reflected in bottom

sediments (e.g. McIntyre and Be 1967), although relatively little is known about both the

transformation from a living coccolithophore community in the plankton into a coccolith

assemblage of the underlying deep-sea sediment and of the coccolithophore (carbonate) fluxes

to the surface sediments. It is obvious that coccolith assemblages in sediments are reduced by

selective destruction and/or dissolution and form a distorted image of the living communities

(e.g. Samtleben and Schröder 1992). Fragile coccolith specimens, especially of the umbellifollli

assemblages and many species of the miscellaneous groups, are heavily dissolved and, thus,

less prevalent in sediment assemblages. Alteration processes during descent through the water

column have been studied in sediment traps employed in various water depths (e.g. Andruleit

1997). Also, sediment trap studies have been performed in order to examine the seasonal

patterns of coccolithophore communities and to estimate the contribution of coccolithophores to

the total carbonate flux (Samtleben and Bickert 1990, Steinmetz 1991, Knappertsbusch and

Brummer 1995, Ziveri et al. 1995, Andruleit 1997). However, most of these studies were

performed in the Norwegian-Greenland Sea, the North Atlantic, and in the eastern Pacific

Ocean, whereas only very scarce information on coccolithophores from sediment traps in the

South Atlantic exists (Cepek and Wefer in press).

Recent coccoliths in sedimentsof the South Atlantic are also only scarcely studied, and most

of these studies were limited to the shelf/upper slope region around southern Africa (Fincharn

and Winter 1989, Giraudeau 1992, Giraudeau and Bailey 1994). This is surprising since both
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the equatorial Atlantic and the eastern South Atlantic have been the focus of numerous

paleoceanographic studies. Many of the previous reconstructions of Late Quaternary variations

of South Atlantic surface circulation using sea-surface temperature proxies have concentrated on

these regions (Gardner and Hays 1976, Molfino et al. 1982, Mix et al. 1986, McIntyre et al.

1989, Schneider et al. 1996). In addition, the potential of coccolithophores for

paleoenvironmental studies in the area off southwest Africa has already been shown by

Giraudeau (1992) and Winter and Martin (1990).

The present study deals with coccolithophores and coccoliths from surface-waters, surface

sediments, and sediment cores recovered from both areas, the equatorial Atlantic and the eastern

South Atlantic off Namibia. Selected examples are presented to document the significance of

coccolithophores as indicators of oceanic surface-waters, sea-surface temperatures, and

paleoproductivity. The composition and concentration of coccolithophores in the plankton are

determined along transects crossing the main water masses and the data are compared with the

distribution of coccoliths of the surface sediments. Knowledge of their living occurrences as

weIl as their distribution in surface sediments is still aprerequisite for paleoecological and

paleoceanographical studies of coccoliths in Quaternary sediments. These data are used to

demonstrate the varying significance of coccoliths for distinct environments. The presence of

distinct coccolithophore assemblages associated with equatorial upwelling and the subtopica1

oligotrophic gyres suggest control by nutrients/trophic level rather than temperature alone.

Thus, coccolith assemblages in a sediment core of the equatoria1 Atlantic will be presented as an

example for the significance of coccolith studies in paleoproductivity estimates, whereas

variations in sea-surface temperatures derived from coccoliths and alkenones will be presented

for the eastern South Atlantic.

Hydrography

In general, surface-waters of the South Atlantic exhibit a complex system of currents. The

oceanic upper-layer circulation of the South Atlantic has been summarized by Peterson and

Stramma (1991) and only a brief summary will be given here for the equatorial and eastern

South Atlantic (see Fig.1).

The surface current system in the South Atlantic is dominated by a subtropical anticyclonic

gyre, and is closely coupled to lowered atmospheric wind stress. In the eastern South Atlantic

off Southwest Africa, the surface-water circulation is dominated by the northward-directed

Benguela Coastal Current (BCC), the coastal tongue of the Benguela Current (BC), and the

warmer southward-t1owing Angola Current (AC) (Fig 2a). BCC and AC converge between 14°

and 16°S building a marked front (Angola-Benguela front) which is weIl defined in terms of
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both temperature and salinity. A horizontal gradient of 4°C per ro of latitude is typically

observed on the shelf (Shannon and Nelson 1996). In addition, the prevailing winds in this

region in turn drive an offshore surface drift and cause a coastal upwelling of cold, nutrient-rich

water especiallY during austral winter. Upwelling occurs in a number of cells south of about

18°S with a major, semi-permanent ceIl at 27°S (Fig. 2a, Shannon and Nelson 1996). This

upwelling leads to an enhanced biological productivity off Namibia. The typical westward

extent of the upwelling is between 150 and 250km off the coast.
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Fig. 1: General surface water circulation patterns in the South Atlantic (after Peterson and Stramma (1991).

Further offshore the northwestward-flowing Benguela Oceanic Current (BOC), the oceanic

portion of the Benguela Current, is characteristic for the upper-layer waters. This flow feeds

into a broad, northwestward-flowing South Equatorial Current (SEC), forming the eastern limb

of the subtropical gyre (Fig. 1). The SEC consists of two branches, a mainstream flowing

south of lOoS, and a smaller, tradewind-forced, faster flowing branch between 2° and 4°S
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(Peterson and Stramma 1991). In the equatorial area, these two branches are separated by the

South Equatorial Counter Current (SECC), which moves surface-water eastward. At about

100S off Brazil the SEC splits into two branches, building the southward-flowing Brazil

Current (BC) and the northward-flowing North Brazil Current (NBC) (Stramma and Peterson

1991). The latter contributes to the eastwards flowing North Equator Counter Current (NECC).

Its interaction with the northern branch of the SEC lead to a strong convergence of water

masses in the mixing area at about 30 to SaN. This results in downwelling of surface-waters,

which supports the eastward flowing Equatorial Undercurrent (EUC). The current occurs at a

depth of 50 to 125m (Peterson and Stramma 1991), is present along the entire equator, and

feeds surface currents off the African coast. The contact zone of EUC and SEC forms the

equatorial divergence where upwelling of colder water from around the thermocline depth

occurs (Fig. 2b).
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Fig.2: a) Schematic surface current pattern off Southwest Africa. Black arrows indicate relative cool currents of
the Benguela Coastal Current (BCC) and the Benguela Oceanic Current (BOC), while grey arrows show the
flow pattern of the wann Angola Current (AC). Dark shading indicates Coastal upwelling, wheras light
shading shows the extension of upwelling filaments into the mixing zone with oligotrophie open oeean
waters. b) Sehematic drawing of equatorial Atlantie surfaee layer strueture during boreal summer (June 
August) and boreal winter (January - March). During Boreal summer tradewind and South Equatorial CUlTent
(SEC) speed reach their maximum and the thermoeline is uplifted beneath the equator where nutrient rieh
water is upwelled into the photie zone eausing an inereased primm-y produetivity. In boreal winter trade winds
eease and SEC currentspeed is at its minimum. Thermocline is back at equilibrium level and the slowly
upwelled waters provide little nutrients to the photic zone, where primary produetivizy is redueed.
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Thus, mean sea surface temperatures (SST) are cooler at, and a little south of, the equator,

and warmest north of the equator, especially in the western Atlantic. Strong seasonal variation

in the forcing winds, however, produces a fluctuating equatorial system. In boreal summer SST

in the eastern equatorial Atlantic is at its minimum, whereas in boreal winter, SST is at its

annual maximum and part of the equatorial surface-water flows back as countercurrents. Thus,

the SEC and associated features also have different seasonal aspects, such as the thermocline

depth which on the mean is deeper in the west and relatively shallow in the east (Fig. 2b).

During boreal summer the thermocline sinks in the western equatorial Atlantic due to an

increased westward transport of surface-waters which again is a consequence of increased trade

winds. Contemporaneously, the thermocline depth slightly shallows towards the east, allowing

the thermocline water to mix with warmer surface-waters.

Material and Methods

Plankton sampies

The main proportion of plankton sampies was collected in the course of RV "Meteor"-Cruise M

29/3 (Schulz et al. 1995) between August 12th and September 8th in 1994 (Fig. 3). Sampling

took place along a transect from 22°S/39°W to about 21 °N/21 °W, crossing the major surface

water mass boundaries of the equatorial Atlantic. The distribution of coccolithophores in

surface-waters of the eastern South Atlantic builds upon sampies which were collected on

"Meteor"-Cruise M 2311 along a transect from 29°SI14°E to 37°SI14°W in February 1993 (Fig.

3).

Generally, 5-7 sampies of the uppermost 200m of the water colurnn were collected per each

station in 5 liter or 10 liter Niskin bottles using a Rosette-sampler. Additional surface-water

sampies from about 7m water depth were obtained with the ship's seawater pump. For

nannoplankton analyses, two to four liters of water was immediately filtered onboard through

cellulose nitrate filters (Sartorius™, 47mm or 25mm diameter, 0.45f.lm pore size) by means of

a vacuum pump. Without further washing, rinsing, or chemical conservation the filters were

dried at about 40°C. They were stored in plastic Petri dishes and kept in closed boxes using

silica gel to assure permanent dryness.

Coccolithophore cell densities were determined with a scanning electron microscope (SEM)

usually at 10 KV. For this, a small piece was cut out of the dried filter, mounted on a SEM

stub, and sputter-coated with gold/palladium. The number of individuals and the species

composition were determined by identifying and counting coccospheres as weIl as single

coccoliths on measured transects (between 1-2mm2) at a magnification of 2000x. For species

identification, the taxonomy of Jordan and Kleijne (1994) was applied.

27



Part Ir. 1. Coccolithophores as indicators o{ocean water masses, su;face-water temperature, and ....

Sediment SampIes

The sediment sampies used in this study were recovered on the course of several cruises to the

eastern South Atlantic (Fig. 3). All surface sediments were obtained with either box corers or

multi-corers. Thirty-eight surface sediment sampIes of the eastern South Atlantic between 19°

and 32° S were investigated. Sampies mostly originated from the top of the Walvis Ridge as

weIl as from the continental margin off Southwest Africa (Fig. 3).

To obtain late Quaternm'y records from the equatorial and eastern South Atlantic, two

sediment cores with well-established stratigraphies were investigated (Fig. 3). Core GeoB

1117-2 (3°48.9'S 14°53.8'W, water depth 3984 m) is from the Mid-Atlantic-Ridge in the

northeasternmost Brasil Basin, whereas core GeoB 1028-5 (200 06.2'S 09°11.1'E, water depth

2209m) comes from the northern crest of the Walvis Ridge. The age models for the cores are

based on agraphie correlation of the 8180 records to the SPECMAP standard record (Imbrie et

al. 1984). Isotope data are presented elsewhere (Bickert and Wefer 1996, Schneider et al.

1996).

A combined dilution/filtering technique as described by Andruleit (1996) was used for the

preparation of sediment sampIes. A small amount of sediment was weighed and brought into

suspension. After treatment with a rotary splitter the suspension was filtered through

polycarbonate membrane filters (Schleicher & SchuelFM, 50mm diameter, OA).lm pore size). A

monolayer of all sediment particles was produced and subject to SEM analysis. All coccoliths

were recorded in numbers per gram dry sediment.
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Fig. 3: Location map of the investigated piankton sampies, surface sediments, and sediment cores.

Results

The following chapter mainly contains new and, in part, preliminary results. Additionally, some

previously published data which are important in the following discussion will also be reported

in brief. The results are presented separately for both investigated regions and the presented

information is limited to those species having a geological record.

Equatorial Atlantic

Plankton.

The spatial distribution patterns of coccolithophore communities in the surface-waters show

considerable variation in cell numbers. Maximum values along the M29-3 transect of cell

densities up to 300 x 103 coccospheres/l were found at 20°5, at the equator, at 10-15°N, and at

200 N (Fig. 4). In between coccolithophore standing crops are less than 10 x 103 cells/l.
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Emiliania huxleyi is the main speeies eausing the variations in eell eoneentrations, with the

exeeption of the maximum off West-Afriea at about lOoN where Gephyrocapsa oceanica is

dominant.
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Fig.4: Coccolithophore standing stocks and frequency distributions in surface water sampies across the equator
collected during Meteor cruises M 29/3 in August/September 1994. Area of main equatorial upwelling is
marked with bar.

SampIes from the oligotrophie subtropical gyre usually show low eoneentrations of

eoeeolithophores (always <50 x 103 coceospheresll) but increased relative abundances of

Umbellosphaera irregularis and U. tenuis (Fig, 4). Other species consistently reeorded in the

sampIes are Calcidiscus leptoporus, and Syracosphaera spp. Together they generally form less

than 10% of the flora and never exceed 20% in most sampIes.

Only few depth transect (0-200m of water depth) have been investigated so far. The highest

values were always recorded in the top 20m of the water eolurnn and, in addition, the data

generally confirm the findings made in the surface-water transects. Therefore, these data will

not be presented here.
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Fig. 5: Total coccolith accumulation rate (109 Ind.lm2/a) and relative frequencies of C. leptoporus, E. huxleyi,
F. profunda, G. eriesonii, and G. oeeanica. versus depth in sediment core GeoB 1117. Shaded areas mark
interglacial periods. A turbidite sequence that occurs between 4.98 and 5.88 m (with no erosional features so
that the stratigraphy remained undisturbed) .

The development of the coccolithophore assemblages was investigated in a deep-sea

sediment core (GeoB 1117-2) for the past 300.000 years (Fig. 5). Coccolith numbers vary

from about 2.5x109 up to almost 80x109 coccoliths/g sediment, and accumulation rates vary

from 60xl09 up to 1500xl09 coccoliths/m2/a. The highest numbers associated with the highest

accumulation rates occur in isotope stage 2, 3, and in stage 7. The lowest values are indicative

for the Holocene as weIl as oxygen isotope stages 5 and 6. Gephyrocapsa species (G. ericsonii

and G. oceanica) dominate in isotope stages 6 and 7, together making up >50-60% of the

assemblage. A first increase in E. huxleyi occurs in late stage 6 whereas abundances increase

after the stage 5/4 transition. Gephyrocapsa ericsonii and Florisphaera profunda dominate the

assemblage in isotope stage 5. In addition, relative abundances of F. profunda show a cyclic

variation troughout the record with values ranging from 7 to 48%. A conspicuous increase in C.

leptoporus can be seen in stage 3, whereas the assemblage is dominated by F. profunda and E.

huxleyi in stages 1-2.
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Fig. 6: Lateral distribution and depth stratification of E. huxleyi, G. oceanica, C. leptoporus, U. sibogae and O.
Jragilis in plankton samples off Southwest Africa. Dots show the position and depths of the samples. The
hatched field marks the thermocline; the dashed line marks the transition from Benguela Cun-ent to
Subtropical Gyre.

Considerable variation in both ceH numbers and species composition are observed. Total ceH

densities range from less than 10 x 103 coccospheres/l to maximum values of more than 400 x

103 coccospheres/1. Emiliania huxleyi is the dominant species, although G. ericsonii,

Umbellosphaera irregularis, U. tenuis, O. jragilis, Syracosphaera spp., and
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holococcolithophores are occasionally prevalent. The lateral and vertical distribution pattern of

the geologically important species are shown in Figure 6.

The highest cell numbers of E. huxleyi are observed in the Benguela Current above the

thermocline at a water depth of 40m (199 x 103 coccospheres/l) and in the subtropical gyre

(SG) below the thermocline at 80m (129 x 103 coccospheres/l). Concentrations of G. oceanica

are generally lower, but its distribution pattern resembles that of E. huxleyi. The other species

show slightly different distribution and reach highest numbers in the SG below the thermocline

(Fig. 6).
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The highest coccolith numbers in

surface sediments of this area were

determined in sampies derived from the

Walvis Ridge (>10 x 109 coccoliths/g

sediment), whereas on the upper

continental margin off SW-Africa

concentrations <5 x 109 coccoliths/g

sediment are observed (Fig. 7). The

assemblages are dominated by E.

huxleyi, which usually comprises more

than 30-50% in the sampies collected

from the Walvis Ridge and from the SW

African slope and shelf (Fig. 8).

Fig. 7: Distribution of total coccoliths per gram sediment
in surface sediments off Southwest Africa.

In addition, C. leptoporus constitutes an important part of the assemblage. Abundances

range between 10-30% and rise progressively with increasing water depth. Other species

consistently recorded in the sampies are U. sibogae and Gephyrocapsa spp. {G. oceanica is

shown here as an example), although they never exceed 10% in most of the sampies (Fig. 8).

Changes in the relative abundance of the six most abundant species in sediments of the

Walvis Ridge are shown for the last 200 kyrs (Fig. 9). Total coccolith numbers vary from about

4x109 to up to 22x109 coccoliths/g sediment. Emiliania huxleyi, G. oceanica and C. leptoporus

are the most abund,ant species and show prominent downcore changes in relative abundance.

Isotope stage 7 is characterized by the dominance of C. leptoporus, which is also relatively

important throughout the last 170 kyrs. Coccolithophores in isotope stage 6 are dominated by

G. oceanica (up to >50%). Distinct peaks of E. huxleyi, G. ericsonii, and U. sibogae are
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Fig. 8: Distribution of relative frequencies of the most common coccolithophore species in surface sediments
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observed in isotope stage 5. Above the stage 5/4 transition, abundances of E. huxleyi

increase progressively, although highest abundances >40% are reached in the Holocene.

In addition to E. huxleyi and C. leptoporus, G.muellerae is the main species representing the

coccolith assemblages in stages 2-4. However, a conspicuous decrease in G. muellerae occurs

in early stage 2. Thus, E. huxleyi and C. leptoporus dominate during most of stages 1-2,

whereas U. sibogae, 0. fragilis, and H. carteri have a minor but consistent contribution to the

assemblages.
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GeoB 1028-5
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Fig. 9: Total numbers of coccoliths in sedimentcore GeoB 1028 and relative abundances of the most abundant

species E. huxleyi, G. oceanica, G. muellerae, G. ericsonii, C. leptoporus, and U. sibogae versus depth. Shaded

areas mark interglacial periods.

Discussion

In the following, the significance of coecolithophores as a proxy will be discussed for the

examples presented. It is intended to show that (1) knowledge of their living occurrences as

weIl as their distribution in surfaee sediments still provides very useful and necessary

information base for studies on coccoliths in sediments. These studies allow to show which

hydrographie conditions influence coccolithophore speeies in the plankton and whieh

sedimentation processes are refleeted in the eoccolith assemblages of the underlying sediments

and, consequently, eharaeterize the fossil reeord. (2) The presence of distinet eoeeolithophore

assemblages assoeiated with equatorial upwelling and the subtropical oligotrophie gyres

suggests eontrol by the nutrients/trophic level rather than temperature alone. Thus, coccolith

assemblages in a sediment eore of the equatorial Atlantic are presented as an exampIe for the

signifieance of coceolith studies for paleoproduetivity estimates. (3) The estimation of surfaee

water paleotemperatures is one of the neeessary inputs for modelling experiments. Exemplary,

reeonstructions of sea-surfaee temperatures by means of coeeoliths and alkenones will be

shown for the eastem South Atlantie.
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Living eoeeolithophores and their distribution in surfaee sediments

Understanding the basic eoeeolithophore eeology is a great need in using their potential as

palaeoeeologieal proxies. Thus, investigations of living"eoeeolithophore populations in relation

to hydrographie eonditions and phytoplankton sueeession were applied in order to map out the

(global) biogeography relative to the large seale oeeanographie parameters (espeeially nutrient

distribution, and temperature). The biogeographie distribution patterns of eoeeoliths in the

Holoeene are eommonly used to infer temperature eonditions and eireulation patterns (e.g.,

McIntyre 1967, Roth and Coulbourn 1982, Houghton 1988) beeause it was shown that

eoeeoliths abundanee patterns delineate overlying water masses relatively well. However, the

speeies eomposition in surfaee sediments depends on a number of biotie and abiotie processes,

such as the environmental eonditions in the water zones near the surfaee, transport by oeean

eurrents, different depth habitats of individual speeies, lateral transport of species, and

dissolution processes in the water eolumn, and the sediment surfaee in eombination with

resuspension and transport by bottom eurrents (e.g., Steinmetz 1994, Samtleben et al. 1995).

The geographie distribution and eomposition of the living eoeeolithophore eommunities in

the equatorial Atlantie ean be related direetly to the environmenta1 eonditions of the surfaee

water at the time and depth of capture. Although plankton data for this area are relatively sparse,

an inerease both in numbers of total eoeeolithophore cells as well as in abundanee of E. huxleyi

in samples of the equatorial upwelling whieh is charaeterized by lowered temperatures is

obvious (see Fig. 4). This finding confirms previous studies in whieh E. huxleyi and/or some

other plaeolith-bearing speeies predominate in equatorial divergenee zones (Okada and Honjo

1973, Nishida 1979). Modern produetivity gradients within the equatorial region are, however,

relatively small resulting in an estimated doubling of primary produetivity in the upwelling

domain as eompared to the oligotrophie areas (Berger 1989). Exeept for the equatorial

upwelling, the subtropical Atlantie is generally eharaeterized by warm and oligotrophie surfaee

water masses, where the deep thermocline and nutricline result in a low phytoplankton

production. As expected, Umbellosphaera irregularis and U. tenuis clearly dominate in the

surfaee eommunities in this area. These speeies reaeh abundanees of up to 90 % in the warm

oligotrophie surfaee-waters (see Fig. 4), whieh is in good aecordanee with previously reported

findings from similar latitudes in the Pacifie (Nishida 1979, Okada and McIntyre 1979, Kleijne

et al. 1989)0

In the surface sediments underlying these oligotrophie water masses, F. profunda and G.

flabellatus whieh are known to live in the lower photie zone (LPZ) are more abundant (eog.

Molfino and McIntyre 1990, Hiramatsu and DeDeeker 1997, Beaufort et al. 1997, Kinkel et al.

in press). Variations in the relative abundanee of F. profunda were explained with changes of

the nutrieline depth, with inereased relative abundanees of LPZ taxa being related to a deep
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Fig.10: Downcore variation of the relative abundance of F.proJunda, insolation at 15°N, as weH as absolute
numbers of coccoliths per gram sediment (black line) together with coccolith accumulation rate (shaded area) in
core GeoB 1117.

nutricline and vice versa (Molfino and McIntyre 1990). In general, surfaee sediment data

(Kinkel et al. in press) is eonsistent with the findings of Molfino and McIntyre (1990).

However, this observation mainly demonstrates how severely the living eoeeolithophore

eommunities are altered as they settle through the water eolumn. Instead, an inerease in the

abundanees of the LPZ is therefore rather eaused by the dissolution solubility and lower

produetion of eoeeolithophores in the upper euphotie zone of oligotrophie areas than by

inereased produetion LPZ taxa alone. Nevertheless, the assumption of Molfino and McIntyre

(1990) is eonfirmed as the maximal relative abundanee of the LPZ taxa in sediments are

indicative of oligotrophie surfaee-waters with a deep thermocline and nutricline, although the

signal is strongly amplified by the dissolution of fragile speeies. Despite all these diffieulties,

also in aehieving accurate eoeeolithophore aeeumulation rates, the present data lead to the

conclusion that the pattern in the surfaee sediments agree weIl the produetivity of the surfaee

waters.

37



Part TI. 1. Coccolithophores as indicators ofocean water l17asses, sUliace-water temperature, and ....

GeoB 1028-5
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Fig. 11: Total numbers of E. huxleyi, G. oceanica, G. muellerae, G. ericsonii, C. leptoporus, and U. sibogae
tagether with carbon-normalized alkenone concentration versus age in sediment core GeoB 1028. Shaded areas
mark interglacial periods.

Ofr Namibia, coccolith numbers are high in the surface sediments of the lower slope and of

the Walvis Ridge, but they progressively decline towards the shelf (Fig. 8). This pattern can

also be continued near-shore to coastal sediments underlying the main areas of upwelling

(Giraudeau 1992). This is probably caused by dilution with terrigenous components, and by the

spatial variation of phytoplankton productivity in the surface-waters. The diversity was higher

in the area where oceanic and upwelled waters mix, whereas upwelling processes probably are

responsible for a low diversity population on the shelf. The assemblages found in the latter

generally are dominated by Emiliania huxleyi and Calcidiscus leptoporus (Hg. 8) which, at least

in part, is confirmed by their occurrence in the presented plankton data (see Fig. 7).

Furthermore, E. huxleyi coccoliths make up more than 60% of the assemblage throughout the

year in a sediment-trap ofthe northern Walvis Crest (Cepek and Wefer in press). In fact, this is

the only species which was observed in high abundances across the main hydrographical

boundaries of this area from the upwelling to the oceanic domain (Fig. 8, Giraudeau and Bailey

1995). Its wide geographical distribution both in the water column and in the surface sediments

is probably due to its broad range of ecological tolerance.
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Fig. 12: Data of sediment trap WR 2 deployed in 599m of water depth at the Walvis Ridge off Namibia (from
Cepek and Wefer in press). A) Absolute numbers (coccoliths/m2/day) of the most abundant species together
with the alkenone-derived sea-surface temperatures; B) Percentage abundances of the most abundant species.
The dashed line marks the transition from 1989 to 1990.

The progressive inerease in abundanee of C. leptoporus with inereasing water depth may

again be due to the resistanee of this species against dissolution (see Dittert et al. this issue).

Giraudeau (1992) and Giraudeau and Rogers (1994) also suggested that the growth of this

speeies is optimal in oligotrophie eonditions west of the main Benguela upwelling. However,

this is neither really eonfirmed by its surfaee-water distribution pattern nar by its absolute

numbers in the surfaee sediments (Fig. 8, Giraudeau and Bailey 1995). In addition, eorrelating

C. leptoporus to oligotrophie eonditions, as it is done for the southern Benguela eomplement
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(Giraudeau 1992, Giraudeau and Rogers 1994), is not applicable due to different findings in the'

equatorial Atlantic (Kinkel et al. in press). The conditions in waters of both equatorial upwelling

and off the coast of SW-Africa are possibly more mesotrophic than fully eutrophie or fully

oligotrophie and, thus, the areas are comparable. Also, different morphotypes of C. leptoporus

have been recognized (McIntyre et al. 1970, Knappertsbusch et al. 1997), from which at least

one is an eurythermal species, and the other favors warm tropical and subtropical waters. Their

occurrences may not only depend on the temperature of the surface-waters, but also on other

environmenta1 conditions such as content of nutrients. Differences in morphotype

characteristics, such as width and number of elements forming the placolith shield, however,

have not been distinguished in the present study.

Gephyrocapsa oceanica is found to be less important than described by Giraudeau (1992)

from the uppermost slope. This may be due to different counting and preparation techniques,

and especially based on the fact that Giraudeau (1992) excluded three dominant taxa (e.g. E.

huxleyi) from quantitative analysis. G. oceanica has been interpreted to prefer waters of high

fertility and neritic environments (Mitchell-Innes and Winter 1987, Fincham and Winter 1989),

and has been reported to bloom in upwelled waters of low latitudes (Kleijne et al. 1989).

Other species make a minor but consistent contribution to the assemblages in all of the

surface sediments, but they constitute less than 5% of all species. Thus, their distribution is

more diffuse than the pattern of the prominent species. Nevertheless, the coccolith distribution

in the studied area seems to be closely related to the combination of the Be and the upwelling of

cold, nutrient-rich subsurface-water off Namibia. In addition, a correlation between the high

productivity in the upwelling area and the carbonate production by coccoliths seems to be

reasonable, although any dilution with terrigenous material or processes of dissolution may alter

this relationship.

Primary productivity reconstructions in the equatorial Atlantic

While former studies generally considered coccolith abundances as a proxy for certain

oceanographic conditions, the use of quantitative analysis enables a discussion on how the

coccolithophore assemblage responds to changing oceanographic conditions in terms of

productivity. Until recently only few studies (Backman and Shackleton 1983, Gard 1989,

Henrikson 1996, Flores et al. 1997) demonstrated, that quantitative and semi-quantitative

analyses of coccolith assemblages can be used for productivity reconstructions in other regions

and on different time-scales. Phytoplankton productivity in general is controlled by the

availabi1ity of nutrients, light and temperature (Winter and Siesser 1994). Since light and

temperature are not limiting in the equatorial Atlantic, changes in productivity are triggered by

the amount of nutrients available in the euphotic zone. A dilution effect caused by terrigenous
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input can be neglected in the equatorial Atlantic. Therefore, fluctuations of the coccolith

accumulation rate can be used to monitor coccolithophore production. Using coccolithophores

as a productivity proxy provides further information für discussing other existing
"-

paleoproductivity estimations (e.g. Müller and Suess 1979, Mix 1989, Brummer and van

Eijden 1992, Sarnthein et al. 1992, Struck et al. 1993, Rühlemann et al. 1996), that all have

certain inaccuracies. Among all phytoplankton groups coccolithophores may have the best fossil

record, as silicate or organic walled microfossils usually are more susceptible to dissolution or

oxidation processes than calcareous ones.

The records of the coccolith accumulation rate and the relative abundance of F. profunda

show contrasting cyclic variations throughout the entire core GeoB 1117-2 (Fig. 10). Based on

the surface sediment data (Kinkel et al. in press), this contrast probably results from the variable

nutrient supply to the upper euphotic zone where the majority of coccolithophores dweIl. The

nutrient availability is controlled by the depth location of the nutric1ine, which can be monitored

by the abundance of F. profunda (Molfino and McIntyre 1990). Together with G. flabellatus

this is the only species that is restricted to the lower euphotic zone (-60 to -180 m water depth)

ofthe tropical and subtropical oceans (Okada and Honjo 1973), where the availability oflight is

limited. If the nutric1ine is shaIlow, coccolithophore production in the upper euphotic zone is

enhanced, and the abundance of F. profunda is minimal. This is supported by the presented

data from the equatorial upwelling region, where E. huxleyi reaches maximum values in the

water column as weIl as in the surface sediments (Kinkel et al. in press). In contrast, a deep

nutricline will impede coccolith productivity in the upper euphotic zone and the abundance of F.

profunda will increase to maximum values. This seems to be the typical situation for the

western part of the equatorial Atlantic and outside the equatorial upwelling today, where low

concentrations of coccolithophores and high frequencies of fragile species (u. tenuis and U.

irregularies) are found in plankton samples of the surface-waters. As a result, the underlying

surface sediments are dominated by F. profunda and G. flabellatus as shown above.

The cyc1ic variation in the relative abundance of F. profunda is weIl aligned to the insolation

at 15°N (Fig. 10). The insolation is the forcing mechanism that drives the wind systems over

the equatorial Atlantic. Cross-spectral analyses of the relative abundances of F. profunda, and

sea-surface temperatures shown by Molfino and McIntyre (1990) demonstrated a coherent

cyc1icity centered on the 23,000 years precessional band. This is in good agreement with other

reconstructions based on planktonic foraminiferal assemblages (McIntyre et al. 1989) or records

of oxygen isotopes and organic carbon (Schneider et al. 1996, Wefer et al. 1996).

Today, upwelling in the equatorial Atlantic is enhanced in boreal summer and attenuated in

the winter. The physical mechanisms that control seasonal nutricline variations and

consequently the phytoplankton productivity in the equatorial Atlantic were recently described

by Monger et al. (1997). This pattern can be used as a modern analogue for long-term
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upwelling fluetuations whieh ean be read in the sedimentary reeord. If insolation is high, and

heating of the African land mass is intense, the air over the continent rises and causes a

strengthening of the monsoonal (zonal) wind component. This scenario leads to a weakened

upwelling intensity, with a deep thermocline and ilutricline and causes the relative abundance of

F. profunda to increase. The opposite scenario consisting in the redueed heat exposure of the

African land mass due to an insolation minimum, will cause an increase of the southeasterly

trade wind component, whieh is the driving factor for intense upwelling. Intensified trade

winds eause a shoaling of both nutricline and thermocline. They also increase the upwelling

area. The shoaling of the nutricline provides the upper euphotie zone, where most of the

coccolithophores dweIl, with sufficient nutrients leading to an increased productivity. This can

be seen from both the increased coccolith aceumulation rates and minimum values of relative

abundance of F. profunda (Fig. 10). Most signifieant maxima in eoeeolith aceumulation occur

in late stage 8, early stage 7 and at the stage 7/6 boundary. Throughout stages 6 and 5, the

aceumulation of eoecolith remains relatively low demonstrating only smaller fluetuations. At the

end of stage 4, the coccolith aceumulation rates rise again reaching highest values in stage 3,

where fluctuations are extreme. Since the last glaeial, the accumulation rates have been dropping

to very low values in the Holoeene that are eomparable to those of stage 5. In general,

abundanee fluetuations of F. profunda show an opposite trend. The majority of speeies that

cause the maximal coccolith accumulation rates (E. huxleyi, Gephyrocapsa spp. and C.

leptoporus) have all been reported from areas of upwelling or higher produetivity (Kleijne et al.

1989, Giraudeau 1992, Knappertsbusch 1993, Flores et al. 1997). In general, the eoccolith

aceumulation rates show similar trends as paleoproductivity estimates based on carbonate or

organic carbon accumulation rates (Bickert 1992, Rühlemann 1996, Schneider, et al. 1996,

Wefer, et al. 1996).

The presented results in general confirm those ofMolfino and McIntyre (1990). However, it

ean be concluded that the mechanism that causes a "F. profunda signal" differs slightly from

their eonceptua1 model. Changes in upper euphotie zone productivity contral the oceurrence of

the surface-water species, whereas the praduetion of F. profunda should remain stable, as there

are always sufficient nutrients available in its depth habitat. Moreover, alteration of the

communities which are characteristic for the oligotrophic surface-water assemb1ages (such as

the deerease in abundance of U. irregularis and U. tenuis) amplifies the abundance of F.

profunda with respect to the total coceolithophore flora in the sediments below. The response of

F. profunda to achanging nutricline depth has been reported from the Northwestern Pacific

(Ahagon et al. 1993), the Indian Ocean (Okada and Matsuoka 1996, Beaufort et al. 1997) and

the western tropical Atlantic ( Bassinot et al. 1997). In all records, F. profunda showed

cyclicities centered on different frequency bands which control the nutricline depth in those
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areas. This gives further evidence that nutricline dynanlics rather than other mechanisms that are

influenced by precessional forcing cause variations of F. profunda.

Sea-surface temperatures reconstructions

In the following we will disCllSS two different methods for the use of coccolithophores as

proxies in sea-surface temperature reconstructions. These reconstructions are mainly based on

the species E. huxleyi and those of the genus Gephyrocapsa.

The first method deals with the micropaleontological approach considering the evolutionary

development and the downcore fluctuations of abundances in correlation with the isotope stages

of these taxa. The second method presents a geochemical approach. Here we present and

discuss the results of Müller et al. (1997) on the alkenone temperature method as applied to the

abundances of coccolithophores.

Micropaleontological approach

Downcore variations in coccolithophore assemblages can be used to determine relative

temperature changes, although the paleoclimatic meaning of some of the coccolithophore taxa,

as stated above, remains controversial.

The highest numbers of coccoliths in core GeoB 1028 (Fig. 9) off Namibia are observed in

the relatively warm interglacial stages, except in isotope stage 6 where high numbers are

recorded. Both concentrations and relative abundances of coccoliths vary between glacials and

interglacials in concert with sea-surface temperature variations as recorded by alkenone data

(Fig. 13, also Summerhayes et al. 1995, Müller et al. 1997).

At first glance this does not seem to be in good agreement with recent coccolith data

provided from a sediment trap located at the northern crest of the Walvis Ridge. As noted by

Cepek & Wefer (in press), maximum values of coccolith fluxes occur during austral spring and

autumn, when temperatures, recorded by alkenone data, are lowest (Fig. 12). On the other hand

this observation corroborates the relatively high numbers of coccoliths, and especially of G.

oceanica and E. huxleyi, during the glacial stage 6. Emiliania huxleyi even reached high

coccolith numbers during glacial stage 2. In addition, long-term evolutionary trends in

coccolithophore development are possibly superimposed on short-term ecological trends,

especially if one considers the very rapid evolutionary development in the genus Gephyrocapsa,

which also inc1ude E. huxleyi (e.g. Samtleben 1980). Thus, at least the change in dominance

from G. muellerae IG. ericsonii to E. huxleyi may represent a phylogenetic development during

which changing abundances may have been caused by variations in ecological conditions.
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Fig. 13: Oxygen isotope- and alkenone-derived sea smface temperatures (SST) for core GeoB 1028 over the last
200 kyrs (modified from Müller et al. 1997). Isotopic SST was calculated applying the paleotemperature
equation of Epstein et al. (1953) using a tolerance in salinity of 1 %0. SST from the Uk; were calculated

using published relationships for Emiliania huxleyi (thick solid curve, Uk;=0.034T+0.039; Prahl et al.,

1988) and Gephyrocapsa oeeanica (thin solid curve, Uk; '=O.049T-O.52; Volkman et al., 1995).
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In addition, E. huxleyi is a eurythermal species with a worldwide geographie distribution

and is not useful in the reconstruction of surface-water temperatures. This species is mainly

int1uenced by the productivity of the surface-water. Counts of E. huxleyi often were removed

from the quantitative analysis (e.g., Giraudeau 1992, Winter and Martin 1990) in order to

resolve difficulties by underestimating abundances of other species. The rapid increase in

abundance of E. huxleyi after isotope stage 5 (see Fig. 11) is an ubiquitous phenomenon

(Thierstein et al. 1977) whereas the dominance of G. ericsonii in isotope stage Se has also been

reported from other areas (e.g., Winter 1982, Winter and Martin 1990). The maxima of the

latter species during interglacials and especiaIly in substages Se, Sc, and 5a indicate that G.

ericsonii may be considered as a relatively warm-water species. This species is progressively

replaced by G. muellerae toward higher latitudes in stage 5 (Baumann 1990, Su 1996, Flores et

al. 1997). Thus, the ratio ofboth species probably reflects changes in surface-water conditions

with higher values of G. muellerae indicating lower sea-surface temperatures. In addition to the

above mentioned species, highest numbers of total coccoliths in GeoB 1028 are also due to few

other species, such as C. leptoporus and G. oceanica (Fig. 11). A change in dominance as an

indication for relative temperature changes has also been reported for the ratio of G. muellerae

to G. oceanica (Weaver and Pujol 1988). However, G. oceanica is important only during

isotope stage 6 and seems to be more indicative for relatively increased productivity than for

higher water temperatures. In contrast, maxima in the abundance of taxa such as

Umbilicosphaera sibogae and C. leptoporus probably indicate higher sea-surface temperatures

during most of the interglacial as weIl as interstadial periods as they are known to prefer

relatively warm surface-waters.

Geochemical approach

In recent years, past SSTs have increasingly been determined on the basis of relative

abundances of C37 alkenones ( Uf; -index) in marine sediments (BrasseIl et al. 1986). Studies by

Volkman et al. (1980a,b, 1995) revealed that these lipids are produced by the coccolithophores

E. huxleyi and G. oceanica inter alia. Several culture experiments (e.g., BrasseIl et al. 1986,

Prahl et al. 1988) have led to the conclusion that the unsaturation ratio Uk; is closely correlated

with water temperature and seems to be relatively unaffected during sedimentation. Since the

calibration derived by Prahl et al. (1988) has yielded reasonable SSTs in various regions of the

modern ocean (e.g. McCaffrey et al. 1990, Kennedy and Brassell 1992, Rosell-Mele et al.

1995, Schneider et al. 1995) it has become a standard calibration method for water temperature

estimates in paleoceanographic studies (Eglinton et al. 1992, Lyle et al. 1992, Rostek et al.

1993, Zhao et al. 1993, Schneider et al. 1995, 1996). The application of this method to older

sediments assumes that E. huxleyi is the dominant species within these sediments. However,

this is only true for the last 58 kyrs in core GeoB 1028. Prior to the dominance of E. huxleyi ,
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and even before its first appearance 268 kyrs aga (Thierstein et al. 1977), species of the genus

Gephyrocapsa dominated the assemblages (e.g. Hay 1977, Thierstein et al. 1977, Jordan et al.

1996). Therefore it is questionable whether the equation derived from calibration experiments
"-

by Prahl et al. (1988) can be used for SST-estimates in sediments which predate the dominance

of E. huxleyi. Another calibration derived by Volkman et al. (1995) is based on the unsaturation

ratio of alkenones in G. oceanica.

Both approximations have already been compared with coccolithophores and the alkenone

distribution in core GeoB 1028, to evaluate possible effects of species changes to the U1;
index (Müller et al. 1997, Fig. 13). In addition, SST records obtained from the U};- index were

also compared with the isotope-derived temperatures. Obviously, in most core sections, SST

estimates based on the calibration of Prahl et al. (1988) range within, or dose to, the limits of

the isotope-derived SST values. A general accordance between isotope-derived temperatures

and E. huxleyi-based SST estimates persists even in periods that predate the dominance of this

species (58 kyr, e.g. during stage 5). Hence, it appears that the equation of Prahl et al. (1988)

produces reasonable SST estimates at the Walvis Ridge over the entire 200 kyr record

independent of the predominating coccolithophore species. The relationship for G. oceanica

(Volkman et al. 1995), on the other hand, yields unrealistically high values for the presented

core. This led to the suggestion that the equation of Prahl and Wakeham (1987) can be used for

paleotemperature reconstruction, regardless whether E. huxleyi, G. oceanica, or possibly other

species dominate the assemblages.

Besides the analytical part, Müller et al. (1997) mainly concentrated on the above mentioned

coherence of the different SST records in comparison to relative abundances of E. huxleyi and

G. oceanica. Therefore, we will focus on the correlation between abundances of the six most

abundant species and both the normalized alkenone concentration as weIl as SST estimation,

respectively. By simply plotting the alkenone concentrations against the coccolith abundances

(both absolute and relative) of the dominant species (Fig. 14), only few trends are apparent in

the scatterplots. In general, none of these species correlate weIl to the alkenone concentrations,

neither as to their absolute numbers nor in their relative abundances. Surprisingly, this is also

true for E. huxleyi, which even is negatively correlated to the alkenone concentration. Numbers

and abundances of G. muellerae, C. leptoporus, and U. sibogae do not correlate to the

normalized alkenone concentrations. In contrast, G. oceanica and relative abundances of G.

ericsonii show a slightly positive trend with increasing alkenone concentrations. It has,

however, not been demonstrated yet whether all of these species actually do produce alkenones.

Alkenones have been identified in lipids of G. oceanica (Volkman et al. 1995), as stated above,

and therefore it seems reasonable to predict that other species of Gephyrocapsa might contain

these distinctive biomarkers. The relatively good correlation of Gephyrocapsa spp. to the
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alkenone concentrations (Fig. 14) supports the assumption that temperature calculations based

on the equation of Volkman et al. (1995) could yield more realistic temperatures than those

based on the calibration of Prahl et al. (1988). However, as shown by Müller et al. (1997), this
"is not the case (Fig. 13), and the reason for this is still an open question.

Using the Uf;-index as a proxy for SST, a detailed reconstruction of the temperature

changes over the last 200ka reveals a cyc1ic and large scale fluctuation of about 5°C between the

maximum interglacial and the minimum glacial temperature estimates (Fig. 13). This confirms

earlier findings in the study area made by Summerhayes et al. (1995), although these authors

found that minimum temperatures occurred in the interstadial (stage 3). In GeoB 1028,

minimum temperatures occurred in glacial stages 6, 4, and 2. The coccolith assemblage

generally tends to follow the U!fJ quite closely. Plots of both absolute numbers and relative

abundance of the six key specks versus SST ( U§;) for GeoB 1028 demonstrate that only few

show a relatively close correlation with paleotemperature estimates (Fig. 15). The abundances

of G. ericsonii, and U. sibogae clearly show a positive correlation with increasing SSTs,

whereas those of G. muellerae, G. oceanica, and C. leptoporus are correlated with cooler

temperatures. Emiliania huxleyi does not show any obvious SST-related trend which may be

related to the eurythermal character of this species. Species indicating warmer temperatures can

be separated from those indicative of warmer temperatures at about 20°C. These findings

independently confirm the above mentioned trends in SST. The relatively cold-water adapted G.

muellerae clearly predominates exclusively in the cold stages, where SSTs are continuously

<19-20°C. In contrast, the warm flora (especially G. ericsonii and U. sibogae) is much more

abundant in interglacials where the temperature is constantl at >20-21 oe.
In general, the presented trends are very similar to those found by Jordan et al. (1995) in the

upwelling region off Northwest Africa, except for G. oceanica. This might rather be related to

its affinity to a relatively increased productivity than to higher water temperatures. Also, the

connections between the 'warmer' and the 'cooler' species are higher in the upwelling area off

Southwestern Africa than observed off Northwest Africa (18°C). The high degree of scattering

in all of the plots, however, is not surprising because the distribution of coccolithophores is not

necessarily determined by the surface-water temperature alone (see above).

Conclusions and Perspective

Coccoliths are a major component in the sediments of the South Atlantic, but surprisingly little

quantitative information is available fram this region. However, as in many other parts of the

world's oceans, major oceanographic signals are preserved in coccolith sediment assemblages.

Thus, they reflect spatial and temporal changes in the circulation of the surface ocean very weIl.

The following conclusions and perspectives can be drawn from the present study.
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1) Distribution and abundances of both cocc6lithophores in the plankton and coccoliths in

the underlying surface sediments of the study areas seem to be related to the combination of

surface currents and upwelling. In addition, a conelation between productivity in the upwelling

zone and the production of carbonate by coccoliths seems reasonable, although this could be

masked by any dilution of terrigenous material and/or dissolution of fragile species.

There is, however, an increasing need to determine present-day biogeographie distribution

patterns and to compare them to external controls in terms of biogeography, trophic level and

seasonal succession. Thus, more data on the variability of coccolithophores in both species

numbers and composition are useful for the identification of environmental tracers as weIl as to

add to the paleoclimatic relevance of some of the coccolithophore taxa. In addition, more

information from sediment trap studies is needed for a better understanding of the

transformation of a living coccolithophore community into a coccolith assemblage of deep-sea

sediments.

2) Analysis of coccoliths from sediment cores of these regions provides useful information

on the location of different water masses in the past and consequently on the paleoecology and

paleoceanography of these areas. The highest numbers of coccoliths in GeoB 1028 and 1117

are observed during relatively cold periods and are not only due to temperature changes but

seem to indicate relatively nutrient-rich waters. In addition, contrasting cyclic variations in

coccolith accumulation rate and relative abundance of the deep-dwelling species F. profunda

are correlated to a varying nutrient supply to the upper euphotic zone. Furthermore, increased

occurrences of G. oceanica seem to be more indicative of relatively increased productivity than

of higher water temperatures.

There are still deficits in understanding the influence effective on the coccolithophores as part

of the total phytoplankton primary production, in order to use the record of coccolith production

as a primary productivity proxy.

3) Compositional variations in the coccolith assemblage determined in sediment cores already

indicate relative temperature changes. Past SSTs can be determined absolutely by alkenones

studies ( U~; -index), which already have become standard technique for temperature estimates in

paleoceanographic studies. The U~; -based SST record in GeoB 1028 indicates a cyclic and

large-scale fluctuation of about 5°C between the maximum interglacial temperatures and the

minimum glacial temperatures.

However, determination of the chemotaxonomic significance of variability in these and other

potential biomarkers and palaeothermometer calibrations needs to be performed on the species

producing alkenones. Also, the relationship between alkenone-derived SST data, alkenone

concentrations, and coccolithophore assemblages still is an open question.
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Coccolithophores in the equatorial Atlantic Ocean: response to
"seasonal and Late Quaternary surface water variability
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Abstract

The present study was initiated to aseertain the signifieanee of eoeeolithophores as a proxy

for paleoeeanographie and paleoproduetivity studies in the equatorial Atlantie. Data from a

range of different samples, from the plankton, surfaee sediments as weIl as sediment eores are

shown and eompared with eaeh other.

In general, the living eoeeolithophores in the surfaee and subsurfaee waters show

eonsiderable variation in eell numbers and distribution patterns. Cell densities reaehed a

maximum of up to 300 x 103 eoeeospheres/l in the upwelling area of the equatorial Atlantie.

Here, Emiliania huxleyi is the dominant speeies with relatively high eell numbers, whereas

Umbellosphaera irregularis and U. tenuis are eharaeteristie for oligotrophie surfaee waters.

Although they are observed in high relative abundanees, these speeies only oeeur in low

absolute numbers. The lower photie zone is dominated by high abundanees and eonsiderable

eell numbers of Florisphaera profunda.

The geographieal distribution pattern of eoeeoliths in surfaee sediments refleets the

eonditions of the overlying surfaee water masses. However, abundanees of the oligotrophie

speeies U. irregularis and U. tenuis are strongly diminished, eausing an inerease in relative

abundanee of the lower photie zone taxa F. profunda and Gladiolithus flabellatus.

During the past 140.000 years the surfaee water eireulation of the equatorial Atlantie has

ehanged drastieaIly, as ean be seen from ehanges in the eoeeolithophore speeies eomposition,

absolute eoeeolith numbers, as weIl as eoeeolith aeeumulation rates. Signifieant inereases in

eoeeolith numbers and aeeumulation rates is observed in the southem equatorial Atlantie during

the last glaeial interval (oxygen isotope stages 2-4), which we attribute to enhaneed upwelling

intensities and adveetion of eool nutrient rieh waters at this site. In the western equatorial

Atlantie we observe an opposite trend with deereasing numbers of eoeeoliths during glaeial

periods, which probably is eaused by a deepening of the therrnocline.
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1. Introduction

Coccolithophores form a major component of the oceanic rnicro- and nannoplankton and are

one of the main open ocean primary producers. Hence, they may provide a good index of open

ocean primary productivity (Brummer and van Eijden, 1992). They playa significant role in the

C02-02-exchange between the ocean and atmosphere and are exeptional because of their effect

on both the biological and the carbonate pumps (Sikes et al., 1994). Because of their optical

and biochemical effects they probably produce an additional feedback to climate change

(Westbroek et al., 1993). Their cell surfaces are covered by coccoliths, which constitute the

single most important component of deep-sea sediments and provide floral, and biomarker

signals for interpreting global change in the geological record. Therefore, they are extensively

used in paleoecological and paleoceanographical studies (e.g. McIntyre and Be, 1967;

Geitzenauer et al., 1977; Roth and Coulbourn, 1982).

Most coccolithophore species are cosmopolitan but with more or less limited latitudinal

distributions. Knowledge of their living occurrences as well as their distribution in surface

sediments are prerequisites for paleoecological and paleoceanographical studies using coccoliths

as proxies in Quaternary sediments. However, although much information is available on the

large oceanic scale distribution of coccolithophores (McIntyre and Be, 1967; Okada and Honjo,

1973; Honjo and Okada, 1974; Kleijne, 1993) as well as of small regional areas (e.g., Winter

et al., 1979; Mitchell-Innes and Winter, 1987; Samtleben and Schröder, 1992; Samtleben et al. ,

1995; Ziveri et al., 1995), the environmental parameters that control their distribution are still

poorly understood. In addition, there have been hardly any studies that have provided

information on the distribution and occurrence of coccolithophores in surface waters of the

equatorial Atlantic, except for the surface distribution of a few abundant and widespread species

off eentral Africa (Hulburt, 1976).

Nevertheless, biogeographie distribution patterns of eoeeoliths in surfaee sediments are

commonly used to infer temperature conditions and circulation patterns (e.g., McIntyre, 1967;

Roth and Coulbourn, 1982; Houghton, 1988), as well as productivity gradients (Molfino and

McIntyre, 1990a; Beaufort et al., 1997). In surface sediments underlying the oligotrophic water

masses of the equatorial Atlantic, deep-dwelling species such as F. profunda and G. flabellatus

(Lower Photic Zone =LPZ flora) are most abundant and changes in their occurrence are

correlated with changes in nutricline depth (Molfino and McIntyre, 1990 a). According to their

model, high abundances of the LPZ flora are associated with a deep nutricline and deep

thermocline, while low abundanees are characteristic of a shallow nutricline and thern1ocline. In

addition, relative abundances of F. profunda have been used as an excellent indicator for

reconstructing past changes in the thermocline dynarnics especially of the equatorial Atlantic

(Molfino and McIntyre, 1990 a, b; McIntyre and Molfino, 1996; Bassinot et al., 1997), but
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also for the northwestern Pacific (Ahagon et al., 1993) and the Indian Ocean (Okada and

Matsuoka, 1996; Beaufort et al., 1997).

Quantitative coccolith data enables one to discuss the response of the a~semblage to changing

oceanographic conditions in terms ofproductivity (e.g., Backman and Shackleton, 1983; Gard,

1989; Henrikson, 1996; Flores et al., 1997). Phytoplankton productivity is generally controlled

by the availability of nutrients, light, and temperature (Brand, 1994; Nanniriga and Tyrrell,

1996) . Since light and temperature are not limiting factors in the equatorial Atlantic, changes in

productivity are most likely to be triggered by the amount of nutrients available in the euphotie

zone. Using coccolithophores as a productivity proxy provides further information for

discussing existing paleoproductivity estimations (e.g., Müller and Suess, 1979; Mix, 1989;

Sarnthein et al. , 1992; Rüh1emann et al., 1996; Beaufort et al., 1997) . However, the final

accumulation of coccolithophores in surface sediments depends on a number of biotie and

abiotie processes, such as the environmental conditions of the near surface waters, transport by

ocean currents, different depth habitats of individual species, lateral advection of species, and

dissolution processes in the water column as weIl as at the sediment surface (e.g. Steinmetz,

1994; Samtleben et al., 1995).

Consequently, in the present study observations from a range of different sampies - from

surface waters, surface sediments, and sediment cores from the equatorial Atlantic - are

combined and can be cross-checked. Studied sampies document the significance of

coccolithophores as indieators of ocean surface water masses, sea-surface temperatures, and

paleoproductivity. The presence of coccolithophores associated with equatorial upwelling and

the subtropical oligotrophic gyres suggests, that control is at the nutrient/trophic level rather

than temperature alone. Thus, coccolith assemblages in the sediment cores of the equatorial

Atlantic are presented as an example of the significanee of coccolith studies for

paleoproductivity estimates.

2. Hydrography

In general, todays surface current system in the South Atlantic is characterized by a

northward transport of warm (>24°C) surface water across the equator, which feeds the Gulf

Stream and North Atlantic Drift and, thus, is crucial for the global thermohaline circulation and,

especiaIly, for the heat transfer to the Northern Atlantic (Macdonald and Wunsch, 1996).

Surface currents of the study area are dominated by a subtropical anticyclonic gyre, and are

closely coupled to lower atmospheric wind stress. Surface waters (upper 50-100m) of the

nOl'thwestward flowing South Equatorial Current (SEC) form the eastern limb of the

subtropical gyre (Fig. 1). The SEC itself consists of two branches, a mainstream flowing south

of 100 S, and a trade wind-foreed smalleI', faster flowing branch between 2° and 4°S (Peterson
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and Stramma, 1991). In the equatorial area, these two branches are separated by the South

Equatorial Counter Current (SECC), which moves surface water eastward and, at about 100S

off Brazil, splits into two branches, the southward flowing Brazil Current (BC) and the

n0rthward flowing North Brazi1 Current (NBC) (Peterson and Stramma, 1991). The latter

contributes to the eastward flowing North Equator Counter Current (NECC). Its interaction

with the northern branch of the SEC leads to astrang convergence of water masses in a mixing

area at about 3° to 5°N. This results in downwelling of surface waters, which supports the

eastward flowing Equatorial Undercurrent (EUC). The current extends to a depth of 50 to

125m (Peterson and Stramma, 1991) and is present along the entire equator and feeds surface

currents off the African coast. The contact zone of EUC and SEC forms the equatorial

divergence where colder water is upwelled from the thermocline (Fig. 1). The source of the

upwelled water is essential, as it determines the nutrient concentrations in the upper photic

zone, whel'e most of the phytoplankton productivity takes place. If, for example, water

becomes upwelled from the EUC, which is a nutrient depleted "recycled" water mass, no

significant increase in nutrients and associated phytoplankton production, is observed in the

surface waters (Monger et al., 1997).

Boreal Summer

Om

250m

Boreal Winter

Om

250m

figure caption see opposite page
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Fig. 1. Schematic drawing of the surface water circulation in the equatorial Atlantic and its seasonal variation
Ca: Boreal summer, b: Boreal winter) in upwelling intensity. NECC: North Equatorial Counter Current,
SECC: South Equatorial Countercurrent, SEC: South Equatorial Current, NBC: Norrh Brazil Current, BC:
Brazil Current., EUC: Equatorial Undercurrent.

, ."
Mean sea surtace temperatures (SST) are cooler at and a little south of the equator, and

warmest north of the equator, especially in the western Atlantic. Strong seasonal variation in the

forcing winds, however, produces a fluctuating equatorial system. In boreal summer SST in

the eastern equatorial Atlantic is at its minimum, whereas in boreal winter, SST is at its annual

maximum and part of the equatorial surface water flows back as countercurrents. Thus, the

SEC and associated features also have different seasonal aspects, such as the thermoc1ine

depth, which on average is deeper in the west and relatively shallow in the east (Fig. 1). During

boreal summer the depth of the thermocline deepens in the western equatorial Atlantic due to

increased westward transport of surface waters which again is a consequence of increased trade

winds. Contemporaneously, the thermocline depth slightly shallows towards the east, allowing

thermocline water to mix with warmer surface waters.

3. Material and lVlethods

3.1. Plankton sampIes

Plankton samples were collected during RV "Meteor"-Cruises M 29/3 between August 12th

and September 8th 1994 (Schulz et al., 1995), M 34/4 between March 19th and April 15th

1996 (Fischer et al., 1996), and M 38/1 between January 25th and March 1st 1997 (Fischer et

al. in prep.)(for location see Fig. 4, Tab. 1 and 2).

Generally, 5-7 samples of the uppermost 200m of the water colurnn were taken in 5 liter or

10 liter Niskin bottles with a Rosette-sampler. Additional surface water sampies from about 5m

water depth were obtained with the ship's seawater pump. For coccolithophore analyses, two

to four liters of each water sampie were immediately filtered onboard through cellulose nitrate

filters (Sartorius™, 47mm 01' 25mm diameter, 0.451lm pore size) using a vacuum pump.

Without further washing, rinsing or chemical conservation the filters were dried at about 40°C.

They were stored in plastic Petri dishes and kept permanently dry in closed boxes using silica

gel.

Coccolithophore cell densities were detennined with a scanning electron microscope (SEM)

usuallyat 10 KV. For that purpose, a small piece was cut out of the dried filter, fixed on a SEM

stub, and sputtered with gold/palladium. The number of individuals and the species

composition were determined by identifying and counting coccospheres as weIl as single

coccoliths on measured transects (between 1-2mm2) at a magnification of 3000x. Generally, the

taxonomy of Jordan and Kleijne (1994) was applied.
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3.2. Sediment Samples

The sediment sampIes of this study were reeovered during several eruises to the equatorial

Atlantie. All surface sediments were obtained with either box eorers or multi-corers. Twenty

seven surface sediment sampIes of the study area between 15°S and 12°N were investigated

(Fig. 2, Tab. 3).

w

Africa

j3uineit Basin

N

s

Fig. 2. Location of surface sediment sampies (dots) and position of sediment cores GeoB 1117-2 and GeoB
1523-1(open squares). Positions are given in Tab. 3.

To obtain late Quatemary records from the equatorial Atlantic, two sediment cores with well

established stratigraphies were investigated; Core GeoB 1117-2 (3°48.9'S 14°53.8 'W, water

depth 3984 m) from the eastern flank of the Mid-Atlantic Ridge and eore GeoB 1523-1

(03°49.9'N 41 °37.3'W, water depth 3292m) from the top of the eastem Ceara Rise (Fig. 2).

Age models for the eores are based on graphie correlation of the 8180 records to the SPECMAP

standard record (Imbrie et al., 1984) . Isotope data and applied age models have been published

elsewhere (Bickert and Wefer, 1996; Rühlemann et al., 1996) (Fig. 3).

For preparation of sediment sampIes a filtration technique described by Andmleit (1996) was

used. A small amount of sediment was weighed and brought into suspension. After dilution

with a rotary splitter the suspension was filtered through polycarbonate membrane filters

(Schleicher & Schuell™, 50mm diameter, OA/-lm pore size). A monolayer of all sediment

particles was produced which was successively studied by SEM. All eoceoliths were recorded

in numbers per gram dry sediment.
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Fig. 3. Stable oxygen isotope records of the investigated cores (solid line G. sacculifer GeoB 1523-1 from
Rühlemann et al.,1996; dashed line C. wuellerstoljii GeoB 1117-2 from Bickert and Wefer, 1996). Numbers
on the top mark isotope stages. Grey areas indicate glacial intervals.

Interpretation of coccolith numbers / g sediment may be biased by dilution. Therefore we

calculated accumulation rates of coccoliths, which were expressed in coccoliths m-2 a- l .

Accumulation rates enable comparison to coccolith(ophore) fluxes from sediment studies and

other particle flux reconstructions ( e.g. paleoproductivity estimations).

Far core GeoB 1117-2 we used the method of van Andel et al. (1975), which includes linear

sedimentation rates and dry bulk densities, whereas 230Thex - cOlTected accumulation rates were

applied far core GeoB 1523-1 (Rühlemann et al., 1996).

4.Results

4.1 Plankton sampling results

During plankton sampling the concentrations of coccolithophores varied in regard to the

different transects. We differentiated between results of the uppermost surface water at a depth

of 5m (Fig.4) and those of the profiles down to a maximal water depth of 200m (Fig. 5). The

most abundant species were E. huxleyi and F. profunda, followed by U. irregularis, U. tenuis

and different species of the genus Gephyrocapsa.
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Fig. 4. Total standing crop of coccolithophores, relative abundance of the most common species and sea surface
temperatures (dashed line), sampled at three different cruises (see small maps (a) M29/3, (b) M34/4 and
M38/1) and seasons in the equatorial Atlantic.
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Upper surface sampling

Results of the upper surface sampling from a water depth of 5 m during the transects of

Meteor cruises M29/3, 38/1 and Meteor 34/4 are shown in Fig. 4. "-

During M29/3 large variations in concentrations of the total coccolithophore standing crop

were observed (Fig. 4a). In the Brazil Basin concentrations did not exceed values higher than

57 x 103 lnd.!l. Concentrations remained consistently low and rose rapidly in the equatorial

area, where numbers of up to 291 x 103 lnd.!l were reached. Between the equatorial upwelling

and the north equatorial divergence zone a decrease in the coccolithophore concentration was

observed followed by a further rise up to va1ues of 150 x 103 lnd.!l. The dominating species in

the surface waters are E. huxleyi all along the transect and U. irregularis especially in the Brazil

Basin.

Great differences appeal' regarding the transects of M34/4 and M38/l (Fig 4b). Cell

concentrations are relatively low compared to that of M29/3. Especially in the sampies of the

Brazil Basin and in the area between the equatorial upwelling and the northequatorial divergence

zone coccolithophores are rare to absent. In the equatorial upwelling zone concentrations of

coccolithophores showed highest number reaching 68 x 103 lnd.!!. As already observed during

transect M29/3 E. huxleyi and U. irregularis dominated the assemblage with U. tenuis

contributing considerably to the community especially in the Brazil Basin. The sampies that are

labeled balTen in figure 4 have extremely low coccolithophore concentrations.

Plankton depth profiles

Coccolithophore concentrations from three different transects of profile sampling were

examined for this study. We took 6 depth profiles during M29/3, 3 profiles during M34/4, and

4 profiles during M38/l from the studied area (Fig. 5).

In figure 5 the seasonal variation in the distribution of the total coccolithophore standing crop

in the upper 200m of the water column is shown. Highest concentrations were observed above

30m (up to 100 x 103 lnd.!l) during M 29/3. In contrast, highest cell numbers during M34/4

and 38/1 were identified at a depth of 100 m (67 x 103 and 38 x 103 lnd.!l respectively) and

SOm (68 x 103 lnd.!l, M38/l only).

Highest concentrations of coccolithophores seem to be fixed to the upwelling areas of the

Equator and the northequatorial divergence zone during M29/3 and especially during M38/l,

whereas the cell concentrations during M34/4 appeared to be highest in the Brazil Basin.

Highest concentrations of E. huxleyi were generally observed in the equatorial upwelling

and the northequatorial divergence zone (Fig. 5). Since this species dominated the assemblages

of the upper 30m its main abundance compares weIl with highest standing crop.
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Florisphaera profunda is known as a deep-living species, which was confirmed by sampIes

from all three transeets of the present study (Fig. 5). Highest eoncentrations were observed at a

depth of 100m in the lower photic zone. In addition, the oecurrence of this species eorrelated

with the upwelling in the equatorial area, r~aching abundances of up to 74% (M29/3), 38%

(M34/4), and 91 % (M38/l).

Umbellosphaera irregularis was observed in highest concentrations at water depths above 50

m, except the maximum at 100m in the Brazil Basin during M29/3 (Fig. 5). Even though the

maxima during M29/3 and M34/4 appeared to be forced by the upwelling at the Equator, this

species occurred in remarkable abundances of up to 86% in the Brazil Basin. U. tenuis is the

only species examined, which eonstantly showed highest concentrations in the Brazil Basin

during all transects (Fig. 5). The appearance of this species in the two upwelling areas of the

study area is sem"ce to absent. Water depth of maximal abundances varied from 100m (M34/4)

to the upper 50m (M29/3 and M38/l).

4.2 Sediment sampIes

Surface sediments:

Twenty-seven surface sediment sampies from the equatorial Atlantic between 6° S and 6° N

were investigated (see Fig. 2, Table 3). All sampies are from sites above the modern lysocline

(- 4000m water depth) to avoid influenee of carbonate dissolution. As deep basins cover the

lm'gest parts of the equatorial Atlantic, the distribution of sampIes cannot be homogeneous, but

is following the structure of the Mid-Ocean Ridge or elevations, such as the Ceara Rise or

Sierra Leone Rise.

For interpretation of the surface sediment sampies both relative frequencies of the most

common species and absolute numbers of total coccoliths were considered. The total number of

coccoliths/g. sediment varies between 6 x 109 and 35 x 109 (Fig. 6). Highest numbers were

observed in the central equatorial Atlantic (20 - 300 W) and lowest numbers are found at the

Sierra Leone Rise.

The sediments beneath the equatorial upwelling are eharacterized by relatively high

abundances of E. huxleyi, which reached values of more than 35 % (Fig. 6). Outside the

equatorial upwelling and in the western part of the investigated area relative abundances of this

species are lower (20-35 %), with lowest values beneath the NECC and the SECCo A rather

similar pattern can be noticed for the distribution of C. leptoporus (Fig. 6), which is

furthermore characterized by a significant east-west gradient, with less than 5% in sediments

from the western equatorial Atlantic and up to 20 % in the eastern equatorial At1antic. In

contrast to the distribution pattern of E. huxleyi, abundances of C. leptoporus remain constantly

high south of the upwelling area.
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Fig 6. Distribution of total coccoliths/g. sediment and relative abundance of the most common species in
surface sediments from the equatorial Atlantic. The grey shadings indicate higher phytoplankton pigment
concentrations (> 0.4 mg/m3) recorded by the Coastal Zone Color Scanner (CZCS) from 1979-1986.

Opposite results, in comparison to the above mentioned species, are recorded for the deep

living coccolithophore species F. profunda and G. flabellatus (Fig.6). It is obvious that these

species reach higher relative abundances of more than 40% in the western equatorial Atlantic

and outside the upwelling zone. The same is true for U. irregularis, U. tenuis and U. sibogae

(Fig. 6), although abundances of these species are always very low «5%).

Sediment cores

We investigated coccolith numbers and assemblage compositions in two sediment cores from

the southern (core GeoB 1117-2) and western equatoria1 Atlantic (core GeoB 1523-1).

Coccolith numbers in core GeoB 1117-2 vary from about 2.5 x 109 up to 80 X 109

cocco1iths/g. sediment, while accumulation rates vary from 60 x 109 up to 1500 X 109

coccoliths m-2 a- l (Fig. 7). In general, variability in numbers of coccoliths resembles coccolith

accumu1ation rates, with slight disagreement in isotope stage 4. Highest numbers and highest

accumulation rates occur during isotope stages 2 and 3, while lowest concentrations are

indicative for the Holocene as weIl as for oxygen isotope stages 5. G. ericsonii and F. profunda

dominate the assemblage during isotope stage 5 (Fig. 8). At this point G. ericsonii reaches

abundances of up to 54%, while it shows subordinate abundance in Holocene sediments. A

sharp drop in the abundance of this species is observed at the oxygen isotope stage boundary
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4/5. Contemporaneously, relative abundanees of E. huxleyi began to rise and reaehed their

maximum of 44% in the Holoeene. In addition, abundanees of F. profunda show a eyclie

variation throughout the reeord with values varying between 10 and 48%. Highest abundances
"with two significant peaks appeared in isotope stage 5. In general, lower abundanees of F.

profunda are observed in the glaeial intervals. Calcidiscus leptoporus reached almost 40% in

isotope stage 3, and additional maxima oeeur i~ glaeial stages 4 and 6. A similar pattern ean be

seen in the abundanee of G. oceanica, whieh reveals signifieant maxima up to 26% in glacial

stages 2, 4 and 6, and subordinate abundances in the rest of the reeord.
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Fig. 7. Relative abundance of the most common coccoliths in core GeoB 1523-1 (solid line) and GeoB 1117-2

(dashed line). Numbers on the top indicate oxygen isotope stages, glacial stages are marked by grey bars.
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Less deal' is the distribution of U. sibogae, which never exceeds values of 10% and'has no

preferential distribution pattern. Coccolith numbers in core GeoB 1523-1 vary between 10 x

109 and 40 x 109 coccoliths/g. sediment, and accumulation rates range from 85 x 109 to 450 x

109 coccoliths m-2 a- 1. Highest numbers are observed during the Holocene and in isotope stage "

5. During the last glacial interval (isotope stages 2-4) the numbers are slightly lower with

minima occurring in stage 2 and 4 (Fig. 8).

In general, F. profunda is the most abundant species, making up 24 - 58% of the

assemblages. Distinctive maxima are observed in glacial isotope stages 2 and 4, and two further

significant peaks in isotope stage 5 (Fig. 8).

150 1 3 5 1500

Fig. 8. Numbers of 109 coccoliths / g sediment (dashed line) and coccolith accumulation rates (solid 1ine) in
core GeoB 1117-2 (upper panel) and GeoB 1523-1 (lower panel).

Emiliania huxleyi became the second most abundant species in sediments younger than 70

kyrs (after isotope stage 4), with values reaching up to 33 % in isotope stage 3. The increase in

E. huxleyi in early stage 4 started after a sharp drop in the abundance record of G. ericsonii.

The latter species reached values of up to 50% of the assemblages during isotope stage 5,

where it is dearly anticorrelated to F. profunda.

Calcidiscus leptoporus only occurred in subordinate abundances throughout the core, with

slightly increased values of about 10% during isotope stage 3. Gephyrocapsa oceanica is also

represented by low values, showing a small increase (about 10%) in late isotope stage 3 and

isotope stage 2. In contrast slightly higher values are characteristic for U. sibogae, which

increases to maxima of 19 % in isotope stage 4 and at the isotope stage 2/3 boundary.
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5. Discussion

There are various modelistic approaches which combine changes in coccolithophores with

environmental parameters, on actual and geological time scales (Westbroek et al., 1993; Brand,

1994; Young, 1994; Jordan et al., 1996). We present here one such approach, which combines

all of our studied sampies to give an overview of the impacts, changing surface water

conditions in the equatorial Atlantic will have on coccolithophores in the surface waters and in

the geological archive (Fig. 9).

QLight Wind stress

K-selected:
efficiency maximizing
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growth rate maximising

oligotrophic eutrophic

nutrient - concentrations +
- ~~-------~

. liner e - NutDC
'TnertD-OC 1ll

floriform species:
low light, high nutrients

Fig. 9. Model of the coccolithophore response to changing surface water circulation in the equatorial Atlantic
and its sedimentary proliferation.

5.1. Spatial and temporal variability ofthe plankton communities

The geographie distribution and composition of the living coccolithophore communities in

the equatorial Atlantic can be related to the environmental conditions of the surface waters. In

addition, the data fits weIl to annually averaged daily primary production estimates, which

reveal a drastic decline in the primary production away from the upwelling region in the eastern

equatorial Atlantic (Longhurst, 1993; Monger et al., 1997). Despite the still relatively sparse
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surface plankton data for the study area, an increase both in numbers of total coccolithophore

cells as weIl as in abundance of E. huxleyi in sampIes of the equatorial upwelling is obvious

(Figs. 4 and 5). This finding is also in good agreement with other studies in which E. huxleyi

and/or some other placolith-bearing species predorninate in equatorial divergence zones (e.g.,

Okada and Honjo, 1973; Nishida, 1979; Holligan et al., 1993). However, numbers are by far

lower compared to other productive areas in the world's oceans, where coccolithophores can

occur in large blooms with cell concentrations exceeding 106 cells/ 1 (e.g., Berge, 1962;

Holligan et al., 1993; Samtleben et al., 1995). Subpolar latitudes, especially the subarctic North

Atlantic, account for the most extensive blooms (Brown and Yoder, 1994), while only small

blooms are apparent in nearshore equatorial and subtropical regions of the western Atlantic

(Okada and McIntyre, 1979). Modern productivity gradients within the equatorial region,

therefore, are relatively smaIl, resulting in an estimated doubled productivity in the upwelling

compared to the oligotrophie areas (Berger, 1989; Mix, 1989). Nevertheless, Longhurst (1993)

pointed out the significance of phytoplankton productivity in tropical areas, as it takes place

throughout the year and covers much larger areas, than the impressive seasonal blooms in

higher latitudes. He calculated that the tropical Atlantic between lOoS and lOoN contribute about

one third (2.5 Gt) ofthe Atlantic's annual carbon production (7.7 Gt) by phytoplankton, while

even higher estimations of 2.3 Gt for the area 5°N-lOoS, 25°W-lOoE were given by Monger et

al. (1997).

Although it can be assumed, that coccolithophore production takes place throughout the

year, there are distinct seasonal variations, which are a result of varying nutrient supply to the

upper euphotic zone where the majority of coccolithophores reside. The nutrient availability is

controlled by the depth of the nutricline, which can be monitored by the abundance of F.

profunda (Fig. 5). This is the most prominent species, which, together with G. flabellatus and

a number of less common species (Jordan and Chamberlain, 1997), is restricted to the lower

euphotic zone (-60 to -180 m water depth) of the tropical and subtropical oceans (Okada and

Honjo, 1973), where light becomes limited. If the nutricline is shallow, coccolithophore

production in the upper euphotic zone is enhanced, and the abundance of F. profunda is

minimal (Fig. 9). This is supported by the present data, where E. huxleyi reaches maximum

values in the water column in the upweHing area at the equator. In contrast, a deep nutricline

will hamper the coccolith productivity in the upper euphotic zone and the abundance of F.

profunda will increase to maximum abundances. Except for the equatorial upwelling, the

tropical Atlantic is mainly characterized by warm oligotrophie surface water masses, where both

the thermocline and nutricline are deep, resulting in low phytoplankton production. In these

areas, Umbellosphaera irregularis and U. tenuis clearly dominate surface communities (see

Figs. 4 and 5), which is in good accordance with previously reported findings from sirnilar

latitudes in the Pacific (Nishida, 1979; Okada and McIntyre, 1979; Kleijne et al., 1989).
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5.2 Distribution pattems ofcoccolithophores in suiface sediments of the equatorial Atlantic

"The coccolithophore assemblages in surface sediments of the equatorial Atlantic clearly

reflect the oceanographic features of the circulation pattern in the mixed layer above, as they

compare weIl to the distribution and composition of the living coccolithophore communities

within those water masses. However, settling assemblages are significantly affected by

dissolution and fragmentation (Samtleben et al. , 1995), which can clearly be seen by the

diminishing U. irregularis and U. tenuis abundances from over 70% in the plankton sampies,

to less than 10% in the surface sediments. Nevertheless, the general features of the

communities in surface waters still remain visible in the underlying sediments.

In the tropical Atlantic seasonally increased meridional wind stress causes an uplift of the

thermocline as weIl as the nutricline leading to an enhanced phytoplankton productivity

(Longhurst, 1993; Monger et al., 1997). This corresponds weIl to the higher frequencies of E.

huxleyi and slightly higher numbers of coccoliths within this area. Modern productivity

gradients within the equatorial region are relatively smalI, with an estimated doubled

productivity in the upwelling compared to the oligotrophic areas (Berger, 1989; Mix, 1989).

With all the difficulties in achieving accurate coccolithophore accumulation rates, we conclude,

that the pattern in the surface sediments fairly matches the above productivity. It seems obvious

from our downcore results (see below) that the accumulation patterns are much clearer when the

productivity increased drastically as in the last glacial.

The higher abundances of C. leptoporus in the eastern and southern equatorial Atlantic may

indicate a combination of both, higher nutrients and cooler temperatures, due to an advection of

water masses via the eastern boundary currents. This species shows significantly higher

abundances in surface sediments from the southeastern Atlantic, where cooler and nutrient rich

waters influence coccolithophore assemblages (Shokati et al., in press). It was suggested, that

an increase of C. leptoporus abundances in surface sediments from the western equatorial

Pacific may be due to increased nutrients, but is also weIl correlated to decreased sea surface

temperatures (Hiramatsu and De Deckel', 1997).

In contrast to the equatorial upwelling area, the rest of the tropical Atlantic is characterized by

warm oligotrophic surface water masses, where both the thermocline and nutricline are deep,

which causes low phytoplankton production. This is weIl reflected by the distribution of U.

irregularis and U. tenuis, although these species become extremely diminished in their

abundance in surface sediments compared to the plankton record, and variations in the study

area are almost negligible.

The deep-dwel1ing coccolithophore species F. profunda and G. flabellatus indicate a

significant conelation between higher relative abundances of these species in surface sediments
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and more oligotrophie water masses. Variations of the relative abundance of F. profunda are

related to changes in nutricline depth (Molfino and McIntyre, 1990 a), 1eading to an increase in

the LPZ flora over all other coccolithophores when the nutricline is deep and vice versa, when it

is shallow (Fig. 9). Similar distribution patterns were observed in surface sediments from the

Indian Ocean (Beaufort et al., 1997), the Tasman and Coral Sea (Hiramatsu and De Decker,

1997) and around Japan (Ahagon et al., 1993), although the latter authors correlated the

distribution pattern of F. profunda with surface water transparency.

5.3 Coccolithophore productivity and assemblage variations in the last 140 kyrs

If we compare the two sediment cores from the southern and western equatorial Atlantic

(GeoB 1117-2 and GeoB 1523-1 respectively), we observe similar patterns for the coccolith

accumulation rates during interglacial stages 1 and 5, but significantly enhanced accumulation

rates at the southern equatorial site from late stage 4 until early stage 2 (Fig. 8). The up to 5

times higher coccolith numbers and accumulation rates at this site during this interval are most

likely explained by the strengthening and lateral extension of the equatorial upwelling zone by

increased zonal wind stress and enhanced advection of cool and nutrient rich waters from the

eastern boundary currents. For the same time interval we found the largest differences in

abundance of F. profunda between the two sites. This is a further indication for a steeper

thermocline and nutricline gradient between the western and southern equatorial Atlantic.

Additional support for enhanced productivity can be seen in the abundance increase of C.

leptoporus during most of stages 2-4. The increase of C. leptoporus in the eastern part of the

equatorial Atlantic may indicate both, increased productivity and advection of cooler waters

from the south. It was suggested before, that increased abundances of C. leptoporus may

indicate higher productivity (Knappertsbusch, 1993; Flores et al., 1997), which is in agreement

with our own downcore data. The fact that there is also an increase in C. leptoporus in the

western equatorial Atlantic may be due to cooler sea surface temperatures, as already indicated

by their occurrence in the surface sediments.

The increase in coccolith numbers and accumulation rates in the southern equatorial Atlantic

is basically in accordance with other paleoproductivity reconstructions for this region (Struck et

al. , 1993; Verardo and McIntyre, 1994; Schneider et al., 1996; Wefer et al., 1996), although a

maximum of organic carbon contents indicate that highest productivity occurred in isotope stage

2. However, the relative abundance of G. oceanica corroborates the organic carbon contents

with maxima in isotope stages 2, 4 and 6 (Fig. 10). Gur own plankton data show a maximum

in G .oceanica abundances and numbers at 10° N, which correlated to the influence of the

Northwest African upwelling system (Fig. 4). Higher abundances of G. oceanica in plankton

and surface sediment sampies from upwelling areas were previously reported from the Indian
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Ocean and the Benguela upwelling ar:ea (Mitchell-Innes and Winter, 1987; Kleijne et al., 1989;

Giraudeau, 1992). There are various possibilities to explain this discrepancy between the

organic carbon and coccolith accumulation record. It is possible that highest organic carbon

contents are related to an increase in producti~ity of other phytoplankton (e.g. diatoms), which

are able to outcompete coccolithophores at high nutrient levels. This is supported by our surface

sediment data, where we can see the highest numbers of coccoliths at the western rim of the

equatorial upwelling area, rather than in the more productive eastern part (see Fig. 6).
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Fig. lO.F Comparison of total organic carbon contents (TOC) and the ra1ative abundance of G. oceanica in

Core GeoB 1117-2

Moreover, there is the possibility of an overestimation in organic carbon records due to an

increased input ofterrestrial organic matter (Verardo and Ruddiman, 1996). However, we have

to take into account, that carbonate dissolution may have influenced the record at the southern

equatorial site especially during isotope stages 2 and 4 (Verardo and McIntyre, 1994; Bickert

and Wefer, 1996), due to a rise of the lysocline above the depth of the coring site (3984 m).

The complex interaction between productivity and dissolution signals at the southern equatorial

Atlantic (GeoB 1117-2) are discussed elsewhere (Kinkel et al., subrn.)

Coccolith numbers and accumulation rates in the western equatorial Atlantic (GeoB 1523)

show variations of about a factor of two, with lower values during glacial isotope stages 2 and

4 (Fig. 8) This is in agreement to paleoproductivity estimations based on carbonate

accumulation rates reported for this site by Rühlemann et al. (1996) (Fig. 11). This gives

further support to the idea, that the seasonal cycle (Fig. 2) of a tilting thermocline, which leads

to an opposite behavior in terms of productivity between the western and eastern equatorial

Atlantic, can be used as an equivalent to long term productivity variability (Eg. 8, 10, and 11).

The bettel' correlation of paleoproductivity estimates at core GeoB 1523-1 compared to the

southern equatorial Atlantic (GeoB 1117-2), may be explained by the fact that coccolithophores

may form the most important contribution to the biogenie sedimentation in the more

oligotrophie western equatorial Atlantic.
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Fig. 11. Comparison between the Paleoproductivity estimations (from Rüh1emann et al., 1996) (solid line) and
coccolith accumulation rates (dashed line) in core GeoB 1523-1

Further indication for increased surface water productivity is given by the low abundance of

F. profunda, as proposed in several recent studies (Molfino and McIntyre, 1990 a; Okada and

Matsuoka, 1996; Beaufort et al., 1997). There is an obvious difference in the F. profunda

records of both cores, with generally higher values in the western equatorial Atlantic (GeoB

1523-1). Differences in the F. profunda record are most pronounced during the last glacial

interval, coeval with the strong increase of coccolith accumulation rates in core 1117-2 (see

Figs. 7 and 8). We do not discuss the orbital forcing, that drives the wind stress and thus the

surface water circulation in the equatorial Atlantic, which can be deciphered by the coccolith

record (Molfino and McIntyre, 1990 a; McIntyre and Molfino, 1996; Beaufort et al., 1997), as

the temporal resolution of our present records is not sufficient for spectral analysis. However

paleoceanographic interpretations for core GeoB 1117 of the last 300 kyrs show a significant

23-kyr periodicity for F. profunda and G. oceanica (Kinkel et al., subm.).

During stage 5 the relative abundance of F. profunda in both cores is rather similar again, as

is the coccolith accumulation rate (Figs. 7, 8). Although we have large fluctuations in the F.

profunda record during this interval, the accumulation rates remain relatively low, compared to

the glacia1 intervaL This points out that tone has to be cautious when interpreting F. profunda

records especially if they are used for pa1eoproductivity estimations (e.g. Beaufort et al. ,

1997). It has to be considered, that upwelling does not necessarily trigger higher productivity,

as the nutrient levels of the upwelled waters can vary seasonally (Monger et aL, 1997) and over

geologica1 time scales (Hay, 1995), mainly depending on the source of the upwelled waters.

Thus, a slight increase in nutrient supply can be large enough to alter the relative abundance

va1ues, but do not necessary need to induce a strong rise in overall productivity. Moreover,

absolute numbers of F. profunda increase parallel to the increase in numbers of all other
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coccoliths. This is in good agreement with recent sediment trap results (Broerse et al., in press;

Sprengel et al., subm.), where the flux of F. profunda is weIl aligned with the total coccolith

flux. Additionally, the F. profunda signal is easily amplified, as this species has much more

coccoliths per sphere than most other coccolithophores, i.e. a small change in the abundance

between living cells will be much larger in the sediments, where only coccoliths are taken into

account.

6. Conclusions

The principal response of coccolithophores to changing surface water circulation in the

equatorial Atlantic is summarized in a schematic drawing (Fig. 9). In addition, concluding

remarks on the composition of coccolithophores in plankton, surface sediments and in the

sedimentary archive are as follows:

(1) The response of living coccolithophores to seasonal changing surface water circulation in

the equatorial Atlantic was demonstrated by the plankton sampIes taken from three cruises and

different months. We have shown, that equatorial upweIling causes an increase in

coccolithophore standing stock, due to an increase in numbers and abundances of E. huxleyi.

Oligotrophie areas and seasons are both characterized by lower standing stocks and a significant

increase in the abundance of U. irregularis and U. tenuis. The lower photic zone is dominated

by F. profunda and G. flabellatus.

(2) The surface sediments clearly reflect the situation in the surface water masses, although a

significant degradation in the relative abundance of U. tenuis and U. irregularis is observed,

which leads to an increase in the relative abundance of F. profunda and G. flabellatus in

sediments underlying oligotrophic water masses. Additionally, higher numbers of coccoliths as

weIl as higher abundances of E. huxleyi are found under the area influenced by equatorial

upwelling activity.

(3) The variations of coccolith assemblages, expressed in numbers of coccoliths/g. sediment

as weIl as coccolith accumulation rates from two sediment cores reveal drastic variations during

the last 140 kyrs. Most spectacular is the increase in coccolith numbers and accumulation rates

in core GeoB 1117-2 from the southern equatorial Atlantic, which we attribute to a lateral

extension of the equatorial upwelling area and increased advection of cool and nutrient rich

water masses from the southeastern Atlantic via the eastern boundary currents. This is

supported by the floral composition of the coccolithophore assemblages. In contrast to the

southern equatorial Atlantic, the fluctuations in the coccolith numbers and accumulation rates in

the western equatorial Atlantic remain low, but the variations are still detectable and fit weIl to

previously reported paleoceanographic reconstructions of this area.
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Tab.I. Location of surface water sampIes, surface-water temperature, total standing stock and abundance of the
most common species

Latitude
Surface-wacer Total standing Eil .

G.oceanica U. irregularis U. tenuisLongitude Temperature crap . ;~) ey,
(%) (%) (%)(OC) (x103Ind.ll) 0

I'v129-] (August. September) '"21.92 S 39.23 w 23,9 50,4 70,17 3.67 13,58 11,17
20.77 S 36.67 w 24,1 38,51 67,23 4.58 4,67 17,66
20.31 S 35.90 W 24,3 89,88 48,27 2,86 14,76 27,52
19.07 S 35.12 W 24,4 18,07 42,73 1,84 28,41 25,83
17.44 S 34.11 W 24,6 17,17 19,41 0,83 38,44 34,94
16.11 S 33.29 W 25,2 70,43 37,55 0,13 26,88 18,84
15.09 S 32.66W 25,3 3,85 15,87 0 72,73 6,94
14.00 S 32.00 W 25,3 9,26 9,6 0 76,32 13,68
12.85 S 31.29W 25,8 39,31 28,13 0,24 45,79 9,33
11.70 S 30.57 W 26.1 17,55 0 0 80,15 1,9
10.69 S 29.95 W 26,0 1,33 0 0 25,04 0
9.64 S 29.31 W 26,4 57,67 46,92 0,25 23,01 5,9
8.67 S 28.72 W 26,4 37,31 32,61 0 38,06 18,94
7.51 S 28.02 W 26,4 27,12 41,99 0,53 35,89 11,55
6.32 S 27.19W 26,3 81,76 39,41 0 37,92 9,46
5.17 S 26.40 W 26,1 2,07 0 0 3,24 0
4.05 S 25.66 W 26,0 130,89 59,8 0,15 20,58 13,09
1.73 S 27.73 W 25,7 47,15 69,34 0,3 9.05 11,59
0.32 S 28.06W 25,6 11,58 36,46 1,64 20,15 20,87
0.29 S 24.98 W 25,3 195,54 66,76 0,22 7,47 9,21
0.02N 23.45 W 25,2 69,86 83,23 0,07 4,29 6,25
0.50 N 21.63 W 24,7 291,26 85,85 0,05 1,9 1,09
2.57 N 21.36W 26,3 11,18 46,22 1,7 25,26 3,13
3.97 N 21.17W 26,4 22,42 54,76 0 34,2 1,12
5.25 N 21.05 W 27,1 3,5 0 0 14,29 0
6.52N 21.01 W 27,4 30,02 20,54 0 74,67 3,66
7.85 N 21.02 W 27,3 0,06 0 0 93,33 0

10.35 N 21.05W 27,2 150,88 43,78 39,04 4,71 1,16
11.5 N 21.05 W 27,9 11,38 0 82,43 0 0

13.20 N 20.99 w 27,7 46,42 19,03 57,45 10,17 0,54
14.70N 20.93 W 27,1 0 0 0 0 0
16.52N 20.86W 26,5 0,18 0 0 0 0

M]4-4 (March - April)

7.85 S 32.89W 28,6 0 0 0 0 0
7.70 S 30.97 W 28,8 0 0 0 0 0
7.60 S 29.97 W 28.4 0 0 0 0 0
7.48 S 28.43 W 28,4 0 0 0 0 0
7.42 S 28.13 W 28,5 2,52 0 6.35 92,86 0
6.50 S 27.44 W 28,8 0 0 0 0 0
5.58 S 26.78 W 28,7 14,36 9,61 0 76,11 0
4.50 S 25.83 W 28,6 14,62 19,36 0 72,23 0
3.92 S 25.69W 29,4 61,28 9,92 0 55,47 0,34
2.73 S 24.97 W 29,0 36 8,67 0,56 27,33 1,06
1.22 S 24.14 W 28.6 19,65 0,71 0 88,19 4,22
0.67 S 23.83 W 28,6 30,28 5,05 0,17 78,5 6,77
0.08 S 23.44 W 28,2 33,57 4,5 0 62,35 3,96
0.28 S 23.92 W 28,2 0 0 0 0 0
0.67 S 25.06 W 28,6 0 0 0 0 0
0.88 S 27.21 W 28,6 0 0 0 0 0
1.48 S 31.73W 28,3 0 0 0 0 0
1.72 S 32.97 W 28,6 0 0 0 0 0
1.92 S 34.05 W 28,6 0 0 0 0 0
2.88 S 35.23 W 28,8 0 0 0 0 0
3.40 S 35.65 W 29,0 0 0 0 0 0
0.80 S 37.99 W 29,0 0 0 0 0 0
0.01 S 38.26 W 28,7 0 0 0 0 0

M]8-] (]alluary. February)

12.12N 20.98 W 24,9 155,9 56,09 41,09 0,19 0
11.48 N 21.02 W 24,6 43,79 61,89 28,66 2,72 0,55
10.62 N 23.62 W 25,2 32,74 40,62 5,53 34,91 3,63

9.91 N 26.02 W 25,4 15,82 28,63 0,51 52,47 6,32
9.21 N 27.85 W 25,4 52,65 20,51 2,85 30.22 41,48
8.54 N 29.88 W 26,6 4,72 29,45 0 8,9 8,9
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Tab. 2. Location of depth profile samples, sampling depth, total standing stock and abundance of the most
common species.

Station Latitude Longitude Waterdepth Total E. huxleyi F. profimda U. irregularis U. tenuis
(m) standing crop (%) (%) (%) (%)

xl03 Ind.ll
M 29/3 (August - September)

GeoB 2902 14.00 S 32.00 W 5 3,38 9,60 0,00 76,32 13,68
20 37,67 19,50 0,00 53,07 9,46
100 9,40 0,59 0,00 68,95 2,50
200 0,01 0,00 75,00 0,00 0,00

GeoB 2903 7.51 S 28.02 W 5 20,29 41,99 0,00 35,89 11,55
20 3,37 0,00 0,00 54,55 22,73
50 1,03 0,00 0,00 6,24 0,00
90 4,06 0,00 0,00 34,24 35,58
110 27,67 39,30 11,0 I 16,64 12,70
200 0,00 0,00 0,00 0,00 0,00

GeoB 2904 4.05 S 25.66 W 5 95,19 59,80 0,00 20,58 13,09
20 35,00 46,76 0,00 38,03 10,97
100 32,40 66,86 0,01 6,66 2,83

GeoB 2909 0.29 N 21.37W 5 211,82 85,85 0,00 1,90 1,09
30 100,25 75,11 0,00 3,30 2,42
70 78,53 83,19 0,00 5,88 l,32
100 20,79 14,24 56,35 10,34 3,66
130 0,0 I 0,00 50,00 0,00 0,00

GeoB 2910 4.50 N 21.03 W 5 39,30 20,54 0,00 74,67 3,66
20 24,72 4,41 0,00 37,07 5,00
50 0,29 0,00 0,00 99,19 0,00
100 0,00 0,00 0,00 0,00 0,00
130 0,00 0,00 0,00 0,00 0,00
200 0,00 0,00 0,00 0,00 0,00

GeoB 2911 11.50 N 21.05 W 5 8,28 0,00 0,00 0,00 0,00
20 5,48 0,00 0,00 0,00 0,00
50 0,00 0,00 0,00 0,00 0,00
100 0,00 0,00 0,00 0,00 0,00

M 34/4 (March - April)
GeoB 3906 7.42 S 28.01 W 5 2,52 0,00 0,00 2,34 0,00

20 21,47 1,26 0,00 1,75 0,00
40 32,22 1,88 0,00 2,45 0,83
50 24,69 0,56 0,00 0,00 0,17
100 67,07 4,39 0,00 11,78 34,90

GeoB 3907 3.92 S 25.68 W 5 61,22 6,08 0,00 33,99 0,21
20 60,21 5,35 0,00 26,35 0,14
50 48,79 7,00 0,00 25,74 2,09

GeoB 3908 0,00 23.39 W 5 22,79 1,06 0,00 11,40 1,33
20 24,29 6,93 0,00 2,72 10,49
50 28,77 10,95 0,00 3,23 7,09
100 42,48 8,88 16,49 0,47 0,53
200 11,58 5,19 1,43 1,53 0,27

M 38/1 (January - February)
GeoB 4316 4.20N 31.00 W 20 20,54 12,57 0,00 3,43 1,11

50 68,40 38,67 0,11 1,49 4,32
100 8,61 0,21 5,75 0,26 0,04
ISO 3,50 0,03 2,85 0,18 0,00
200 1,69 0,00 1,37 0,24 0,00

GeoB 4318 0.02 N 23.45 W 20 11,45 10,36 0,01 0,79 0,07
50 15,39 11,47 0,33 0,44 0,00
100 38,01 13,55 9,79 1,16 0,04
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Station Latitude Longitude Waterdepth Total E. huxleyi F. profimda U. irregularis U. tenuis

(m) standing crop (%) (%) (%) (%)
x103 Ind.ll "150 36,68 1,40 25,54 0,52 0,09

200 0,00 0,00 0,00 0,00 0,00

GeoB 4319 3.86 S 25.66 W 20 5,79 3,24 0,01 0,66 1,23

50 25,50 5,38 0,00 2,64 1,40

100 10,53 4,28 2,67 0,45 0,00

150 10,22 2,75 0,92 2,31 2,64

200 18,58 0,00 17,09 0,23 0,18

GeoB 4320 7.50 S 28.18 W 20 5,99 0,06 3,04 2,64 0,17

50 6,41 0,31 0,61 5,03 0,37

100 2,68 0,00 0,03 2,10 0,46

150 5,68 0,00 3,91 1,19 0,15

200 5,92 0,00 1,45 2,29 0,17

Tab.3. Location of surface sediment sampies, total number of coccoliths/g. sediment and abundance of the
most common species.

""Total
f;.

Water '" ;:, <:s '"GeoB- eoeeo1iths :::l '" .;::
'- ;:;: <:s "" -SlLatitude Longitude depth Cl '>.\ -Sl '"<:s <:s

Nr. (x109/g "" '" '-' ;;, .;:,
S <u ';)

~ :2(m) "§ -'l
.~

:::l

sediment) ~
<:s :2 .f' ~..::: t;:; "" ""0 ki 0 ~

<u :::i :::i\)

1.165 10.71 W 1104-5 3724 21,42 11,2 37,5 0,0 34,3 2,5 1,1 0,0
1.67 S 12.43 W 1105-3 3232 9,77 14,3 40,4 1,4 26,5 2,8 1',1 0,0
1.76 S 12.55 W 1106-5 2471 9,25 7,0 28,4 1,1 37,9 5,3 0,3 0,3
2.175 9.87W 1108-3 3875 19,09 17,9 40,3 0,3 30,2 0,6 0,3 0,3
5.845 8.65W 1111-5 3757 19,90 15,6 30,3 4,4 27,5 3,3 3,9 0,0
5.75 S 11.04 W 1113-7 2473 10,60 14,0 24,2 6,7 27,2 3,0 3,0 0,3
5.285 10.20 W 1114-3 3422 12,80 19,4 28,4 2,0 30,9 3,1 1,7 0,0
3.565 12.58 W 1115-4 2921 13,54 13,4 41,3 0,0 27,4 3,2 0,5 0,5
3.625 13.19 W 1116-1 3471 16,53 18,6 37,7 0,0 25,9 2,4 0,8 0,3
3.825 14.90 W 1117-3 3977 14,64 15,5 36,1 0,0 31,8 3,3 1,8 0,3
2.31 N 30.65 W 1503-2 2298 12,71 1,2 22,3 30,4 22,8 0,6 3,8 0,3
2.27 N 33.01 W 1505-4 3703 24,68 2,4 23,3 3,5 48,1 1,6 3,7 1,3
2.21 N 35.18 W 1506-1 4267 16,82 2,0 29,3 0,6 44,2 2,6 3,7 0,9
5.33 N 34.03 W 1508-1 3685 12,11 1,2 26,5 2,0 45,1 4,3 3,1 0,8
4.24 N 43.67 W 1515-2 3125 12,30 1,4 24,3 25,1 25,7 2,5 4,5 0,3
4.50N 43.34 W 1516-1 3592 18,00 1,7 35,1 8,4 32,9 2,2 2,8 0,3
4.74 N 43.05 W 1517-2 4006 15,34 0,3 31,0 2,3 41,1 4,0 2,9 1,2
4.59 N 41.94 W 1520-1 3911 11,62 2,1 30,1 3,0 39,2 4,9 2,7 0,3
4.31 N 41.83 W 1521-2 3725 11,87 1,6 31,6 6,7 30,8 2,4 2,7 0,5
4.03 N 41.68 W 1522-1 3478 20,29 0,5 25,5 11,3 35,0 2,9 3,2 1,1
3.82N 41.62 W 1523-2 3291 20,42 2,9 28,8 9,3 29,1 4,4 3,2 1,2
0.665 28.64 W 2905-1 4166 21,83 6,3 36,1 0,0 35,5 3,0 1,2 0,3
0.415 27.25 W 2906-3 3870 20,79 6,2 40,5 0,0 32,7 1,3 2,2 0,9
0.435 25.51 W 2907-1 3675 34,98 6.8 38,7 0,3 28,2 3,7 0,6 0,9
O.1ON 23.32 W 2908-8 3815 19,73 8,2 39,6 0,0 29,3 0,3 1,2 0,0
0.50 N 21.63 W 2909-1 4383 21,23 8,5 37,7 0,0 29,3 1,3 0,6 1,3
4.85 N 21.05 W 2910-2 2701 6,58 1,8 22,6 0,4 47,0 2,2 3,6 1,4
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23.1 24.2
18.6 23.9
15.4 15.4
23.6 11.8
22.3 14.9
30.8 11.8
13.7 16.1
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24.2 10.8
13.0 19.3
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16.1 30.3
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12.9 20.7
8.8 18.1
4.6 28.5
3.4 21.0
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12.1 14.5
10.9 186
5.5 20.8
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1.3 27.0
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13.9 32.5
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5.9 13.6
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1.3 0.8
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5.8 17.2
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5.2 8.4
5.1 8.0

11.8 9.4
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76 5.1
9.5 2.1
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9.5 4.8
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15.7 4.9
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208 77
213 78.5
223 83.5
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Calcareous plankton record in the Equatorial Atlantic: A 300
kyrs record of climate feedback and productivity

Hanno KinkeI, Nicolas Dittert, and Rüdiger Henrich

FB Geowissenschaften, Universität Bremen, Postfach 330 440, D-28334 Bremen,

Germany

Abstract:A sediment core from the southern equatorial Atlantic (GeoB 1117-2) was

investigated to reconstruct the surface water circulation and its impact on productivity of

calcareous plankton (planktic foraminifera and coccolithophores) during the last 300 kyrs.

The floral and faunal records show significant changes in surface water circulation which

can be attributed (1) to advection of cool and nutrient rich water masses from higher

southern latitudes and (2) to equatorial upwelling intensity. Cross-spectral analysis revealed

that both processes show cyclic variations within the orbital frequency domains of

eccentricity and precession, and to a minor degree within the obliquity band.

While the floral and faunal assemblages seem to be robust and only slightly affected by

carbonate dissolution, the total numbers of planktic foraminifera and coccoliths, which

should provide us with information on the productivity of calcareous plankton, partly seem

to be biased by carbonate dissolution.

1. Introduction

Surface water circulation and productivity changes in the equatorial Atlantic have been

the focus of numeral studies (McIntyre et al. , 1989; Mix, 1989; Molfino and McIntyre,

1990; Struck et al., 1993; Sikes and Keigwin, 1994; McIntyre and Molfino, 1996; Mix

and Morey, 1996; Schneider et al., 1996). Usually stable isotopes, planktic forarninifera

and calcium carbonate or organic carbon records are used to reconstruct the

paleoceanography of the equatorial Atlantic.

The tropical Atlantic is a key area for understanding global thermohaline circulation as

it transfers huge amounts of heat from the Southern to the Northern Hemisphere

(Gordon, 1986; GOI'don, 1996; Macdonald and Wunsch, 1996). Additionally, the

equatorial upwelling area, associated with the South Equatorial Current, is a highly

productive regime which contributes significantly to the global export productivity

(Berger et al., 1989). Nowadays it may not be as productive in terms of carbon produced

per area compared to the highly productive areas as the North Atlantic where massive
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blooms occur regularly or the intensive upwelling zones of the continental margins along

the eastern boundary currents. Since the tropical oceans cover by far the largest area, their

contribution to the global carbon cycle is important (Longhurst, 1993; Monger et al. ,

1997). I~was suggested that an increase in paleoproductivity in the equatoria1 Atlantic is

1ikely to influence the global atmospheric C02 concentration as recorded in ice core

inclusions (Mix, 1989; Struck et al., 1993; Mix and Morey, 1996).

Calcareous plankton contributes largely to the particle flux in the investigated area

(Fischer and Wefer, 1996), thus, its sedimentar'y record should provide information on

the productivity changes in the past. Yet, we have to keep in mind that the calcium

carbonate record in the tropical Atlantic is susceptible to carbonate dissolution reflecting

the glacial- interglacial fluctuations of deep-water circulation patterns (Verardo and

McIntyre, 1994; Bickert and Wefer, 1996).

We have chosen a sediment core (GeoB 1117-2; 3°34'S - 14°54'W, 3,984 m; Fig. 1)

from the southern rim of today's equatorial upwelling system and situated weH above the

modern Calcite Lysokline (CCL). Both surface- and deep-water circulation patterns are

considered to have experienced significant changes during the last 300 kyrs in concert

with global climate changes. We present data of the two dominant calcareous plankton

groups, planktic foraminifera and coccolithophores, to reconstruct their faunal and floral

response to changing sulface water circulation as well as their productivity record.

2. Present and past equatorial Atlantic oceanography

2.1. SUlj'aee water eireulatian

The surface water oceanography of the equatorial Atlantic is characterized by the

westward flowing South Equatorial Current (SEC) and the eastward flowing South

Equatorial Counter Current (SECC), the North Equatorial Current (NECC) and the

Equatorial Undercurrent (EUC). The westward flow of the SEC is mainly controHed by

the intensification of westward directed tradewinds in boreal spring in the western tropical

Atlantic (Philander and Pacanowski, 1986). This causes a massive transport of warm

surface waters from the eastern tropical Atlantic, one of the major pathways of oceanic

heat transport to the northern hemisphere within the Atlantic. As a result of the wind

induced westward flow of the SEC, the thermocline is uplifted in the eastern tropical

Atlantic and a corresponding deepening is observed in the western tropical Atlantic. The

seasonal uplift of the thermocline which is at its maximum in boreal summer causes an

elevated nutrient flux, which results in a productivity increase within the photic zone.

Besides thermocline uplift, additional nutrient flux to the photic zone results from the a
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wind driven equatorial divergence and shear mixing between the EUC and the SEC.

During boreal autumn the thermocline has returned to its pre-upwelling state. More

recently a comprehensive summary between the physical ocean dynamics and the

observed phytoplankton response in the Equatorlal Atlantic was given by Monger et al.

(1997).

South
America

w

N

Africa

s
E

Fig.l Position of core GeoB 1117-2 and a sketch of the surface water circulation pattern, adapted from
various authors.

This seasonal cycle in the surface water circulation of the equatorial Atlantic is an

analogon for long-term variations by the precessional component of orbital forcing

(Molfino and McIntyre, 1990). Perihelion centered on boreal winter (December) is

equivalent to maximum divergence, while perihelion centered on boreal summer is

equivalent to minimum divergence (McIntyre et al., 1989). The intensified heating of the

African continent during June perihelion causes an uplift of air and relative low pressure

in this region. As a result, a monsoonal effect is caused with meridional winds from the

south.

The importance of the equatorial Atlantic's surface water circulation for northward
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direeted heat transport is a key for reeonstrueting and modeling past global climates

(Webb et al. , 1997). Diserepaneies between the SST reeonstruetion for the tropical

Atlantie (CLIMAP, 1981; 1984; Sikes and Keigwin, 1994) and terrestrial temperature

reeords (Rind and Peteet, 1985; Stute et al., 1995) eaused serious obstacles, as the

significantly lowered temperatures on land (about 5°C) and small ehanges in SST «2°C)

in the tropics eould not be explained by a eonclusive model. More reeently, CLIMAP's

SST reeonstruetions were ehallenged by eoral reeords from the Atlantie (Guilderson et

al. , 1994) as weIl as from the Paeifie (Beek et al., 1997) whieh had the same magnitude

as the terrestrial temperature reeords. SST display the same pattern for the investigated

eore position (Dittert et al. subrn.).

2.2. Deep-water circulation

Today, the eireulation in the deep South Atlantie Oeean is dominated by interactions

between the AABW and the NADW in eontrasting extent. NADW is indieated by oxygen

enriehed, nutrient depleted water masses of high C032- and low C02 eontents. AABW

ean be distinguished as an extremely cold, oxygen depleted and nutrient enriehed water

mass of low C032- and high C02 contents (Kroopnick, 1985; Boyle, 1988). Today's

mixing zone between AABW and NADW in the South Atlantie is dose to the 90 Ilmol/kg

C032- isopleth (Bainbridge, 1981). The relatively warm and saline NADW oeeupies the

depth interval between 2,000 m and 4,000 m, while below 4,000 m AABW is

encountered. However, the geometry deep-water masses in the South Atlantie is mueh

more complex in detail. A stromg east-west asymmetry in the deep water strueture is

observed, which is related to defleetions along topographie barriers like the Mid Atlantic

Ridge, the Walvis Ridge and the Rio Grande Rise. These baITiers are partly ineised by

major deep water conduets like the Romanehe Fraeture Zone whieh enable the inflow of

NADW to the equatorial eastern Atlantie Oeean. With respeet to the modern South

Atlantie Ocean, the border of AABW with NADW and the hydrographie lysokline

eoineide (Biekert and Wefer, 1996).
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3. Material and methods

The gravity core was retrieved from the ocean floor during RlV METEOR cruise M9-4

CWefer et al., 1989). In addition, a giant box corer was retrieved and sampled to achieve

an undisturbed sediment surface which usually is not the case in the gravity core. To

achieve a composite record all sediment parameters were used.

3.1. Stratigraphy

Stable oxygen and carbon isotopes of the epibenthic foraminifera Cibicides

wuellerstOlji were analyzed at the University of Bremen (Bickert, 1992). All sampies

were analyzed using Finnigan MAT 251 micromass spectrometer coupled with a Finnigan

automated carbonate device. The reproducibility of the measurements, as referred to an

internal carbonate standard (Solnhofen limestone), is ±0.07 %0. The conversion to the

PDB - scale was performed using the international standards NBS 18, 19 and 20. To

achieve a complete time series a composite record was established using all sediment

parameters measured in the sediment sequences, in the giant box corer, and the gravity

core. The age model is based on the graphic correlation between the 0180 record of the

core and the SPECMAP standard record (Imbrie et al., 1984).

3.2. Sedimentation and mass accumulation rates

Except transfer functions (Mix, 1989; Lebreiro et al. , 1997) all methods for

reconstructing paleoproductivity are based on mass accumulation rates of bulk

parameters. Sedimentation rates were determined by linear interpolation between age

control points of the 0180 record and the SPECMAP stack (Bickert, 1992). To elucidate

the paleofluxes of various sediment components like calcium carbonate, organic carbon,

planktic foraminifera, and coccolithophores, it is necessary to calculate their accumulation

rates (AR). AR was calculated after the method of van Andel et al. (Van Andel et al.,

1975). The accuracy of AR strongly depends on the preciseness of the age model applied.

The correlation coefficient between the oxygen isotope record in core GeoB 1117-2 and

the SPECMAP standard record is extremely high (r2>0.98). Nevertheless, there are a few

outstanding maxima in sedimentation rates (Fig. 2) which are far above the expected

variance. Since these maxima are also observed in the global distributed sediment cores

that were used for the standard records, it is likely that they are artefacts due to a non

linear climate response to orbital forcing (Bickert, 1992).
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3.3. Plankticforaminifera

For foraminiferal counts, sampies were freeze-dried, weighed, and washed through a 63

Ilm sieve under agentIe spray of water to prevent mechanical fragmentation. We base the

fmmal analysis on the fraction >150 Ilm according to the CLIMAP-conventions. After

separating the fraction <150 Ilm, the sampies were dry-sieved on a 2121lm, 355 flm, 500

Ilm, and 1,000 Ilm sieve-set in order to minimize sorting and to simplify counting. Each

fraction was repeatedly split into subsampies using a microspliUer to obtain an aliquot of

at least 300 non-fragmented planktic foraminiferal specimens (CLIMAP, 1984) which

were identified and counted completely using an OLYMPUS SZ 40 binocular at 20l to

80l magnification. The taxonomy used follows that of Hemleben et al. (1989). Planktic

foraminifera fragments, benthic foraminifera, radiolaria, and subordinately pteropods,

rock fragments, and indeterminable particles were also counted on the same aliquot. All

fauna-counts were converted into count percent and number of organisms per gram

sediment (Mix, 1989).
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Fig. 2: Downcore distribution of stable oxygen isotopes of the epibenthic foraminifera C. wuellerstorfi

(from Bickert and Wefer, 1996), CaC03 and organic carbon contents (wt.-%); from Bickert (1992).

3.4. Coccoliths

For preparation of sediment sampies a combined dilution/filtering technique as

described by (Andruleit, 1996) was used. A small amount of sediment was weighed and
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brought into suspension. After dilution with a rotar'y splitter, the suspension was filtered

through polycarbonate membrane filters (Schleicher&SchuelITM, 50 mm diameter, 0.4 /.Lm

pore size). A monolayer of all sediment particles was successively studied by SEM. All

coccoliths were recorded in numbers per gram dry sediment. In general, the taxonomy of

Jordan and Kleijne (1994) was used.

Coccolith numbers were then converted to coccosphere units, assuming that

coccospheres of E. huxleyi are covered by 24 coccoliths; coccospheres of the genus

Gephyrocapsa bear 14 coccoliths, and coccospheres of F. profunda carTy 75 coccoliths.

This data contain own observations on living coccolithophores from the South Atlantic as

weIl as from various other sources (e.g., Knappertsbusch, 1993; Young, subrn.).

Although it is known that the number of coccoliths per coccosphere is not constant, and

that especially E. huxleyi is known to produce multiple layers of coccoliths and even to

shed coccoliths during its life cycle, these values seem to be a reasonable average.

3.5. Spectral analysis

We performed spectral analysis with the software package "AnalySeries LI" (Paillard

et al., 1996). The analyzed timeseries were evenly resampled at 3 kyr intervals and

linearly detrended. As arecord of global ice volume, we used the (5 180 signal of the

benthic foraminifer C. wuellerstoifi ofthe same core (Bickert and Wefer, 1996).

3.6. Carbonate and carbon content

Calcium carbonate and organic carbon contents of the bulk sediment were determined

with a Leco - CS 244. Therefore, 100 mg of freeze-dried and homogenized sediment was

analyzed. For determination of the organic carbon content, the same amount of sediment

was acidified with 6n HCl and measured the same way. The carbonate content is

calculated by subtracting the organic carbon content from the total carbon content.

4. Results

4.1. Plankticforaminifera

The absolute number ofplanktic foraminifera per gram sediment varies from 27,000 to

191,000 specimens. Maximum numbers occur at the transition of isotope stages 8/7 and

at the oxygen isotope events 7.1, 6.6, 6.4; minimum numbers occur at isotope events

6.3, 5.4, and 2.1. Relative abundances and absolute numbers of planktic foraminifera
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show a distinct orbital-to-suborbital modification. Moreover, there is an obvious trend

from 110,000 (300 ka) to 54,000 (Recent) planktic foraminifera per gram sediment.

The subtropical representative G. ruber (pink and white variety; 3 - 43 %) attains

" maxima at interglacial maxima, particularly at isotope stages 7, 5, and during the

Holocene. Among the subpolar species, N. pachyderma dex. (0 - 49 %) has its

maximum occurrence during the glacial maxima of isotope stage 8 and the isotope event

7.4; its abundance subsequently lowers. It is nearly absent during the Holocene.

Neogloboquadrina pachyderma sin. (0 - 5 %) almost exclusively occurs at fuU glacial

conditions. It is absent during the Holocene (cf. Dittert et al., subm.).
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Fig. 3: Downcore distribution of the planktic foraminifera assemblages according to Mix and Morey

(1996), species composition of the assemblages is listed in Table 1.

Mix and Morey (1996) distinguished three assemblages of planktic foraminifera, based

on down core factor analysis of a set of sediment cores from the tropical Atlantic and

Pacific Ocean. The use of down core sediment sampies rather than surface sediment

sampies was chosen to avoid "no-analogue" situations, which are a general problem of

modern analog and transfer techniques applied to foraminiferal counts. The three
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assemblages are defined as: 1) warm-tropical-, 2) upwelling-, and 3) the eastern

boundary assemblage. These assemblages are related to the major surface circulation

processes in the tropical Atlantic. The first assemblage is representative for warm surface

"water masses with a deep thermocline; the second is attributed to an upwelling intensity

with a shallow thermocline and reduced surface water temperature, whereas the third

assemblage reflects the advection of cold and nutrient rich water masses via the eastern

boundary currents.
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Fig. 4: Downcore distribution of the relative abundance of the most common coccolithophore and

planktic foraminifera species. Mind the different scales!

Highest abundance of the tropical group occurs in isotope stages 7, 5, and during the

Holocene which corresponds up to 96 % of the whole assemblage (Fig. 3). Lowest
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values in general occur during all glacials stages and substages. The upweliing

assemblage has maximum abundances in isotope stages 8, 6, and 4 which corresponds

up to 55 % of the total assemblage (Fig.3). Minimum values occur during interglacials.

The eastern boundary assemblage amounts up to 50.2 % of the total assemblage in

isotope stage 8.1. Minimum values occur in isotope stage 5.5 and during the Holocene

(Fig. 3).

4.2. Coccoliths

Coccolith numbers in core GeoB 1117-2 vary from about 2.5 x 109 up to 80 x 109

coccoliths/g sediment, while accumulation rates vary from 60 x 109 up to 1,500 x 109

coccoliths m-2 a- 1 (Fig. 2). In general, variability in numbers of coccoliths resemble

coccolith accumulation rates, with slight disagreement in isotope stage 4 and more larger

disagreements in early isotope stage 6 and throughout stage 7. Highest numbers and

highest accumulation rates occur during isotope stage 2 and 3. Lowest values are

indicative for the Holocene as weil as for oxygen isotope stage 5. During isotope stage 5

G. ericsonii and F. profunda dominate the assemblage (Fig. 4). Here, G. ericsonii

reaches abundances of up to 54 %, while it shows subordinate abundance in Holocene

sediments. A sharp drop in the abundance of this species is observed at the oxygen

isotope stage boundary 5/4. Contemporaneous1y relative abundances of E. huxleyi began

to rise until they reach their maximum values of 44 % in the Holocene. In addition,

abundances of F. profunda show a cyclic variation throughout the record with values

varying between 10 % and 48 %. Highest abundances with two significant peaks appear

in isotope stage 5. In general, lower abundances of F. profunda are observed in the

glacial intervals. Calcidiscus leptoporus reach almost 40 % in isotope stage 3, and

additional maxima occur in glacial stages 6 and 4. A similar pattern can be seen in the

abundance of G. oceanica which reveals significant maxima up to 26 % in glacial stages

6, 4, 2, and subordinate abundances in the rest of the record.

5. Discussion

Planktic foraminifera and coccoliths are the major components of the sediments in the

investigated core, whereas siliceous microfossils (e.g. diatoms) are only a subordinated

component (Gingeie, 1992). Terrigenous sediments, in general eolian transported fine «

2 )..Lm) and silt fraction «63 )..Lm), can reach 25 wt.-% of the total sediment in glacial

periods (Gingele and Dahmke, 1994). Although these high percentages correlate weil

with low carbonate contents, and therefore a concentration effect due to carbonate
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dissolution may be assumed, a two- to threefold increase in accumulation rates of

terrigenous matter indicates stronger eolian transport during glacials, which has been

reported by various authors from nearby sediment cores (Gingeie, 1992; deMenocal et

"al. , 1993; Ruddiman, 1997).

Since Imbrie and Kipp (1971) used planktic foraminifera to reconstruct past sea

surface temperatures, a lot of authors turned to that method with different approaches

(Mix et al., 1986a; 1986b; Pflaumann et al. , 1996). Although the reliability of these

methods increased with the growing numbers of calibration points (core top sampies), the

problem of "no-analogue" situations (Butson, 1977) remained; a problem, that is

unfortunately very apparent in the tropical oceans (Mix et al., 1986a; 1986b; Ravelo et

al. , 1990). Mix and Morey (1996) tried to avoid this problem by investigating planktic

foraminiferal assemblages from a set of downcore samples from sites in the tropical

Atlantic and Pacific Ocean instead of investigating surface sediments or core tops. This

approach resulted in the establishment of three planktic foraminifera assemblages which

allow to deduce long-term variations of the equatorial CUlTent system, as proposed before

by Ravelo et al. (1990). Moreover these three assemblages are supposed to be relatively

insensitive to carbonate dissolution (Mix and Morey, 1996, Ditteli et al. subrn.).
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Fig. 5: Cross spectral analysis between the planktic foraminifera assemblages (solid line) and the stable

oxygen isotope record of C. wuellerstOlfi (dashed line). The coherency is plotted in the lower panel

wirh the 80% confidence level indicated with the dashed line.

Cross-spectral analysis of the planktic foraminifera assemblages reveal cyclic

variations within the main frequency domains of the earth's orbital parameters

103



PartII 3. Calcareous plankton record in the Equatorial Atlantic Ocean: A 300 kvrs record of. ..

(precession, obliquity, and eccentricity). However, it is obvious from the drawings of the

downcore results, that the main periodicities between the assemblages are different (Fig.

3). Spectral analysis revealed significant differences in the main periodicities for each

assemblage (Fig. 5). The tropical and eastern boundary assemblages are dominated by

variations in the orbital eccentricity (100 kyrs) and precession (23 kyrs) periods coherent

with global ice volume recorded in the 8180 of C. wuellerstorfi. It is apparent, that most

variation within the tropical assemblage occurs in the 100 kyrs period with maxima

aligned to a minimum in ice volume (Fig. 3). All three orbital periodicities (eccentricity,

obliquity, and precession) are observed in the spectra of the upwelling assemblage with

decreasing power from the longer to the shorter periods. In contrast, the eastern boundary

assemblage spectra show most power in the precession band and weaker power in the

eccentricity band, whereas no variation is observed in the obliquity band (Fig. 5). These

results corroborate earlier studies in the equatorial Atlantic (McIntyre et al., 1989; Mix

and Morey, 1996).
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Fig. 6: Cornparison between the relative abundance of the upwelling and eastern boundary assernblages

(shaded areas) with the paleoproductivity estirnations, based on organic carbon accurnu1ation rates

(frorn Bickert, 1992).

Comparison between the abundance of the three planktic foraminiferal assemblages to

the numbers of planktic foraminifera per gram sediment does not reveal any significant

linear correlation. However, we noticed obvious trends with high numbers of

foraminifera per gram sediment being typical for higher abundances of the tropical

assemblages (not plotted). The opposite is true for both, eastern boundary and upwelling

assemblages. These results would severely bias productivity estimations based on AR

CaC03 (Brummer and Van Eijden, 1992; Rühlemann et al., 1996; Van Kreveld et al.,

1996) if we assurne that an increase in the abundance of upwelling and eastern boundary
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assemblages should indicate higher productivity. However, in areas which remain more

01' less oligotrophic through time, this approach seems to provide reasonable results

(Brummer and Van Eijden, 1992; Rühlemann et al. , 1996). A more reasonable

'. relationship is revealed by the comparison between the abundance of the upwelling and

eastern boundary assemblages with the TOC record and the paleoproductivity estimations

(Sarnthein et al., 1992) based on organic carbon accumulation rates (Fig. 6).

In addition, we tested the use of absolute numbers of coccoliths and coccolith

accumulation rates to reconstruct paleoproductivity. An increase in coccolith numbers and

accumulation rates should provide reliable information on an enhanced productivity in the

surface water masses, although it remains questionable whether 01' not coccolithophores

reflect the gross productivity of phytoplankton in surface water masses?

If we take a look at the data available on coccolithophore productivity in the modern

oceans, it appears that coeeolithophores do react to increased nutrient levels, due to

upwelling 01' frontal systems in open and coastal oceans (Kleijne et al., 1989; Ziveri et

al. , 1994; Kinkel et al. , in press.). Nevertheless, it seems to be obvious that

coccolithophores may appear in second plaee within an ecological succession of

phytoplankton groups in their ability to use nutrients in surfaee waters following fast

growing phytoplankton like diatoms (Young, 1994). This is supported by results of

plankton sampies (Garcia-Soto et al., 1995; Giraudeau and Bailey, 1995) and sediment

trap studies (Samtleben et al., 1995) which showed that eoecolithophores began to thrive

and dominate phytoplankton communities after diatoms utilized most of the nutrients and

a postupwelling or seasonal stratification of the water column occurred. Today,

coccolithophores react to upwelling activity in the tropical Atlantic along the equator

which is documented in plankton and surface sediment samples (Kinkel et al., in press.).

Albeit, the differenees between the equatorial Atlantic upwelling area and the oligotrophie

areas seem to be more distinguished by the composition of eoceolith assemblages than by

the numbers of eoceoliths (Kinkel et al., in press.). Our downcore results indieate that

enhaneed coccolithophore productivity indeed did not oeeur simultaneously with

maximum TOC-contents and paleoproductivity estimations (Figs. 7, 2, 6). However, we

still assume that eoccolith numbers and accumulation rates indieate increased productivity,

at least of coecolithophores, during late isotope stage 8, early stage 7, at stage boundary

617, during substage 6.3, late stage 5, and stage 3. Moreover, the maximum in coccolith

numbers and aecumulation rates are observed just before and after TOC values reach their

maximum. This leads to the conclusion that optimum growth conditions of

coccolithophores may oecur just before 01' after gross produetivity was at its maximum.

Yet, we have to keep in mind that productivity estimations based on TOC values in the
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trapical Atlantic can be overestimated, as reasonable proportions of the organic carbon

fraction may be added to the record by eolian transport of terrigenous organic matter

(Verardo and Ruddiman, 1996; Wagner and Dupont, in press). The eolian transport of

terrigenous matter is supposed to be increased during glacial times when wind speeds

reach their maximum; nonetheless, the proportion of terrestrial organic carbon to total

organic carbon is still under debate.
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Fig. 7: Downcore distribution of the absolute numbers of coccoliths per gram sediment, coccolith

accumulation rate, absolute numbers and accumulation rates of planktic foraminifera and the linear

sedimentation rates (from Bickert, 1992).

The minima m coccolith numbers and accumulation rates in stages 6, 4 may

correspond to astrang increase in diatom accumulation rates observed in core M 16772

(Abrantes et al., 1994), which is situated slightly east from our core position. This may

indicate that diatoms rather than coccolithophores dominated the phytoplankton

productivity at this intervalls. No such trend is observed in the diatom record from

Abrantes et al. (1994) for the stage 2, and therefore it is unclear what kind of

phytoplankton caused the maxima in oragnic carbon at this time. Carbonate dissolution

may have had a rninor influence on the coccolith accumulation rates as no indication for

strang carbonate dissolution is evident for this site (Diiter et al. subrn.), though it can not
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completely mIed out.

Comparison between the relative abundance of F. profunda and the numbers of

coccoliths or coccolith accumulation rates reveal opposite trends with maxima in

coccolithophore numbers and accumulation rates more or less coherent with minima in the

relative abundance of F. profunda (Fig. 8). This gives further support to the conceptual

model of Molfino and McIntyre (1990) who suggested that high abundances of F.

profunda indicate a deep thermocline and nutricline leading to a decrease in

coccolithophore productivity in the upper photic zone where the majority of

coccolithophores grow. This conceptual model was applied successfully by other authors

(Ahagon et al., 1993; Okada and Matsuoka, 1996; Bassinot et al., 1997; Beaufort et a1.,

1997) but it was never shown that other proxies reacted in the same manner or opposite to

the F. profunda signal.
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Fig. 8: Downcore distribution of the rel. abundance of coccoliths of the most common coccolithophore

species (upper panel). The distribution pattern of the calculated coccosphere accumulation rate as well

as the relative abundance of F. profunda after recalculating all coccoliths to coccospheres (lower

panel).

Yet, an obstacle remains if we look at the relative abundance of F. profunda and the

number of coccoliths or coccolith accumulation rates, respectively. It is obvious that on

average,the relative abundance of F. profunda slightly increases over the last 300 kyrs
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(Figs. 4, 8) while the same is tme for the coccolith numbers and accumulation rates (Fig.

2) although an opposite trend would be expected. A similar trend can be observed in the

abundance of F. profunda in a sediment core of the Indian Ocean (Beaufort et al., 1997)

over the lasi'300 kyrs. We therefore converted the most comrnon species (E. huxleyi, C.

leptoporus, F. profunda, and Gephyrocapsa spp.) which in general make up more than

80 % of the total coccolith assemblage (Hg. 8) into coccosphere units. It was suggested

before that ecological interpretation of coccolith assemblages may be biased if only

coccoliths are taken into account instead of recalculating the organism level of entire cells

(Giraudeau, 1992a; 1992b; Pujos, 1992). Our recalculations did not change the general

picture but two significant modifications are notified: First of all, the increase in the

coccosphere abundance of F. profunda over the last 300 kyrs is not as strong as in the

coccolith abundance. Nevertheless, it is still notable. Second, the trend in the coccosphere

accumulation rates of the most important species is opposite to that of the coccolith

accumulation rates. This is reasonable as C. leptoporus and E. huxleyi are the major

contributors to the coccosphere accumulation rates in sediments younger than oxygen

isotope stage 4, whereas mainly species of the genus Gephyrocapsa contribute to the

coccosphere accumulation rates in older sediments. Both C. leptoporus and E. huxleyi

bear significantly more coccoliths per coccosphere (30 and 24, respectively) than

coccospheres of the genus Gephyrocapsa which on an average only bear 14 coccoliths

per coccosphere.

Tf we compare this result to our coccolith and foraminifera data we can conclude that the

relative abundance data seem to be robust and generally are not influenced by carbonate

dissolution. A stronger impact of carbonate dissolution may influences the absolute

numbers calcareous microfossils.

6. Conclusions

The investigation of different faunal and floral assemblages together with a set of bulk

parameters (TOC, CaC03) in a sediment core from the southern Equatorial Atlantic

provided details on the influence of surface water circulation patterns in the investigated

area and its impact on the sedimentation of planktic foraminifera and coccolithophores.

Spectral analysis revealed significant variance at the 100 kyrs and the 23 kyrs

periodicities which are typical for paleoceanographic reconstructions of the tropical

Atlantic Ocean. As most variability and power is observed in the 23 kyrs band of the

eastern boundary assemblage, we assume that advection of cold and nutrient rich water

masses via the eastern boundary currents is the most important feature in surface water

circulation above the investigated site. In addition, upwelling intensity is controlled by the
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relationship between the meridional (monsoonal) and zonal (tropical easterlies) wind

stress. Minima in upwelling intensity are monitored by the increase in the relative

abundance of the coccolithophore F. profunda as weIl as the tropical planktic

foraminiferal assemblage represented by (Fig. 9). Both are'positively correlated to the

insolation over the North African landmass with maxima indicating a warm and deep

surface layer associated to a deep thermocline due to more meridional wind stress. In

contrast, low insolation values leads to more zonal wind stress which will cause a

thermocline uplift and increased nutrient supply leading to a rise in productivity.
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Fig. 9: Comparison between the relative abundance of the F. profunda (coccolithophore), G. ruber

(planktic foraminifer) and the insolation at IsoN (after Berger and Loutre, 1991).

Our data do not allow a distinct separation between the eastern boundary and the

upwelling mechanism. As there is much more variability in the eastern boundary

dynamics, we assume that this is the driving force in the surface water circulation at this

site that interacts with upwelling activity and provides it with additional nutrients.

Although carbonate sedimentation seems to be dominated by the tropical planktic

foraminifera, coccolithophores contribute largely to the carbonate sedimentation in times

of higher surface water productivity even though carbonate dissolution and the

competition between diatoms and coccolithophores may reduce these signals during peak

glacial times.
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Carbonate dissolution in the deep-sea: Methods, quantifica
tion and paleoceanographic application

N. Dittert, K.-H. Baumann, T. Bickert, R. Henrich, R. Huber, H. Kinkel
and H. Meggers

Fachbereich Geowissenschaften, Universität Bremen,

28334 Bremen, Germany

Abstract: Understanding spatial and temporal changes in oceanic carbonate dissolution and

preservation patterns is of key importance for testing models which seek to explain past

changes in atmospheric p C02 and surface water P C02 through changes in the global

carbon cycle.

As part of the South Atlantic Dissolution Experiment, three deep-sea transects covering

areas above and below the calcite lysocline into the Brazil- and through the Cape Basin were

investigated. Our work includes (1) determination of sediment surface assemblages of

coccolithophores and planktic foraminifera; (2) SEM ultrastructure analysis of planktic

foraminifera Globigerina bulloides; and (3) comparative assessment of different carbonate

dissolution proxies.

We find that all dissolution proxies are able to distinguish the area above the top of the

calcite lysocline from the area below. Moreover, same parameters are qualified to

distinguish the upper continental margin of upwelling areas from the open acean.

Regarding three different oceanographic regimes, only the carbonate ion content and the

percentage of sediment carbonate content put us in the position to determine the total scale

of the lysocline. If these parameters are not available, a combination of the Globigerina

bulloides Dissolution Index, the Calcidiscus leptoporus - Emiliania huxleyi Dissolution

Index, and the rain ratio give the best approach to the authentie conditions.

Prologue

By publishing his artide "On the Distribution of the Pelagic Foraminifera at the Surface

and on the Floor of the Ocean" as a monthly review of scientific progress, Murray (1897)

laid the foundations of a topic that still occupies scientists 100 years later: he realized that

the gradual disappearance of calcareous shells with increasing water depths is due to the

solvent action of deep-sea water. The importance of the ocean as one principal global

carbon reservoir and the dose relationship between C02 and climatic change led

oceanographers and paleoceanographers to explore intensively the balance between
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biogenic pl'oduction and CaC03 accumulation-dissolution through time.

Introduction

As early as in the late 19th century Murray and Renard (1891) realized that the

distribution and character of Globigerina ooze are governed by the bio-Izoogeography of

the living organisms in surface currents and by the chemistry of deep-sea water that is

responsible for the modification of the sediment and organism assemblages. In particular,

they noted that dissolution works selectively, and that below a depth of about 4,000 m in

the central Pacific it destroys essentially all calcareous matter. In addition, Murray (1897)

explained the different shell dissolution patterns observed by the powerful solvent action

of decaying organic matter on carbonates. With expanded knowledge in

rnicropaleontology, changes in faunal composition recorded in pelagic sequences could be

explained to be dependent on both changes in the composition of the living assemblages

and in the intensity of dissolution and resulting fragmentation of the tests (Schott 1935).

Even before this, Philippi (1910) already had established the hypothesis of increased

activity of Antarctic Bottom Water during glacials based on an enhanced carbonate

dissolution. However, one obstacle in recognizing that carbonate dissolution in the

eastern tropical Pacific was in fact less important during glacials than during interglacia1s

was the (mistaken) notion of Globigerina sp. as being highly resistant to dissolution and

of Globorotalia sp. as being highly susceptible to it (Arrhenius 1952). The reverse has

been shown to be correct (Berger 1967). In contrast to the situation in the equatorial

Pacific, Olausson (1965) showed that interglacials can be assigned to high-carbonate

stages and glacials to low-carbonate stages in the Atlantic.

The first demonstration that the long-term exposure of calcite crystals to sea water on

deep-sea moorings revealed information on the depth dependence of dissolution rate and

calcite saturation was given by Peterson (1966). Milliman (1975) repeated Peterson's

experiment in the North Atlantic using aragonite, low and high Mg calcite and confirmed

that each of these carbonate varieties had its own lysocline occurrence at critica1levels of

undersaturation.

Berger (1967, 1968) ranked planktic foraminifera species collected from sediment

sampies according to dissolution resistance as a basis für forming dissolution indices.

Furthermore, he exposed sampies which were derived from sediment and from plankton

tows on a taut wire buoy (same mooring as that used by Peterson 1966) at different

depths in the central Pacific, in order to assess the effects of dissolution on foraminiferal

shells. Additional information on the dissolution of planktic organisms were delivered by
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investigations on coccolithophores (Hay 1970) as weIl as on pteropods (Berner 1977).

Comparison of laboratory experiments with surface sediment samples indicated

differential preservation of coccolithophore species in oceanic sediments (McIntyre and

McIntyre 1971). Further evidence of differential dissolution among slleIls from analyses

of living specimens and fossil shells has been obtained by in-situ experiments using

sediment traps (Honjo and Erez 1978) and by laboratory experiments (Be et al. 1975);

comparisons between water column communities and sediment assemblages (including

in-situ investigations) were performed by Vilks (1975).

With technological progress and the invention of scanning electron microscopy, Be et al.

(1975) started investigations of foraminiferal ultrastructure reaction to carbonate

dissolution. They elaborated various species-specific SEM dissolution indices. This

approach has been evaluated for Neogloboquadrina pachyderma (Henrich 1989;

Baumann and Meggers 1996) and for Globigerina bulloides (Van Kreveld 1996; Dittert

and Henrich subm). Far both species the progressive ultrastructural breakdown with

increasing dissolution could be shown.

In order to outline the essentials for carbonate dissolution in the deep-sea, a brief review

on the carbon dioxide system and on the deep-water circulation in the world oceans will

be presented. Many different methodical approaches were established as dissolution

proxies in the past. We will contemplate the most important ones regarding the use of

bulk sediment parameters and the use of calcareous micro- and nannoplankton. Since the

history of 11 Carbonate dissolution in the deep-sea" covers more than one hundred years,

only a few scientists who improved the comprehension of that complex topic can be

mentioned. An excellent summary on previous studies is given by Boltovskoy (1991).

This leads up to the South Atlantic Dissolution Experiment, where the mentioned

parameters are tested for their usefulness at three surface sediment transects into the Brazil

Basin and through the Cape Basin. At last, we will elucidate the advantages and

disadvantages of several dissolution proxies.

Some aspects on the carbon dioxide system and carbonate dissolution

The carbon dioxide flux between atmosphere and ocean surface water is governed by

molecular diffusion. Thereby the direction and magnitude of the C02 flux depend on the

gas exchange coefficient of carbon, the thickness of the surface water boundary layer, the

solubility coefficient, and the partial pressure difference between sea water and air (Liss

1973; Millero 1979; Liss and Merlivat 1986; Maier-Reimer and Hasselmann 1987). Only
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about 1% of dissolved [C02Jaqua occurs as H2C03, the rest of the C02 exists in the form

of different ions. Representatives of inorganic carbon are carbonic acid, bicarbonate and

carbonate. Coccolithophores, foraminifers, pteropods, and a few other organisms build

calcium carbonate shells or skeletons. Calcification can proceed both from carbonate and

bicarbonate ions. In any case, it tends to drive C02 from the ocean to the atmosphere

(Gattuso et al. 1993).

The transfer of calcium carbonate particles from the mixed layer to the deep ocean was

introduced as carbonate pump or alkalinity pump (Berger 1982). The vertical distribution

of organic carbon in the ocean is mainly controlled by photosynthesis, feeding,

respiration, and decay (Berger et al. 1989) which contribute to the biological pump

(Revelle 1944). With respect to the water column, Ca2+ varies relatively little, hence the

calcite saturation state is controlled by the concentration of C032-, temperature, and water

pressure. Position and thickness of the saturation horizon in the water column can be

defined as the difference i1C032- between the concentration of carbonate in situ and the

concentration of saturated carbonate ion for the mineral phase calcite (Broecker and

Takahashi 1978).

Carbonate dissolution in the water

I,C02
Fig. 1. L:C02-alkalinity-vector-diagram which
describes changing alkalinity and total carbon
content according to a) supply and withdrawal of
C02 to/from the atmosphere; b) enhanced photosyn
thesis 01' decay; c) increased CaC03 precipitation 01'

dissolution (modified after Baes 1982).

From

Dissolution

-o--=:':::::::==~:;:J:I0.16
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1
Precipitation

To

Photosynthesis

r-

CO2
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Atmosphere
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c)

column (Culkin 1965; Edmont 1970;

Murray and Riley 1971) and at the -0
sediment pore water interface (Santschi et :5-~
al. 1983; Le and Shackleton 1992) ==
depend on the disequilibrium of the total ~

carbon dioxide content (I,C02). It is

balanced with HC03- and C032- and

driven by the alkalinity (Fig. 1; Baes

1982). The water depth in which the sea

water carbonate ion content and the

concentration of carbonate ions in

equilibrium with sea water for calcite

mineral phase intercept was introduced as

the hydrographic calcite lysocline

(Broecker and Takahashi 1978) - also

known as "Peterson's level" (Berger

1975). It is stated that an undersaturation

of about 10 fl,mol/kg is enough to

dissolve almost all the calcite descending

to the sea-floor (Broecker and Peng
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1982). The depth at which the effects of dissolution first appear in the sediments is

termed sedimentary lysocline (Berger 1975), forarniniferallysocline (Berger 1968), or

coccolith lysocline (Berger 1973a), respectively. Keir (1980) discovered that dissolution

becomes progressively more intense in proportion to the fourth p'ower of ilC032- below

the 1ysocline. Where undersaturation is large enough so that the rate of calcite

sedimentation is totally compensated for by the rate of calcite dissolution, the carbonate

compensation depth (CCD) is attained (Bramlette 1961), which is described by Archer

(1996) as the zero intercept of the %CaC03 versus ilC032- relation.

Sedimentation

Passive "Active"

jJ11~:~lr~~i~~l

~POC~

~
Resuspension

Fig. 2. Carbon fluxes at the benthic boundary layer (fram JGOFS 1989).

I ... Inorganic; 0 ... Organic; C ... Carbon; P ... Particulate; D ... Dissolved

The by far greatest fraction of the organic carbon arriving at the sea-floor is respired as

C02 or rernineralized to other organic compounds by benthic organisms (Reimers 1989).

This metabolie C02 generated by organisms which live within the sediment may

contribute to the dissolution of calcite even above the lysocline, known as supralysoclinal

dissolution (Emerson and Bender 1981; Iahnke et al. 1994; Freiwald 1995). Other parts

of the vertical and horizontal flux to the sediment are degraded or resuspended and

recycled back into the ocean (Fig. 2). The remaining material is perturbed in the

uppermost centimeters and decimeters of the sediment by benthic organisms. Molecular

diffusion alone, coupled with the low solubility of calcite, would yield extremely low

dissolution rates. The benthic rnixing process continually accumulates new calcite into the
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sediment eliminating the necessity for a long diffusion path (Broecker and Peng 1982).

At last, the benthic boundary layer (Santschi et al. 1983) is the site of carbon removal

from the ocean-atmosphere system and constitutes the historical record of the carbon flux

- perhaps distorted by the process of diagenesis - from which paleoceanographic and

paleoclimatic changes are deciphered (Jumars et al. 1989). Long records of carbonate

fluctuations exhibit long-term trends in dissolution (e. g., the Mid-Brunhes dissolution

cycle) which are thought to be associated with global changes in the carbon reservoir of

the oceans (Vincent 1981; Farrell and Prell 1991; Bassinot et al. 1994; Bickert et al.

1997). Thus, for reconstructing the deep-water chemistry in the past, both the respiratory

effect and the global trend have to be considered to extract the true deep-water properties

from dissolution records.

The use of bulk sediment parameters as dissolution proxies

Quantitative reconstruction of carbonate dissolution to times of the past is not a simple

matter. It requires the determination of the fraction of calcite rained to the sea-floor which

survived dissolution. Unfortunately, among the several criteria used to judge the state of

preservation of the calcite most remain qualitative. One indicator is the weight percentage

of the coarse fraction (>63 J.lm). The sand content of deep-sea carbonates decreases as

dissolution progresses (Johnson et al. 1977; Berger et al. 1982; Wu et al. 1990). The

reason for this is that foraminiferal shells are weakenend by dissolution and tend to break

down into small fragments. Thus, material moves from the coarse fraction into finer

fractions. Inspection of other dissolution indices, such as calcareous micro- and

nannoplankton dissolution proxies (see chapter below), investigated in deep-sea

sediments by several authors (e.g., Hebbeln et al. 1990; Yasuda et al. 1993), shows a

good agreement with the sand content records of each study. However, other sediment

related studies on the deep-sea rise reveal that foraminiferal fragmentation and hence the

percentage of the fine fraction increases before the significant overall loss of carbonate

begins, and thus may be more sensitive to changes in bottom water or pore water

corrosiveness than bulk carbonate. For instance, Peterson and Prell (1985) showed that

about 60 % of the non-fragmented sand-sized planktic foraminifera were already broken

at the lysocline level, whereas no more than 20 % to 30 % of carbonate has been lost.

This mismatch in sensitivities may be due to the transfer of carbonate during the

fragmentation from larger to smaller size fractions. Furthermore, changes in the rain ratio

between nannofossil placoliths and foraminiferal shells could bias the relative portion of

the cOarse fraction without any changes in dissolution (e.g., Bickert and Wefer 1996).
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Therefore, the sand content is not an unambiguous proxy for dissolution and requires

calibration with other dissolution indices prior to the interpretation of its variation with

time.

A potentially mate quantitative index of calcite dissolution is the percentage of CaC03 in

the sediment. Of course, variations in the percentage of CaC03 in a single core cannot be

simply interpreted as an index of preservation because the relative abundance of carbonate

is controlled by the balance of productivity over dissolution and by dilution due to the

influx of non-carbonate sedimentary components. Only in the ideal situation, where the

rain rate of calcitic and of noncalcitic material are constant in space and time, the amount

of calcite lost to dissolution could be calculated from the percentage CaC03 in the

sediment. Otherwise, for each time interval of interest, the calcite content of the sediment

from above the lysocline has to be used as the reference for the amount of dissolution

which has occurred in cores from the transition zone (the "depth-transect approach"; e.g.,

Farrell and Prell 1989; Curry and Lohmann 1990; Bickert et al. 1997). However, the fact

that CaC03-contents of supralysoclinal sediment average to about 90 % in the world

ocean (Archer 1996) raises the problem that quite large amounts of dissolution create only

very small changes in the carbonate content. For example, if a sediment which, in the

absence of dissolution, would have a calcite content of 90 % were to lose half of its

calcite to dissolution, its CaC03-content would drop to only 82 %. Because of this, even

small variations in the ratio of the rain rate of calcite to the rain rate of non-calcite would

lead to substantial errors in the extent of dissolution.

One way out of this dilemma could be the conversion of CaC03 % (w/w) to CaC03 mass

accumulation rate (MAR), which corrects for the effect of dilution in the sediment.

According to van Andel et al. (1975) the CaC03-MAR is calculated as:

CaC03-MAR (g/cm2/ky) = CaC03 % (w/w) . DBD (g/cm3) . SR (cm/ky) (1)

This calculation requires estimates of dry bulk densities (DBD) for the sediments and

sedimentation rates (SR). DBD, if not measured directly, might be calculated using the

empirie equation of Ruddiman and Janecek (1989). The major problem comes from the

SR, which is commonly derived by linear interpolation between stratigraphie datums

based on oxygen isotope, paleomagnetic and biostratigraphic events. Especially, if the

variance of the carbonate content is low, the CaC03-MAR will be dominated by the SR

changes, which depend on the resolution of the age model and which are mostly difficult

to reproduce the sediment accumulation variability with time.

Two other processes are at work which could bias the interpretations based on the

CaC03-content. The first of these consists in the winnowing of sediment by currents

which carry away the fine material and thereby enrich the coarse material (mainly shells).

This raises the CaC03-content (Wu et al. 1990). The other is deposition by turbidity and
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boundary currents. As currents often originate along the continental margins, the debris

they carry is usually very low in CaC03. To avoid the impacts of these processes, quiet

zones on the sea-floor must be carefully chosen as the localities for such studies.

Regarding all these potential complications, how should one curry out a reliable

quantification of calcite dissolution in the deep-sea? Significant progress has been made in

modelling the diagenesis of CaC03 in sediments, on diagenetic scales of centimeters

(Emerson and Bender 1981; Archer et al. 1989; Keir 1990; HaIes et al. 1994), basin-wide

scales (Emerson and Archer 1990), and global scales (Keir 1990; Archer and Maier

Reimer 1994). The models have reached the point where even small variations of the

carbonate distribution on the sea-floor might be interpretable 01' serve to differentiate

model formulations and assumptions. Archer (1996) converted available sedimentary data

into a format suitab1e for validating models of CaC03-dynamics in the ocean. He re1ated

the distribution of sedimentary calcite in the deep-sea to a new gridded field of water

column 6.C032- in an attempt to reveal regional variations in calcite preservation and thus

the shape of the calcite lysocline. As a result, the lysocline has been found thicker (i.e.,

has a greater contrast in 6.C032- between the high- and low-calcite sediments) in the

western Pacific and in the Atlantic Oceans than it is in the eastern equatorial Pacific. This

pattern is consistent with the model's response to varying rates of dilution caused by

terrigenous material. In low latitudes, calcite can be preserved to -30 Ilmol/kg C032-,

whereas calcite is dep1eted from higher latitude sediments by a rate of -10 Ilmol/kg C032-.

This gradient is smaller than the glacial/interglacial shift as required by the "rain ratio

model" for generating lower atmospheric p C02 (Archer and Maier-Reimer 1994). This

implies that the model requires an application of conditions in glacial times which have no

analog in today's ocean. This conclusion rules out that the modern ocean carbonate

system not necessarily validates models of CaC03-dynamics in the past. This is

especially true for the preservation events at the onset of each interglaciation and for the

dissolution events at the onset of each gladation, recorded in dissolution records in the

deep of the Indian and Pacific Ocean, which require the additional examination of

compensation processes in the carbonate system on different time scales.

The üse of calcareous micro- and nannoplankton as dissolution proxies

Comparative analysis of dissolution proxies derived from planktic and benthic

foramin.ifera

The preservation potential of planktic foraminifera strongly depends on the internal wall
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structure, which consists of small, anhedral crystals on the proximal side, larger crystals

toward the distal side, and in some partially deep-living species, large crystals, forming

the calcite crust (Be et al. 1975). The shell containing the largest crystals is the most

resistant one. In some cases, a very smooth distal calcite layer ("cortex"; e.g.,

Pulleniatina obliquiloculata) covers the outside of the test. It retards dissolution for some

time, protecting the underlying crnst.

Berger (1967; 1968) investigated samples from a mooring (Peterson 1966) as well as

plankton and sediment samples. He finds that carbonate dissolution changes species

diversity, test size distribution, content of damaged shells, and average particle weight of

an assemblage. Moreover, he establishes the ranking of planktic foraminiferal species

with respect to their preservation potential. Investigations on the shell calcite show that

the ratio of elements such as Na, Mg, Sr, F, V, U versus Ca decrease in the course of

dissolution in some planktic foraminiferal species (Bender et al. 1975; Rosenthal and

Boyle 1993; Hastings 1994; Russell et al. 1994; Nürnberg 1995). The reason is that

chambers, keel and "cortex" are each secreted in different depths displaying a distinct

chemical water composition, and dissolution removes the most "impure" calcite parts first

and faster than pure calcite (Brown and Elderfield 1996). As the foraminiferal assemblage

is changed qualitatively and quantitatively due to dissolution, the perturbation of the

record makes the interpretation difficult, and some method must be found to indicate the

extent of bias caused by dissolution (Hernleben et al. 1989).

There are routinely measured micropaleontological and sedimentological methods

considered to be linked to carbonate dissolution and preservation. These methods include

determination of (1) percentage of fragmented planktic foraminifera tests (e.g., Keigwin

1976; Le and Shackleton 1992); (2) proportions of solution susceptible and solution

resistant planktic foraminifera species (e.g., Schott 1935; Berger 1979; Boltovskoy and

Totah 1992); (3) the ratio of benthic to planktic foraminifera (e.g., Parker and Berger

1971; Hooper et al. 1991); (4) the ratio of agglutinating to calcifying foraminifera (e.g.,

Kennett 1966; Murray 1989): (5) the ratio of radiolaria to foraminifera (Peterson and Prell

1985); (6) the ratio of pteropods to forarninifera (Berner 1977); (7) the ratio of coccoliths

to foraminifera (e.g., Hay 1970; Hsü and Andrews 1970). Each of these parameters is a

potential dissolution index, but their variations may partly be controlled by ecologica1 01'

other factors (e.g., productivity, winnowing). Thus most1y, a multi-method approach

was used in carbonate dissolution-studies.

Severa1 similar rankings of the solubility of planktic foraminifera (Table 1) were derived

from sediment sampIes, from taut wire buoys, from mooring experiments, and from

laboratory experiments. This ranking depends on chamber structure, test size, thickness

of the shell, deve10pment of a "cortex", dimension of aperture, existence of spines, width
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of pores, fragility of sutures (Berger 1979; Henrich and Wefer 1986). It is stated that

Globigerinoides ruber is one of the most solution-susceptible species whereas

Neogloboquadrina sp. belongs to the rather solution-resistant species.

"Table 1. Dissolution ranking of planktic foraminifera based on previous work by several authors: low

numbers correspond to least resistance and vice versa. If data of all authors are standardized, genus-

dependent resistance with respect to dissolution becomes obvious:

(least resistant)

Globigerinoides sp. < Globigerina sp. < Globigerinella sp. < Globigerinita sp. < Globorotalia sp.

(most resistant)

SCHOTT PARKER BERGER MALMGREN BERGER THUNELL BOLTOVSKOY
(1935) &BERGER (1979) (1983) (1970) & HONJO & TOTAH

Species (1971) (1981) (1992)

Way of investigation: Sediment ranking Laboratory

Iiastigerilla pelagial 3 4 6

Globigerilla bulloides 31 21 63 36 17

lalconensis 49 43

Turborotalita Izwnilis 100 89 100

quinqueloba 29 25 13 41

Globoturborotalita rubescells 11 11 18

tenella 14 18 27

Glob/gerinella adamsi 20

calida 34 46 33

digitata 63 61 11

siplwnilera 17 36 14 22 45

Orbulina wziversa 50 54 39 9 39

Globigerillita glutillata 43 50 50 45 18

uvula 40 25

Candeina nitida 51 50 28

Tenuitella iota 46 54

Glob/gerinoides collglobatus 26 32 32 61 64

ruber 9 14 5 44 9

sacculifer 25 23 29 23 56 55

(trilobus) 27

Splzaeroidillella dehiscells 94 75 91 100 82

Globoqlladrina cOllglomerata 66 64 73

(Neo-) dutertrei 83 86 73 67 36

(Neo-) pachyderma 86 100 37 (dex.) / 100 (sin.) 77

Globorotalia erassaJiJrmis 77 82 86 94

Izirsllta 69 55

inJlata 74 96 88 64 72

menardii 75 68 50

scitula 57 57

trullcatulinoides 71 93 75 59 78

tum/da 100 97 79 95 89 91

Berggrenia pumilio 89

Globorotaloides Izexagonus 60

Pulleniatilla obliquiloculata 91 71 82 83 100

According to Berger (1973b), benthic foraminifera are approximately three times less

susceptible to dissolution than planktic foraminifera. Unfortunately, the information

available on the dissolution of benthic foraminifera is scarce and fragmentary. Corliss and

Honjo (1981) compiled a table of the relative susceptibility of benthic foraminifera to
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dissolution. It should be noted that at least some planktic foraminifera are more resistant

than certain benthic ones (Adelseck 1977; Boltovskoy and Totah 1992).

Another method is based on the ratio of the number of insoluble organic linings of five

benthic foraminifera species to the number of calcareous shells of thc same species (De

Vernal et al. 1992). Maximum concentrations of organic linings correspond with a

minimum of well-preserved shells and vice versa. The known relation between calcareous

shells and their organic linings may lead to a dissolution index.

Dissolution ofcalcareous nannoplankton assemblages

Due to their small size, delicate ultrastructure, and complex sedimentation processes,

relatively little work was done on coccolith dissolution as compared to planktic

foraminifera. An early attempt to establish a preservation index was made by Roth and

Thierstein (1972) who set up four categories of etching to express the preservation state

of a coccolith assemblage. Among others, Hay (1970) stated that coccoliths show the best

resistance to dissolution in deep waters especially compared with planktic foraminifera

and other carbonate secreting invertebrates. He found - confirmed by early results of the

Deep Sea Drilling Project - coccoliths to be more abundant elose to the CCD than

foraminifera. However, the results of Berger (1973b), Roth and Coulbourn (1982), and

Paull et al. (1988) suggest that the dissolution behavior of coccoliths and foraminifera is

rather similar, although differences in range of resistance cannot be excluded.

The occurrence of well-preserved coccoliths far below the CCD was then explained by

protective chemosorptive coatings (Chave and Suess 1970) 01' organic membranes

(McIntyre and McIntyre 1971). Fecal pellet transport is the most likely explanation for

this phenomenon (Honjo 1975). Moreover, transport by fecal pellets is the most

important process in transferring small phytoplankton skeletons from the photic zone to

the ocean floor and therefore is a major component in the global carbon, carbonate, and

silica cyeles (Honjo 1976; Honjo et al. 1982). On the other hand, almost no information

is available whether and how digestion processes in the guts of copepods or other

zooplankton could lead to the dissolution of calcium carbonate after incorporation

(Nejstgaard et al. 1994). Investigations on living coccolithophore communities have

shown that malformation is a common feature in the biomineralization of coccoliths

(Kleijne 1990; Giraudeau et al. 1993).

This incomplete formation of coccoliths already influences their preservation within the

water column. In addition, heavily corroded specimens often occurred as weIl (Young

1994; Baumann et al. 1997).
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Table 2. Locations and water depths of the

investigated core-top sampIes (0-1 cm) and

GEOSECS sattions 48,103.

2.921
3.471
3.977
4.675
5.213

11 - 5,075
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Roth and Coulbourn (1982) explained the problems of defining a coccolith lysocline via

the composition of a coccolith assemblage with the predominance of solution resistant

species in both weIl and badly preserved coccolith assemblages. This is in contrast to

foraminiferal assemblages that are usually predominated by more fragile forms should

they be weIl preserved. All studies on coccolith dissolution are based on visual

examination or ranking of the coccolith assemblages according to their preservation state.

More recently Matsouoka et al. (1991) tried to use the disintegration of the distal and

proximal shields of Calcidiscus leptoporus to establish a dissolution index.

The South Atlantic dissolution experiment

In the following, several of the methods presented in the first part of this publication were

applied on three depth transects in the South Atlantic extending a) from the Mid-Atlantic

Ridge into the Brazil Basin, b) from the Walvis Ridge into the Cape Basin, and c) from

the Namibian Continental Margin into the

Cape Basin (Fig. 7, Table 2). In particular,

these methods inc1ude the bulk sediment

parameters, i.e. absolute and relative
weigths 0 f the coarse frac ti0 n (>63 !-Lm ), -;G""i~an::::t-;:-b-::-:ox:-c::-::o-=re:-""'L~a:7'ti7tu-:;-de--TL-on-g"'7itu-d'-e-"W"a""7te-r'd-ep"""th'-

[mI

rain ratio, and carbonate content. With
Transect 1: MOR - Brasil Basin

respect to planktic foraminifera, the number GeoB 1115-4 3°33.5'S 12°34.8'W
GeoB 1116-1 3°37.4'S 13°11.2'W

of fragments of single species and the GeoB 1117-3 3°49.0'S W54.2'W
number of fragments of all species, the ratio GeoB 1118-2 3°33.6'S 16°25.9'W

GeoB 1119-2 2°59.9'S 18°22.7'W
of dissolution resistant to dissolution GEOSECS 48 4°00.0's 29°00.0'W

susceptible species, the weighted occurrence Transect 2: Walvis Ridge - Cape Basin

and the ratio of several species, the GeoB 1217-1 24°56.7'S 6°43.5'E 2.007
GeoB 1207-2 24°35.9'S 6°51.3'E 2.593

ultrastructural breakdown of a single GeoB 1208-1 24°29.5'S 7°06.8'E 2.971
GeoB 1209-1 24°30.7'S r17.0'E 3.303

species, the ratio of planktic foraminifera to GeoB 1211-1 24°28.4'S 7°32.2'E 4.089
d' 1 . 11 b h' f "f GeoB 1212-2 24°19.9'S 8°15.0'E 4.669

ra 10 ana as we as ent 1C oram1111 era GEOSECS 103 23°59.7'S 8°30.2'E 5_4,572

were applied as investigation methods. .. .. .
Transect 3: Cape Basm - Na!lllbla Contmental Margm

Furthermore, the carbonate ion content of GeoB 1709-3 23°35.3'S 100 45.5'E 3.837
. GeoB 1710-2 23°25.8'S 11 °42.2'E 2.987

the water column versus the saturatIOn state GeoB 1711-5 23°19.0'S 12°22.7'E 1.964
of calcite in sea water and a nannofossil GeoB 1712-2 23°15.3'S 12°48.2'E 1.007

dissolution index were used. The purpose of the dissolution experiment was to compare

the pattern of carbonate dissolution in both the open ocean and the coastal upwelling

zones in particular consideration of the applicability of dissolution proxies.
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Deep-water circulation and carbonate dissolution

Regarding the modern distribution patterns of CaC03 in deep-sea sediments (Fig. 3), the

Atlantic Ocean (B istaye et al. 1976) generally exhibits a better calcium carbonate

preservation in deeper waters than the Pacific (Berger et al. 1976) and the Indian Oceans

(Kolla et aI. 1976). Accordingly, the saturation horizon is deepest in the western Atlantic

Ocean (-4,500 m), intermediate in the western Indian Ocean (-3,500 m) and shallowest

in the northernmost Pacific Ocean (~1 ,000 m) due to different vertical mixing processes

within the water column (Broecker and Peng 1982). Additionally, the CCD is shallower

in the Pacific and the Indian Oceans than in the Atlantic Ocean.

Fig. 3. Calcium carbonate (CaC03 % (w/w)) distribution in surface sediments of the Atlantic, Pacific

and Indian Oceans (from Archer 1996).

The global deep-waters are driven by thermohaline processes, characterized and separated

by unambiguous water features. The overriding factor is the age of each water mass. It

strongly depends on both the distance to the source area and the alteration of the water

mass on the pathway to and through the deep ocean. Plots of CJ4C (Fig. 4) versus

apparent oxygen utilization (AOU), versus North Atlantic Deep Water (NADW) share in

the deep-water, and versus inorganic carbon (IC02) for various deep-water types show
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a strong dependence of each parameter on the distance to the deep-water source area

(Broecker and Peng 1982). The water mass alterations result from molecular diffusion

(Liss 1973), turbulent mixing (Liss and Merlivat 1986), and respiration activity of benthic

organisms (Reimers 1989; Berelson et al. 1990). "

AOU [llillOlJkg]
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Fig. 4. Plots of ,0.l4C versus apparent oxygen utilization (AOU), versus North Atlantic Deep Water

(NADW) proportion in the deep water, and versus inorganic carbon content (I,C02) für various deep water

types show strong conelation (r2>0.9): The more distant a distinct deep water type from the source area,

the lower the amount of NADW, the more oxygen is respired, and the higher the content of I,C02 will

be (modified after Broecker and Peng 1982).

NADW North Atlantic Deep Water, NEABW/SEABW ... North-, Southeast Atlantic Bottomwater,

WSDW Weddell Sea Bottom Water, CDW ... Circumpolar Deep Water, WIBW ... West Indian Bottom

Water, NPBWINPDW '" North Pacific BottomIDeep Water

NADW is characterized by oxygen enriched, nutrient depleted water masses of high

C032- and low C02 contents. Antarctic Bottom Water (AABW) can be distinguished as

an extremely cold, oxygen depleted and nutrient enriched water mass of 10w C032- and

high C02 contents (Reid 1989; Boyle 1988). Today's mixing zone between AABW and

NADW in the South Atlantic is dose to the 90 flmol/kg C032- isoline (Fig. 5; Bainbridge

1981). The carbonate ion content of GEOSECS station 48 ranges from 235 IlmoVkg at 11

m to 77 flmol/kg at 5,075 ffi with a distinct minimum of 69 flffiol/kg at 512 m water

depth. According to equation (2), values for calcite saturation increase from 48 flmol/kg
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at 11 m to 107 Ilmol/kg at 5,075 m wafer depth. The carbonate ion content curve

intersects the calcite saturation at about 4,150 m. At these points ,6"C032- becomes zero.

The carbonate ion content of GEOSECS station 103 ranges from 219 Ilmol/kg at 5 m to

'84 ~lmol/kg at 4,572 m with a distinct minimum of 63 Ilmol/kg at 613 m water depth. The

carbonate ion content curve intersects the calcite saturation at about 4,000 m. It has been

known since the studies of Wüst (1935) that the water characteristics of the corrosive

AABW are responsible for the pronounced abyssal calcium carbonate dissolution.

Furthermore, the asymmetry in deep-water distribution is responsible for the modern

pattern of carbonate dissolution driving the positions of the calcite lysocline and the CCD

(Berger 1968).

Water depth [mI
o...,+ ~--'-~-.L-~--'----'_-l--i-
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Fig. 5. Present-day stratification of the main water masses in the South Atlantic as displayed by C032

ion content. Carbonate ion distribution refers to Geochemical Ocean Section Study data (GEOSECS;

Bainbridge 1981). The lysocline depth (black line) was calculated according to Broecker and Takahashi

(1978). In the western section of the South Atlantic, the carbonate ion content continually decreases

southwards due to the strong influence of AABW. Consequently, the lysoc1ine raises from 4,000 m up to

3,000 m. In the eastern section of the South Atlantic, North Atlantic Deep Water (NADW) is stopped in

the South at the Walvis Ridge and at the SW Indian Ridge. Hence, the lysoc1ine rises in steps. Dots

indicate the position of the sampIe locations.

CDW...Circumpolar Deep Water; AAIW...Antarctic Intelmediate Water; NADW...North Atlantic Deep

Water; WSDW ... Weddell Sea Deep Water; AABW ... Antarctic Bottom Water (WSDW + Lower CDW)

Today, two domains of deep-water production can be distinguished. NADW is formed in

the Baffin Bay, the Labrador Sea, and the Norwegian-Greenland Sea. The advected

warm water evaporates, becomes more saline, cools and sinks down, carrying
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atmospheric carbon with it. From there, NADW extends far southwards across the

equator into the South Atlantic and is subsequently distributed into the Indian and the

Pacific Oceans via the Antarctic Circumpolar Current (ACC). The second major deep

water source is subdivided into the dense Weddell Sea Deep Water (WSDW) - which is

derived from surface water and after making contact with air is cooled and becomes more

saline when sea ice is formed - and the lighter Circumpolar Deep Water (CDW) which is

derived from the upwelled currents recirculated around Antarctica (Rhein et al. 1996).

The density characteristics of these water masses cause the NADW to divide the CDW

into an upper and a Iower branch (UCDW, LCDW; (Reid 1989). WSDW and LCDW

fOlm the AABW which is distributed into the Atlantic, the Indian, and the Pacific Oceans

via the ACC (McCartney 1992).
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Fig. 6. Present-day stratification of main ocean water masses in the South Atlantic as displayed by

salinity contour lines [%0] at a north-south transect along the Greenwich Meridian (modified after Reid

1989).

CDW...Circumpolar Deep Water; AAIW...Antarctic Intermediate Water; NADW...North Atlantic Deep

Water; WSDW ... Weddell Sea Deep Water; AABW ... Antarctic Bottom Water (WSDW + Lower CDW)

The western Atlantic ocean receives deep-water directly both from the northern and the

southern production area. The reIativeIy warm and saline NADW occupies the depth

interval between 2 km and 4 km, whereas AABW is located below 4 km (Fig. 6). The

only path where AABW can enter the western North Atlantic is on the route through the

Equatorial Channel into the Guiana Basin. In the eastern Atlantic, the Walvis Ridge and

the Mid-Atlantic Ridge bar AABW from entering the Angola Basin. OnIy small quantities

of AABW pass the sills eastwards through the Romanche- (Van Bennekom and Berger

1984; Warren and Speer 1991), the Chain Fracture Zone (Merder et al. 1994), and the

Walvis Passage (Connary and Ewing 1972; Shannon and Chapman 1991). Thus, even

the deepest parts of these basins are filled almost exclusively by NADW. In contrast, the

Cape Basin, although located east of the Mid-Atlantic Ridge, is dominated by AABW
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below 4,000 m due to a bottom water passage which allows AABW to enter the basin

from the South.

The Indian and the Pacific Oceans are supplied mainly from the southern source whereas

NADW is added only secondary via the ACe. The North Pacific Deep Water (NPDW) is

the abyssal water mass most abroad from the two domains of deep-water production.

Hence, it cm'ries almost no NADW. Likewise, NPDW contains the lm"gest amount of

C02, because oxygen is respired almost totally on its abyssal way to the northern edges

of the Pacific Ocean, which results in sub- to anoxie pore water.

Sampies and methods

All sediment surface sampIes from giant box cores were collected on RlV Meteor cruises

(Wefer et al. 1989; Wefer et al. 1990; Schulz et al. 1992) at water depths from 1,007 m

down to 5,213 m (Fig. 7; table 2).

The first transect (GeoB 1115-1119) extends from 3°33'S - 12°35'W over about 345 nm

to the West (2,921 m to 5,213 m water depth) and belongs to the tropical biogeographic

faunal province sensu Be (1977). The second transect (GeoB 1207-1217) streches from

24°57'S - 6°44'E over about 85 nm to the East (2,007 m to 4,669 m water depth); the

third transect (GeoB 1709-1712) ranges from 23°15'S - 12°48'E over about 120 nm to

the West (1,007 m to 3,837 m water depth). Transect 2 and transect 3 belong to the

subtropieal biogeographic faunal province. Hence, all sampIes within each transect

should be characterized by a more or less identical faunal association except for the

easternmost sampIe (GeoB 1712), which is located beneath the cold, nutrient rich, and

highly productive Benguela Coastal Current system.

The top of the hydrographic lysocline horizon was determined sensu Takahashi et al.

(1980) and Broecker and Takahashi (1978) given by the relationship:
(C032-)calcite [I-lillol/kg] =90· e[O.16 . (Water depth [km] - 4)] (2)

The thickness of the calcite lysocline covers the range from 10 I-lmol/kg (sensu Broecker

and Peng 1982) to the 6.C032- at the CCD (6.C03CCD) sensu Archer (1996a).

A LECO CS-125 infrared analyzer was used in order to measure the total carbon (TC)

and the total organic carbon (TOC) content of bulk sediments. Calcium carbonate content

was calculated in weight percentage of the bulk sampIe according to the following

equation:

CaC03 % (w/w) =(TC % (w/w) - TOC % (w/w» . 8.33 (3)

The rain ratio (Berger and Keir 1984) is determined by the molar ratio of organie (Corg) to

inorganic (Ccarb) carbon.
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Für grain-size analysis as weIl as for foraminiferal counts, sampIes were washed through

a 63 /lm sieve under a gentle spray of water to prevent additional fragmentation. The

whole sampIe >63 /lm was sieved on alSO /lm, 212 /lm, 355 /lm, 500 /lm, and a 1,000

/lm sieve-set acc01~ding to the CLIMAP-conventions (Imbrie and Kipp 1971). Each

fraction was repeatedly split into subsampIes using a microsplitter to obtain an aliquot of

at least 300 non-fragmented planktic foraminifera specimens (CLIMAP 1984) that were

identified and counted completely; fragments, benthic foraminifera and radiolaria were

also counted on the same aliquot. Meanwhile, it is common to examine the >150 /lm

fraction in paleoceanographic and paleoclimatic investigations (CLIMAP 1976). The

taxonomy used foIlows that of Hemleben et al. (1989).
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Fig. 7: General map of the investigated areas; for data consult table 2.

For the determination of dissolution stages according to ultrastructural breakdown, in

each of the 5 fractions at least 40 Globigerina bulloides specimens were hand-picked and

mounted on a carbon tape, glued onto a SEM stub, and then coated with Au-Pd. The

apertural side of the non-fragmented test, the last and the penultimate chambers were

examined using ZEISS Digital Scanning Microscope 940 A. The five dissolution stages

correspond to "undissolved test surface" (stage 0) until "preserved not even as fragments"

which is equivalent to "absent due to dissolution" (stage 5). Each G. bulloides
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Dissolution Index (BDX) between zero and five was calculated weighted on the

frequency of appearance per sample according to Dittert and Henrich (subm):

BDX = I (BDX') / number of investigated tests (4)

BDX' = I (AO-5) / numbefof aspects per test obtained

AO-5 ... dissolution aspects of stage 0 to 5 per test

Fragments are counted if at least 50 % of the single chamber is preserved. The absolute

and relative frequencies of skeletal fragments, the ratio of benthic to planktic foraminifera,

and the ratio of radiolaria to planktic foraminifera were calculated according to Diester-

Haass and Rothe (1987): Fragmentation Index =F / (F+W) (5.1)

Benthic to planktic foraminifera Index =B / (B+P) (5.2)

Radiolaria to planktic foraminifera Index =R / (R+P) (5.3)

F number of fragmented planktic foraminifera tests

W number of non-fragmented planktic foraminifera tests

B ... number of benthic foraminifera

P ... number of planktic foraminifera

R ... number of radiolaria

According to the dissolution-resistance, Berger (1979) defined a foraminiferal dissolution

index (FDX; Table 1): FDX =I (R j • Pi) / I Pi (6)

R i ... rank of species i

Pi ... percentage of species i

Ecological factors may bias results referring to faunal investigations; nevertheless, the

10ss of foraminifera was estimated on the assumption that the initial association within a

transect is invariant and altered only by dissolution, not by changing productivity.

In order to describe the effect of carbonate dissolution on calcareous nannoplankton, the

ratio of two coccolithophore species, Emiliania huxleyi and Calcidiscus leptoporus, was

chosen. Both species occur frequently in modern sediments of the investigation area and

appeal' to have a similar biogeographic distribution pattern (see Baumann et al., this

volume). Hence, ecologica1 factors that could influence this ratio are more or less

excluded. The coccoliths formed by both species are placoliths, i.e., they consist of a

proximal and a distal shield joined by a central column. E. huxleyi is a relatively fragile

form with slots separating the single elements of the proximal shield, a large central pore,

and a distal shield that is build up of delicate T-shaped elements. In contrast, C.

leptoporus is a very solution-resistant form with heavily calcified distal and proximal

shields, where no slots between the single elements occur and the connecting central tube

is very narrow. Carbonate dissolution will have a stronger effect on E. huxleyi than on

C. leptoporus and, therefore, the ratio of these two species will change with increasing

carbonate dissolution. This Calcidiscus leptoporus - Emiliania huxleyi Dissolution Index
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(CEX) is calculated as:

Results

CEX =%E. huxleyi / (%E. huxleyi + %c. leptoporus) (7)

Bulkparmneters. The sediment CaC03-content extends from 94.6 % (w/w) at 2,471 m to

0.9 % (w/w) at 7,622 m (transect 1 - equatorial Atlantic) and from 96.4 % (w/w) at 1,023

m to 50.3 % (w/w) at 4,669 m water depth (transect 2 - Walvis Ridge). The 80 %

isopleth intersects CaC03-values of transect 1 and 2 at about 4,300 m, whereas the 10 %

isopleth crosses CaC03-values of transect 1 at about 5,100 m water depth (Fig. 8A, left

side). Transect 3 (continental margin) CaC03-values amount to 88.3 % (w/w) at 167 m,

reach a first minimum at 603 m with 40.6 % (w/w), attain a distinct maximum at 1,006 m

with 97.5 % (w/w) and lastly come down to 4.2 % (w/w) at 5,086 m water depth. The

80 % isopleth crosses CaC03-values three times at about 200 m, 2,000 m, and at about

4,100 m, whereas the 10 % isopleth intersects transect 3 at about 5,000 m (Fig. 8A, right

side).

With respect to GEOSECS station 48, the top of the hydrographic calcite lysocline can be

set to 4,150 m, whereas the top of the sediment calcite lysocline appears at about 4,300

m; the bottom of the sediment calcite lysocline can be obtained at about 5,100 m water

depth (transect 1) which corresponds to -40 flmol/kg l-"C032- (Fig. 8A, B, left side).

According to transect 2, the bottom of the lysocline cannot be estimated due to absent

sediment sampIes. Regarding GEOSECS station 103, the top of the hydrographie calcite

lysocline can be set to 4,000 m, whereas the top of the sediment calcite lysocline appears

at about 4,100 m (transect 3); the bottom of the sediment calcite lysocline is considered to

be located at about 5,000 m water depth which corresponds to -30 flmol/kg l-"C032-.

Because there are no values below -30 flmol/kg l-"C032-, this estimation is somewhat

uncertain (Fig. 8A, B, right side). We should note, that GEOSECS station 103 possibly

belongs to the pelagic ocean rather than to the continental margin and consequently C032

values may bias our results to some extent.

With respect to transect 1, the grain size fraction 63 flm - 150 flm increases from 15 % at

2,921 m to 70 % at 5,213 m water depth, the fractions 150 flm - 355 flm remain mostly

unchanged, and the fractions >355 flm decrease from 60 % to about 10 %. In transect 2

as wen as in transect 3, size fractions do not vary greatly. Fluctuations amount to 10 %

maximum (Fig. 9, above).Dry bulk density decreases from 0.6 g/cm3 to 0.2 g/cm3

(transect 1) and from 0.9 g/cm3 to 0.3 g/cm3 (transect 2). Only in transect 3 could a

significant increase be detected. Values rise from 0.4 g/cm3 to 0.8 g/cm3 (Fig. 9, above).

The rain ratio increases from 0.002 to about 0.07 with a distinct shift at 4,779 m water
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Fig. 8. The top of the hydrographie lysocline is determined by the intercept of seawater carbonate ion

content (C032·) and the concentration of carbonate ions in equilibrium with seawater (saturation state) for

calcite mineral phase. The top of the lysocline as obtained from the sediment can be described as the 80 %

CaC03 isopleth (A) sensu FalTeIl and Prell (1989). The top of the calcite lysocline at the continental

margin is higher than in the open ocean due to stronger inf1uence of the AABW and due to the respiration

effects at the continental margin of the coastal ocean within the classical upwelling area of the Benguela

system induced by enOl1nous productivity, high export and rapid sedimentation.

The thickness of the calcite lysocline (B) covers the range from 10 ).lmol/kg sensu Broecker and Peng

(1982) to the L'-.C032- at the CCD (L'-.C03CCD) which is the zero intercept of the CaC03 % (w/w) versus

L'-.C032- relation sensu Archer (1996), i.e. L'-.C032- (%CaC03 = 0). The calcite lysocline at the

continental margin (transect 3) is thicker than in the open ocean (transects 1, 2) due to the higher calcium

carbonate production and dissolution within the Benguela system. Water carbonate ion content refers to

GEOSECS stations 48, 103 (Takahashi et al. 1980). Sediment calcite content (CaC03 % (w/w» refers 10

GeoB locations.
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depth (transect 1). In transect 2, modifications are not that sharp. The shift occurs at

about 4,089 m towards 0.01. The most recognizable changes occur in transect 3, where

the rain ratio decreases from 0.05 to about 0.002 building an interim maximum of 0.02 at

1,964 m water depth (Fig. 9 below; Fig. 13C). "

Planktic foraminifera parameters. The modification of organism assemblages can be

expressed by the number of radiolaria, benthic and planktic foraminifera > 150 flm per

gram sediment (Fig. 10, above). Transect 1 is characterized by a strong decrease in

planktic foraminifera from 15,000 down to 4,000 tests; benthic foraminifera increase

from 500 to 3,000 tests, and radiolaria increase from 150 to 360,000 tests per gram

sediment. The most vigorous shift can be seen at about 3,977 m water depth. A similar

picture is given in transect 2. Planktic foraminifera decrease from 14,000 to 4,500 tests,

benthic foraminifera increase from 600 to 1,100 tests, and radiolaria increase from 100 to

about 4,000 tests per gram sediment. A totally different situation occurs in transect 3:

Planktic forarninifera increase from 17,000 to 45,000 tests, benthic foraminifera decrease

from 1,800 to 500 tests, and radiolaria drop from 600 to 200 tests per gram sediment.

Looking at the modification of planktic forarniniferal assemblages, thick- and thin shelled

varieties can be related to each other (Fig. 10, below). In transect 1, thick-shelled planktic

foraminifera amount to 25 % at 2,921 m and increase to about 80 % at 5,213 m with an

interim peak of 95 % at 4,675 m water depth. In transect 2, the amount of 60 % thick

shelled varieties at 2,007 m rises to 85 % at 4,669 m water depth. A similar picture

appears in transect 3 where 25 % thick-shelled tests at 1,007 m increase to 40 % at 3,837

m water depth.

The ratio of dissolution susceptible to resistant planktic foraminifera shows a consistent

trend in all three transects. Values remain consistently low from 1,007 m to 4,089 m,

shift from about 0.2 to 0.6 and 0.8 at 4,670 m and drop then to 0.6 at 5,213 m water

depth (Figs. llA, F). The ratio of radiolaria to planktic foraminifera starts with about

zero at 1,007 m and shifts at 4,089 m to about 1 at 5,213 m water depth (Fig. lIC). In a

sirnilar manner, the ratio of benthic to planktic forarninifera begins with about zero at

1,007 m and jumps at 4,089 m to about 0.5 at 5,213 m water depth (Fig. lID). The

foraminiferal dissolution index (FDX) commences at about 4.5 at 1,007 m rises at 4,089

m to 7 at 4,675 m and decreases to about 6 at 5,213 m water depth with respect to

transects 1 and 3. Transect 2 starts on a higher level with 6 at 2,007 m and increases with

a low slope to about 7 at 4,669 m water depth (Fig. IIB). Likewise, the fragmentation

index of the sum of planktic forarninifera remains mostly unchanged from 1,007 m to

3,977 m and then shifts from 0.3 to 0.8 at 4,675 m, then decreasing to 0.4 at 5,213 m

water depth according to transects 1 and 3. Values of transect 2 increase from 0.2 at

2,007 m to 0.8 at 4,089 m, then drop to 0.2 at 4,700 m water depth (Fig. lIE). Looking
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Fig. 9. Above, Modification of the grain size fractions ( >63 flm) and the dry bulk density show that at

the top of the calcite lysocline size fractions are partly dominated by smallest fractions. Dry bulk density

decreases due to the lower part of calcareous (2,7 g/cm3) tests and the higher amount of opal skeletons

(2.1 g/cm3).

BeloHl. Modification of CaC03 % (w/w), Corg % (w/w), and rain ratio. High rain ratio may be

attributed to the fact that a) productivity of organic carbon is enlarged vigorous what leads to

supralysoclinal dissolution, and b) CaC03 values decrease due to sublysoclinal dissolution. Where the

rain rate of calcitic and noncalcitic material are constant and neither productivity nor dilution are enhanced,

rain ratio of organic to inorganic carbon remains constant and low.
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Fig. 10. Upper panel. Modification of organism assemblages show that the number of planktic

foraminifera decreases whereas the number of benthic foraminifera and radiolaria increases at the top of the

calcite lysocline. Furthermore, this is reflected by the rising amount of opal % (w/w). In the area of

enhanced supralysoclinal dissolution the same picture is given resulting from respiration effects at the

continental margin of the coastal ocean. This may be explained wirh enormous productivity, high export

and rapid sedimentation of organic carbon.

Lower panel. Modification of planktic foraminifm'al assemblages, expressed by the ratio of thick

to thin-shelled species. At the top of the calcite lysocline the amount of thick-shelled varieties increases

drastically. Towards the CCD, the ratio is disturbed due to the deteriorated data base.

140



Part II 4. Carbonate dissolution in the deep-sea: Methods, quanti{ication and paleoceanographic ....

O.,---------,.,-------rr-----.."..--------,,--------rr-----..,,..-------r

500

(sensu Berger 1973b (sensu Berger 1979) (sensu Diester-Haass and Rothe 1987) (senst! Le and
Shackleton 1992)

(senst! ivIix and
Morey 1996)

1,000 Q Q <)
I I ·I I ·I I ·I I ·1,500 I I ·I · ·I · ·I I ·. I ·0 · ·2,000 0 0·

j
·I
I
I

2,500 ····\ I

3,000

3,500

.S 4,000
Ü
0

E-
" 4,500~
'c
"6
s
& 5,000

5,500

0 0.5 6 0.5 0.5 0.5 0.5

G. sacculifer
fragmentation
index (SFX)

Benrhic:planktonic
foraminifera dis
solution index B I

Radiolmia:plankt.
foraminifera dis
solution index R I

Foraminiferal
dissolution
index FDX

Dissolution sus
ceptible:resistenr
pI. foraminifera

Surn planktonic Dissolution sus-
foraminifera ceptible:resisteot
fragmentation pi. foraminifera
index W!l

Fig. 11. Foraminiferal dissolution parameters which distinguish the area above the calcite lysocline

from the area below, irrespective of whether they are derived from the open ocean 01' the continental

margin transects. Increase of dissolution can be obtained at the top of the lysocline; towards the CCD, the

parameters are disturbed due to the deteriorated data base.

at the fragmentation of Globigerina sacculifer tests, the values of all transects slightly

increase from about zero at 2,007 m to 0.9 at 4,089 m. Transect 2 values drop to 0.1 at

4,669 m whereas transect 1 values rise to 0.9 at 4,675 m and then drop to 0.3 at 5,213 m

water depth (Fig. 11G).

Regarding the development of fragmentation, about 60 percent of the sand-sized planktic

foraminifera assemblage may be fragmented, whereas just 20 percent or less of the initial

CaC03-content are lost (Fig. 12).

New approaches. The Globigerina bulloides Dissolution Index (BDX) increases from 1

at 2,007 m to about 2 at 4,089 m with respect to transects 1 and 2. Below, the values

increase to 5 at 5,213 m water depth. According to transect 3, values increase from 1 at

1,007 m to about 3 at 3,837 m water depth (Fig. l3A). The Calcidiscus leptoporus 

Emiliania huxleyi Dissolution Index (CEX) decreases from 0.8 at 2,007 m to 0.5 at

4,089 m and then shifts to about 0.2 at 5,213 m water depth with respect to transects 1

and 2. According to transect 3, values drop from 0.8 at 1,007 m to about 0.6 at 3,977 m
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water depth (Fig. 13B).

Discussion
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Fig. 12. The plot of CaC03 % (w/w) versus

the number of non-fragmented tests of sand-sized

planktic foraminifera clarifies that about 60 % of

the assemblage is fragmented, whereas only 20 %

01' less of the initial CaC03 content are lost.

In general, all parameters applied to the

carbonate dissolution in the deep ocean

contain both striking advantages and limiting

handicaps. First of all, we were able to

distinguish three quite different

environments. The open ocean realms refer

to the environments above and below the top

of the lysocline, which is reflected by all

parameters of each transect, no matter

whether they are derived from the equatorial

Atlantic, the Walvis Ridge or the continental

margin sampies. The continental margin

realm is characterized by the strong

productivity of the surface waters due to the

coastal upwelling which is connected to the

Benguela Current.

The best lysocline reconstruction is obtained

on the basis of the carbonate ion content

measured within the water column. This

leads to the exact determination of the

hydrographic lysoclines with respect to

calcite (Fig. 8A). GEOSECS data position

the hydrographic lysocline with respect to calcite at a depth of 4,150 m for the open ocean

and at a depth of 4,000 m for the continenta1 margin. Our results corroborate the

calculations by Broecker and Takahashi (1978) who concluded that the hydrographic

lysoclines are located where carbonate ion concentration in the water column plotted

against the water depth intersects the carbonate saturation curve. Moreover, the same

depths are attained following the concept by Broecker and Peng (1982) who set the top of

the lysocline at 10 ).lmol/kg ,6,C032-. On the other hand, our investigations show, that the

'sedimentary' lysocline which coincides with the bend in the slope of the sediment

CaC03-content versus water depth curve (Berger 1975), is positioned at 4,300 m for the

open ocean and 4,100 m water depth for the continental margin realm (Fig. 8A).
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Increasing dissolution
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Fig. 13. A. Globigerina bulloides dissolution index (BDX) intensifies with increasing water depths and

steady decrease of flC032- within the water column. BDX increases by about one dissolution stage

towards the calcite lysocline. BDX values increase drastically in sampies below the lysocline. However,

the investigated tests of the equatorial Atlantic and the Walvis Ridge transect above the lysocline show an

offset of about one dissolution stage less than at comparable depths of the continental margin.

B. Calcidiscus leptoporus - Emiliania huxleyi dissolution index (CEX) shows the same

pattern as BDX.

C. The rain ratio of organic to inorganic carbon can serve as a useful tool. Low values «0.01)

above the lysocline and strongly increasing values (>0.01) below represent the open ocean situation,

whereas high values (»0.01) in the upper few thousand meters of the water column stand far the

continental margin realm. The high rain ratio may be explained as follows: a) the productivity of organic

carbon is enlarged leading to supralysoclinal dissolution, and b) the carbonate values decrease due to

sublysoclinal dissolution. Where the rain rate of calcitic and noncalcitic material are constant and neither

productivity nor dilution are enhanced, rain ratio of organic to inorganic carbon remains constant and low.

Additionally, these results comply to the concept by Farrell and Prell (1989) who define

the top of the sediment lysocline by the 80 % CaC03-isopleth (Fig. 8A). At the same

depths, we observed the 'foram' lysocline (Figs. 10, 11) which is based upon

morphology and association of planktic foraminifera (Berger 1968). We put that offset
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between the hydrographie lysocline and the sedimentary and the 'foram' lysocline due to

the fact that dissolution mostly occurs at the sediment pore water interface rather than in

the water column. That is, at this interface [C032-] is very likely to be higher than at the

equivalent water depths in the water column (Le and Shackleton 1992). Nevertheless, we

are not able to give any evidence for the position of the aragonite lysocline due to missing

indicators such as pteropods. The bottom of the lysocline was determined by two

different concepts which both set it to a depth of 5,100 m for the open ocean and at about

5,000 m water depth for the continental margin. Here, carbonate undersaturation reaches

such low values that the rate of calcite sedimentation is nearly totally compensated for by

the rate of calcite dissolution (Bramlette 1961; Archer 1996). Hence, the thickness of the

lysocline is calculated as about 800 m for the open ocean and more than 900 m water

depth for the continental margin (Fig. 8B). Where the carbonate content falls below 10 %

(w/w), we can ascertain that both the geochemical and the sedimentary reconstructions of

each transect lead to a corresponding depth of the bottom of the lysocline. Presumably,

this accordance is due to the fact that the 10 % isopleth and the zero intercept of the

%CaC03 versus f..C032- relation coincide approximately with the progressive dissolution

increase to the fourth power of f..C032- (Keir 1980) below the top of the lysocline. But it

has to be emphasized that the percentage of CaC03 as a single dissolution parameter

cannot be simply interpreted as an index of preservation. Some general aspects must be

regarded: 1) the rain rate and the accumulation rate of carbonate and non-carbonate

particles; 2) the extent to which sea water is saturated with CaC03; 3) the amount of

organic matter buried with CaC03; 4) whether the carbonate particles have an organic

coating to retard dissolution; 5) whether there are currents to stir the layer of dissolution

around the CaC03-particles (Le and Shackleton 1992). Only in the ideal situation, where

the rain rate of carbonate and non-carbonate material is constant, can the amount of calcite

lost to dissolution be calculated from the percentage CaC03 in the sediment (Farrell and

Prell 1989; Curry and Lohmann 1990; Bickert et al. 1997).

Another method to distinguish the three environments leads to the new approaches made

here. The continuous increase of dissolution stages of Globigerina bulloides

ultrastructure with increasing water depths complies to the concept of perpetual decrease

of f..C032- within the water column (Broecker and Takahashi 1978). For all transects,

dissolution increases by about one dissolution stage towards the calcite lysocline.

Sampies below the lysocline drastically increase in BDX values. However, the

investigated tests of the equatorial Atlantic and the Walvis Ridge transect above the

lysocline show an offset of about one dissolution stage less than at comparable depths of

the continental margin (Fig. 13A). This is due to the strong productivity of organic and

inorganic carbon within the Benguela upwelling system which yields higher benthic
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respiration rates and hence a larger contribution to carbonate dissolution (Berger et al.

1987). However, each realm can be distinguished by discrete clusters. The important

point is that this parameter does not depend on the ecology of the surface water, i.e., if

there are tests broken witho'Ut being affected by dissolution - whatever the reason may be

- they will raise micrapaleontological parameters and additionally they even will change

the fragmentation index towards stronger dissolution (Dittert and Hemich subrn).

The Calcidiscus leptoporus - En1iliania huxleyi Dissolution Index (CEX) shows

comparable results. Considering the investigated areas, Emiliania huxleyi and

Calcidiscus leptoporus show rather similar ecological behavior in response to nutrient

distribution and temperature. Consequently, the changing ratio of these two species can

be attributed to their different dissolution susceptiblity. Hence, we are able to form

clusters which separate the continental margin from the open ocean realm above and

below the lysocline. That is, CEX values rise steadily with increasing water depths above

the lysocline and then turn to stranger dissolution below the lysocline. Due to higher

productivity, CEX values are offset by about 0.1 towards stronger dissolution above the

lysocline at the continental margin (Fig. 13B). However, in surface waters which are

distinctly more nutrient-depleted 01' cooler, CEX may fail.

The rain ratio of organic to inorganic carbon can serve as a useful tool. Our results show,

that rain ratio forms clusters which are comparable to BDX and CEX. Low values

«0.01) above the lysocline and strongly increasing values (>0.01) below represent the

open ocean situation, whereas high very values (»0.01) in the upper few thousand

meters of the water column stand for the continental margin realm. This supports the

concept of Berger (1991) who describes maximum values of organic carbon for the upper

continental mm'gin of the coastal ocean within the classical upwelling areas on the basis of

a combination of enormous praductivity, high export and rapid sedimentation (Fig. 9,

below). On the other hand, oxidation of such an immense amount of organic carbon

deposits results in (1) a successive C02 release which lowers the pH of pore water; (2)

reduced oxygen content; and (3) supralysoclinal dissolution of carbonates. Consequently,

a high rain ratio may be attributed to the fact that a) praductivity of organic carbon is

intensified which leads to supralysoclinal dissolution, and b) carbonate values decrease

due to sublysoclinal dissolution. Where the rain rate of carbonate and non-carbonate

material is constant and neither productivity nor dilution are enhanced, the rain ratio of

organic to inorganic carbon remains constant and low. All three situations can clearly be

distinguished in separate clusters (Fig. l3C). Questions on the origin of organic carbon

may arise if the eolian supply of terrigenous organic material related to the trade winds

was of some importance in the deep Equatorial Atlantic (Verardo and Ruddiman 1996);

furthermore, riverine particulate organic carbon deposited nearshore might enforce the
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total organic carbon signal (Emerson and Hedges 1988). However, extended input of

1and-derived organic carbon would raise the total organic carbon content and

consequently also increase the rain ratio towards higher values with respect to both the

open ocean and the continental margin. "

In contrast, most of the parameters dealing with planktic foraminifera are only qualified to

determine the position of the lysocline. No matter whether it concerns the modification of

grain size distribution of the sand fraction (Fig. 9, above), the modification of organism

assemblages (Fig. 10, upper panel), the variation of planktic foraminifera assemblages

(Fig. 10, lower panel), the ratio of dissolution susceptible to resistant planktic

foraminifera (Figs. 11A, B, F), the ratio of radiolaria to planktic foraminifera (Fig. 11C),

the ratio of benthic to planktic foraminifera (Fig. lID), 01' the fragmentation of planktic

foraminifera (Figs. 11E, G), the calcite 1ysocline can be positioned at about 4,300 m for

the open ocean transects and at about 4,100 m water depth for the continental margin

transecL The reasons why the continental margin situation cannot be distinguished are

diverse. If there were intermediate water currents they might blow out lighter particles,

i.e. finer grain-size fractions, fragments, and radiolaria. This would bias the results of

grain-size investigations as weIl as the results of micropaleontological examinations

towards less dissolution (Diester-Haass and Müller 1979). In a similar way, most

sampies below 4,675 m water depth (Fig. 11) present a distorted picture of less

dissolution. We ascribe this to the fact that the number of organisms to be investigated is

too small due to the effects of dissolution, i.e. the total decreases under the minimum that

is required for statistical relevance (CLIMAP 1984).

In order to establish BDX and CEX as global dissolution proxies, we will apply these

parameters on further realms which include continental mm'gin situations outside the

upwelling areas and regions with modified bottom water influence.

Conclusions

Carbonate dissolution in the deep ocean was determined by using sea water carbonate ion

data, bulk sediment parameters, and calcareous micro- and nannoplankton parameters as

dissolution proxies. Investigation areas were the open ocean regime specified by two

transects into the western Brazil Basin and the western Cape Basin. The continental

margin realm is characterized by one transect into the eastern Cape Basin. Carbonate ion

contents were measured between 5 m and 5,075 m water depth. The sediment surface

sampies are derived from water depths between 1,007 m and 5,213 m.

We can conclude that all parameters are capable of distinguishing the area above from the
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area below the top of the calcite lysocline. Beyond that, some parameters are suited to

distinguish the upper continental margin of the coastal ocean within an upwelling area

controlled by enorn10US productivity, high export and rapid sedimentation. In detail, these

are the carbonate ion content of the water column and the weight percentage of sediment

CaC03-content (Fig. 8), the rain ratio (Fig. 9, below; Fig. 13C), the Globigerina

bulloides Dissolution Index (BDX; Fig. 13A), and the Calcidiscus leptoporus - Emiliania

huxleyi Dissolution Index (CEX; Fig. 13B).

Regarding the three different oceanographic regimes, only the carbonate ion content and

the percentage of sediment carbonate content put us in the position to determine top,

bottom, and thickness of the lysocline. If these parameters are not available, a

combination of BDX, CEX and rain ratio (Fig. 13) gives the best approach to the

authentie conditions.

According to the investigated transects, the top of the calcite lysocline can be set to about

4,300 m in the open ocean realm of the Brazil- and the western Cape Basin. It reflects the

modern boundary between the Narth Atlantic Deep Water and the corrosive Antarctic

Bottom Water, subsequently leading to sublysoclinal dissolution. The thickness of the

lysoclines amount to about 800 m. With respect to the continental margin of the eastern

Cape Basin, the lysocline is situated at about 4,100 m water depth; the lysocline thickness

becomes >900 m. It reflects the high amount of organic matter buried with CaC03,

induced by coastal upwelling processes of the Benguela Current, subsequently leading to

sublysoclinal dissolution as weIl as to supralysoclinal dissolution.
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COlVIPARISON OF COCCOLITHOPHORE NUlVIBERS AND ALKENONE

CONCENTRATIONS IN LATE QUATERNARY SEDIMENTS FROM THE SOUTH

" ATLANTIC

Hanno Kinkel *, Karl-Heinz Baumann, Martin Cepek, Peter 1. Müller, and Carsten

Rühlemann

FB Geowissenschaften, Universität Bremen, Postfach 330440, D-28334 Bremen, Gennany

Abstract:

We investigated coccolithophore assemblages and alkenone concentrations m three

sediment cores of the western equatorial Atlantic and eastern subtropical South Atlantic. We

calculated the numbers of coccosphere units and compared them to the alkenone

concentrations. A prominent feature, that occurs in all three cores, is a decrease in alkenone

concentrations in sediments younger than 65.000 years. Coeval a decrease in numbers of

coccospheres/g sediment of the alkenone producing species Emiliania huxleyi and

Gephyrocapsa spp. occurred. According to our calculations E. huxleyi became the dominant

species not before about 40 kyrs in the western equatorial Atlantic and not before the

Holocene in the cores from the South East Atlantic, which is significantly later than the

decrease in alkenone concentrations. Moreover it became evident, that during times when

Gephyrocapsa spp. were the dominant species, numbers of coccospheres are significantly

higher than at times when E. huxleyi dominated the assemblages. The combined records of

these alkenone producing species reveal a general trend towards lower values in younger

sediments, comparable to the decrease in alkenone concentrations. The absence of a highly

significant correlaÜon between the alkenone concentrations and the absolute numbers of E.

huxleyi and Gephyrocapsa spp. may be explained by the contrary diagenetic behavior of the

organic (alkenones) and inorganic compounds (calcite) produced by those coccolithophores.
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Introduction:

Coccolithophores reveal the most thoroughly sedimenta17 record among all other

phytoplankton groups, as their calcite scales are relatively well'.Preserved compared to

organic walled 01' siliceous microfossils in sediments not significantly influenced by

carbonate dissolution. Their distribution patterns in surface sediments is not only linked to the

general biogeographical zonation of the oceans (McIntyre and Be, 1967; Geitzenauer et al.,

1977; Roth, 1994) , but also reflect small scale variability in changing surface water

conditions such as temperature, nutrients 01' surface water stratification (Giraudeau and

Bailey, 1995; Samtleben et al. , 1995). Consequently, coccoliths are used as proxies, for

interpreting paleoceanographic changes (Baumann et al. , in press; Kinkel et al., in press). The

rapid evolutiona17 development within the coccolithophores yielded numerous valuable

biostratigraphic events (Thierstein et al., 1977; Backman and Shackleton, 1983; Wei, 1993) ,

but limited their use for reconstructing sea surface temperatures 01' salinities by transfer

functions (Molfino et al., 1982; Giraudeau, 1992; Pujos, 1992), since there are no modern

analogs for fossil assemblages older than the last glacial interval.

In most parts of the modern oceans and their recent sediments, Emiliania huxleyi is the

dominant coccolithophore species (Westbroek et al. , 1993). One of the most fascinating

features of this species are the large blooms, which cover thousands of square kilometers

(Holligan et al., 1993; Brown and Yoder, 1994). It is assumed, that a considerable part of the

calcium carbonate in pelagic oceans is formed by this species (Westbroek et al. , 1993).

Moreover, the production of dimethylsulfide (DMS), the influence of the coccoliths on the

albedo of surface waters and the production of organic carbon are thought to influence the

global climate and carbon cycle (Holligan et al. , 1993; Westbroek et al., 1993). Specific

organic compounds of coccolithophores, namely long-chain alkenones, became more and

more intensely studied since they were detected in marine sediments two decades ago (Boon
et al., 1978). The ratio between di- and triunasturated C37 alkenones, the u~; index (Prahl

and Wakeham, 1987), is highly correlated with sea surface temperature (SST) (e.g., (RoselI

Meie et al., 1995; Müller et al., 1998» and is consequently used in paleo-SST reconstructions

((Kennedy and BrasselI, 1992; Rostek et al., 1993; Schneider et al., 1996».

Therefore E. huxleyi has been extensively studied in the field and laboratory, but it is not

clear if we can transfer the results of these studies directly to the closely related species of the

genus Gephyrocapsa, the most likely ancestor of E. huxleyi. There are few studies on the

global dominance intervals of Gephyrocapsa during the Mid- and Late -Pleistocene, which

appears to be different from the E. huxleyi dominance interval of the Holocene (Gartner,

1988; Bollmann et al., 1998).
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Investigations including both, coccolithophore counts and geochemical analysis of

alkenones are still very scm"ce (Summerhayes et al., 1995; Jordan et al., 1996; Sawada et al.,

1996; Müller et al., 1997, Herbert et al. 1998) and are generally based on relative abundances

of coccolith counts. Usually, analysis of fossil coccolithophore assemblages deals with counts

and calculations of coccoliths instead of coccospheres. Thus reconstruction by coccoliths may

be biased, since all coccolithophores consist of a large and varying number of coccoliths per

coccosphere. The fact that coccolith counts refer only to apart of the individual coccosphere

makes a comparison to other micropaleontological data difficult. Accordingly, a recalculation

of coccoliths to coccospheres would be reasonable to reconstruct surface water history above

the studied sediments. Up to now, only few authors addressed to this problem (Giraudeau and

Pujos, 1990; Giraudeau, 1992; Pujos, 1992), because the number of coccoliths per

coccosphere is not always known, especially not for those which are extinct. In addition, it is

necessary to differentiate between relative abundances of coccoliths (as weIl as coccospheres)

and their absolute numbers, as the first is more likely to reveal ecological information, while

the latter one should be related to productivity of coccolithophores ( Flores, 1997; Kinkel et

al., in press).

We compare three South Atlantic sediment records of coccosphere numbers and carbon

normalized alkenone concentrations for the time interval that includes the dominance change

between Gephyrocapsa and E. huxleyi. We find significantly higher numbers of coccospheres

and carbon-normalized alkenone concentrations in sediments that are dominated by species of

the genus Gephyrocapsa, which we relate to a enhanced production or sedimentation pattern

of coccolithophores during the dominance interval of Gephyrocpsa compared to the E.

huxleyi dominance in the Holocene.

Oceanograohic settings

The southeastern Atlantic is mainly influenced by the Benguela Current system. The

Benguela Current (BC) origins as a northward flow off the Cape of Good Hope and splits into

two branches, the colder Benguela Coastal Current (BCC), that continues to flow northward

along the coast of Namibia and Angola, and the warmer Benguela Oceanic Current (BOC)

which turns northwestward into the central South Atlantic. Wind induced coastal upwelling

occurs throughout the year in the Northern Benguela region and like1y influences the site at

the Namibia margin (GeoB 1710-3), whereas the Walvis ridge site (GeoB 1028-5), is situated

beneath the BOC and is episodically influenced by filaments from the upwelling area
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(Lutjeharms and Meeuwis, 1987). A comprehensive description on the Benguela Current

system is given by Shannon and Nelson (1996).

The western tropical Atlantic site (GeoB 1523-1) is located about 1000 km northeast of the

Amazon Rive'F mouth and is influenced by the seasonal (June - January) retroflection of the

North Brazil Current (NBC), which forms the western limb of the North Equatorial Counter

Current (NECC) (Müller-Karger et al. , 1995). Interpretations of satellite-derived

phytoplankton pigment concentrations suggested that eddies along the NBC retroflection

might trigger enhanced productivity (Longhurst, 1993).

w

Fig. 1: Gravity core locations
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The gravity cores of this study were recovered during RV Meteor cruises to the South

Atlantic from the continental slope of Namibia, the eastern crest of the Walvis Ridge and

western flank of the Ceara Rise M 6/6 (GeoB 1028-5 Wefer et al., 1988), M 16/2 (GeoB

1523-1 , Schulz et al. , 1991) and M 20/2 (GeoB 1710-3 Schulz et al., 1992). (see Fig. 1).

The age models for the sediment cores are based on graphie correlation of stable isotope

8180 records to the SPECMAP standard record (Imbrie et al., 1984) and were adopted from

previous studies (GeoB 1523-1 in Rühlemann et al., 1996; GeoB 1028-5 in Schneider et al.,

1996; GeoB 1710-3 in Schmiedel and Mackensen, 1997).
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Coccolithophore analysis and counting:

For preparation of sediment samples we used a filtering technique as described by

Andruleit (1996). A small amount of sediment (0.04 to 0.1 g) was weighed and brought into

suspension. After dilution with a rotar'y splitter the suspension was filtered through

polycarbonate membrane filters (Schleicher & Schuell™, 50 mm diameter, 004 /-Lm pore

size). A piece of the filter was cut out and mounted on an aluminum stub, which was gold

coated for Scanning Electron Microscope (SEM) investigations. Coccoliths were counted

along a transect at a magnification of x3000 and x5000, respectively, until a total of at least

300 coccoliths was reached. Taxonomie classification of Gephyrocapsa was carried out

according to Samtleben (1980) and Bollmann (1997). Taking into account overalllength and

bridge angle we distinguished three different species, G. ericsonii, G. muellerae, and G.

oceanica, which dominate the assemblages during the investigated interval. G. ericsonii has

the smallest coccoliths with overalllength less than 2.7 /-Lm and a small bridge angle « 45°),

while G. muellerae produces coccoliths of larger than 2.7 /-Lm (in general between 3 and 4

/-Lm) also having a small bridge angle « 45°). We included G. aperta, which was separately

listed in core GeoB 1028-5 (Müller et al., 1997) into G. ericsonii, since a clear separation of

these small forms is rather tentative and can not be justified by morphometric measurements

(Samtleben, 1980; Bollmann, 1997). The largest coccoliths are produced by G. oceanica,

which are on an average larger than 4 /-Lm and which have a large bridge angle of >60°. In

core GeoB 1028-5, a miscellaneous group of Gephyrocapsa sp.>3/-Lm is distinguished, which

inc1udes coccoliths larger than 3 /-Lm, where no further specification was carried out.

However, due to the size of the coccoliths, we suggest, that in general this group consist of G.

muellerae. For simplification, we also included Gephyrocapsa sp. < 3/-Lm from core GeoB

1028-5 into G. ericsonii, although this miscellaneous group may contain some forms that are

larger than generally expected in G. ericsonii. However, since we discuss no intraspecific

variations within the genus Gephyrocapsa, this is of no further significance.

Coccolith numbers were then converted to coccosphere units, assuming that coccospheres

of E. huxleyi are covered by 24 coccoliths and coccospheres of the genus Gephyrocapsa bear

14 coccoliths. These data are based on own observations on living coccolithophores from the

South Atlantic as weIl as various other sources (see Table 2). Although it is known that

numbers of coccoliths per coccosphere are not constant, and that especially E. huxleyi

produces multiple layers of coccoliths and even shed coccoliths during its life cycle(Balch et

al. , 1993), these values seem to be a reasonable average.
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Geochemical analysis:

The calcium carbonate and total organic carbon (TOC) contents of the sediments were

determined by combustion of acid-treated and -untreated sampIes using a Hereaus CHN-O

Rapid elemental analyzer, as described by Müller et al. (1994).

Depending on the alkenone content of the sediments, 0.5 to 5 g of freeze-dried and

homogenized material were extracted using successively less polar mixtures of methanol and

methylen chloride (MeOH, MeOH/CH2Ch 1: 1, CH2Ch). Originally, we used a modified

flow-blending technique (Ultra TUlTax T25 at 24,000 rpm) für extraction. Later, we switched

over to ultrasonication for 3 minutes, and an UP 200H Sonic disruptor probe (200W,

amplitude 0.5, pulse 0.5) inserted into the centrifuge tube, without changing the solvent

mixtures.

Full details of the analytical method are given by Müller et al. (1994, 1998). Alkenone

concentrations were normalized to organic carbon, expressed as carbon-normalized alkenone

concentrations (K37), to minimize the influence of carbonate dissolution and diagenetic

effects, that enhance both TOC contents and alkenone concentrations.

1500
eil......
'"Q,)
;...
Q,)

~ 1000

'"ou
u
o

U 500
\C
C
1""i

1500
eil......
'"Q,)
;...
Q,)

~ 1000

'"o
u
u
o

U 500
\C
C
1""i

o
eil

"{;; 3000
Q,)
;...
Q,)

~
~ 2000
u
u
o
U

1000

o 50 100

AGE (kyrs)
150

162

o E.huxleyi

[] G. ericsonii

EJ G. muellerae

D Gephyrocapsa spp. big

• G.oceanica

Fig.2: Calculated numbers af
caccospheres / g sediment af the
family Noelrhabdaceae vs. age.
Signatures far single species ar
graups are shawn in the legend.
Glacial intervals marked by
shaded areas.

200



Part II: 5. Comparison of coccolithophore numbers and alkenone concentrations in Late Quatemarv .......

Results:

Coccospheres

Highest coccosphere numbers are observed in core GeoB 1710-3, with values ranging

from 23 to 3022 x 106 coccospheres/g sediment. Pronounced minima occur in MIS 6.6

(coeval to the prominent TOC spike and carbonate minima) and early MIS 5 (Fig. 2). On an

average, values are highest in MIS 5, 6 and 7, drop to lower values in MIS 4 and remain low

up to the MIS 1. Similar trends are observed in the two other cores, whereas the absolute

numbers are significantly lower, with values ranging between 155 to 994 x 106 in core GeoB

1028-5 and 126 to 1399 x 106 in core GeoB 1523-1 (Fig. 2).

Species composition within the family Noelrhabdaceae display significant dissimilarities

between the three cores. The most abundant species in the MIS 1 sections of all cores is E.

huxleyi.
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In the western tropical Atlantic (GeoB 1523-1) G. iricsonii is dominant in sediments older

than MIS 4 and G. oceanica occurs in low but relatively constant numbers through the entire

core. G. muellerae and other Gephyrocapsa spp. big are almost absent.

At the Walvis Ridge (GeoB 1028-5) G. muellerae and'Gephyrocapsa spp. big are

dominant fram MIS 2 to mid MIS 4, with subordinate numbers in G. oceanica and G.

ericsonii. In sediments older than mid MIS 4 G. ericsonii dominate the assemblage and

numbers of G. oceanica are higher as we11, while G. muellerae becomes a subordinate species

(Fig.2).

At the Namibia Margin site (GeoB 1710-3) G. muellerae is the most abundant species

fram the early MIS 1 to late MIS 5 and during most of MIS 6. G. ericsonii dominate the

assemblage in MIS 7 and most of MIS 5. Numbers of G. oceanica are very low compared to

a11 the other species, with highest abundance in the MIS 1, early MIS 5 and MIS 7.

The dominance reversal between E. huxleyi and Gephyrocapsa spp. was not synchranous,

it occurred first in the tropical Atlantic (GeoB 1523-1) in late MIS 4 (around 65 ka), then in

late MIS 2 (15 ka) at the Walvis Ridge (GeoB 1028-5) and at last in the mid MIS 1 on the

Namibia Margin (GeoB 1710-3) (Fig. 2).
150.,-....."",,,,,,,----
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CaCO3- and TOC- conterlts

Calcium carbonate contents are highest in core GeoB 1028-5 from the Walvis Ridge with

values ranging'from 79 to 94 wt.-%. Highest values occur during the Marine Oxygen Isotope

Stage (MIS) 1 and MIS 5.5, whereas lowest values are observed in MIS 2,4 and substage 6.6

(Fig. 3). TOC contents of the same core range between 0.2 and 1.2 wt.-% and is, in general,

higher in the glacial intervals. The TOC record of the entire core (400 kyrs) shows a

periodicity of 23 kyr, which is attributed to wind-induced upwelling and productivity changes

(Schneider et al., 1996) . A similar pattern for both carbonate and TOC is observed in GeoB

1710-3. Here, carbonate values range from 36 to 88 wt.-%, with minima occurring in MIS 2,

4 and 6.6. TOC values are significantly higher than in core GeoB 1028-5 ranging from 0.3 to

6 wt.-%, with a prominent spike in substage 6.6 (Fig. 3).

Carbonate- and TOC-contents are significantly lower in core GeoB 1523-1 from the Ceara

Rise (25.7 to 79.1 wt.-% and 0.1 to 0.3 wt.-%, respectively) than in the two other cores. Here,

carbonate contents again show distinct minima during MIS 2, 4 and 6, with additional

minima in substages 5.2 and 5.4. The TOC values remain fairly constant with an average

TOC content of 0.21 wt.-% (Fig. 3).

Carbon-nonnalized alkenone concentrations

The carbon-normalized alkenone concentrations (K37) show similar trends for all three

cores, although we notice large differences in absolute values between the sites (Fig.4).

Generally, concentrations are low in sediments younger than mid MIS 4 (about 65 kyrs) and,

increase in sediments older than MIS 4. Carbon-normalized alkenone concentrations are

significantly lower in core GeoB 1523-1 compared to the sediment cores (GeoB 1028-5 and

1710-3) from the southeastern Atlantic. At the Namibia Margin (GeoB 1710-3) values range

from 56 to 738)..Lg/g TOC. Concentrations are low (between 60 and 200)..Lg/g TOC) in

sediments younger than 65 ka and rise to values between 200 and 500)..Lg/g TOC in sediments

older than 65 ka. A prominent spike with values as high as 740)..Lg/g TOC occurs in substage

6.6 coinciding with the prominent TOC peak (Fig. 4). At the Walvis Ridge (GeoB 1028-5)

carbon-normalized alkenone concentrations vary from 40 to 400)..Lg/g TOC, with lowest

concentrations in MIS 1. Values at the Ceara Rise vary between 10 and 90)..Lg/g TOC.
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Discussion

A major problem in comparing organic and inorganic carbon compounds in pelagic

sediments is the influence of carbonate dissolution due to the oxidation of organic matter at

the sediment water interface, which can lead to supralysoclinal dissolution of calcareous

sediment components (Dittert et al., in press). This effect is especially evident at sites with

high organic carbon production and fluxes, like continetal margins and may therefore explain

the strong discrepancy between the alkenone and coccosphere record in MIS 6 at the Namibia

Margin (indicated with D in Fig. 5). The marked increase in the TOC contents during early

MIS 6, which are caused by intensified upwelling (Kirst et al. , in press), favored the

preservation of alkenones and lead to an obvious dissolution of coccoliths.
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The sites investigated in this study vary not only in terms of productivity in the overlying

watermasses, but also in their potential in preserving organic matter. The tropical western

Atlantic site is the one with the lowest productivity today, and paleoproductivity estimations

ranging between 40 and 50 g C m-2a- 1(Rühlemann et al., 1996) indicate that productivity did

not change considerably in the Late Quaternary. This is in also reflected by the

coccolithophore assemblage composition at this site, which is in general dominated by high

abundances of Florisphaera profunda, an indicator for reduced surface water productivity

(Kinkel et al. in press.). In contrast, the sites in the southeastern Atlantic show substantial

higher modern productivity (e.g. Berger, 1989) and paleoproductivity values were

substantially increased due to orbital forced variations in upwelling intensity (Schneider et

al. , 1996, Kirst et al. in press.), as documented in highest TOC values (see Fig. 2). However,

there are obvious differences in the coccolithophore-, alkenone- and TOC- record between

the two cores from this area. All three parameters in core GeoB 1028-5 at the Walvis Ridge

show lower values, compared to core GeoB 1710-3 at the Namibia Continental Margin,

which can be explained by the more offshore position and the diminishing effect of coastal

upwelling. In comparison, the western tropical Atlantic site has similar coccosphere numbers

as the site at the Walvis Ridge, but much lower TOC values and alkenone concentrations.

The typical enhanced TOC values during the last glacial in the southeastern Atlantic are not

reflected by the alkenone concentrations, which remain low during most of MIS 2-4.

Moreover the decline in alkenone concentrations in cores GeoB 1028 and 1710 from the last

interglacial (MIS 5) to the last glacial (MIS 2-4) is opposite to the trend of increasing TOC

values in the same period. Elevated alkenone concentrations are found in MIS 5 and 6,

although TOC values are low in all sites during MIS 5 and a covariation between carbon

normalized alkenone concentrations and TOC can only be observed in MIS 6.

There is strong evidence that alkenone concentrations are severely influenced by

postdepositional degradation (Prahl et al., 1989; Flügge, 1997; Villanueva et al. , 1997; Hoefs

et al. , 1998), depending on the flux of TOC to the seafloor, oxic respiration of TOC at the

sediment water interface, and early diagenesis. The investigated cores were retrieved from

totally different depositional regimes. At the tropical Atlantic site (GeoB 1523-1) TOC fluxes

are low (Rühlemann et al., 1996) and reddish sediment colors due to Fe-hydroxides (Schulz

et al. , 1992) indicate fuIl oxic conditions throughout the entire core, leading to a readily

degradation of TOC. Nevertheless there is significant variation in the alkenone concentrations

with time at this site, indicating a change in the production rate of alkenones. At the Namibia

Margin TOC fluxes are significantly higher due to wind induced upwelling and enhanced

primary productivity . Preservation of TOC in sediments of continental margins is generally

improved not only due to higher f1uxes, but also by higher sedimentation rates (Müller and

Suess, 1979), which reduce the residence time of organic carbon at the sediment-water
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interface, where the remineralizafion of organic matter is most intense. At the Walvis Ridge

we presumably encounter an intermediate position between the two other sites with respect to

TOC flux and preservation.

Nevertheless we assurne, that general' patterns related to coccolithophore productivity

should be detected in both the organic geochemical as weIl as the microplaeontological

record and only become biased by vast changes in calcium carbonate and organic carbon

sedimentation. Despite the great differences regarding TOC fluxes and preservation, all sites

show similar trends in alkenone concentrations over the past 250 kyrs, which most likely can

be explained with similar changes in coccosphere numbers of E. huxleyi and Gephyrocapsa

spp. in the same period.

The synchronous increase of alkenone concentrations in sediments older than MIS 4 is an

obvious, but not weIl understood phenomena that occurs also in other sediment cores from

the South Atlantic, so far investigated (Schneider et al., 1996; Müller et al., 1997). Sirnilar

distribution patterns of alkenones were reported for the upwelling area off northwest Africa

(Martinez et al. 1996). Up to now, the typical procedure of counting and calculating

coccoliths and comparing them with the alkenone record (Summerhayes et al., 1995; Jordan

et al., 1996; Baumann et al., in press) provided results that can only be interpreted in terms of

changing coccolithophore ecology due to SST variations, as revealed by alkenone-derived

SST' s. The only comparison between coccolith counts and alkenone concentrations carried

out so far by (Müller et al., 1997) lead to the conclusion that coccolithophores of the genus

Gephyrocapsa are the predominant alkenone contributors to Late Quaternary sediments on

the Walvis Ridge. This is in general based on the positive correlation between the carbon

normalized alkenone concentration and the relative abundance of Gephyrocapsa spp.

coccoliths. A weaker, but still significant, correlation between the carbon-normalized

alkenone concentration and the numbers/g dry sediment of Gephyrocapsa spp. was reported

as weIl. We extended the approach of Müller et al. (1997) by investigating two additional

cores from totally different environments. We focused on the absolute abundance of

coccospheres/g dry sediment of the alkenone producing species, since it is obvious, that the

relative abundance of coccoliths is influenced by various other factors not related to alkenone

production. Sediments from tropical oceans for example, are often characterized by high

relative abundances (more than 50%) of the deep living coccolithophore species F. profunda.

Moreover, the relative abundance of a species is not necessarily coupled to its absolute

number, but rather reflects the ecology of coccolithophores.

However, there seems to be a change in the sedimentation of both organic and inorganic

compounds of coccolithopores, during the Late Quaternary. We conclude that

coccolithophores contribute much less to the organic carbon flux today and during the

Holocene, than in sediments predating the MIS stage 4/5 boundary, which is in good
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agreement with our coccosphere counts. It is not clear, whether this is due to higher

coccolithophore productivity or different sedimentation mechanisms. Higher productivity of

coccolithophores suggest that there has been a change in the contribution of this group to

gross overall phytoplankton productivity. The only places where living Bephyrocapsa are

reported to occur in high numbers today, are coastal and open ocean upwelling regions ( e.g.

Mitchel-Innes and Winter, 1987, Kleijne et al. 1989), indicating that this species can react to

higher nutrient supply with higher production rates, even outcompeting E. huxleyi, which is

also present in the same water masses, but seems to have a somewhat lower affinity to higher

nutrient levels (Kinkel et al., in press). We therefore suggest that during times, when species

of the genus Gephyrocapsa dominated the coccolithophore assemblages, they were more

productive compared to modern, E. huxleyi .dominated, assemblages, which is reflected in

both coccosphere numbers and alkenone concentrations.

Conclusions

A significant change in numbers of coccosphere units of the long-chain alkenone

producing species Emiliania huxleyi and Gephyrocapsa spp. and long-chain alkenone

concentrations was observed in three sediment cores from the South Atlantic was observed to

occur around 70 ka.

We relate the observed pattern to a change in coccolithophore production or sedimentation

pattern, which is more or less related to the dominance of certain coccolithophore species,

although the faunal turnover pattern occurs much later. The observation of higher

productivity of Gephyrocapsa is in accordance to previous studies, and is improved here by

quantitative determination of coccolith counts and their transformation to coccosphere units.

Although we do not know which of the above-mentioned processes caused the observed

long term pattern in the Late Quaternar'y, an increase in coccolithophore production and or

sedimentation would have strong implications on biogeochemical cycles and the

interpretation of past productivity or sedimentation records (e.g. Villanueva et al. , 1997;

Schubert et al. , 1998).

Since there is a lot of information about the production, and sedimentation of coccoliths

and biomarkers in Emiliania huxleyi, future studies should focus on species of the

Gephyrocapsa, since they have dominated the fossil coccolithophore record for most of the

past 1.3 Ma (Gartner, 1988; Bollmann et al., 1998).
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Conclusions and Perspective

The results of this study showed, that the major oceanographic features in the equatorial Atlantic

influence the living coccolithophore communities and these signals are documented in fossil

coccolith sediment assemblages. Although coccolithophores are a major component in the

phytoplankton assemblages in surface waters of the equatorial Atlantic, there is surprisingly little

quantitative infOlmation is available from this region.

Coccolithophores are often rnisinterpreted, since most textbooks state that "coccolithophores

dorninate the low productive tropieal areas of the oceans", and thus they are often considered as

indicators for low productivity. Indeed some coccolithophore species are adapted to low nutrient

conditions of the oligotrophie areas where they constitute a large part of the phytoplankton

assemblages. However it is evident, and has been shown in this study, that a number of

coccolithophores react weH to increased nutrient levels by enhanced growth rates. Once nutrient

level exceed a celtain threshold value these species do not only dorninate the assemblages, but

they are produced in such large amounts, that the fossil assemblages underlying these areas

show increased accumulation rates of this species as weIl.

Living assemblages

The distribution of living assemblages clearly reflects the changing nutrient regimes that are

associated with the atmospheric and oceanic current regimes of the equatorial region. Higher

nutrient concentrations, in equatorial Atlantic almost exclusively associated with upwelling

during boreal summer, are indieated in a sharp rise in the total standing stock of

coccolithophores the upper photic zone and a change in the living assemblage composition from

a dominance oligotrophic species Umbellosphaera tenuis and Umbellosphaera irregularis, to a

dominance of Elniliania huxleyi. The lower photic zone is always dominated by the deep

dwelling species Florisphaera profunda and Gladiolithus flabellatus, which appear to be

adapted to high nutrient and low light environments.

Future studies should focus on the exact environmental conditions that detelmine

coccolithophore growth in the equatorial region, e.g. nutrient conditions. Furthermore sediment

traps studies should be carried out to monitor the duration of enhanced coccolithophore

production and the magnitude of the associated carbonate and organic carbon fluxes.
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Surface sediments:

Conclusions and Perspective

The seasonal pattern observed in the water column is transformed whilst settling through the

water column and by early diag~netic processes, both in the water column and at the water

sediment interface. The strong decrease in the relative abundance of the oligotrophie species

Umbellosphaera tenuis and Umbellosphaera irregularis in the surface sediment compared to

their dominant role in the living assemblages in the oligotrophie areas, is obvious. However, the

main features observed in the water column were still recognizable in the surface sediments. This

was possible due to the presence of the lower photic zone assemblage (Florisphaera profunda

and Gladiolithus fiabellatus), which is weil preserved in the sediments and dominates the

sediment in the oligotrophie regions. In contrast, areas beneath increased productivity are in

general characterised by higher abundance of Emiliania huxleyi and Calcidiscus leptoporus.

It would be desirable if absolute accumulation rates for surface sediments, e.g. by using

radionuclide techniques, were accessible, in order to determine the fate of calcium carbonate and

organic matter production by coccolithophores. This could improve qualitative carbonate

dissolution proxies as presented in Part HA (Dittert et al.1999) and contribute to the efforts in

calculating the carbonate budget of the ocean and its temporal changes.

The above summarized observations enabled us to use fossil coccolithophore assemblages to

study the upper photic zone dynamies and resulting productivity changes in the equatorial

Atlantic during the Late Quaternary. The most striking feature in the paleorecord of

coccolithophores the Equatorial Atlantic are the huge fluctuations in coccolith accumulation rates

in the southequatorial site (GeoB 1117-2). The increase in coccolith accumulation rates can be

attributed to a shoaling of the thermocline and nutricline, indicated by a decrease in the relative

abundance of Florisphaera profunda, which goes along with an intensification and extension of

the upwelling area. This is corroborated by the relative abundance of tropical planktonie

foraminifera assemblage which shows the same cyclic pattern as the abundance of Florisphaera

profunda. The underlying mechanisms in the cyclic patterns observed in the warm tropical

foraminifera assemblage and the abundance of Florisphaera profunda is the interaction between

the monsoon and trade wind intensity in the equatorial Atlantic, with stronger monsoon leading

to a deeper thermocline and nutricleine and stronger trade winds to the exact opposite scenario.

Therefore the covariation of the Florisphaera profunda signal with the insolation at 15° north,

that is almost exclusivelyly forced by the precessional cycle of the earth orbital parameters, is not

surprising. The use of coccolith accumualtion rates has improved previous ecological concepts

of thermocline and nutricline dynamics, that were solely based on coccolith census counts (e.g.

Molfino and McIntyre, 1990, Beaufort et al. 1997). Although surface water current variability

was more pronounced in the equatorial Atlantic, even small changes, as they are characteristic for
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the oligotrophic western tropical Atlantic site (GeoB 1523) could be recognized in both,

coccolith accumulation rates and floral composition. Both Late Quaternary records could be

embedded in a number of other proxy parameters (planktic foraminiferas, carbonate and organic

carbon mass accumulation rates), that confirm the trend observed in the coccolithophore record.

It appears likely, that changes in the paleoproductivity of the equatorial Atlantic significantly

contributed to the draw down of atmospheric pC02, which is recorded in air bubbles of ice cores

from Antarctica (e.g. Birch et al. 1999). The use of coccolith accumulation rates indicates that

indeed the primat)' productivity was largely increased during most of marine isotope stage 3 and

2. However further studies need to verify the timing of enhanced upwelling intensity as weil as

the spatial spreading of the upwelling area. In addition one has to keep in mind, that

coccolithophores are not the only organism group, that contributes to primary productivity.

Indeed, the accumulation record of diatoms from a sediment core in the eastern equatorial

Atlantic shows prominent peaks in diatom accumulation rates during oxygen isotope stage 4

(Abrantes et al. 1994), when coccolith accumulation rates were low in the southern Equatorial

Atlantic. A similar picture as the diatom accumulation has been shown for organic dinoflagellate

cysts with prominent peak during oxygen isotope stages 2, 4 and 6 (Höll et al.,1998). Thus it is

likely, that changes in the phytoplankton species succession, as observed on a seasonal basis in

the modern ocean can although occur on longer time scales, during the build up and decline of a

productivity cycle in the equatorial Atlantic.

In contrast to the coccolithophore accumulation rates, other main calcareous plankton groups,

foraminifera and calcareous dinoflagellates, show a accumulation pattern with enhanced

accumulation during low production phases (see Chapter rr and Höll et al. 1998). Thus one has

to be cautious, using carbonate accumulation rates as a proxy for productivity in this region.

A growing number of paleoceanographic studies use the alkenone unsaturation index (U~7 ) for

sea surface temperature (SST) reconstructions and the carbon isotopic composition of this

coccolithophore derived biomarker to calculate paleo - pC02 values. This clearly emphasizes,

that more integrated studies, like the one presented in Chapter n.s, combining

micropaleontological and organic geochemical approaches to coccolithophores, are needed.

The use of the U~7 does not seem to be int1uenced by changing species composition e.g.

Müller et al. 1998), however for the paleo pC02 reconstmctions which are int1uenced by cell

geometl)', calcification rates and growth rates, knowledge of the coccolithophore assemblages

composition may be essential.
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Comparison of Coccolithophore paleoprroduetivity in the equ'atorial Atlantic
with the Vostok pC02 record
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Figure III.! Summary of the possible role that coccolithophores in the global carbonate and carbon cycling.
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In figure IU.l I have summarized the possible effects of coccolithophore on the

biogeochernical carbonate and carbonate cycles in the atmosphere, ocean and in sediments.

In the future we must make stronger efforts to quantify these processes, by improving exlsting

proxy parameter, and development of new methods. These would include the stable carbon and

oxygen isotope and trace metal composition of coccolithophore carbonate, the biometrie

investigation of coccoliths as weH as more detailed organic biomarker studies.

In summary it can be stated, that the use of coccolithophores for tracing present and past

changes in the equatorial Atlantics surface water circulation, has been a succesful approach,

especially since it provides insight into the productivity changes in one of the major

phytoplankton groups in the ocean.
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Taxonomy:

Taxonomv

In general the classification scheme of Jordan and Kleijne (1994) was applied. Since this study

did not focus on taxonomy or diversity among coccolithophorids, only the species that were

mentioned within the text will be listed. It has to be mentioned, that the coccolithophore flora in

the tropical Atlantic "is extremely diverse and a vast number of species were observed in both,

water and sediment samples. However it is obvious, that most sampIes are dominated by those

few species listed below and the majority of species have a random occurrence or are present in

such low numbers and abundance, that they were useless for ecological or paleoceanographic

interpretation.

Kingdom: Protista Haeckel (1866)

Class: Prymnesiophyceae Hibberd (1976)

Family: Noelrhabdaceae Jerkovic (1970)

Genus: Emiliania Hay et Mohler in Hay et al. (1967)

Emiliania huxleyi (Lohmann, 1902) Hay & Mohler (1967).

(Plate I, 1 and 2)

Genus: Gephyrocapsa Kamptner (1943)

Gephyrocapsa ericsonii McIntyre & Be (1967)

(Plate I, 3 and 4)

Gephyrocapsa muellerae Breheret (1978)

Gephyrocapsa oceanica Kamptner (1943)

(Plate I, 5 and 6)

Family: COCCOLITHACEAE Poche (1913)

Genus:Calcidiscus Kamptner, 1950

Calcidiscus leptoporus (Murray & Blackman, 1898) Loeblich & Tappan (1978)

(Plate TI, 1 and 2)

Genus: Umbillicosphaera Lohmann, 1902

Umbilicosphaera sibogae (Weber-van Bosse, 1901) Gaarder (1970)

(Plate TI, 3, 4,5 and 6)

Genera Incertae Sedis

Genus: Umbellosphaera Paasche, in Markali and Paasche (1955)

Umbellosphaera irregularis Paasche, in Markali and Paasche (1955)

Umbellosphaera tenuis (Kamptner, 1937) Paasche, in Markali and Paasche (1955)

(Plate III, 5 and 6)
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Genus:Florisphaera Okada & Honjo (1973)

Florisphaera projunda Okada and Honjo (1973)

(Plate rrI, 1 and 2)

Genus: Gladiolithus Jordan and Chamberlain (1993)

Gladiolithus flabellatus (Halldal and Markali) Jordan and Chamberlain (1993)

(Plate Irr, 3 and 4)
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Plate I

Emiliania huxleyi
coccosphere

Gephyrocapsa ericsonii (a) and
Gephyrocapsa ornata(b), coccospheres

Gephyrocapsa oceanica coccospheres

Plates

Emiliania huxleyi
coccolith, distal view

Gephyrocapsa ericsonii
coccolith distal view

Gephyrocapsa oceanica (a) coccolith
distal view, Gephyrocapsa spp. small(b)
coccolith proximal view
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Plate 11

Plates

Calcidiscus leptoporus, coccosphere

Umbilicosphaera sibogae var. foliosa,
coccosphere

Umbilicosphaera sibogae var. sibogae,
coccosphere

Calcidiscus leptoporus, coccolith distal
view

Umbilicosphaera sibogae var. foliosa (a),
U. sibogae (b), coccoliths distal view

Umbilicosphaera sibogae var. foliosa,
detail from 5

, ~? j
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Plate III

Plates

Florisphaera profunda, coccosphere

Umbellosphaera tenuis, coccosphere

Florisphaera projunda (a) coccolith,
Emiliania huxleyi (b) coccolith proximal view

Gladiolithus jlabellatus, coccolith

Umbellosphaera tenuis, coccolith distal view



Danksagung

Bei Herrn Prof Dr. Rüdiger Henrich möchte ich mich für die Vergabe and Betreuung dieser

Arbeit bedanken. Herrn Prof Dr. Helmut Willems sei für die freundliche Übernahme des

Zweit - Gutachtens gedankt.

Nicolas Dittert gilt mein ganz spezieller Dankfür all die Jahre die wir im Büro, auf See und an

manchen anderen, nicht näher definierten Orten, ge7neinsam zugebracht haben. Es ist viel

mehr geworden als nur eine gemeinsame Doktorarbeit und ich werde die Zeit immer in guter

Erinnerung halten, pass aufdie Finger auf, wer weiss wozu Du sie gebrauchen kannst.

Allen Kollegen der Arbeitsgruppe Sedimentologie - Paläozeanographie moechte ich fuer die

angenehme Arbeitsatmosphäre der letzten Jahr~ danken. Gleiches giltfür alle Kollegen im SFB

261, die durch ihre Diskussionsbereitschaft und die freundliche Überlassung von Daten und

Probenmaterial zum Gelingen dieser Arbeit beigetragen haben.

Der "Cocco - Mafia" an der Uni-Bremen, Karl-Heinz Baumann, Martin Cepek und Claudia

Sprengel sei gedankt, daß sie mich nicht alleine mit den kleinen Dingern gelassen hat und

unsere Zusa7117nenarbeit und Diskussionen unkompliziert und oft genug auch lustig waren.

Karl - Heinz sei besonders gedankt für endlose Geduld beim Lesen halbgarer Manuskripte,

vor abfahrenden Zügen und verschlossenen Metroschranken. Bei Martin muss ich mich

entschuldigen, daß ich immer noch kein korrektes "c" Schreiben kann, ich hoffe eine Krokette

beruhigt Dich.

Diese ganze Arbeit wäre nicht möglich gewesen, ohne meine wunderbare Frau Petra, die

während der ganzen Zeit hinter mir stand. Mit unseren Töchtern Ann-Kathrin und Jule warst

urld bist Du das Beste was einem bei so einer Arbeit aufmuntern kann, und ich schwöre hoch

und heilig: ich schreibe nicht noch eine.

Meine Eltern möchte ich für ihre Unterstützung meines Studiums und der Ermutigung zu

dieser Dissertation dankerl.

183




